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Introduction:

The 2005 edition of Research in Optoelectronics (A) contains conference and journal
articles published by Prof. Coldren, together with his students and post docs, and other
collaborators. These generally focus on 111-V semiconductor lasers and related photonic
integrated circuits. The work spans efforts from basic materials and processing
technology, through device physics and design, to device formation, characterization, and
insertion into systems demonstrations.

The reprints have been grouped into four areas: I. Photonic Integrated Circuits and
Related Technology; Il. InP-based Vertical-Cavity Lasers; Il1l. Avalanche
Photodetectors and SOA-PIN Receivers; and 1V. Terahertz Technology,
Microcavities, and Quantum Coherence. The majority of the work is in the first area,
which has been further subdivided into A. Quantum-well-intermixed PICs; B. Widely-
Tunable Transmitter PICs; C. Wavelength Converter Technology; and D. 980nm Edge-
Emitter Technology. The 980nm edge-emitter technology and Section 1V are based upon
an MBE-grown GaAs materials platform, while all of the rest is grown on InP substrates
either via MOCVD or MBE. The epitaxial growth activity is strongly supported by Prof.
DenBaars (MOCVD) and Prof. Gossard (MBE), who co-advise the students involved in
these areas. Thus, their contributions have been invaluable to the research, even when
they do not appear as co-authors on the device oriented papers.

The work was performed with funding from several grants from industry and
government, some gift funds from industry, and support from the Kavli Endowed Chair
in Optoelectronics and Sensors.  Specific projects included one on photocurrent-driven
widely-tunable wavelength converters supported by DARPA via the CSWDM program; a
second on wavelength converters and fiber-based buffers under the DARPA DoDN
program; two projects to create very high-efficiency optical interconnects for ICs using
either edge-emitting short-cavity laser-modulators (supported by the DARPA C20I
program) or directly-modulated vertical-cavity surface-emitting lasers (supported by
MARCO as part of the Interconnect Focus Center). A UC-MICRO project with
leveraging funding from Intel supported work on quantum-well intermixing for more
advanced Photonic ICs.

The first group of reprints (IA. Quantum-well-intermixed PICs) summarizes efforts to
make highly-functional and efficient widely-tunable transmitters, receivers and
transceivers using the recently developed QWI technology. This technique provides for
an accurate post-growth shift of the active region absorption edge to higher energies by
various amounts at specified locations on the wafer. Thus, optimized gain, modulator,
passive waveguide, and tuning regions can be formed from the initially grown centered-
MQW active region without any additional regrowths. In 2005 this technology was also
extended to add offset gain and absorber regions for high-saturation power SOAs and
photodetectors.  Figure 1 illustrates a cross section of a portion of a QWI-PIC that
contains a high-gain, high-saturation power optical receiver. It includes a two-section
SOA—a high-gain preamp (as grown c-MQW) and a high-power postamp (0-MQW
above intermixed c-MQW)—as well as a uni-traveling carrier (UTC) photodiode. Such



chips have achieved gains in excess of 20 dB with saturation powers in excess of 20dBm.
The experimental results illustrate the small-signal RF-response for several input powers
and eye-diagrams at 40Gb/s for two different biases.
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Figure 1. (top) Schematic of Photonic IC formed with quantum-well intermixing (QWI) and MOCVD
regrowth. The centered multiple-quantum well (c-MQW) active region is intermixed by two differing
amounts to form either passive waveguides or electro-absorption modulators (EAMs) as well as the as-
grown gain region at various places on the chip. The EAM is not typically incorporated in a receiver, but
rather in a transmitter stage that would exist in an integrated transceiver. (bottom-left) Small-signal
frequency response for several input powers (indicated by the dc currents they create), and (bottom-right)
40Gb/s NRZ eye-diagrams.

The next two sections (IB. Widely-Tunable Transmitter PICs and IC Wavelength
Converter Technology) include papers using the more-conventional off-set gain
integration platform, in which a MQW active layer is grown on top of a common
waveguide, and this is then removed in regions where passive waveguides or modulators
are desired. Most of this work involves combining a widely-tunable Sampled-Grating
Distributed-Bragg-Reflector (SGDBR) laser with monolithically integrated amplifiers
(SOAs), modulators (both EA and MZ), waveguide splitters (MMIs), and photodetectors.
In Fig. 2 results from a photocurrent-driven wavelength converter are illustrated. In this
case the common waveguide also contains quantum-wells with a higher energy gap to
enhance the efficiency of the electro-absorption modulators (EAMS) to be incorporated in
the transmitter stage. This so-called ‘dual quantum-well” design has enabled wavelength



converters to have overall chip gain (more signal out than in) as well as good operation
up to 10Gb/s across the full 32 nm tuning range of the SGDBR-EAM transmitter. Flared
amplifiers and tapered photodiodes are used to increase the saturation power of both the
SOA receiver preamps and the photodetectors in order to have sufficient signal to obtain
good extinction in the EAM.
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Figure 2. (top) Schematic of photocurrent driven wavelength converter (or transceiver) chip that uses the
dual quantum-well integration platform to provide EAMSs enhanced by the quantum-confined Stark effect
(QCSE). (bottom-left) Device gain across the wavelength tuning range; (bottom-right) bit-error-rate at
10GDb/s for several wavelengths together with example input and transmitted eye-diagrams.

Figure 3 gives another example of a photocurrent-driven wavelength converter, which in
this case uses a series-connected Mach-Zehnder modulator (MZM) in the transmitter
stage. This more complex design requires the use of a semi-insulating substrate and an
on-chip capacitor to enable the phase modulators in the two arms of the MZM to be
electrically connected in series. It also incorporates integrated NiCr load resistors so that
no RF is required to be coupled off the chip. The bandwidth in this case is limited by the
receiver stage as well as some unwanted resistance in the connection to the n-type layers
next to the substrate. These and other unnecessary parasitics lead to an unwanted dip in
the small frequency response, which limit good results to RZ data.
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Figure 3. (top) Schematic of a photocurrent wavelength converter that uses a series-connected MZM in the
transmitter stage. (bottom-left) Small-signal frequency response, and (bottom-right) 10Gb/s RZ eye-
diagrams.

As another example of work in the photonic networking area, Fig. 4 illustrates results
from the optical buffering of 40Gb/s RZ data for times up to 12.6 us. As illustrated this
approach uses fiber-Bragg-gratings (FBGs) to selectively reflect different wavelengths.
The complete buffer consists of a wavelength converter in front of the optical circulator
to select the wavelength of the data and thus the delay it will undergo in traveling down
the fiber, reflecting off the respective FBG, and then traveling back again. For times up
to 1 ps, standard fiber could be used without too much pulse spreading. For greater
times, dispersion-compensated fiber (DCF) was necessary to avoid intolerable pulse
spreading. The very low loss of fiber (<0.2 dB/km), the quality of the FBGs, and the fast
reconfiguration time of our wavelength converters (< 10ns) makes this approach one of
the best alternatives for obtaining rapidly programmable delays from nanoseconds to tens
of microseconds in a small relatively cheap package. Using a wavelength converter with
a 40 nm tuning range and assuming 100GHz channel spacing, we can obtain up to 50
different selectable delays.
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Figure 4. (top) Schematic of optical buffer consisting of an optical circulator and an array of FBGs within
a single fiber. A wavelength converter is used in front of this for delay selection. In this case the delays to
the FBGs 1-4 were (1)-133ns, (2)-161ns, (3)-1.19 us and (4)-either 10.09 or 12.6 pus, respectively. (bottom)
Bit-error-rate for 40Gb/s RZ for back-to-back (BTB) and FBG4 with two different delays. The BER for
the shorter delays showed nearly zero power penalty.

The second general area of research is on high-performance long wavelength InP-based
Vertical-Cavity Surface-Emitting Lasers (VCSELS): Il. InP-based VCSELs. The focus
of the effort is to create all-epitaxial VCSELSs in a single MBE growth using AlGaAsSh
alloys for the mirrors and InGaAlAs MQW active regions. Both 1310 and 1550 nm
VCSELSs with good characteristics have been demonstrated. The papers in 2005 bring to
a culmination much of the work of the past several years with numerous results for
devices in the 1310 nm range. It is now clear that this material structure can provide a
single vehicle for VCSELSs across the entire 1300 -1600 nm wavelength range. The new
work has incorporated low-loss optical apertures for improved differential quantum
efficiency. Figure 5 illustrates a schematic of the VCSEL structure as well as light out
and voltage vs. the drive current for an example device. The results show record high
differential quantum efficiencies of 64% and relatively good temperature behavior. In
this case the optical aperture was formed by etching out the tunnel junction that
connected the n-type InP contact layer to the p-type side of the gain region.

Vi



2'5 T T T T T T T 6'0
8um aperture

—10°C
NifAuGe/Ni/Au —20°C

AlGaAsSb DBR \ 201

InP Cladding

>
)

1.5
InAlGaAs Tunnel Junction

3.0

InAlGaAs Active Region

Light (mW)
Voltage (V)

1.0 |
#

/ |
0.0 L /u/ I m 0.0

0.0 1.0 2.0 3.0 40 50 6.0 7.0 8.0
Current (mA)

-
(%]

0.5

Figure 5. Schematic and PIV results for a 1310 nm all-epitaxial VCSEL grown on InP.

Work on I11. Avalanche Photodetectors and SOA-PIN Receivers contains a number of
papers summarizing work done in collaboration with Prof. Joseph C. Campbell of the
University of Texas at Austin. Prof. Coldren’s group grew the materials used by MBE.
One paper on high-saturation power SOA-PIN receivers in also included. This describes
the nature of flared-waveguide receivers used in some of the wavelength converters
discussed above.

The final group of papers, 1V. Terahertz Technology, Microcavities, and Quantum
Coherence, summarizes a collection of efforts utilizing GaAs-based MBE material
grown by Prof. Coldren’s group. The microcavity activity has grown out of our GaAs-
based VCSEL activity in which we have demonstrated record low optical losses. Here
this is being utilized to enable enhanced quantum microcavity effects. The Terahertz and
quantum-coherence efforts are centered in the Physics Department, and our contribution
has been to create novel epitaxial structures via MBE that have been designed by others.

vii
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Widely Tunable Negative-Chirp SG-DBR
Laser/EA-Modulated Transmitter

J.W.
M. N.

Abstract—Ten Gb/s low power penalty (< 0.5 dB) error-free
transmission was achieved through 75 km using a high-perfor-
mance sampled-grating (SG) distributed Bragg reflector (DBR)
laser/EAM transmitter. Large signal chirp measurements show
negative chirp operation across the entire tuning range of the de-
vices. An integration-oriented quantum-well-intermixing (QWI)
process was employed for the realization of these devices.

Index Terms—Chirp, electroabsorption modulators (EAMs), ion
implantation, laser tuning, optical fiber communication, quantum-
well intermixing (QWI), semiconductor lasers, wavelength division
multiplexing (WDM).

1. INTRODUCTION

LECTROABSORPTION-MODULATED widely tunable

transmitters are candidate sources for optical metropolitan
area network applications, as they are compact and potentially
low cost. The monolithic integration of electroabsorption modu-
lators (EAM) with widely tunable lasers allows for inventory re-
duction and wavelength agile functionality. A common method
used to realize this integration employs an offset quantum-well
(QW) epitaxial architecture, in which the QW active region is
grown on top of a bulk waveguide. For EAM definition, the QWs
are selectively etched away and an upper cladding regrowth is
performed [1]. This process produces Franz-Keldysh type mod-
ulators with a positive chirp factor, not suitable for 10 Gb/s
transmission through standard fiber over distances required in
metro networks. If QWs are used in the EAM, the quantum-con-
fined stark effect can be exploited, and negative chirp factors
can be achieved. Power-penalty-free transmission through over
100 km of standard fiber using QW EAMs has been reported
[2]. The traditional method for the realization of monolithically
integrated diode laser/QW-EAM transmitter involves the selec-
tive removal of the as-grown waveguide/multiple QW (MQW)
region followed by the regrowth of waveguide/MQW material
with the desired band edge. This tedious method is commonly
referred to as butt-joint regrowth [3]. Although the butt-joint re-
growth process does allow each integrated component to pos-
sess a unique band edge, the difficulty associated with matching
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thickness and achieving the desired composition to avoid reflec-
tion and loss at the interface is great. Another technique used
to realize multiple band edges across a wafer is selective area
growth. However, as discussed in [4] the abruptness of the tran-
sition region is limited by the surface diffusion of the growth
constituents, which may be on the order of tens of microns. Ad-
ditionally, the optical mode overlap with the MQW may not be
ideal in all sections due to the thickness variation. The relatively
simple QWI process employed in this paper enables for the pre-
cise placement of the band edge of each component within the
device, allowing for blue-shifted QWs to remain in the modu-
lator while leaving the axial waveguide undisturbed.

For the first time, a widely tunable transmitter demonstrating
negative chirp performance at 10 Gb/s over its entire tuning
range has been fabricated. A simple, robust quantum-well-in-
termixing (QWI) processing platform was employed for the
fabrication. The transmitter consists of a quantum-well elec-
troabsorption modulator (QW-EAM) monolithically integrated
with a widely tunable sampled grating (SG) distributed Bragg
reflector (DBR) laser. Less than 0.5 dB power penalty was
measured for transmission at 10 Gb/s through 75 km of stan-
dard fiber. Time resolved large signal chirp measurements
demonstrated negative chirp characteristics over the 27-nm
tuning range of the device in operating regimes providing over
10 dB of RF extinction and reasonable insertion loss. The QWI
process avoids much of the complexity usually associated with
the fabrication of laser/EAMSs having negative chirp.

II. BACKGROUND
A. QWI Integration Platform

This paper employs a modified ion-implantation enhanced
QWI process described in [4], as the fabrication platform. In this
process, vacancies are created by ion implantation into an InP
buffer layer over the MQW active region. During a high tem-
perature anneal, the vacancies are diffused through the MQW
region, promoting the interdiffusion of group V-atoms between
the wells and barriers. The interdiffusion reshapes the QW pro-
file by distorting the QW/barrier interface. The result is a shift
in the quantized energy levels in the well, and hence a shift in
the band edge energy [4].

B. Device Architecture

The device architecture [Fig. 1(a)] consists of a five section
widely tunable SG distributed Bragg reflector (DBR) laser fol-
lowed by an EAM. The five sections of the SG-DBR laser are,
from left to right in Fig. 1(a); backside absorber, rear mirror,

0733-8724/$20.00 © 2005 IEEE
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Fig. 1.

phase, gain, and front mirror. A buried ridge stripe waveguide
design was employed with a curved/flared output to reduce the
demands on the antireflection coating.

C. SG-DBR Laser

The SG DBR mirror is a special form of DBR mirror, where
the gratings are periodically blanked to create a comb-like re-
flectivity spectrum [5]. The lithographically defined SG mirrors
and the relatively simple process used to render the phase and
mirror sections passive, make this device ideal for monolithic
integration.

The sampling periods in the front and back mirrors differ,
which provides the front and back mirrors with a different peak
reflectivity spacing, so that only one set of reflectivity peaks is
aligned within the desired tuning range. By differentially tuning
the front and back mirrors a small amount, adjacent reflectivity
peaks can be aligned, and the laser will operate at this new
widely spaced wavelength. The simultaneous tuning of front
and back mirrors allow wavelength coverage between mirror
reflectivity peaks. The phase section provides cavity mode
tuning, which ensures that the laser cavity mode is aligned
with the mirror reflectivity peaks. The tuning in the mirrors
and phase sections is based on carrier injection, producing
a negative change in refractive index. To keep the loss to a
minimal level over the desired wavelength operating range, the
tuning sections make use of higher bandgap material or MQW
regions whose quantized energy state is greater than that of the
active region.

D. Electroabsorption Modulator

In an EAM, a reverse bias is used to shift the band edge of
the modulator section to lower energy, thereby increasing the
absorption of that region. In our case, QWI only smears the
interfaces between the quantum wells and barriers, such that

(b)

(a) Top view schematic of the transmitter device architecture. (b) Cross-sectional schematic of modulator sections.

the quantum wells still remain after the intermixing, although
slightly shallower and rounded. Allowing QWs to remain in the
EAM enables the exploitation of the quantum-confined Stark ef-
fect in the EAM. The rounded shape of the intermixed quantum
well also contributes to increased absorption efficiency in the
modulator [6].

In this paper, several design and processing measures were
taken to reduce parasitic capacitance in the EAM regions to
achieve 10 Gb/s operation. The epilayer base structure was
grown on a semiinsulating substrate. A 3-pm-thick layer of
benzocyclobutene (BCB) was defined below the EAM bond
pads to serve as a low-K dielectric. An angled proton implan-
tation described in [7] was performed adjacent to the buried
ridge to eliminate the parasitic capacitance associated with
the homojunction. The implant was designed such that proton
concentration was maintained at a level greater than 2E19
cm™?2 to a depth beyond the InP homojunction on either side of
the buried ridge. Fig. 1(b) is a schematic cross-sectional view
of the EAM, illustrating these described features.

III. PROCESS

The epitaxial base structure contained an n-contact InGaAs
layer 1 pym below a multiquantum well (MQW) active region
centered within a 1.1Q waveguide. The MQW consists of 15
InGaAsP 8.0 nm compressively strained (0.6%) quantum wells,
separated by 8.0 nm tensile strained (0.3%) InGaAsP barriers
grown on an Fe-doped InP substrate using a Thomas Swan hor-
izontal-flow rotating-disk MOCVD reactor. Following the ac-
tive region, a 15 nm InP stop etch, a 20-nm 1.3Q stop etch, and
a 450-nm InP implant buffer layer was grown.

A 500-nm Si,N,, mask layer was deposited using plasma-
enhanced chemical vapor deposition and lithographically pat-
terned such that it remained over only the active regions of the
chip. Next, ion implantation was performed using P at an en-
ergy of 100 keV, yielding a range of 90 nm, with a dose of SE14
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Fig. 2. Schematic of the intermixing process. From left to right on top; ion
implantation followed by rapid thermal annealing. From left to right on bottom;
selective removal of vacancy point defects required for blue-shifting, followed
by an additional anneal.

cm ™2, at a substrate temperature of 200 °C [4]. The point de-
fects created during the P+ implant were then partially diffused
through the structure during a 60-s, 675 °C rapid thermal anneal
(RTA), yielding the desired, 1510-nm photoluminescence band
edge for the EAM. The implant buffer layer above the EAM
sections was removed using a wet etching process, stopping on
the 1.3Q stop etch layer. The sample was then subjected to an
additional 180-s rapid thermal anneal, further blue-shifting the
regions where the implant buffer layer remained. This second
anneal was used to obtain desired band edge of 1450 nm for
the mirror and phase sections. A schematic illustrating the inter-
mixing process and the photoluminescence of the active, EAM,
and passive regions are shown in Figs. 2 and 3, respectively.

The remainder of the process was carried out as described
in [4] with the modifications for top-side n-contacts and the
addition of BCB beneath the EAM contacts. The wafers were
thinned, the devices were cleaved into bars and antireflection
coated. The die were separated, soldered to aluminum nitride
carriers, and wire bonded for characterization. A scanning elec-
tron micrograph of a completed devices mounted on a carrier is
shown in Fig. 4.

IV. DEVICE RESULTS

The SG-DBR lasers demonstrated low threshold currents of
13 mA, with output powers of 10 mW captured in an integrating
sphere at a gain section current of 100 mA as shown in Fig. 5.
At this operating point, a side mode suppression ratio (SMSR)
greater than 35 dB was achieved. By placing the MQW region
in between a symmetrical waveguide maximum modal overlap
is achieved, increasing the confinement factor by 50% over the
traditional SG-DBR laser offset QW architecture [8].

The EAM 175 pm demonstrated over 40 dB of dc extinction
for wavelengths of 1558, 1570, and 1580 nm, with efficiencies
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Fig. 4. Electron micrograph of transmitter device.
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Fig. 5. Power out and gain section voltage versus applied current to SG-DBR
laser gain section.

greater than 20 dB/V as shown in Fig. 6. The insertion loss of
this EAM was found to be 1-2 dB at a wavelength of 1575 nm.
The efficient extinction properties are due to the combination of
the centered QW design and the intermixing process that allows
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Fig. 7. Electrical to optical frequency response of a 175-p¢m modulator. The
circular markers represent every 30th data point.

for precise placement of the modulator band edge. The 3-dB
bandwidth, shown in Fig. 7, of the same modulator was greater
than 19 GHz.

To demonstrate operation and transmission at 10 Gb/s,
eye-diagrams were taken and bit-error rate (BER) testing was
performed through various fiber lengths for the SG-DBR/EAM
transmitters. The device was placed on a gold plated copper
stage and cooled to 17 °C by a thermoelectric cooler. Light
was coupled from the output facet of the transmitter device into
a conical-tipped lensed fiber. The EAM was terminated with a
50-ohm resistor mounted directly on the ground-signal probes
such that it was in parallel with the diode. A capacitor was
placed in series with the termination resistor to eliminate dc
power dissipation. The direct probing scheme was used to avoid
the parasitics associated with the carrier and/or wire bonding.
Back to back eye diagrams at 10 Gb/s were taken over the
tuning range of the SG-DBR laser demonstrating RF extinction
ratios greater than 10 dB using a dc driving voltage between
2.4 and 3.4 V with a 2.2-V peak to peak swing. The test setup
and eye diagrams are shown in Figs. 8 and 9, respectively.
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Test set used to obtain BER and eye-diagrams from transmitter.

Fig. 9. Back-to-back eye diagrams from transmitter at wavelengths of 1558,
1564, 1571, and 1578 nm.

Transmission experiments at 10 Gb/s were performed using a
nonreturn-to-zero (NRZ) pseudorandom-bit-sequence (PRBS)
of 231 —1. A booster erbium doped fiber amplifier (EDFA) was
used to launch optical powers on the order of 30 mW through
Corning SMF-28 fiber. A variable optical attenuator was used
to regulate the optical power into a nonpreamplified receiver.
The complete test setup is shown in Fig. 8. Bit error rate (BER)
curves through 25, 50, and 75 km of fiber at a wavelength
of 1564 nm are shown in Fig. 4(b). Error-free operation was
achieved through 75 km of fiber with a power penalty of less
than 0.5 dB. The shaping of the eye diagrams due to dispersion
is clearly seen in the insets of Fig. 10 where the optical eye
diagrams are shown after transmission through fiber. The noise
performance for transmission through 75 km is limited by the
signal attenuation of the fiber and the noise of the oscilloscope
optical receiver.

The low dispersion penalty for 10 Gb/s transmission demon-
strated in Fig. 10 is indicative of negative chirp characteristics.
For confirmation, the small-signal chirp parameter of the same
device was extracted using the fiber-response method described
in [9] for various EAM bias points at 1563 nm, as shown in
Fig. 11. As expected, the EAM did exhibit negative chirp char-
acteristics, with the transition from a positive to a negative chirp
parameter occurring at —3.5 V

To demonstrate the capability for efficient 10 Gb/s transmis-
sion across the wide tuning range of these transmitters, the large
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Fig. 11. The small signal chirp parameter characteristics versus reverse bias
at 1563 nm.

signal chirp parameter was extracted on a separate device at
various wavelengths across its 27-nm tuning range. The large
signal measurement is a better determination of the chirp char-
acteristics of EAMs because it accounts for the full dynamic
operating range essential for efficient transmission. That is the
measurements can be made with an ac voltage swing necessary
for > 10 dB signal extinction.

Large signal chirp measurements were made using Agilent’s
Time Resolved Chirp (TRC) software coupled with the required
Agilent 86 146B optical spectrum analyzer and 86 100 A dig-
ital communications analyzer. The complete test setup is illus-
trated in Fig. 12. The chirp parameter was measured as a func-
tion of the dc bias applied to the EAM for wavelengths of 1542,
1552, 1562, and 1569 nm. The laser gain section was biased at
50 mA with the appropriate mirror section currents to achieve
each wavelength while the peak-to-peak voltage swing applied
to the EAM was 2 V. As shown in Fig. 13, a larger reverse bias is
required to achieve a negative chirp parameter at longer wave-
lengths. The measured chirp parameters were found to transition
from positive to negative for all wavelengths, occurring at 1.9 V
at 1542 nm and 2.8 V at 1569 nm.
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Fig. 13. Large signal chirp parameter as a function of EAM bias at 1542, 1552,

1562, and 1569 nm.

Considering the proximity of the modulator band edge to the
laser operating wavelength, it is clear that a larger reverse bias is
required to achieve efficient absorption at longer wavelengths.
The onset of absorption with reverse voltage increases and
the absorption efficiency decreases somewhat with increasing
wavelength, however, the general shape of the extinction curves
remain similar. In view of the fact that the chirp parameter
is related to the operating point on the modulator extinction
curve, and the fact that similar extinction characteristics are
observed for all wavelengths, our demonstration of a negative
chirp parameter over the wide tuning range of the SG-DBR
laser is perfectly reasonable.

To demonstrate that the negative chirp characteristics of the
transmitter can be achieved within an operating regime pro-
viding sufficient signal extinction and reasonable output power
across its tuning range, the modal extinction characteristics
were evaluated with respect to the large signal chirp data at
each wavelength. By comparing the extinction characteristics
in Fig. 14 with the chirp characteristics of the same device in
Fig. 13, the modulator extinction ratio and insertion loss can be
estimated for a given chirp parameter at all tested wavelengths.
The intersections of the dashed and dotted lines on in Fig. 14
represent the on-state operating voltage of the EAM to achieve
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Fig. 14. DC extinction of the 175 pzm modulator for wavelengths from 1542 to
1569 nm from the same modulator in which the large signal chirp was extracted
from. The dashed and solid lines indicate the approximate EAM on state dc bias
to achieve a chirp parameter of 0 and —0.7, respectively, with a2 V peak to peak
swing.

chirp parameters of 0 and —0.7, respectively. The on-state
operating voltage was calculated by adding 1/2 of the peak to
peak voltage swing (1 V) to the dc bias necessary to achieve the
chirp parameter values in question. It is clear that for both chirp
parameter values, a 2-V swing on the EAM provides over 10
dB extinction at all tested wavelengths. Fig. 14 indicates that to
achieve a chirp parameter of 0, the modulator must be biased
such that there is only ~2 dB of on-state signal extinction for
all tested wavelengths. To achieve a chirp parameter of —0.7,
the on-state signal extinction ranged from 3.5 dB at 1542 nm to
9 dB at 1569 nm. With these extinction values, the total inser-
tion loss of the EAM can be estimated at each wavelength for
operation at both chirp parameter values by adding the unbiased
insertion loss, which we have extracted to be 1-2 dB at 1575
nm. Although the unbiased insertion loss will increase with
decreasing operation wavelength, the signal extinction required
for negative chirp is decreased with decreasing wavelength. The
key point is that to achieve chirp parameter values necessary
for low penalty 10 Gb/s transmission the EAMs are not forced
to operate at a bias point along the extinction curve which
provides unacceptable insertion loss or insufficient extinction.

V. CONCLUSION

For the first time, we have realized a high performance widely
tunable laser/EAM transmitter capable of negative chirp opera-
tion across its entire tuning range. The transmitter demonstrated
error-free low-power-penalty operation through 75 km of stan-
dard fiber at 10 Gb/s. The large signal chirp parameter was
shown to transition to a negative value at larger reverse biases
for increasing operation wavelength. Furthermore, it was shown
that the operation regime required for negative chirp character-
istics provided sufficient signal extinction and reasonable inser-
tion loss. The 3-dB bandwidth of this transmitter was shown to
be over 19 GHz with an RF extinction greater than 10 dB. This
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work was made possible by the use of a simple, robust QWI pro-
cessing platform for the monolithic integration of blue-shifted
QW-EAMs with SG-DBR lasers.
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High-speed laser-modulator transmitters fabricated using InGaAsP quantum-well intermixing
exhibit negative chirp over a wavelength range of more than 30 nm. Photocurrent spectroscopy is
used to examine the multiple band edges in these devices. An exciton peak is found in the
photocurrent data, and the evolution of the band edge as a function of quantum-well intermixing and
applied bias voltage is revealed. The photocurrent data are then exploited to verify and explain the
negative chirp characteristics of the wavelength-agile transmittei20@ American Institute of
Physics[DOI: 10.1063/1.1865330

Widely tunable laser-electro-absorption modulatorwith data collected from our widely tunable laser-EAM de-
(EAM) transmitters are ideal sources for next-generation opvices. The negative chirp of the widely tunable laser-EAM
tical networks. These monolithic wavelength-agile compo-transmitter is thereby shown to be a direct result of the QWI
nents promise cost savings in the form of inventory reducband edge.
tion, and are a key to technologies such as wavelength- The laser-EAM transmitter device consists of a five-
routing and dynamic provisioning for future wavelength- section sampled gratingSG) distributed Bragg reflector
division-multiplexing networks. Monolithic integration of (DBR) laser, followed by an EAM. The five sections in the
separate laser and modulator band edges has been accaBGDBR, starting at the rear facet, are the back side absorber,
plished by numerous methods, but quantum-well intermixinghe passive rear mirror, the passive phase section, the gain
(QWI) is an especially elegant approach, and is one of thgection, and a passive front mirror. The phase and mirror
simplest to implement.QWI also allows simultaneous inte- sections are used to tune the wavelength of the laser. The
gration of passive waveguide sections, thereby reducing mittransmitter uses a buried ridge stripe architecture containing
ror loss. Using InGaAsP based QWI we have designed ands InGaAsP 80 A compressively strainéd.6%) quantum
fabricated widely tunable laser-EAMs that exhibit negativewells separated by 80 A tensile-strainé@l3% InGaAsP
chirp and good extinction ratios over a wavelength range obarriers. The quantum wells are centered within a 1.1Q
more than 30 nm.We attribute the excellent performance of waveguide that is 1.m above am-contact InGaAs layer
the wavelength-agile modulator to the presence of a banghat is grown on an Fe-doped InP substrate. Above the active
edge exciton peak that is associated with the quantum conegion, a 15 nm InP regrowth layer, a 20 nm 1.3Q etch stop,
fined stark effectQCSB.® Quantum-well intermixing, how-  and a 450 nm InP implant buffer layer were grown.
ever, is known to smooth out quantum well definition and to  Gain and absorber sections of the transmitter were
make the quantum wells broader and shalloWattering,  masked with 5000 A of $N, and the wafer was exposed to
and potentially weakening or even extinguishing the excitorn 5E14 cm? P* implant at 100 keV. The sample was then
peak’ The degree of influence that QWI has on the QCSE inannealed at 675 °C until the desired band edge was obtained
InGaAsP materials is not yet well established experimentallyin the EAM sections. The photoluminescent pg(agl) for
In this letter, we use photocurrent spectroscopy to demonthe EAM QWI material was measured to be approximately
strate that the QWI process can be exploited to obtain muli510 nm. The implant layer in the EAM region was etched,
tiple band edges orthogonal to the growth direction whilegng further annealing was performed on the wafer, causing
still retaining a strong exciton peak. The photocurrent datgne phase, mirror, and passive waveguide sections to shift to
show the effect of QWI on the exciton peak in InGaAsP QW)\plz1450 nm. The remaining implant layer was removed,
over a wide range of applied bias voltages. Furthermore, Wgiop etches were removed, and the wafer was submitted for
model the large-signal chirp, starting vv_ith_ the photocurrentmetamrgamC chemical vapor depositiMOCVD) regrowth
data, and demonstrate that the model is in good agreemegg gescribed in Ref. 1. A more detailed description of the
transmitter design and fabrication is available in Ref. 2. A
¥E|ectronic mail: gmorrison@ece.ucsb.edu schematic of the laser-modulator transmitter, and a cross-
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FIG. 1. (a) Diagram of the SGDBR laser module and electroabsorption
modulator.(b) Cross-sectional schematic of the modulator component ana-
lyzed in this letter. 3o 1500

2000f

1550 1650
wavelength (nm)

sectional view of the modulator, are shown in FigGi) Bnd FIG. 3. Active, modulal_tor, an.d‘ passive absorption edges, ol_)tained by jon-
1(b), respectively. |fmp|a(r)1t qu_agtsm-vxgllg)lr\vte_rmlxmg. Curves are shown for biases ranging

Identical material from the same MOCVD growth as rom 910 " 70:5 V increments.
was used for transmitter fabrication was simultaneously fab- ) ) L
ricated into circular photodiodes with radii ranging from ON the back side of the devices to prevent significant photo-
50 to 400um. These photodiodes were fabricated for thecurrent contnbunon from backscattered Ilght_. Figure 3 shows
photocurrent spectroscopy characterization of the materiafh® €volution of the band edge as a function of QWI and
QWI was performed to obtain four different band edges for2PPlied bias voltage. Band edges for as-grown matexil
the photodiodes, with,, at approximately 1554, 1527, 1508, ~1554 nm, EAM material (\~1508 nm), and passive
and 1480 nm. The circular photodiode mesas were reactivénaterial (\,=~ 1480 nm are shown. Note that the exciton
ion etched through the waveguide and quantum wells. Th@eak for the QWI EAM material is strong, and that even the
top InGaAsp-contact was thinnef750 A) than on the trans- passive material exhibits an identifiable exciton peak. The
mitter devices in order to minimize absorption of input light. carrier confinement in the quantum wells, however, is clearly
A 2000 A layer of S|N, was deposited, and circular vias reduced by QWI. The exciton is extinguish@e., electrons
were etched to expose the mesa contact layers. Ti/Pt/Alynnel out of conduction band wellat weaker biases when
ring contacts and bonding pads were laid down and annealetdantum-well intermixing is performed.
at 420 °C for 30 s. A diagram of the basic structure of the  Starting with the absorption data for the EAM modulator
photodiode is shown in Fig. 2. in Fig. 3, differences in absorption between the band edge at

Photodiodes were p|aced in a Varian Cary 500 Spectroo V and the band edges at each of the reverse biases are
photometer behind a 500m radius, position-adjustable ap- easily obtained. Application of the Kramers—Kronig trans-
erture. The aperture served to sample a specific part of th@®rm, as described in Ref. 6, yields the index change as a
spectrophotometer input beam, and input power was thef#nction of voltage change. Although data in Fig. 3 are
easily calibrated using a Newport 1835 C optical powershown over a 200 nm range only, data spanning a full
meter. A Kiethly 2400 L-V source meter was used to bias the280 nm was used for the truncated Kramers—Kronig trans-
photodiodes over a range of 0to -6 V in —0.5 V incre- form. Figure 4 shows absorption changex) and index
ments. An EG&G lock-in Amplifier with a 1 s time constant changes/An) that are expected with =2 V change in poten-
was used in conjunction with a 3 kHz chopper to filter thetial, centered at bias voltages ranging from -1.5to -5.0 V
photocurrent signal from leakage current and other noisel€.g., @ —2 V change in potential, centered at a bias voltage
The entire system is automated. Reflectance and transmief -1.5V, is from -0.5t0 -2.5V¥. With these -2V
tance measurements on the spectrophotometer have beefanges, positive absorption changdsy) are clearly seen
used to quantify the absorption of input light in the InGaAs
p-contact material.

Photodiodes with 25@:m radii were found to be ideal
candidates for easy alignment with the aperture, while cou-
pling enough input light to generate a photocurrent signal
well above the noise floor. A Ti/Pt/Au layer was deposited
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g ) In Fig. 5, the measured chirp parameter and the chirp
§ | Sii?iii }%m parameter that is calculated directly from photocurrent spec-
§ . predioted 1560 nm . troscopy are in reasonable agreement. There are no fitting
£ |7 5;‘:"1’*321ﬁ7""‘ :’ 3 parameters for the calculated curves. Clearly, the negative
B o © data1852nm v chirp performance of these wavelength-agile transmitters can
R gz:]%:m T be directly attributed to the QCSE band edge that is found in
3 et the QWI material from which the EAMs are fabricated. The
3'1 it g T QWI process that was used to shift the band edge in the
3 EAM section of the device did not significantly detract from
o the exciton confinement. We therefore assert that QWI is a
o ; promising integration platform for implementation of high
-3 performance, widely tunable, negative chirp, laser-EAM
H transmitter devices.

845 - e 3 = z In summary, quantum-well intermixing by ion implanta-

tion is a widely used technique for obtaining multiple band
edges on a single wafer. We have presented detailed data
FIG. 5. Data points show measured chirp as a function of bias voltage i

1542, 1552, 1562, and 1569 nm. Lines show chirps predicted using photzé)(;ammmg the eﬁ(jeCt of QWIfOt:]_ InGa'IA\SP quz\i/\r/]tu? well ba(;ldh
current spectroscopy at 1540, 1550, 1560, and 1567 nm. edges, over a wide range of bias voltages. We have used the
data with the Kramers—Kronig transformation to experimen-

. . tally verify that QWI laser-EAM transmitters can exhibit
throughout the operating range of the transmitter, as X L ative chirb over a ran £30 nm. The OWI br that
pected. At shorter wavelengths, in the vicinity of the exciton €gative chirp over a range o - The QWI process tha

peak, negative absorption changir) occurs with a -2 V was used to obtain the EAM band edge does not significantly

change in bias voltage. These trends directly influence thge_tract frpr_n the exciton confinement, an_d thus the negative
shape of theAn curves[shown directly below Fig. @) for chirp exhibited by as-grown wells for a wide range of wave-

comparisom by way of the Kramers—Kronig transform. lengths is alsp exh'lb'|ted' in the QWI modulator wells.
The Aa and An curves of Fig. 4 are in turn used to Quantum-well intermixing is therefore an excellent method

calculate the large-signal chinFigure 5 compares the for fabrication of integrated laser-EAM transmitters. We con-

large-signal chirp, as calculated from photocurrent spectroé'der photo_current _spt_actroscopy to b_e an essential tool for
copy, at wavelengths of 1540, 1550, 1560, and 1567 nminderstanding, designing, and analyzing complex QWI pho-
with the chirp measured in the buried-ridge modulators afonic integrated circuits.

wavelengths of 1542, 1552, 1562, and 1569 nm. The 2 nm, 3 sk W, Raring. 3. S. B S P Denb 4L A Cold
differences between the wavelengths are included to accoun#EE'El'E 3 OSg:ln’To'p Quzrrl,?fr}, |'5|éctr2rgtoq'18§(éooe; s e A e
for the fact that the photocurrent diodes were intermixed t02) \ Raring, E. J. Skogen, L. A. Johansson, M. N. Sysak, J. S. Barton, M.
Ap=~1508 nm, whereas the transmitter EAMs were inter- L. Maganovic, and L. A. Coldren, IEEE Photonics Technol. L8, 1613
mixed to\p =~ 1510 nm. Chirp measurements were made on (2004. _

the transmitters using Agilent's Time Resolved Chirp soft- “T- Yamanka, K. Wakita, and K. Yokoyama, Appl. Phys. Le#0, 87
ware coupled with the required Agilent 86146B optical spec- 4(D1932f'5tener B. Maisenholder, and H. P. Zappe, IEEE J. Sel. Top. Quan-
trum ana_lyzer. The insertion Ios_s of the modulator dependstu'm Electron’.4,-794(1998. ' + T cappes -2 Top:

on the bias voltage and operating wavelength. For this de=g. H. Lj and W. C. H. Choy, J. Appl. Phys82, 3861(1991).
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Abstract—As the demand for bandwidth increases, the commu-
nications industry is faced with a paradigm shift. Photonic inte-
gration is a key technology that will facilitate this shift. Monolithic
integration allows for the realization of highly functional optical
components, called photonic integrated circuits. Herein, we discuss
the advantages and potential applications of photonic integration,
and after a brief overview of various integration techniques, pro-
vide a detailed look at our work using a novel quantum well inter-
mixing processing platform.

Index Terms—Ion implantation, laser tuning, semiconductor
lasers, wavelength division multiplexing (WDM).

I. INTRODUCTION

ONOLITHIC integration of optoelectronic components

is the key to realizing low-cost, high-functionality de-
vices that have the capability to revolutionize the communica-
tions industry. Although not a new concept, monolithic inte-
gration of various optical functions now appears to be feasible,
and perhaps the only way to truly revitalize the optical compo-
nent industry. With today’s technology, the generation, detec-
tion, modulation, switching, and transport of light on chip en-
ables cost reduction, but it will also allow for a new generation
of high functionality photonic integrated circuits (PICs) with re-
duced size and power dissipation.

Of course, monolithic integration has already occurred in the
electronics industry, allowing the once discrete transistor, re-
sistor, and capacitor to reside on the same chip, the electronic
integrated circuit (IC). The advent of the IC allowed for elec-
tronic devices to be smaller and cheaper than their discrete coun-
terparts, and most importantly, gave rise to a set of high func-
tionality ICs that discrete components could not emulate. The
field of optoelectronics faces a similar shift from discrete to in-
tegrated components, where the concepts and potential payoffs
are similar to that in the electronics industry, yet the monolithic
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integration of optoelectronic components cannot be compared
so simply to that of electronic devices.

Currently, the majority of optoelectronic components in use
in the field are of a discrete nature. That is, each component is
designed to perform one specific task. In practice, several com-
ponents with differing functions are then interconnected, typi-
cally via fiber splices, in order to achieve the desired operation.
This method has one advantage in that each component is opti-
mized for one specific function, enabling that device to perform
its task flawlessly. However, there are several shortcomings in-
volved with this method of system construction. One is the dif-
ficulty in coupling light on and off each discrete chip. Advances
in the coupling between the semiconductor chip and a fiber optic
cable using mode converters is a significant step in reducing the
coupling loss, yet it is still a dominant source of optical loss.
Another is the expense involved with the discrete packaging of
each component. The packaging of optoelectronic devices is the
major cost source for the component.

A reduction of the packaging cost can be accomplished by
using a method called copackaging. Copackaging involves
the integration of discrete optoelectronic chips within the
same package. Each component is still fabricated discretely
and is designed for one specific task. However, the coupling
problem continues to exist, although it is device-to-device not
device-to-fiber.

A. Benefits of Photonic Integration

The monolithic integration of the optoelectronic devices on
the same chip offers the potential to completely eliminate the
device-to-device coupling problem. This can provide a signif-
icant reduction in packaging cost and package size as well as
increased reliability and reduced power dissipation. Increased
reliability results from the elimination of possible mechanical
movements amongst the elements of an optical train and the
reduced driving currents allowed by the reduction in optical
coupling loss between elements. The power dissipation is re-
duced for this same reason. Furthermore, the potential for high
functionality components such as widely tunable transmitters
and chip scale wavelength conversion devices will open new
avenues for wavelength division multiplexing (WDM) appli-
cations such as dynamic provisioning, reconfigurable optical

1077-260X/$20.00 © 2005 IEEE
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add/drop multiplexers (ROADMs), wavelength routing, and op-
tical packet switching.

The potential drawback, however, is the fact that each com-
ponent must now be fabricated on the same chip, and to do so is
technologically difficult. Compromises in device performance
or increases in fabrication complexity must be avoided or at least
minimized. There are several techniques that have been used in
the past, such as the use of offset quantum wells, butt-joint re-
growth, selective area growth (SAG) and quantum-well inter-
mixing (QWI) to enable numerous components to be formed on
the same chip with a common fabrication process. However, be-
fore trying to evaluate the advantages of these approaches, we
will review the requirements and present some general guide-
lines for monolithic integration.

B. Guidelines for Photonic Integration

There are some general requirements that must be fulfilled
when monolithically integrating optoelectronic components.
First, each integrated component must function as intended.
The performance of each integrated device does not necessarily
have to meet the performance characteristics of a discrete
component, but must still operate in a way that is suitable for
the operation of the circuit as a whole. The second requirement
states that the operation of one device must not adversely effect
the operation of another. This stems from the fact that each
component in an integrated circuit, whether it be electronic or
optoelectronic, should be isolated from the other components
on chip and function as if it were a discrete component. These
requirements allow for the design of PICs using optoelectronic
building blocks, that is, discrete components that share a
common growth and processing platform that can be arranged
in such a way that a more complex device or PIC can be
obtained.

There are also a few general guidelines to bear in mind when
implementing a method for monolithic integration. First, the

ACTIVE
l PASSIVE

l ACTIVE PASSIVE

-

QUANTUM WELL
INTERMIXING

OFFSET
QUANTUM WELLS

Various techniques for achieving active and passive sections orthogonal to the growth direction.

method used should not be prohibitively time consuming or ex-
pensive. This is the key to realizing the cost reduction over ex-
isting discrete components. Second, the integration should not
lead to device compromises. This is a difficult task due to the
fact that each discrete device was designed with a single func-
tion in mind and, therefore, the device structure evolved on an
individual basis. However, as stated earlier, the integrated com-
ponent must only perform as intended, it does not necessarily
need to match the performance of a discrete device. This affords
some flexibility in the design of the device in terms of the device
structure, possibly allowing devices with differing functionali-
ties to be fabricated using the same growth and processing plat-
form. Lastly, the process complexity should remain constant as
the number of integrated components increases. An additional
processing step or the substitution of one step for one that is
more complex can increase the manufacturing cost and, in the
case of complex processing/growth can lead to yield reduction.
A review of some of the integration methods used in the past are
given in the following section.

II. INTEGRATION BACKGROUND

There has been some great success in producing simple PICs
based on various methods. As illustrated in Fig. 1, such methods
include, but are not limited to, a butt-joint regrowth technique
[1], selective area growth (SAG) methods [2], the use of an offset
quantum-well active region [3], and QWI [4]—[7]. The first, butt-
joint regrowth involves the selective removal of waveguide core
material followed by the regrowth of an alternate waveguide
core using different material composition. This process is inher-
ently difficult involving a precise etch of the original waveguide
core, followed by a regrowth of waveguide material with com-
position and thickness variables.

Another process, the SAG process, involves the selective
growth using a mask. In this process, a mask is patterned on the
surface of the wafer prior to epitaxial growth. The geometry of
the mask has a role in determining the growth near the vicinity
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of the mask and can be used to obtain different compositions
and thickness across the wafer. This method is useful in fabri-
cating several quantum-well band edges across the wafer, but
due to the fact that the thickness is inherently coupled with
the band edge in these regions, the optical confinement factor
cannot be independently optimized.

The use of offset quantum wells, where the quantum wells
are grown above the waveguide and selectively removed in
various regions post-growth, has been used with great success
in fabricating various integrated structures, sampled-grating
distributed Bragg reflector (SG-DBR) lasers with integrated
electro-absorption modulators (EAMs) [8], SG-DBR lasers
with integrated semiconductor optical amplifiers (SOAs) [9],
SG-DBR lasers with integrated Mach-Zehnder modulators [10],
optical receivers, and wavelength converters. The drawback
of the offset quantum-well method, however, is the limitation
of each integrated component to one of two band edges, not
allowing for the flexibility necessary for the fabrication of
complex, high-performance PICs.

QWTI has been used in the past to fabricate a multitude of de-
vices. There are a great deal of techniques that have evolved over
the years to accomplish selective intermixing, such as impu-
rity-induced disordering (IID) [11], impurity-free vacancy-en-
hanced disordering (IFVD) [12], photoabsorption-induced dis-
ordering (PAID) [13], and implantation-enhanced interdiffusion
[14] to name just a few.

QWI makes use of the metastable nature of the compositional
gradient found at heterointerfaces. The natural tendency for ma-
terials to interdiffuse is the basis for the intermixing process.
The rate at which this process takes place can be enhanced with
the introduction of a catalyst. Using a lithographically definable
catalyst patterning process, the QWI process can be made selec-
tive. This is the process by which virtually all selective QWI is
performed, whether it is by the introduction of impurities or by
the creation of vacancies.

We have developed a method to further control the QWI
process, to achieve any number of quantum-well band edges
in the structure. The method is based on the selective removal
of the catalyst. This process fits ideally with the suggested
guidelines for monolithic integration. It is not prohibitively
time consuming or expensive, it is versatile enough that is
does not lead to device compromises, and the process com-
plexity remains simple such as not to increase cost or decrease
yield. Using this method we have fabricated short-cavity DBR
lasers with integrated modulators, widely-tunable multisection
SG-DBR lasers with integrated modulators, and chip-scale
wavelength converters.

The various QWI techniques all benefit from their relative
simplicity; however the flexibility of each is not equal. For ex-
ample, the IID technique commonly uses dopants as the impu-
rity to accelerate intermixing. This can have a detrimental effect
on the electrical nature of the device. Another example involves
the method that the technique is applied. For instance, the IFVD
and implantation enhanced intermixing techniques can be ap-
plied to full device structures or partially grown epitaxial base
structures. Asserting that there are several methods by which
QWI can be applied, the degree of desired flexibility determines
the combination of technique and method used.
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III. METHOD FOR INTEGRATION

As described earlier, a technique that offers great potential
for large scale monolithic integration is QWI. A unique QWI
processing platform was developed to fulfill the requirements
and guidelines for monolithic integration. In the following sec-
tion, the QWI processing platform is described, the process de-
tails given, and the characterization methods and results will be
presented.

A. QWI Processing Platform

In this paper, we employ the implant-enhanced interdiffusion
technique, which relies on the diffusion of point defects created
during an ion implantation. This method has also been shown
to have good spatial resolution, and be controllable using an-
neal time, temperature, and implant dose [14]. Wide ranges of
implant energies have been used in this process from the mega-
electronvolt range down to tens of kiloelectronvolts. Commonly,
these implants are performed on full lasers structures, where the
vacancies are created in the upper cladding, and must diffuse
long distances before reaching the quantum wells. Although
this is not detrimental to the intermixing itself, the device per-
formance may be hindered due to the redistribution of dopants
which control the electrical nature of the device. This can be
avoided by using a partially grown laser structure with a sac-
rificial cap layer, which can be subsequently removed, and the
upper cladding regrown as described in [15]. While [15] demon-
strated such a concept, the process was not optimized, as mul-
tiple implant and anneal cycles were required to achieve signif-
icant intermixing.

The implant dose can be used to control the extent of inter-
mixing using a single anneal step [7]. Such an effect would allow
the formation of several band edges across the wafer, which is
useful for the monolithic integration of several optoelectronic
components. However, to achieve three band edges, two ion
implants are required. With the majority of ion implants being
farmed out to specialty houses, the task can be time consuming
and expensive. Furthermore, each additional desired band edge
requires an additional ion implant, a process that begins to show
limitations.

The QWI method developed in this paper uses the selective
removal of the vacancies created during the ion implant to ef-
fectively halt the intermixing process at the desired level. This
method requires a single ion implant followed by a rapid thermal
anneal. The extent of intermixing can be controlled using the
anneal time. Once the desired band edge is reached, the anneal
is stopped and the vacancies are removed in that region. The
anneal is then continued until the desired band edge is reached
another section, at which point the vacancies are removed in
this section. As will be shown, this process can be repeated to
achieve any number of band edges across the wafer.

B. QWI Process Details

The epitaxial base structure was designed, not only to perform
intermixing experiments, but also to facilitate the fabrication of
DBR based lasers. In this respect, the base structure was de-
signed with multiple stop etch layers to allow access to the high
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Fig. 2. Epitaxial base structure with both seven or ten quantum-well active
region and 4500 A InP implant buffer layer.

field region of the optical mode, which allows for the formation
of the high index contrast gratings used in the DBR mirrors.

The base structure, shown in Fig. 2, was grown on a
sulfur doped InP wafer using a Thomas Swan horizontal
flow rotating-disc metal-organic chemical vapor deposition
(MOCYVD) reactor. The base structure consists of seven 6.5-nm
quantum wells, eight 8.0-nm barriers, sandwiched between
120-nm-thick 1.3Q (InGaAsP A, = 1.3 pm) layers, making
up the waveguide layer. The MQW active region was designed
to have an emission wavelength of 1560 nm. Above the wave-
guide, a 15-nm InP stop etch layer, and a 20-nm 1.3Q stop etch
layer was followed by a 450-nm InP layer. The top most InP
layer, herein called the implant buffer layer, was designed to
capture a low energy ion implant, thereby creating vacancies
far from the MQW active region.

The base structure was subjected to an ion implant using P+
at an energy of 100 keV, yielding a range of 90 nm, with a dose
of 5E14 cm~2. The substrate temperature during the implant
was held at 200 °C to aid in point defect(s) formation [5].

The unique intermixing process was investigated using
several samples cleaved from an implanted base structure, as
described in the previous section. These samples were annealed
at 675 °C for various times ranging from 30 to 300 s at 30-s
intervals and the extent of the intermixing was measured by
room-temperature photoluminescence. As the point defect(s)
front moves through the quantum-well region, the blue-shift
increases linearly. Once the point defect(s) front has moved
through the quantum-well region the blue-shifting ceases. This
saturation of the blue-shift can be observed above 120 nm ,as
shown in Fig. 3. After the 30-, 60-, 90-, 120-s anneals, the
implant buffer layer was removed from the respective samples.
These samples were then subjected to additional anneal cycles.
We found that removing the implant buffer layer halted the
blue-shift during these anneals. The arrest of the blue-shift
is the result of the removal of the abundance of vacancies,
necessary for intermixing, along with the implant buffer layer.
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Fig. 3. Peak photoluminescence peak shift as a function of anneal time,
showing the initial linear increase in the peak shift and the complete halting
of the peak shift for samples for which the implant buffer layer has been
etched. Symbols indicate nonimplanted (triangles), implanted (circles), and
samples with partial anneal followed by the removal of the implant buffer layer
(squares).

With this process, it is possible to achieve any number of band
edges across the wafer, limited only by the practical number of
lithographic process steps [16].

C. QWI Characterization

In order to characterize the intermixed quantum-well mate-
rial, several experiments have been performed to investigate
properties and extract parameters that have implications for
PICs. The modal loss of the QWI material is an important
parameter in the design of PICs. It is shown in the following
section that the waveguide modal loss of QWI material is
inversely proportional to the extent of intermixing. Another
important aspect of the intermixed quantum wells has to do
with the quantum confined Stark effect (QCSE). We have ob-
served a strong exciton peak in the intermixed quantum wells;
we also show for the first time the shift of the exciton peak as a
function of reverse bias. We show that the QWI material is an
ideal candidate for negative chirp parameter electroabsorption
modulators by relating the change in absorption to the change
in refractive index through the Kramers—Kronig relation.

Using active/passive devices, where the passive region is
composed of intermixed quantum wells, the modal loss can be
extracted. This is done by plotting the differential efficiency of
the active/passive device as a function of passive region length.
The passive waveguide loss was measured for several sets of
devices each with a different magnitude of photoluminescence
shift. The modal loss of the structure is dependent on the con-
figuration of the waveguide; the modal loss is dependent on the
optical mode overlap with sources of loss. In this experiment,
active/passive buried ridge stripe (BRS) Fabry—Perot (FP) laser
devices were tested under pulsed conditions, initially with a
passive waveguide length of 2500 pm, cleaved back in steps
of 500 pm. The active/passive laser differential efficiency
was extracted from laser light versus current measurements,
assuming equal reflectivity for the front and back facet. Once
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Fig. 4. Differential efficiency of active/passive lasers as a function of passive
region length. Symbols indicate data with passive region photoluminescence
peaks at 1428 (circles), 1448 (triangles), 1485 (squares), and 1488 nm
(diamonds). Solid lines are curve fits used for extracting passive region modal
loss, 1.5 (circles), 2.3 (triangles), 6.4 (squares), and 6.7 cm~—* (diamonds).
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Fig. 5. Passive region modal loss as a function of photoluminescence peak
wavelength. Solid line indicates an exponential curve fit, while symbols indicate
modal loss data extracted from active/passive lasers.

the all-active BRS, FP lasers have been pulse tested and the
laser characteristics extracted, the theoretical active/passive
differential efficiency can be plotted as a function of passive
region length and the modal loss computed [7]. Fig. 4 shows
data and curve fits for several sets of active/passive devices
each with a different magnitude of intermixing applied. The
passive region loss was plotted as a function of photolumines-
cence peak wavelength, shown in Fig. 5. An exponential curve
provides a good fit with the data. As evident from Fig. 5, the
passive region modal loss is strongly dependent on the relative
position of the intermixed band edge. The modal loss in the
passive region can be minimized by maximizing the magnitude
of intermixing.

It was implied that QWI material be used in the SG-DBR
mirrors that are used to create the cavity of the widely-tun-
able SG-DBR laser. Here, intermixed quantum wells are used as
the tuning medium, where quantized energy states remain. The
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Fig. 6. Experimental tuning curve for samples with differing extents of
intermixing. Symbols indicate wavelength shifts of 1475 (circles), 1446
(squares), and 1423 nm (triangles).

presence of quantized energy states allows the mirror to achieve
a high tuning efficiency in a small volume of material. This is
made possible by a more efficient band filling mechanism re-
sulting from the step-function density of states [17].

The carrier induced refractive index change can be measured
by biasing the gain region of an SG-DBR laser below threshold
and observing the shift of the transmission notches as a func-
tion of injected current. Once the wavelength shift is found as a
function of current injection, the wavelength shift can be trans-
lated to refractive index shift using the following:

ar
A

The variables in (1) indicate the change in modal group re-
fractive index Am, the modal group index in the untuned wave-
guide 7, the change in wavelength AX and the initial wave-
length A. We have previously shown that intermixed quantum
wells provide sufficient refractive index shift by carrier injec-
tion to cover the full tuning range of the SG-DBR laser [16].
Fig. 6 shows the tuning results for three magnitudes of inter-
mixed quantum wells.

Another simple tool for extracting material band edge absorp-
tion is photocurrent spectroscopy. The band edge absorption
data can be exploited for design, optimization and performance-
analysis of QWI integrated laser-modulators. We also present
a detailed characterization of the evolution of band-edge ab-
sorption as a function of the degree of QWI in InGaAsP-based
quantum wells. The ability to directly measure the QWI band
edge, and to use this measurement for analysis of potential trans-
mitter designs, will enable the engineering of superior, highly
optimized integrated laser-modulator transmitters for telecom-
munications applications.

The photodiodes used in our photocurrent spectroscopy ex-
periments are simple devices that can be rapidly fabricated for
material characterization. The QWI process, as described ear-
lier, is used to create three band edges on a single wafer—one
as-grown and two intermixed. Each of the intermixed regions

Ang =Ty

ey
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Fig. 7. Cross-sectional side view of a typical photodiode structure.

are blue-shifted by a different amount. The three band edges are
referred to quantitatively by the wavelengths, in nanometers, of
their photoluminescence peaks.

Once each band edge was patterned, circular mesas ranging
from 50 to 400 pm in radius were etched. The mesa etch is
performed by reactive ion etching through the waveguide and
into the n-type substrate. Some devices are grown on semi-in-
sulating substrates, in which case reactive ion etching is used
to remove the active region and waveguide, after which a wet
etch is used to stop on the n contact InGaAs layer. A 2000-A
layer of SiNx is deposited by plasma-enhanced chemical vapor
depostion (PECVD), and circular vias are patterned onto the
mesas. Ti/Pt/Au ring contacts were deposited. The contacts are
annealed at 410 °C for 30 s. Devices are wire bonded to AIN car-
riers. Fig. 7 shows a schematic of the simple photodiodes used
in photocurrent spectroscopy experiments.

The photodiodes were characterized using a Varian Cary 500
spectrophotometer. A description of the test apparatus is given
in [18]. Simple calculations are performed to extract an absorp-
tion coefficient from the photocurrent data. Measured incident
power is reduced to account for reflection and p-contact absorp-
tion, and is converted to units of photons/s. Light incident to the
photodiode surface is transverse-electric (TE) polarized. Trans-
verse-magnetic (TM) light is not considered because in-plane
laser devices operate with TE polarization. We have determined
that back-scattered light is negligible due to scattering and ab-
sorption by the Ti/Pt/Au backside contact. The measured pho-
tocurrent is converted to electrons/second, and each electron is
the result of one absorbed photon. Absorption is then obtained
as

Pin —Pout
—1In ( o ) o
L

a =

where P, is the input power in photons per second, P, is the
output photocurrent in photons per second, and L is the total
length of quantum-well material through which the light passes.

Fig. 8 shows representative band edge measurements ob-
tained by photocurrent spectroscopy. The epitaxial material
used for devices shown in Fig. 7 contained seven 65-A com-
pressively strained quantum wells and eight 80-A barriers
sandwiched between two 120-nm waveguides. The effect of
QWI on the exciton peak is made clear by comparison of the
band edges for the photodiodes fabricated from the as-grown
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Fig. 8. Power absorption versus wavelength for as-grown and two regions
whose quantum wells are intermixed to different levels.

MQW material versus those fabricated from intermixed MQW
material. The diodes were biased from 0 to —6 V in —0.5
V increments. The band edges shown in Fig. 8 have photo-
luminescence peaks (Ap1) at 1537, 1483, and 1429 nm. As
the degree of intermixing increases, and the exciton peaks
shift to shorter wavelengths, the exciton magnitude decays
significantly. With increased intermixing, the exciton peaks
also decay more rapidly as a function of applied bias voltage.

The intermixing process results in group V atoms diffusing
across the as-grown material boundaries, causing quantum wells
to develop rounded edges, and become wider and shallower.
This is consistent with the observed behavior of the exciton
peaks, which are expected to decay more rapidly with applied
voltage when the quantum wells are made shallower by QWI.

Absorption band edge data, such as that shown in Fig. 8§,
offer great potential for use in optimizing, analyzing, and un-
derstanding laser-EAM transmitters and photonic integrated cir-
cuits. Later in this paper, predictions of device performance are
made using the absorption band edge data. These predictions
are compared directly to the performance of actual laser-EAM
transmitters. The predictions are shown to be in good agreement
with the data.

IV. INTEGRATED DEVICES

In this section, several of the active component integrated
devices will be introduced and discussed. These devices make
use of the QWI method discussed in the previous sections.
Described herein are the short-cavity DBR laser with integrated
electroabsorption modulator, the widely-tunable SG-DBR
laser with integrated electroabsorption modulator, and two
types of wavelength converter with on-chip widely-tunable
continuous-wave laser source. In the past, there have been
some analogous examples using one or more of the integration
techniques described in Section II. For example, integrated
DFB-EAMs have been very successful as commercial sources
for moderate reach fiber links. These have used butt-joint [18]
and SAG [19].
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Fig. 10. End-on-view cross-sectional stain etch of the integrated short cavity
DBR laser/EAM device.

A. Short Cavity DBR Laser With Integrated EAM

In designing a short-cavity DBR laser, considerations and
tradeoffs have to be made regarding the mirror reflectivity, oper-
ating current, and temperature rise in the device. First, the cavity
requires the length to be sufficiently short such that the mode
spacing is wide enough on the DBR stopband to maintain single
mode emission. With a high reflectivity (HR) back mirror, the
front mirror needs to be optimized for low current operation in
the laser at high powers (>10 mW). Here, we chose to design
a short-cavity DBR laser with a HR coated back mirror, short
gain section (150 pm), and a front DBR mirror (40 pm). The
short front mirror is enabled by deep gratings resulting in a high
coupling coefficient (x = 250 cm~1). This does not adversely
affect the laser performance since it lies outside the gain re-
gion. A side-view schematic of the designed device is shown
in Fig. 9, which, for demonstration, includes an integrated SOA
and two-section EAM.

As described previously, a QWI processing platform was ap-
plied to optimize the band edge of each integrated device. For
example, the gain and SOA sections were left at the as-grown
band edge of A} = 1540 nm, the EAM was intermixed to A} =
1500 nm, and the DBRs and passive waveguides were further
intermixed to Ap; = 1430 nm. The amount of intermixing for
the EAM section was optimized by photocurrent spectroscopy
for optimum extinction performance [20]. Following the top
p-cladding regrowth, standard ridge lasers were fabricated [21].
To facilitate high-speed operation of the integrated EAM, ben-
zocyclobutene (BCB) was patterned beneath the EAM contact
metal for low pad capacitance. A cross section of the EAM is
shown in Fig. 10.
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Fig.12. Bandwidth of a 125-pm integrated EAM demonstrating 25 GHz. Inset
is a 10-Gb/s eye diagram showing grater than 10-dB extinction with a 0.6-V
swing.

The devices demonstrated good characteristics in terms
of output power, efficiency, and side mode suppression ratio
(SMSR) [22]. A threshold current of 7 mA was measured, and
output powers greater than 10 mW were achieved with a gain
section current of 30 mA [22].

The integrated EAM demonstrated greater than 20 dB optical
extinction with >13-dB/V extinction efficiency for a 125 ym
modulator, as shown in Fig. 11. The inset shows measured
photocurrent spectroscopy data for this QWI material. This
excellent performance is easily verified using absorption data
taken by photocurrent spectroscopy from a similar device.
Starting with a spline interpolation of absorption as a function
of voltage, simple calculations, which account for optical
overlap with the quantum wells and the effective index and
length of the waveguide, lead to predicted DC extinction ratios
for an EAM. In Fig. 11, the dotted line shows the simulated
DC extinction of the 125-ym EAM at 1542 nm. Clearly, the
photocurrent measurements allow reasonable estimation of
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Fig. 14. DC extinction of a 175-pm modulator for wavelengths of 1558
(circles), 1570 (squares), and 1580 nm (triangles).

modulator performance. These results suggest that photocur-
rent spectroscopy can be used as a powerful tool for predicting
device performance. The 3-dB modulation bandwidth was
measured to be 25 GHz, as shown in Fig. 12. The inset shows
open eye diagrams were achieved at 10 Gb/s with greater than
10-dB dynamic extinction at a DC bias of —3 V and a 0.6-V
swing. From these data, it is clear that the QWI material in
modulator sections can be controlled, and is of high optical and
electrical quality.

B. SG-DBR Laser With Integrated EAM

Electroabsorption-modulated widely-tunable lasers are can-
didate sources for optical metropolitan area network applica-
tions, as they are compact and potentially low-cost. For efficient
10 Gb/s transmission, it is essential that the EAM demonstrate
negative chirp behavior such that the dispersion penalty can be
minimized. This characteristic may be achieved by exploiting

Normalized Response (dB)

10
Frequency (GHz)

20

Fig. 15. Electrical to optical frequency response of a 175-pm modulator. The
circular markers represent every 30th data point.

the quantum confined stark effect (QCSE) with the use quantum
wells as the EAM absorption medium.

The simple, robust QWI method described earlier provides
an ideal integration platform for the fabrication of widely-tun-
able laser/QW-EAM transmitters. The ability to define multiple
precisely tuned band-edges across a single chip, allows for the
independent optimization of the EAM and passive components.
The band-edge of the EAM can be blue-shifted such that it main-
tains a high absorption coefficient, reasonable insertion loss,
and without severe degradation to the exciton peak. The passive
component band-edge can be further blue-shifted for minimum
loss. With the use of QWI, we have for the first time, fabricated
a widely-tunable transmitter demonstrating negative chirp char-
acteristics at 10 Gb/s over its entire tuning range.

The transmitter device, shown in Fig. 13, consists of a five
section widely tunable SG-DBR laser followed by an EAM. The
five sections of the SG-DBR laser are, from rear facet to front
facet: 1) backside absorber; 2) rear mirror; 3) phase; 4) gain;
and 5) front mirror. The phase and mirror sections function to



SKOGEN et al.: MONOLITHICALLY INTEGRATED ACTIVE COMPONENTS

> - -
Sl e S b

A R AR E Y R B A

Fig. 16. 10-Gb/s back-to-back eye diagrams from transmitter at wavelengths of 1558, 1564, 1571, and 1578 nm.

tune the wavelength of the laser [7]. The lithographically de-
fined mirrors make the SG-DBR laser ideal for monolithic inte-
gration due to the fact that no facets are required for operation.
The process of these devices is described elsewhere [23].

The SG-DBR laser demonstrated a threshold current of 13
mA, with an output power of 10 mW at a gain section current of
100 mA. At this operating point, a side mode suppression ratio
(SMSR) greater than 35 dB was achieved.

The EAM (175 pm) demonstrated over 40 dB of dc extinc-
tion for wavelengths of 1558, 1570, and 1580 nm, with efficien-
cies greater than 20 dB/V, as shown in Fig. 14. The efficient
extinction properties are due to the combination of the centered
quantum-well design and the intermixing process that allows
for precise placement of the modulator band edge. The 3-dB
bandwidth, shown in Fig. 15, of the same modulator was greater
than 19 GHz. Eye diagrams, shown in Fig. 16, were taken at
wavelengths of 1558, 1564, 1571, and 1578 nm with dc biases
ranging from —2.1 to —3.8 V and peak-to-peak voltage swings
ranging from 2.2 V to 3.4 V. Greater than 10-dB extinction was
achieved at all wavelengths.

Transmission experiments at 10 Gb/s were performed using
a nonreturn to zero (NRZ) pseudorandom-bit-sequence (PRBS)
of 23! — 1. A booster erbium doped fiber amplifier (EDFA) was
used to launch the signal through Corning SMF-28 fiber. A vari-
able optical attenuator was used to regulate the optical power
into a optical receiver. Bit-error rate (BER) curves through 25,
50, and 75 km of fiber at a wavelength of 1564 nm are shown in
Fig. 17. The EAM was biased at —3.5 V with a 2.0-V peak to
peak swing. Error-free operation was achieved through 75 km
of fiber with a power penalty of less than 0.5 dB. The shaping of
the eye diagrams due to dispersion is clearly seen in the insets
of Fig. 17 where the optical eye diagrams are shown after trans-
mission through fiber. The noise performance for transmission

1E-$

-20
Receiver Power (dBm)

Fig. 17. BER curves and respective eye diagrams for back-to-back (cross), and
transmission through 25 (circles), 50 (triangles), and 75 km (squares) of fiber at
a wavelength of 1564 nm.

through 75 km is limited by the signal attenuation of the fiber
and the noise of the oscilloscope optical receiver.

The low dispersion penalty for 10-Gb/s transmission demon-
strated in Fig. 17 is indicative of negative chirp characteristics.
In order to verify the chirp behavior of the modulator, the large
signal chirp parameter was measured on the EAM and analysis
was performed on the photocurrent data similar to that shown
in Fig. 8 obtained from identical material as the transmitters.
With the photocurrent data, differences in absorption between
the band edge at 0 V and the band edges at each of the reverse
biases are easily obtained. Application of the Kramers—Kronig
transform to the absorption data, as described in [24], yields the
index change as a function of voltage change.
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voltage at 1542, 1552, 1562, and 1569 nm. Lines show predicted chirps at 1540,
1550, 1560, and 1567 nm.
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Fig. 19. (a) Top-view schematic of the OEIC wavelength converter

architecture with the receiver ridge (upper) and transmitter ridge (lower).

With knowledge of index change as a function of voltage, and
absorption change as a function of chirp, the large signal chirp
can be calculated [25]. Fig. 18 compares the large signal chirp,
as calculated from photocurrent spectroscopy, at wavelengths of
1540, 1550, 1560, and 1567 nm, with the chirp measured in the
buried-ridge modulators at wavelengths of 1542, 1552, 1562,
and 1569 nm. The 2-nm difference in wavelengths has been in-
cluded to account for the fact that the photocurrent diodes were
intermixed to Ap; ~ 1508 nm, whereas the transmitter EAMs
were intermixed to Ap; & 1510 nm. Chirp measurements were
made on the transmitters using Agilent’s Time Resolved Chirp
(TRC) software coupled with the required Agilent 86 146B op-
tical spectrum analyzer. The measured dynamic chirp param-
eter, and the chirp parameter that is calculated directly from pho-
tocurrent spectroscopy, are in reasonable agreement. Clearly,
the wavelength-agile negative chirp performance of the trans-
mitters can be directly attributed to the band edge that is found
in the QWI material from which the EAMs are fabricated. The
QWI process that was used to shift the band edge in the EAM
section of the device did not significantly detract from the ex-
citon confinement. We, therefore, assert that QW1 is a promising
fabrication platform for implementation of high performance,
widely tunable, negative chirp, 10-Gb/s laser-EAM transmitter
devices.

C. Wavelength Converters

The integration of an optical receiver with a widely-tunable
transmitter can provide wavelength conversion functionality,

making applications such as wavelength routing and ROADMs
possible. Using the same QWTI integration platform as the
laser/EAM transmitter, wavelength converters were fabricated.
The device architecture, shown in Fig. 19, consists of two
adjacent parallel buried ridges, with one ridge operating as an
optical receiver and the adjacent ridge operating as an optical
transmitter. The receiving ridge consists of a semiconductor
optical amplifier (SOA) and a photodetector for the amplifi-
cation and detection of the input optical signal, respectively.
The adjacent ridge consists of the same SG-DBR laser/EAM
architecture as the transmitter.

In this photocurrent-driven wavelength converter, the detector
and EAM electrodes are joined by a coplanar strip (CPS) inter-
connect. In this configuration, the photocurrent generated in the
detector by the input optical signal will pass through a termi-
nation load, resulting in the small signal voltage swing across
the EAM identical to that of the input data sequence. The EAM
functions to write the data on the continuous wave output of the
SG-DBR laser operating at any wavelength within the tuning
band hence wavelength conversion is achieved.

The optical to optical frequency response of a wavelength
converter with a 225 pm photodetector interconnected to a
175-pm modulator demonstrated a 3-dB bandwidth of over
12 GHz with a 25-Q termination. To demonstrate 10-Gb/s
operation, eye diagrams were taken for wavelength conversion
from 1550 nm to 1555, 1562, 1569, and 1575 nm, as shown
in Fig. 20. Although error-free operation was achieved, in-
sufficient extinction (~2 dB) resulted in high power penalties
(~8 dB). The insufficient extinction was a result of receiver
inefficiencies such as inadequate photocurrent generation and
saturation effects. These aspects of the device are being ad-
dressed with higher saturation power SOAs and photodetectors.

For example, higher extinction ratios and lower power penal-
ties were observed in other wavelength-converter experiments,
which used an offset quantum-well integration platform and
higher saturation power SOAs and photodetectors in the re-
ceiver stage. One version used the integration of a slightly higher
saturation power SOA-PIN receiver with an EAM-modulated
SG-DBR to demonstrate 10-dB extinction and 2.5-dB power
penalties back-to-back at 10 Gb/s over a wide tuning range [26].
A second wired a separate high-power SOA-PIN receiver with
a MZ-modulated SG-DBR to demonstrate 12 dB of extinction,
capable of positive and negative chirp, and 1.2 dB of power
penalty at 10 Gb/s over 75 km of Corning SMF-28 fiber the
35-nm tuning range [27].

The QWI platform has also been used to fabricate monolithic
tunable all-optical wavelength converters (TAO-WCs). These
devices are among the most elaborate photonic integrated cir-
cuits fabricated to date in terms of the number of functional el-
ements integrated into a single device. The devices, illustrated
in Fig. 21, consist of a widely-tunable SG-DBR laser monolith-
ically integrated with a semiconductor optical amplifier-based
Mach-Zehnder Interferometer (MZI) wavelength converter. A
schematic of the device is shown in Fig. 21.

The device works on the principle of optically induced index
change in a SOA due to carrier density modulation. The cross
phase modulation that results from the index change is then used
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Fig. 21. QWI TAO-WC.

to gate the SGDBR output using a MZI [29]-[31]. Fig. 22 shows
the eye diagrams of the wavelength converted data in both the
inverted and noninverted mode of operation. The current de-
vices are capable of converting from any input wavelength to
any output wavelength across the entire C-band (over 30-nm
tuning range).

To maximize the speed of operation of this wavelength con-
verter, it is important to reduce the carrier lifetimes in the SOA’s
in the MZI. This lifetime governed by the saturation properties
and the material parameters of the SOA, i.e., carrier concentra-
tion, differential gain, the optical confinement factor, as well as
the optical power in the SOA and the length of the SOA through
the effects of high-pass filtering. Our earlier work on TAO-WCs
[29]-[31] employed an offset quantum-well platform to fab-
ricate the device, with inherent modal confinement factor of
around 6%, which limited the minimum carrier lifetime attain-
able [30]. The QWI-based platform allows us to overcome this
limitation and further reduce the carrier lifetime by using cen-
tered quantum wells with a significantly increased the confine-

Fig. 22. (a) Input data to the device at 10 Gb/s. Wavelength converted data in
the (b) noninverting and (c) inverting mode of operation.

ment factor of over 9% in our current design. The value of the
confinement factor can be tailored by the choice of the number
of quantum wells.
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Along with the benefit it offers, the increase in the confine-
ment factor also creates additional challenges. The SOA satura-
tion power reduction results in the enhancement of pattern de-
pendence in the preamplifier SOAs. Optimizing the preamplifier
designs in the QWI platform to get linear, high power amplifi-
cation is a work in progress.

V. CONCLUSION

The development of photonic integrated circuits is key to
the advancement of the fiber optic communications field. The
introduction of new highly functional devices and systems
must stem from innovation. This manuscript focused on the
ability to monolithically integrate optoelectronic components
through a novel QWI processing platform. Such a processing
method allows for the optimization of the quantum well band
edge for each integrated component. This allows designers
to break many, but not all design tradeoffs in pursuit of high
functionality photonic integrated circuits.

A QWI process has been developed which allows for the for-
mation of multiple quantum-well band edges across the wafer.
The use of an implant buffer layer not only prevented the im-
planted ions from damaging the quantum wells, but facilitated
the development of a cyclic etch and anneal process enabling
the strategic placement of the quantum well band edge for inte-
grated devices.

There are an almost limitless number of applications for QWI
in the development of high functionality photonic integrated cir-
cuits. The capability to monolithically integrate a number of de-
vices each with a unique quantum-well band edge is an advance-
ment that must be exploited. Although device improvement is
certainly on the forefront of the QWI horizon, the real driving
force for QWI applies to those devices and integration schemes
that will be made possible in the future, and have yet to come.

REFERENCES

[1] J. Binsma, P. Thijs, T. VanDongen, E. Jansen, A. Staring, G. Van-
DenHoven, and L. Tiemeijer, “Characterization of butt-joint InGaAsP
waveguides and their application to 1310 nm DBR-Type MQW
ganin-clamped semiconductor optical amplifiers,” IEICE Trans. Elec-
tron., vol. E80-C, pp. 675-681, 1997.

[2] M. Aoki, M. Suzuki, H. Sano, T. Kawano, T. Ido, T. Taniwatari, K.
Uomi, and A. Takai, “InGaAs/InGaAsP MQW electroabsorption modu-
lator integrated with a DFB laser fabricated by band-gap energy control
selective area MOCVD,” IEEE J Quantum Electron., vol. 29, no. 6, pp.
2088-2096, Jun. 1993.

[3] B. Mason, G. Fish, S. DenBaars, and L. Coldren, “Ridge waveguide
sampled grating DBR lasers with 22-nm quasi-continuous tuning range,”
IEEE Photon. Technol. Lett., vol. 10, no. 9, pp. 1211-1213, Sep. 1998.

[4] S. McDougall, O. Kowalski, C. Hamilton, F. Camacho, B. Qiu, M. Ke,
R. De La Rue, A. Bryce, and J. Marsh, “Monolithic integration via a
universal damage enhanced quantum-well intermixing technique,” I[EEE
J. Sel. Topics Quantum Electron., vol. 4, no. 4, pp. 636-646, Jul./Aug.
1998.

[5] S. Charbonneau, E. Kotels, P. Poole, J. He, G. Aers, J. Haysom, M.
Buchanan, Y. Feng, A. Delage, F. Yang, M. Davies, R. Goldberg, P. Piva,
and I. Mitchell, “Photonic integrated circuits fabricated using ion im-
plantation,” IEEE J. Sel. Topics Quantum Electron., vol. 4, no. 4, pp.
772-793, Jul./Aug. 1998.

[6] D. Hofstetter, B. Maisenholder, and H. Zappe, “Quantum-well inter-
mixing for fabrication of lasers and photonic integrated circuits,” IEEE
J. Sel. Topics Quantum Electron., vol. 4, no. 4, pp. 794-802, Jul./Aug.
1998.

[7]1 E. Skogen, J. Barton, S. DenBaars, and L. Coldren, “A quantum-well-
intermixing process for wavelength-agile photonic integrated circuits,”
IEEE J. Sel. Topics in Quantum Electron., vol. 8, no. 4, pp. 863-869,
Jul./Aug. 2002.

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

B. Mason, G. Fish, S. DenBaars, and L. Coldren, “Widely tunable sam-
pled grating DBR lasers with integrated electroabsorption modulator,”
IEEE Photon. Technol. Lett., vol. 11, no. 6, pp. 638-640, Jun. 1999.

B. Mason, J. Barton, G. Fish, and L. Coldren, “Design of sampled
grating DBR lasers with integrated semiconductor optical amplifiers,”
IEEE Photon. Technol. Lett., vol. 12, no. 7, pp. 762-764, Jul. 2000.

J. Barton, M. Masanovic, E. Skogen, and L. Coldren, “Widely-tunable
high-speed transmitters using integrated SGDBRs and Mach-Zehnder
modulators,” IEEE J. Sel. Topics Quantum Electron., vol. 9, no. 5, pp.
1113-1117, Sep./Oct. 2003.

D. Deppe and N. Holonyak, Jr., “Atom diffusion and impurity-induced
layer disordering in quantum well III-V semiconductor heterostruc-
tures,” J. Appl. Phys., vol. 64, pp. 93-113, 1988.

S. K. Si, D. H. Yeo, K. H. Yoon, and S. J. Kim, “Area selectivity of
InGaAsP-InP multiquantum-well intermixing by impurity-free vacancy
diffusion,” IEEE J. Sel. Topics Quantum Electron., vol. 4, no. 4, pp.
619-623, Jul./Aug. 1998.

B. Qui, A. Bryce, R. De La Rue, and J. Marsh, “Monolithic integration in
InGaAs-InGaAsP multiquantum-well structure using laser processing,”
IEEE Photon. Technol. Lett., vol. 10, no. 6, pp. 769-771, Jun. 1998.

S. Charbonneau, P. Poole, Y. Feng, G. Aers, M. Dion, M. Davies, R.
Goldberg, and 1. Mitchell, “Band-gap tuning of InGaAs/InGaAsP/InP
laser using high energy ion implantation,” Appl. Phys. Lett., vol. 67, pp.
2954-2956, 1995.

M. Paquette, J. Beauvais, J. Beerens, P. Poole, S. Charbonneau, C.
Miner, and C. Blaauw, “Blueshifting of InGaAsP/InP laser diodes by
low-energy ion implantation,” Appl. Phys. Lett., vol. 71, pp. 3749-3751,
1997.

E. Skogen, J. Raring, J. Barton, S. DenBaars, and L. Coldren, “Post-
growth control of the quantum-well band edge for the monolithic in-
tegration of widely-tunable lasers and electroabsorption modulators,”
IEEE J. Sel. Topics Quantum Electron., vol. 9, no. 5, pp. 1183-1190,
Sep./Oct. 2003.

J. Shim, M. Yamaguchi, P. Delansay, and M. Kitamura, “Refractive
index and loss changes produced by current injection in InGaAs(P)-In-
GaAsP Multiple Quantum-Well (MQW) waveguides,” IEEE J. Sel.
Topics Quantum Electron., vol. 1, no. 2, pp. 408—415, Jun. 1995.

H. Takeuchi, K. Tsuzki, K. Sato, M. Yamamoto, Y. Itaya, A. Sano, M.
Yoneyama, and T. Otsuji, “Very high-speed light-source module up to 40
Gb/s containing an MQW electroabsorption modulator integrated with a
DFB laser,” IEEE J. Sel. Topics Quantum Electron., vol. 3, pp. 336-343,
Apr. 1997.

H. Haisch, W. Baumert, C. Hache, E. Kiihn, M. Klenk, K. Satzke,
M. Schilling, J. Weber, and E. Zielinski, “10 Gbit/s standard fiber
TDM transmission at 1.55 gm with low chirp monolithically integrated
MQW electroabsorption modulator/DFB-laser realized by selective
area MOVPE,” in Proc. 20th Eur. Conf. Optical Communication, 1994,
pp. 801-804.

G. Morrison, E. Skogen, C. Wang, J. Raring, Y. Chang, M. Sysak, and L.
Coldren, “Photocurrent spectroscopy for quantum-well intermixed pho-
tonic integrated circuit design,” IEEE Photon. Technol. Lett, submitted
for publication.

E. Skogen, C. Wang, J. Raring, G. Morrison, and L. Coldren, “Small-
footprint, high-efficiency, integrated transmitters for high-speed optical
interconnect applications,” presented at the Proc. Integrated Photonics
Research Conf., San Francisco, CA, June 30-July 2 2004, paper no.
IThD2.

C. Wang, E. Skogen, J. Raring, G. Morrison, and L. Coldren, “Short-
cavity 1.55 pm DBR lasers integrated with high-speed EAM modula-
tors,” in Proc. 19th Annu. IEEE Int. Semiconductor Laser Conf., Matsue-
shi, Simane, Japan, 2004.

J. Raring, E. Skogen, L. Johansson, M. Sysak, J. Barton, M. Masanovic,
and L. Coldren, “Demonstration of widely-tunable single-chip 10 GB/s
laser-modulators using multiple-bandgap InGaAsP quantum-well inter-
mixing,” IEEE Photon. Technol. Lett., vol. 16,no. 7, pp. 1613-1615, Jul.
2004.

C. Henery, R. Logan, and K. Bertness, “Spectral dependence of the
change in refractive index due to carrier injection in GaAs lasers,” J.
Appl. Phys., vol. 52, no. 7, pp. 4457-4461, 1981.

J. Fells, I. White, M. Gibbon, R. Penty, G. Thompson, A. Wright, R.
Saunders, and C. Armistead, “Controlling the chirp in electroabsorption
modulators under digital modulation,” Electron. Lett., vol. 30, no. 24,
pp. 20662067, 1994.

M. Sysak, J. Barton, J. Raring, M. Dummer, A. Tauke-Pedretti, D. Blu-
menthal, and L. Coldren, “10 Gb/s photocurrent driven, widely tunable
electroabsorption modulator based wavelength converter,” in Proc. Op-
tical Fiber Conf., 2005, submitted for publication.



SKOGEN et al.: MONOLITHICALLY INTEGRATED ACTIVE COMPONENTS

[27] J. Barton, A. Tauke-Pedretti, M. Dummer, M. Sysak, M. Masanovic, J.
Raring, E. Skogen, and L. Coldren, “10 Gbit/s wavelength conversion
using a widely tunable series push-pull photocurrent-driven transmitter,”
1EEE Photon. Technol. Lett., submitted for publication.

V. Lal, M. Masanovi¢, E. Skogen, J. Summers, L. Coldren, and D.
Blumenthal, “Widely tunable all-optical wavelength converter based
on monolithic integration of a SGDBR and Mach-Zehnder interferom-
eter using quantum well intermixing,” IEEE Photon. Technol. Lett.,
submitted for publication.

M. Masanovié, V. Lal, J. Barton, E. Skogen, L. Coldren, and D.
Blumenthal, “Monolithically integrated Mach-Zehnder interferometer
wavelength converter and widely-tunable laser in InP,” IEEE Photon.
Technol. Lett., vol. 15, pp. 1117-1119, 2003, submitted for publication.
M. L. Masanovi¢, V. Lal, J. A. Summers, J. S. Barton, E. J. Skogen, L. A.
Coldren, and D. J. Blumenthal, “Design and performance of a monolithi-
cally-integrated widely-tunable all-optical wavelength converter with in-
dependent phase control,” IEEE Photonics Technology Letters, vol. 16,
no. 10, pp. 2299-2301, Oct. 2004.

M. Masanovié, V. Lal, J. A. Summers, J. Barton, E. Skogen, L. Rau, L.
Coldren, and D. Blumenthal, “Widely-tunable monolithically-integrated
all-optical wavelength converters in InP,” IEEE J. Lightw. Technol., sub-
mitted for publication.

[28]

[29]

[30]

[31]

Erik J. Skogen received the B.S. degree from
TIowa State University, Ames, in 1997, and the
M.S. and Ph.D. degrees from the University of
California at Santa Barbara (UCSB) in 1999 and
2003, respectively. His dissertation work involved
the development and application of quantum-well
intermixing techniques to widely-tunable sam-
pled-grating DBR lasers and photonic integrated
circuits (PICs).

He was a Postdoctoral Researcher with UCSB
from 2003 to 2005, where he investigated advanced
PICs. In 2005, he joined Sandia National Laboratories, Albuquerque, NM, as
a Senior Member of the Technical Staff. His current research interests include
monolithic integration techniques for next-generation PICs.

James W. Raring (S°02) was born in New Jersey in 1978. He received the
B.S. degree from the Materials Engineering Department, California Polytechnic
State University, San Luis Obispo, in 2001. He is currently working toward the
Ph.D. degree in materials science from the University of California at Santa
Barbara.

His research interests include the monolithic integration of widely tunable
diode lasers into high-speed photonic integrated circuits with the use of
quantum-well intermixing.

Gordon B. Morrison was born in Portsmouth, U.K., in 1973. He obtained
his B.A.Sc. degree in engineering physics from Simon Fraser University, Van-
couver, BC, Canada, in 1997, and the Ph.D. from the Department of Engineering
Physics, McMaster University, Hamilton, ON, Canada, in 2002.

He is currently a Postdoctoral Researcher with the Department of Electrical
and Computer Engineering, University of California at Santa Barbara (UCSB).
His research interests at McMaster University included modeling the spectra
of semiconductor lasers, fitting models to spectra for parameter extraction, and
modeling gain in quantum well lasers. At UCSB, he has been involved in the
design and characterization of integrated laser/modulator transmitters that are
fabricated using quantum-well intermixing.

Chad S. Wang (S°99) was born in Racine, WI, in
1979. He received the B.S. degree from The Univer-
sity of Texas at Austin, in 2001, and the M.S. degree
in 2002 from the University of California, Santa Bar-
bara, where he is currently working toward the Ph.D.
degree in electrical and computer engineering.

His research interests include the development of
integrated laser-modulators for optical interconnect
applications. He is also involved in molecular beam
epitaxy growth of III-V semiconductor vertical cavity
lasers and avalanche photodetectors.

Vikrant Lal received the B.S. degree in electrical
engineering from the Indian Institute of Technology,
Delhi, India, 1999, and the M.S. degree majoring in
communications engineering in electrical and com-
puter engineering from the University of Maryland,
College Park, in 2001. He is currently working to-
ward the Ph.D. degree student in electrical and com-
puter engineering at the University of California at
Santa Barbara.

His research interests include photonic integrated
circuits and all-optical switching.

Milan L. Masanovi¢ graduated as a valedictorian
from the School of Electrical Engineering, Univer-
sity of Belgrade, Belgrade, Yugoslavia, in 1998. He
received the M.S. degree and Ph.D. degree in elec-
trical engineering from the Department of Electrical
and Computer Engineering, University of California
at Santa Barbara in 2000 and 2004, respectively.

His research interests include InP photonic inte-
grated circuits with emphasis on integrated tunable
wavelength converters and their applications in novel
all-optical networks.

Dr. Masanovi¢ is the winner of numerous awards and fellowships including
the 2004 IEEE-Laser and Electro-Optics Society Graduate Student Fellowship
Award and the 2003 Best Student Paper Award at the Indium Phosphide and
Related Materials Conference.

Larry A. Coldren (S’67-M’72-SM’77-F’82) re-
ceived the Ph.D. degree in electrical engineering
from Stanford University, Stanford, CA, in 1972.

After 13 years in the research area at Bell Labora-
tories, he was appointed Professor of Electrical and
Computer Engineering at the University of California
at Santa Barbara (UCSB) in 1984. In 1986, he as-
sumed a joint appointment with Materials and ECE,
and in 2000, the Fred Kavli Chair in Optoelectronics
and Sensors. He is also Chairman and Chief Tech-
nology Officer of Agility Communications, Inc. At
UCSB, his efforts have included work on novel guided-wave and vertical-cavity
modulators and lasers, as well as the underlying materials growth and fabrication
technology. He is now investigating the integration of various optoelectronic de-
vices, including optical amplifiers and modulators, tunable lasers, wavelength-
converters, and surface-emitting lasers. He has authored or coauthored over 500
papers, five book chapters, one textbook, and has been issued 32 patents.

Dr. Coldren is a past Vice-President of the IEEE Lasers and Electro-Optics
Society and a Fellow of the Optical Society of America.



HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 241117(2005

Multiple-band-edge quantum-well intermixing in the InGaAs/InGaAsP/InGaP
material system

Erik J. Skogena> and Larry A. Coldren
Electrical and Computer Engineering Department, University of California,
Santa Barbara, California 93106

James W. Raring and Steven P. DenBaars
Materials Department, University of California, Santa Barbara, California 93106

(Received 6 December 2004; accepted 4 May 2005; published online 9 June 2005

The development of photonic integrated circuits lattice matched to GaAs are desirable for the
manufacture of high-power, high-efficiency optical components. In this letter we investigate and
describe a process technique based on quantum-well intermixing to achieve multiple band edges in
the Al-free 980 nm InGaAs/InGaAsP/InGaP material system2@5 American Institute of
Physics [DOI: 10.1063/1.1946903

As the InP- and GaAs-based optoelectronics field maan InGaAs/GaAs constagt-design when subjected to
tures, it is desirable to monolithically integrate multiple com-impurity-free vacancy diffusion(IFVD) using plasma-
ponents onto a single chip. These photonic integrated circuitsnhanced chemical vapor deposited ,8I() This suggests
(PIC9 will allow for reduced cost, improved performance, that the intermixing employing the IFVD method using a
and increased functionality over discrete components. Thdielectric cap is occurring largely on the group-IIl sublattice.
realization of an optimally performing PIC is the primary When InGaAs/InGaAsP MQW active regions are subjected
challenge, as each integrated component requires differinp ion-implantation-enhanced QWI, we show that intermix-
materials and architectural features based on its specifitig occurs, suggesting that point defects generated during the
function, and to do so is technologically difficult. implant are capable of interdiffusing on the group-V sublat-

Selective area quantum-well intermixingQWI) has tice. It is also shown that multiple band edges across the
been shown to be a promising method of tailoring thewafer can be achieved using a cyclic etch and anneal pro-
quantum-well band edge in optoelectronic devices. Ther&ess, a result similar to that previously reported in InP mate-
have been reports of complex PICs fabricated using selectivdal system.

QWI in the InP material systef® In this experiment, five epitaxial base structures were

This work focuses on QWI in the GaAs material system.grown each with different combinations of MQW and im-

In the past, many 980 nm components made use oplant buffer layer, as shown in Fig. 1. The base structures
InGaAs/GaAs/AlGaAs-based structures, and there hav/€ré grown using a Thomas Swan Scientific Equipment Ltd.
been many reports of achieving QWI in such activehorlzon_tal-flow rotating-disk metalorganic c_herr_ucal vapor
regions>® However, InGaAs/InGaAsP/InGaP-based de-d€position(MOCVD) system on(100) GaAs misoriented 2°
vices  offer numerous advantages  over thetowards(11DA. The MQW regions were composed of 8- or
InGaAs/GaAs/AlGaAs based devick®For instance, the 2-NM INGaAs quantum wellén=0.185 and either GaAs or
InGaAsP material has a direct band gap throughout its cord-762 (INGaAsPA;=0.76 um) tensile strained 0.15% barri-
positional range, donor relatddX centers are not as signifi- €S 10 or 11 nm thick. In the case of the InGaAs/InGaAsP
cant as in AlGaAs, and the reliability may also be improvedMQW the structure is a constantdesign. That is, the same
due to the absence of dark line defects and catastrophic mir-
ror facet damage due to oxidation. Fundamental improve-
ments in the carrier confinement in the quantum wells have IMPLANT
been observed in InGaAs/InGaAsP active regions over "~ BUFFER LAYER
InGaAs/GaAs active regions, leading to increased differen-
tial efficiency and improved thermal characteristics of

lasers® The InGaAs/InGaAsP/InGaP-based devices are also - 700A 0.760
more desirable from an integration standpoint as the selec-

tive wet chemical etching of InGaP over GaAs allows for ————— ]
simple process techniques. Furthermore, exposed surfaces  700A 0.76Q

utilizing materials with minimal tendency for oxidation are
well suited for epitaxial regrowths.

It is shown that multiple-quantum-we{MQW) active GAAS
regions based on an InGaAs/InGaAsP constamésign are = QUBSTRATE
more stable at elevated temperatures than those comprised of

dauthor is now with Sandia National Laboratories, P.O. Box 5800 MS FIG. 1. Epitaxial base structure with eithdnGaAs/InGaAsp MQW or
0603, Albuquerque, New Mexico 87185-0603; electronic mail: (InGaAs/GaA$ MQW active region, and GaAs or InGaP implant buffer
ejskoge@sandia.gov layer.
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TABLE |. Epitaxial base structures used in the intermixing experiments. : ! ! H H
Samples A through D use an implant buffer layer thickness of 200 nm; 20 : - ; .
sample E uses a 500 nm implant buffer layer. Samples A through D use a i
MQW consisting of 9-nm wells and 11-nm barriers, while sample E uses g
8-nm wells and 10-nm barriers. & 60 oo :
Sample MQW Implant buffer layer ‘*§,40 __________ : - d ]
[

A InGaAs/GaAs GaAs 2 :

B InGaAs/GaAs InGaP =

C InGaAs/InGaAsP GaAs /

D InGaAs/InGaAsP InGaP ‘ : : /

E InGaAs/InGaAsP InGaP 800 650 700 750 800 850 900 950

Temperature (“C)

_ i ; ; : FIG. 3. Photoluminescence peak wavelength shift vs RTA temperature for
group-lll composition is used in the wells and barriers. Theimplanted base structures. Sample (DGaAs/InGaAsP MOW with a

MQW was centered within a symmetric waveguide structurég nm InGap cagicircles, sample E(InGaAs/InGaAsP MQW with a
consisting of 70 nm of 0.4@ on either side of the MQW. An 500 nm InGaP cagisquarel and sample E with an InGaP cap removed
implant buffer layer was grown above the structure and deprior to annealingtriangles.
signed to capture the ion implant, creating point defects
above the active region, and consisted of either 200 nm -
GaAs, 200 nm of InGaP, or 500 nm of InGaP. In those basdized energy state within .the temperature range tested. In
structures using the InGaP implant buffer layers, the implanfontrast, the samples which employ an InGaAs/InGaAsP
buffer layer can be selectively removed. The base structurddQW do not shift to such an extent. _
are summarized in Table I. The photoluminescence peak wavelength shifts of
The samples were cleaved and a portion of each was iof@MPles subjected to implantation are shown in Fig. 3. The
implanted. Phosphorus was implanted at an energy OIRTA time for these samples was again 120 s. The photolu-
100 keV and a dose of 210% cmi?, the implant was car- Minescence response of the §qmples that incorporate a GaAs
ried out at a temperature of 200 °C, yielding a range 011mp|_ant buff_er layer are not visible due to the damage from
110 nm in InGaP and 93 nm in GaAs. Both implanted anothe |mplan_t in the GaAs Iayer, thereby blocking the photoex-
nonimplanted samples were encapsulated with 40 nm dfited carriers from reaching the MQW, whereas for the
SIO,N, to protect the sample surface and subjected to rapigamples with an InGaP cap thg photoluminescence signal is
thermal processing for various temperatures and times rangYesent because the photocarriers are generated at the MQW
ing from 650 to 900 °C, and 15 to 180 s, respectively. Thedue to the fac_t that InGaP is transparent at the pump wave-
SiON, was removed using buffered HF and the wavelengtHength-' For this reason, only those samples that L.ltl'|lze an
of the MQW emission measured using room-temperaturé”GaP implant buffer layer are shown. Furthermore, it is only
photo|uminescence W|th a pump Wavelength of 785 nm. those SampleS that use the InGaAs/InGaAsP MQW that are
The peak photo'uminescence Wave'ength Shifts fOISt-able at eleVated- tempel’atures when encapsulated with
samples that are not implanted are plotted as a function opiON,, and are of interest; therefore, only samples employ-
rapid thermal annealRTA) temperature, shown in Fig. 2. ing the InGaAsP barriers are shown, samples D and E.
The RTA time for these samples is 120-seconds. This demSample D uses a 200 nm InGaP implant buffer layer, while
onstrates the temperature at which interfaces that have df@mple E uses a 500 nm InGaP implant buffer layer. Also
electric caps, yet have not been subjected to the implantatio?hoWn in Fig. 3 is the photoluminescence peak wavelength
process, begin to interdiffuse. The two samples, which use aphift of sample E, which has been implanted, and had the

InGaAs/GaAs MQW, show an appreciable shift in the quanimplanted InGaP buffer layer etched away prior to annealing.
All heterointerfaces are metastable by nature, and with

60 ‘ ‘ ‘ ‘ , ‘ enough input energy compositional gradients will interdif-

‘ : i : ' fuse without the need for a catalyst. For conservation of the
as-grown MQW, it is essential that sharp heterointerfaces
remain intact at elevated temperatures. As demonstrated in
Fig. 2, the samples using InGaAs/GaAs MQWSs have a ten-
dency to interdiffuse at lower temperatures than those

[ samples that use InGaAs/InGaAsP MQWs. This is due to
/ the introduction of group-lll vacancies at the sample/

Wavelength Shift (nm)
w IN o
[=] [=] [=]
7

N
[=]

dielectric interface which have a tendency to interdiffuse

o species residing on the group-Ill sublattice ohlp. the case

of the InGaAs/GaAs MQW the intermixing takes place on

= the group-lll sublattice, while in the InGa_lAs/IpGaAsP_

Temperature (°C) MQWs, because the same group-IIl composition is used in
the wells and barriers the compositional gradient is only on

FIG. 2. Photoluminescence peak wavelength shift vs RTA temperature fothe group-V sublattice and therefore remains intact in the

nonimplanted base structures. Sample(IAGaAs/GaAs MQW with @ presence of group-Ill vacancies. Therefore, we conclude that
GaAs cap(circles, sample B(InGaAs/GaA$ MQW with a InGaP cap

(square sample (InGaAs/InGaAsP MOW with a GaAs cagitriangles, the group-V sublattice is more stable and less likely to inter-
sample D(InGaAs/InGaAsP MQW with an InGaP cagdiamonds, and @ffuse at elevated temperatures than the group-lll sublattice
sample E(InGaAs/InGaAsP MQW with a 500 nm InGaP cafstars. in samples encapsulated by SIQ.

-
[=]

0 700
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40 removing the implant buffer layer halted the blue-shift dur-

: : ing these anneals. The arrest of the blueshift is the result of
the removal of the abundance of point defects which reside
in the implant buffer layer, which are necessary for intermix-
ing. With this process it is possible to achieve any number of
band edges across the wafer, limited only by the practical
number of lithographic process steps.

: ; Implantation-enhanced QWI in the GaAs material sys-
""""""" tem has been investigated. Several combinations of MQW
and implant buffer layer have been studied. It was found that
s M S constantx InGaAs/InGaAsP MQWs are more stable at el-
0 50 100 150 200 evated temperatures than InGaAs/GaAs MQWs when en-
Time (=) capsulated with SigN,. This supports the fact that interdif-
FIG. 4. Isothermal, 800 °C, photoluminescence peak wavelength shift as fision occurs more readily on the group-lil sublattice than
function of RTA time demonstrating multiple band edges using a single-ionon the group-V sublattice in the presence of group-Ill vacan-
implant. Symbols indicate nonimplantédrcles, implanted(triangles, and cies. This stability is desirable for the development of a se-
samples with partial anneal followed by the removal of the implant buffeqective QWI process.
layer (squarebfollowed by further anneals. Significant  interdiffusion enhancement in the
S ] o InGaAs/InGaAsP was achieved using ion implantation into
When considering the implanted structures, it is clearyn |nGap implant buffer layer followed by rapid thermal
that the InGaAs/InGaAsP MQWs readily interdiffuse due t0,qcessing. It was found that point defects readily diffuse
the introduction of point defects that are created in the InGa rough the InGaP allowing for intermixing to occur in the

layer during implantation. A more substantial shift of the MQW. The ability for the InGaAs/InGaAsP MQW to remain
photoluminescence peak wavelength is observed in samplgape without the introduction of point defects, while readily
E, @ 500 nm thick implant buffer layer, than observed for it sing when point defects are present make this material
sample D, a 200 nm thick implant buffer layer. The origin of 5 stem ideal for the development of a selective QWI process.
the difference is not understood at this time, however, we”™ A cojective QWI process was developed and demon-
speculate that the proximity of the implant to the MQW grateq using a sacrificial implant buffer layer. Using a
and/or strain in the implant buff(_er layer could play a rOIe'_singIe-ion implant, multiple band edges can be achieved by
Nevertheless, the transport of point defects through INGaP iggasing the anneal prior to the saturation of blue-shift, re-
readpl\ly achlevable In e'the; srt]ruqturle. h di . moving the implant buffer layer in those regions where the
__An important aspect of the implant enhanced Intermix-yeqireq plueshift has been reached, and continuing the an-
ing is the extent to which the wells and barriers mterdn‘fuseneal In those regions were the implant buffer layer was re-
once the |_mplant buffer Iaye( IS rfamoved. A Iack_of bluesmftmoved, the blueshift was halted, whereas in those regions the
of the em|35|on.wavelength implies the MQW will be Stableimplant buffer layer remained the intermixing continued.
during future high-temperature processing, Sl‘!Ch as _fur_th his result shows the feasibility of creating high-
anneals and MOCVD regrowth. As shown in Fig. 3, signifi- performance PICs in this material system
cant intermixing begins to occur at 850 °C for the sample ’
with the |mplant bu,ﬁer 'aYer rgmoved. Thus, in order to . Skogen, J. Raring, J. Barton, S. DenBaars, and L. Coldren, IEEE J. Sel.
ensure the MQW will not interdiffuse, the anneal tempera- Top. Quantum Electrong, 1183(2003.
ture should be kept below 850 °C. 23, McDougall, O. Kowalski, C. Hamilton, F. Camacho, B. Qiu, M. Ke, R.
With this information, it is possible to construct a pro- De LaRue, A. Bryce, and J. Marsh, IEEE J. Sel. Top. Quantum Electron.
cess for the achievement of multiple band edges across thg* 836(1998.

Ss 1or : .I v . u P g. s SS . §}S. Charbonneau, E. Kotels, P. Poole, J. He, G. Aers, J. Haysom, M. Bucha-
wafer using a ,Smgl,e implantation .process. This proqess IS nan, Y. Feng, A. Delage, F. Yang, M. Davies, R. Goldberg, P. Piva, and I.
demonstrated in Fig. 4, where isothermal annealing at witchell, IEEE J. Sel. Top. Quantum Electros, 772 (1998.

800 °C was performed for various times. Both implanted “A. Helmy, J. Aitchison, and J. Marsh, Appl. Phys. Left, 2998(1997).
and nonimplanted samples were annealed for times rangingM. Ohjubo, S. Namiki, T. ljichi, A. Iketani, and T. Kikuta, IEEE J. Quan-
from 15 to 180 s, as shown in the figure. After the 15, 30, [um Electron.29, 1932(1993. _

. G. Zhang, A. Ovtchinnikov, J. Nappi, H. Asonen, and M. Pessa, |IEEE J.
60, and 90 second anneals, the implant buffer layer was r€-Guantum Electron29, 1943 (1993.
moved frlom the respective samples. These samples Weré Heimy, J. Aitchison, and J. Marsh, IEEE J. Sel. Top. Quantum
then subjected to additional anneal cycles. We found that Electron. 4, 653(1998.
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Quantum Well Intermixing and MOCVD Regrowth for the Monolithic Integration of
UTC Type Detectors with Quantum Well Based Components

J. W. Raring, E. J. Skogen, J. S. Barton, S. P. DenBaars, and L. A. Coldren

The traditional limitations of a 1-dimensional growth platform and a 2-dimensional fabrication scheme
makes the monolithic integration of optimal photonic circuits a great challenge due to the common waveguide
architecture and material compositions that the individual components within the circuit are often forced to
share. Here we present an innovative fabrication/growth scheme using quantum well intermixing (QWI) and
blanket MOCVD regrowth for the realization of a unique waveguide architecture and material composition in the
photodetector region of an integrated circuit. Through the use of QWI, we blue-shift the as-grown InGaAsP base
structure QWSs in regions where low loss waveguides or alternative component architectures are desired. An
MOCVD regrowth is then performed in which the layer structure necessary for an InGaAs uni-traveling-carrier
(UTC) type photodetector is grown. The UTC layer structure is then selectively removed such that mesas remain
only in detector regions with blue-shifted, transparent QWs below. Following a thin p-InP regrowth and dry etch
ridge definition, a p-InP cladding is grown to yield a buried ridge stripe (BRS) device with three distinct regions:
The as grown InGaAsP QWs for use in components such as diode lasers, blue-shifted QWs for low loss
waveguides, and UTC type detectors with blue-shifted QWSs below. The benefits offered by the InGaAs UTC
type detector over that of a detector making use of the as-grown base structure QWs are threefold: The redshifted
bandedge relative to the input wavelengths reduces the bias dependence of the absorption coefficient. Without
the limitation of hole transport within the UTC the saturation current density is increased allowing for smaller
diode areas and hence increased bandwidth.

In recent work, we have demonstrated the ability to achieve high quality QW material grown short
distances above a regrowth interface subjected to defect diffusion during the QWI process. Here, we build off
this capability by developing the necessary MOCVD growth conditions and processing techniques to enable the
fabrication of a BRS device containing UTC type detectors and components employing the base structure QWs.
We study the effects of growth rate and growth temperature on the resulting profile at the sidewalls of the UTC
mesas, which suffer from undercutting during wet etch definition. Since ridges must be defined and buried
across these sidewalls, the regrowth profile is a key aspect to successful device fabrication. We found that using
a two-stage temperature profile at a rate of 3.8 A/s provided an optimum growth profile. Finally, by fabricating
both UTC type and QW pin type photodetectors on the same chip, we demonstrate a 2X and 4X increase in
large-signal voltage amplitude from UTC detectors with 1/5 and 3/5 the diode area, respectively, as the QW pin

detectors.
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Band-Edge Characterization of Intermixed InGaAsP/InP and
InGaAs/GaAs Quantum Wells

G.B. Morrison, J.W. Raring, C.S. Wang, E.J. Skogen, and L.A. Coldren

Quantum well intermixing (QWI1) has been widely demonstrated as an elegant method for
creating multiple band edges in photonic integrated circuits (PICs). Despite the popularity of
QWI, quantitative experimental studies of the effect of intermixing on quantum well band edges
are scarce. This study makes extensive use of photocurrent spectroscopy to probe the band edge
characteristics of intermixed quantum wells in both the 1550 nm InGaAsP/InP material system
and the 980 nm InGaAs/GaAs material system. The photocurrent data is generated using simple
photodiodes designed specifically for photocurrent spectroscopy. The photocurrent is collected
as a function of both wavelength and bias voltage, and is then transformed into a measurement of
absorption at the band edge. Band edge absorption measurements are used to compare quantum
well designs for QWI PICs, and also to suggest optimal QWI band shifts for electro-absorption
modulators (EAMS). Predictions of EAM chirp by application of the Kramers-Kronig transform
are also demonstrated. By comparing the absorption edges of as-grown quantum wells with the
absorption edges of intermixed quantum wells, the effect of QWI on the absorption edge is made
clear. The effects of intermixing on device performance, such as EAM insertion loss, extinction,
and extinction efficiency, are explained. As expected, the QWI process reduces carrier
confinement, and can significantly weaken the exciton peak. A weakened exciton peak translates
to lower extinction in modulator applications. In the InGaAsP/InP material system, we compare a
65 A wide well having conduction band depth of 120 meV, to an 80 A wide well having
conduction band depth of 85 meV. Both designs exhibit satisfactory exciton confinement for a
QWI modulator, but the 80 A design is shown to be shallower than is optimal for the overall PIC.
For the wells considered in the InGaAsP/InP material system, a band edge shift of approximately
40-50 nm is ideal for modulator components. In the GaAs/InGaAs 980 nm material, an 80 A
well with conduction band depth of 147 meV is examined. A 20-30 nm blue shift by QWI is
shown to be appropriate for modulators in this material system. Unfortunately, the QWI process
seriously degrades the exciton peaks in these wells. For 980 nm applications, moving to a
different material system that allows deeper wells (e.g. InGaAs/AlGaAs or InGaAsP/GaAs) may
be necessary. Alternatively, for optimization at 980 nm in the InGaAs/GaAs system, red shifting
the laser frequency from the gain peak by about 10 nm would allow a smaller degree of QWI (e.g.
10 nm) in the modulator, resulting in improved modulator performance.

[1] J.W. Raring, E.J. Skogen, L.A. Johansson, M.N. Sysak, J.S. Barton, M.L. MaSanovic, and L.A. Coldren, IEEE Photon. Technol.
Lett., 16, 1613 (2004).

[2] S. Charbonneau, E.S. Koteles, P.J. Poole, J.J. He, G. C. Aers, J. Haysom, M. Buchanan, Y. Feng, A. Delage, F, Yang, M. Davies,
R.D. Godberf, P.G. Piva, and I.V. Mitchell, IEEE J. Sel. Topics in Quantum Electron, vol 4, July/August 1998 pp772-793.

[3] E. Skogen, J. Raring, J. Barton, S. DenBaars, and L. Coldren, J. Sel. Topics in Quantum Electron., vol. 9, September/October,
2003 pp. 1183-1190.

[4] G. B. Morrison, C.S. Wang, E. Skogen and L.A. Coldren, Submitted to IPRA 2005.
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Photocurrent Spectroscopy for Quantum-Well
Intermixed Photonic Integrated Circuit Design

Gordon B. Morrison, Member, IEEE, Erik J. Skogen, Member, IEEE, Chad S. Wang, Student Member, IEEE,
James W. Raring, Yu-Chia Chang, Matt Sysak, and Larry A. Coldren, Fellow, IEEE

Abstract—Photocurrent spectroscopy is used to characterize
band edges in quantum-well intermixed InGaAsP material lattice
matched to InP. The band edge absorption data is used as a design
tool to predict the dc performance of electroabsorption modula-
tors, and is shown to agree well with data obtained from actual
devices. In addition, we demonstrate the presence of an exciton
peak in InGaAsP quantum wells, and present its evolution as a
function of quantum-well intermixing and reverse bias voltage.

Index Terms—Electroabsorption modulators (EAMs), excitons,
laser tuning, photoconductivity, photodiodes, quantum-well inter-
mixing (QWI), semiconductor lasers.

1. INTRODUCTION

HOTONIC integrated circuits with monolithic integration

of multiple optoelectronic components are highly desirable
for next-generation optical networks. Monolithic integration
of components such as lasers, electroabsorption modulators
(EAM), and passive waveguides, requires multiple band edges.
Quantum-well intermixing (QWI) is a popular and simple
method for achieving multiple band edges on a single wafer,
orthogonal to the growth direction [1]-[4]. The wavelengths
of these band edges must be carefully tailored for optimal
performance of the integrated photonic circuit. In this letter,
we apply band edge photocurrent measurements to the design
and performance-analysis of QWI integrated laser modulators.
We also present a detailed characterization of the evolution
of band edge absorption as a function of the degree of QWI
in an InGaAsP quantum well. Photocurrent spectroscopy data
for QWI InGaAsP wells have been presented in the literature
previously [1], [3], but here we present detailed observation
of exciton peaks at multiple biases and with multiple degrees
of intermixing. The ability to directly measure the QWI band
edge, and to use this measurement for analysis of potential
transmitter designs, will enable the engineering of superior
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highly optimized integrated laser-modulator transmitters for
telecommunications applications [5].

II. FABRICATION

Photodiodes for photocurrent spectroscopy were fabricated
from a wafer that initially consisted of seven 65-A compres-
sively strained quantum wells (conduction band well depth
120 meV) and eight 80-A barriers sandwiched between two
120-nm waveguide layers grown on InP by metal-organic
chemical vapor deposition (MOCVD). This structure was
designed for the fabrication of small-footprint chip-to-chip
laser-modulator transmitters [4]. A 15-nm InP layer, 20-nm
1.3Q etch stop, and a 450-nm InP implant buffer were grown
on top of the waveguide. A 5000-A SiN, mask layer was
deposited, patterned, and removed in regions where implant
was desired. A 100-keV 5e14-cm™2 dose of P+ was implanted
into the buffer layer. Rapid thermal annealing at 675 °C was
performed to accomplish intermixing [2]. Different levels of
intermixing were obtained across the wafer by halting the
anneal process and removing the InP implant buffer layer prior
to further annealing. By this method, we retained the active
(unshifted) band edge, and created three QWI band edges, each
blue-shifted by a different amount. The band edges are referred
to quantitatively by the wavelengths, in nanometers, of their
photoluminescence peaks. The remaining implant layer was
removed, and the sample was submitted for MOCVD regrowth
of 750 nm of p-type InP above the waveguide, a 750-A InGaAs
contact layer, and a 200-nm InP protective cap.

Each band edge was patterned and etched with circular mesas
ranging from 50 to 400 pm in radius. The mesa etch was per-
formed through the waveguide and into the n-type substrate. A
2000-A layer of SiN,, was deposited by plasma-enhanced chem-
ical vapor deposition, and circular vias were patterned onto the
mesas. The protective InP cap was removed, and Ti—Pt—Au ring
contacts were deposited. The contacts were annealed at 410 °C
for 30 s. Devices were wire bonded to AIN carriers.

III. EXPERIMENT

The wavelength-tunable light source used in our photocurrent
measurements is a Varian Cary 500 spectrophotometer. Mea-
surements are taken at 1-nm intervals and the wavelength reso-
lution is 2 nm. An EG&G 5210 lock-in amplifier is used with a
3-kHz chopper and 1-s time constant to extract the photocurrent
signal from leakage current. Leakage current for most devices
is less than 10 pA at —6 V. A Newport 1835C optical power
meter is used to measure the optical power input to the device.
An example of data acquired by this method from a 100-pm

1041-1135/$20.00 © 2005 IEEE
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Fig. 1. Photocurrent versus wavelength in device at biases of O through —6 V
in —1-V increments.

radius device is shown in Fig. 1. This device was intermixed to
approximately 1495 nm from an as-grown band edge of approx-
imately 1540 nm.

The Cary 500 spectrophotometer is useful for calibrating the
photocurrent diodes. The absorption of a doped InGaAs contact
layer has been determined by measuring transmittance through
a5360-A layer grown on undoped InP, and comparing this trans-
mittance to that obtained upon removal of the 5360-A layer.

IV. RESULTS AND DISCUSSION

Simple calculations are performed to extract an absorption
coefficient from the photocurrent data. Measured incident power
is reduced to account for reflection and p-contact absorption.
Light incident to the photodiode surface is transverse-electric
(TE) polarized. Transverse-magnetic light is not considered be-
cause the devices in this letter operate with TE polarization.

Back-scattered light is negligible due to scattering and
absorption by the Ti—Pt—Au backside contact. This surprising
result was determined by comparing photocurrent magnitude
from similar devices on semi-insulating (SI) substrates with
and without a Ti—Pt—Au layer annealed on the backside. The
magnitudes of photocurrent from doped and SI substrates were
the same within experimental error, provided the Ti-Pt—Au
layer was annealed on the back side of the SI material. Without
the Ti-Pt—Au backside layer, photocurrent is increased by
approximately 35% due to back-scattered light.

The measured photocurrent is converted to electrons/second,
and each electron is the result of one absorbed photon. Absorp-
tion is then obtained as

Y —ln (Pin];iI;’out)

. (M

where Pin is the input power in photons per second, Pout is
the output photocurrent in photons per second, and L is the total
length of quantum well material through which the light passes.
For these devices, the length was 765 A =455 A,

The absorption data is useful for analyzing device perfor-
mance. Starting with a spline interpolation of the absorption as
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Fig. 2. DC extinction curve for a 125-pm integrated EAM compared with a
simulation using photocurrent spectroscopy data from identical material.

< 18000 , : . :
16000f

14000F

12000

10000

8000}
6000}
4000+

2000F

1%50

power absorption in quantum well material(cm

1450 1550 1650

wavelength (nm)

1400
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a function of wavelength from data in Fig. 1, simple calcula-
tions, which account for optical overlap with the quantum wells
and the effective index and length of the waveguide, lead to pre-
dicted dc extinction ratios for an EAM. In Fig. 2, the dc ex-
tinction of a 125-pm EAM is simulated at 1542 nm using data
from Fig. 1. Also shown for comparison is the dc extinction at
1543 nm of an actual device that was fabricated from the same
material intermixed to 1500 nm, and integrated with a 150-pm
distributed Bragg reflector laser [4]. Clearly, the photocurrent
measurements allow accurate estimation of modulator perfor-
mance.

Figs. 1 and 2 demonstrate the useful nature of photocurrent
spectroscopy for design of integrated photonic circuits. Of spe-
cial interest is the strong exciton peak in the QWI InGaAsP
material in Fig. 1. The exciton peak is especially important for
achieving good dc extinction, as well as negative chirp.

The effect of QWI on the exciton peak is shown in Fig. 3,
with band edges for the active, modulator, and passive sections
of a photonic integrated circuit. The diodes were biased from 0
to —6 V in —0.5 V increments. The band edges shown in Fig. 3
have photoluminescence peaks at 1537, 1483, and 1429 nm. As
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Fig. 4. Predicted dc extinction curves for input light ranging from 1500 to
1555 nm for a 125-prm modulator fabricated from the 1483-nm QWI material
of Fig. 3.

the degree of intermixing increases, and the exciton peaks shift
to shorter wavelengths, the exciton magnitude decays signifi-
cantly [3], [6]. With increased intermixing, the exciton peaks
also decay more rapidly as a function of applied bias voltage.
The intermixing process results in group V atoms diffusing
across the as-grown material boundaries, causing quantum wells
to develop rounded edges, and become wider and shallower.
This is consistent with the observed behavior of the exciton
peaks, which are expected to decay more rapidly with applied
voltage when the quantum wells are made shallower by QWI.
In addition to the 1483-nm band edge shown in Fig. 3, there
was also a 1460-nm band edge fabricated. These two band edges
are both potentially suitable for use in the modulator component
of a quantum well intermixed device. In Fig. 4, we compare the
simulated dc extinction ratios of 125-um EAMs operating at
wavelengths ranging from 1505 to 1560 nm, using data from the
1483-nm materials. At short wavelengths, the simulated modu-
lator suffers from high insertion loss (high extinction ratio at
0 V), whereas at longer wavelengths, the modulator has a poor
extinction ratio. It appears that the ideal operating wavelength
for this modulator would be between 1520 and 1540 nm, where
extinction ratios larger than 20 dB are obtainable with maximum
slopes of up to 10 dB/V, and insertion loss is less than 5 dB.
Simulated dc extinction ratios for EAMs fabricated from the
1460-nm material are shown in Fig. 5. The operating wave-
lengths are the same as those in Fig. 4, but the 23 nm of ad-
ditional QWI has a profound effect on the characteristics of
the EAM. The performance of the simulated 1460-nm QWI
125-pm modulator is similar to that of the 1483-nm QWI mod-
ulator, but the optimal operating point is now at approximately
1500 nm. The maximum extinction ratio obtainable with low
(<5 dB) insertion loss is about 20% less for the 1460-nm QWI
device, due to reduced carrier confinement caused by increased
QWI. A QWI blue shift of about 45 nm is optimal for the struc-
tures studied in this letter, and would allow low insertion loss
and maximum extinction ratio near the gain peak of the ac-
tive section of the laser-modulator integrated device. We have
reached the same conclusions for QWI InGaAsP wells of dif-
ferent design (80 A wide, 30% shallower), and thus suggest
that 40-50 nm of intermixing is a reasonable criteria that can
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be extended to many different InGaAsP quantum-well designs.
Naturally, different results would be expected for very different
quantum wells and for quantum wells in other material systems.

V. CONCLUSION

With the advent of QWTI as a popular method for monolithic
integration of optoelectronic components comes the difficulty
of specifically tailoring the various band edges in order to opti-
mize device performance. We have demonstrated that photocur-
rent data can be exploited to accurately predict extinction ratios
for QWI modulators in integrated laser-modulator devices. The
influence of QWI on EAM modulator dc extinction ratios at var-
ious wavelengths has been presented, and an optimal degree of
QWI has been suggested for a range of designs of laser/EAM
transmitters in the InGaAsP material system. Photocurrent spec-
troscopy is an important tool for the engineering of highly opti-
mized photonic integrated circuits.

REFERENCES

[1] S. Charbonneau, E. S. Koteles, P. J. Poole, J. J. He, G. C. Aers, J.
Haysom, M. Buchanan, Y. Feng, A. Delage, F. Yang, M. Davies, R.
D. Goldberg, P. G. Piva, and 1. V. Mitchell, “Photonic integrated cir-
cuits fabricated using ion implantation,” IEEE J. Sel. Topics Quantum
Electron., vol. 4, no. 4, pp. 772—793, Jul./Aug. 1998.

[2] E. Skogen, J. Raring, J. Barton, S. DenBaars, and L. Coldren, “Post-
growth control of the quantum-well band edge for the monolithic inte-
gration of widely-tunable lasers and electroabsorption modulators,” J.
Sel. Topics Quantum Electron., vol. 9, no. 5, pp. 1183-1190, Sep./Oct.
2003.

[3] A.Ramdane, P. Krauz, E. V. K. Rao, A. Hamoudi, A. Ougazzaden, D.
Robein, A. Gloukhian, and M. Carré, “Monolithic integration of In-
GaAsP-InP strained layer distributed feedback laser and external modu-
lator by selective quantum-well interdiffusion,” IEEE Photon. Technol.
Lett., vol. 7, no. 9, pp. 1016-1018, Sep. 1995.

[4] C.S. Wang, E. J. Skogen, J. W. Raring, G. B. Morrison, and L. A.
Coldren, “Short-cavity 1.55 pzm DBR lasers integrated with high-speed
EAM modulators,” presented at the 19th Ann. IEEE Int. Semiconductor
Laser Conf., Matsue-shi, Simane, Japan, 2004.

[5] T. H. Wood, “Direct measurement of the electric-field-dependent ab-
sorption coefficient in GaAs/AlGaAs multiple quantum wells,” Appl.
Phys. Lett., vol. 48, pp. 1413-1415, 1986.

[6] J. E. Zucker, K. L. Jones, B. Tell, K. Brown-Goebeler, C. H. Joyner,
B. I. Miller, and M. G. Young, “InGaAsP/InP quantum well buried het-
erostructure waveguides produced by ion implantation,” Electron. Lett.,
vol. 28, pp. 853-855, 1992.



Electronics Letters, 41, (18), pp. 1033-1034 (September 1, 2005) 1

Quantum well intermixing and MOCVD
regrowth for the monolithic integration of
40 Gb/s UTC type photodiodes with QW
based components

J. W. Raring, E. J. Skogen, J. S. Barton, C.S. Wang, S.
P. DenBaars, and L. A. Coldren

In this letter we present a novel fabrication method for uni-
traveling carrier (UTC) type photodiodes using quantum
well (QW) intermixing (QWI) and MOCVD regrowth.
The fabrication scheme will enable the monolithic
integration of the photodiodes with high gain laser diodes,
high efficiency electroabsorption modulators (EAM), and
high saturation power semiconductor optical amplifiers
(SOA). The photodiodes fabricated on intermixed quantum
wells presented here exhibit excellent photocurrent
handling capabilities, minimal response roll-off over the 20
GHz of our testing capability, and open 40 Gb/s eye
diagrams.

Introduction:  Monolithic integration of photonic circuits presents
tremendous opportunities for the attainment of high-functionality,
efficient, compact, and cost effective components for next generation
optical networks. Various methods for manipulating the material
properties to achieve several QW band edges within a single photonic
integrated circuit (PIC) have been reported [1-3]. Beyond this, highly
complex PICs will require differing gain or optical confinement at the
same or similar wavelength, and in some cases, a radically different
internal structure. High-performance multiple QW band-edge widely-
tunable PICs have been demonstrated using QWI [4]. With the addition
of a single blanket MOCVD step for the growth of an offset multiple QW
(0-MQW) active region over an intermixed centered multiple QW (c-
MQW) region, we achieved regions of both low and high optical
confinement on the same chip [5]. Here we expand on this integration
scheme with the demonstration of a uni-traveling carrier (UTC)
photodiode fabricated over an intermixed c-MQW active region. This
scheme will enable the monolithic integration of the photodiodes with
high gain laser diodes, high efficiency EAMs, and high saturation power
SOAs. The photodiodes fabricated on intermixed quantum wells exhibit
excellent photocurrent handling capabilities, minimal response roll-off
over the 20 GHz of our testing capability, and open 40 Gb/s eye
diagrams.

With the emergence of fiber amplifiers and the development of SOAs
for use in receivers, the demands on photodetectors have drastically
increased since they are forced to handle the higher generated
photocurrents. The photocurrent handling capabilities of the traditional
pin type photodetector is intrinsically limited by the space charge effect,
which is a result of the slow carrier transport time associated with the
photogenerated holes. The UTC photodiode has been developed
specifically to eliminate the influence of hole transport on the
performance of the detector. In this type of photodiode, charge transport
is governed completely by electrons. The fundamental layers of the UTC
are the neutral InGaAs:Zn absorption layer and the depleted wide
bandgap InP electron collection layer. Under normal operation, carriers
are photogenerated in the absorber layer. The minority carriers (electrons)
diffuse towards the collector layer where they accelerate to their
overshoot velocity and drift across the collector layer. The escape time of
the majority carriers (holes) from the absorption layer is negligible since
it is set by the dielectric relaxation time [6]. Thus the carrier transport
properties are set solely by electron transport, the space charge effect
associated with pin photodiodes is avoided, and saturation current
densities 4-6 times higher than that in pin photodiodes are theoretically
possible [6].

MQW ACTIVE
MAXIMUM [’

UTC PHOTODIODE
TUNABLE [’

AS-GROWN INTERMIXED
MQW MQW

Fig. 1 Side view schematic of the device structure showing the high
confinement c-MQW (left), and the UTC structure grown over regions in
which the c-MQW has been intermixed (right).
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Fig. 2 Simulated 0 V band diagram for our proposed integrated UTC
structure showing the placement of the InGaAs:Zn absorber, conduction
band smoothing layers, and InP collector with respect to the intermixed c-
MQW.

Experiment: The epitaxial base structure is grown on a conducting InP
substrate using a Thomas Swan Scientific Equipment Ltd. horizontal-
flow rotating-disc MOCVD reactor. The active region consists of ten 6.5
nm compressively strained (1.0%) quantum wells, separated by 8.0 nm
tensile strained (0.3%) barriers, centered within two InGaAsP:Si
(1.3Q:Si) layers designed to maximize the optical confinement in the
quantum wells. Following the active region, a 15 nm InP:Si regrowth
layer, a 20 nm 1.3Q:Si stop etch, and a 450 nm InP implant buffer layer
is grown.

The sample is patterned with SiyNy and selectively implanted with P+
for intermixing. Following the implant, the samples are subjected to our
QWI process as described in [1]. In the QWI process, the as grown c-
MQW is shifted in peak photoluminescence wavelength from 1530 nm to
1410nm in regions where passive waveguide or UTC type detectors are
desired. Following the QWI process, the implant buffer layer and 1.3Q
stop etch layers are removed using selective wet chemical etching. An
MOCVD regrowth is then performed for the growth of a thin InP:Si layer
followed by a 1.3Q:Si stop etch layer, a 30nm InP:Si subcollector layer, a
150nm InP collector layer, conduction band smoothing layers, a 50nm
InGaAs:Zn absorber layer, and a 200nm InP:Zn cap layer. The epitaxial
structure associated with the UTC was based largely on that presented in
[6] by Ishibashi et al. The absorber and collector thicknesses were
designed to provide 90% quantum efficiency and 3 dB bandwidths in the
range of 30 — 40 GHz for a 3 by 25um diode. Following the regrowth, the
sample is patterned with SixNy and a selective wet chemical etch process
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is carried out such that the UTC structure remains in regions where it is
desired with the blue-shifted c-MQW below. A final MOCVD regrowth
is performed to grow the p-type InP:Zn cladding and p-contact
InGaAs:Zn layers. A schematic side view illustrating both the high
confinement active c-MQW and UTC structure over the intermixed c-
MQW regions is presented in Fig. 1. The resulting non-biased band
diagram for the UTC region is shown in Fig. 2.

Following the growth of the p-cladding, surface ridge waveguides
were defined, photo-benzocyclobutene (BCB) was defined such that it
would remain underneath the p-contacts, and p-metal was deposited. The
wafers were thinned, back-side n-metalwas deposited, the die were
separated into 3 by 25um diodes, soldered to aluminum nitride carriers,
and wire bonded to a matched load of 50 Q on a coplanar transmission
line for RF characterization.

Results:  The quantum efficiency of the detectors was estimated by
separately reverse biasing two photodetectors configured optically in
series. The first detector in the pair is the 25um detector in question and
the second detector is much longer at 250pum such that essentially all
optical power escaping the first detector is absorbed. A quantum
efficiency of ~90% was estimated by taking the fraction of photocurrent
detected in the 25um detector over the sum of photocurrents in both
detectors.

The frequency response of the photodiodes was characterized using a
20 GHz Agilent Lightwave Component Analyzer (LCA). The optical
signal from the LCA was fed through an erbium doped fiber amplifier
(EDFA) and then coupled into the photodiode waveguide using a tapered
fiber. In Fig. 3 the normalized response of the photodiode is shown for
various average detected photocurrent levels at a reverse bias of 3 volts.
As can be seen in the figure, the 20 GHz response demonstrates under 0.5
dB of roll-off with average photocurrents up to 20 mA. At an average
photocurrent of 25mA, the roll off is somewhat increased to 0.75 dB and
at 35mA the 20 GHz roll-off is increased to slightly over 2 dB. However,
when increasing the reverse bias to 4V (dashed line) at the same average
photocurrent, the roll of is decreased to below 1dB.

To examine the large signal characteristics of the photdiodes, eye
diagrams were taken at 40 Gb/s in a non-return to zero (NRZ) format
using a pseudo-random-bit-sequence (PRBS) of 2°'-1. The modulated
light was fed through an EDFA and into the waveguide of the photodiode
using a tapered fiber. Fig. 4a shows the eye diagrams taken at a 2.5V
reverse bias for two different input powers driving a voltage amplitude of
0.33 and 0.41V. As can be seen from the figure, the eye diagrams are
open and demonstrate no difference in shape for the two input power
levels. In Fig. 4b, eye diagrams are shown for a constant input power at
reverse biases of 2.5 and 3.0V. The higher crossing point of the eye
diagram driving a voltage amplitude of 0.53V at a reverse bias of 2.5V is
indicative of the onset of saturation. However, upon increasing the
reverse bias to 3.0V, the voltage amplitude is increased to 0.6V and the
crossing point returns to its normal position. The 0.6V amplitude
provided by the photodiode at 3V is indicative of a minimum peak
current of 24mA in the photodiode.

Conclusion: We have demonstrated UTC type photodiodes using a
fabrication scheme ideal for integration with high gain laser diodes, high
efficiency EAMs, and high saturation power SOAs using QWI and
MOCVD regrowth. The 3 by 25um photodiodes demonstrated minimal
response roll-off over the 20 GHz of our testing capability at a 3V reverse
bias and an average photocurrent of 25mA. Open 40 Gb/s eye diagrams
were achieved with an amplitude voltage of 0.6V.
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Demonstration of high saturation
power/high gain SOAs using quantum well
intermixing based integration platform

J. W. Raring, E. J. Skogen, M. L. Masanovic, S. P.
DenBaars, and L. A. Coldren

In this letter we report the performance of semiconductor
optical amplifiers (SOA) employing regions of high and low
optical confinement designed for high saturation power and
high gain using a novel quantum well (QW) intermixing (QWI)
and MOCVD regrowth fabrication scheme. The scheme
enables the monolithic integration of the high performance
SOAs with high gain laser diodes, high efficiency
electroabsorption modulators (EAM), and high saturation
power photodiodes. The SOAs presented here exhibit
saturation powers in the 19-20 dBm range with nearly 15 dB of
gain.

Introduction: High functionality, high efficiency, and size reduction
offered by single chip photonic circuits inspires the present effort towards
increased levels of monolithic integration. The performance of the
photonic integrated circuit (PIC) as a whole is ultimately limited by the
performance of the individual components within the circuit. High
functionality active PICs can require multiple QW band edges, differing
gain or optical confinement at similar wavelengths, and radically
different internal structures for components such as high saturation power
photodiodes. Integration schemes that enable high flexibility for the
independent optimization of the individual components within the PIC
are essential for monolithic circuits to operate at the performance levels
offered by circuits comprised of discrete components.

High-performance  multiple QW  band-edge  widely-tunable
transmitters have been demonstrated using our quantum well intermixing
(QWI) integration platform [1]. With the addition of simple blanket
MOCVD regrowth steps, we have extended the QWI integration platform
to achieve QW active regions of both low and high optical confinement
and high saturation power photodiodes operating at 40 Gb/s [2, 3]. In this
work we exploit the capability of achieving both high and low optical
confinement on a single chip for the demonstration of high saturation
power/high gain SOAs.

Low optical confinement (LOC) MQW active regions are an attractive
choice for employment in SOAs requiring high saturation power since
the photon density within the QWSs can be kept relatively low. Using the
LOC-QW scheme, impressive saturation powers of +23 dBm and +28
dBm have been reported (4, 5). It should be noted that until recently the
record SOA saturation power was +17 dBm (6). Here we report SOAs
exhibiting 19-20 dBm saturation output powers with nearly 15 dB of chip
gain using a fabrication scheme that will enable the SOAs to be placed in
highly functional PICs containing widely tunable lasers, QW EAMs, and
high saturation power photodiodes.

Experiment and Theory: Device fabrication initiates on an MOCVD
grown epitaxial base structure consisting of ten 6.5 nm compressively
strained QWs, separated by 8.0 nm tensile strained barriers, centered
within two InGaAsP:Si (1.3Q:Si) layers designed to maximize the optical
confinement at ~12.6% in the QWs. The samples are subjected to our
QWI process as described in [7], in which the as-grown c-MQW is
shifted in peak photoluminescence wavelength from 1530 nm to 1410nm
in regions where passive waveguide, low optical confinement QWs, or
high saturation power photodiodes are desired. An MOCVD regrowth is
then performed for the growth of a thin InP:Si layer followed by a
1.3Q:Si stop etch layer, a 145nm InP:Si confinement tuning layer (CTL),
a 5 0-MQW with similar compositions and thicknesses to that of the c-
MQW, and a InP:Zn cap layer. Since the CTL layer functions to move
the active wells away from the peak of the optical mode, the layer
thickness is a key aspect in the design. In this work it was chosen such
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Fig. 1 Side view schematic of the SOA device structure illustrating the c-
MOW high modal gain region (left), and the o-MQW with reduced modal
gain (vight) for the realization of a high saturation power/ high gain SOA.

that the optical confinement factor in the 0o-MQW was ~1.3% to achieve
saturation output powers in the 20 dBm range. Following the o-MQW
regrowth, wet etching was used to selectively remove the o-MQW
structure in regions it is not desired, a similar sequence was performed
for the realization of high saturation power photodiodes [3], and the p-
type InP:Zn cladding and p-contact InGaAs:Zn layers were grown. A
thorough discussion of the theory and growth aspects can be found in [8].
Standard lithography methods were used to define Sum wide surface
ridge SOA devices with varying lengths. The three unique waveguide
sections in the resulting SOA structures are shown in Fig. 1:

Results: The cleave back method was used to characterize Fabry Perot
ridge lasers to extract the injection efficiency and optical loss of both
active region types. The injection efficiency was found to be 70% and 73
% in the c-MQW and o-MQW active regions, respectively. The optical
loss was found to be 20 cm™ and 3 cm™ in the c-MQW and 0o-MQW
active regions, respectively. A two-parameter fit was used to plot the
threshold modal gain versus current density as shown in Fig. 2. The fit
yielded a modal gain parameter of 94.1 cm™ in the 0o-MQW active region
and 9.1 cm™ in the 0-MQW active region, which is in good agreement
with the simulated difference in optical confinement factor.

The SOA devices employed curved/flared passive input waveguides
for reduced facet reflections. Single section low confinement SOAs with
lengths of 1000um and 1500um along with a dual section SOA
containing 150um high optical confinement section followed by 1350um
of low optical confinement section were soldered to AIN carriers,
wirebonded, and placed on a copper stage cooled to 18°C for
characterization. A continuous wave (CW) 1550 nm light source was fed
through a polarization controller and coupled into the SOA waveguide
using a tapered fiber. The TE polarization state was used during all
testing due to the polarization sensitivity of the compressively strained
QWs. The coupled chip power was determined by reverse biasing the
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Fig. 2 Experimental modal gain versus applied current density for 3um

wide Fabry Perot lasers employing high confinement c-MQW (diamonds)

and low confinement o-MQW (squares) active regions.
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Fig. 3 (a) Chip gain versus input power and (b) output power versus input
power for SOA devices at 1550nm. The applied current density was 9
kA/cm? in the low-I" o-MQW sections and 20 kA/cm’ in the high-I" c-MQW
sections.

SOA and measuring the generated photocurrent. The long length of the
SOAs was such that unity internal quantum efficiency could be assumed.
The SOA was then forward biased at various current densities and the
generated output power and chip gain were determined by the generated
photocurrent in an integrated photodiode. The amplified spontaneous
emission (ASE) was subtracted out such that it was not included in the
output power or gain calculation.

The chip gain versus input power and output power versus input
power characteristics are shown for the three SOA types in Fig. 3a and
Fig. 3b, respectively. In all figures, the operating electrode current
density was 9 kA/cm?® in the 0-MQW regions and 20 kA/cm? in the c-
MQW regions. As can be seen in Fig. 3, a 1000um long single section o-
MQW device provides 6 dB of gain with a saturation output power of
over 20 dBm while a 1500pm long single section device provides over 9
dB of chip gain with a saturation output power of 19.5 dBm. By placing a
150pum ¢-MQW high gain section in front of a 1350pm o-MQW section,
the device gain is increased to nearly 15 dB while maintaining a
saturation output power of over 19 dBm at 1550nm. Over 13.5 dB of gain
was maintained for wavelengths from 1530 to 1560nm. Based on the
results of this experiment, optimum o-MQW section lengths, c-MQW
section lengths, and CTL thickness can be determined for improved
device gain/saturation characteristics.

Conclusion: 1In this work we demonstrate high saturation power SOAs
fabricated using an integration platform ideal for the monolithic
integration of the SOAs with widely-tunable lasers, high performance
QW EAMs, and high saturation power photodiodes. The SOAs presented
here demonstrate saturation output powers in the 19-20 dBm range and
chip gains of nearly 15 dB.
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40-GHz Dual-Mode-Locked Widely Tunable
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Abstract—Generation of 40-GHz alternate-phase pulses is
demonstrated using a dual-mode-locked sampled-grating dis-
tributed Bragg reflector laser. More than 10-dB extinction and
>20-dB sidemode suppression ratio is measured over the >40-nm
tuning range of the laser. Based on captured phase noise spectra,
the timing jitter is estimated in the 0.35-0.41-ps range. The
demonstrated dual-mode laser would form an attractive basis for
an integrated 40-Gb/s return-to-zero transmitter.

Index Terms—Dual-mode lasers, integrated optoelectronics, op-
tical communications, optical pulse generation, sampled-grating
distributed Bragg reflector (SG-DBR) lasers.

I. INTRODUCTION

IGH-SPEED optical communications systems with trans-

mission rates of 40 Gb/s have been developed for fu-
ture wavelength multiplexed high-capacity systems. It has been
found that using return-to-zero (RZ) modulation format instead
of the nonreturn-to-zero counterpart is advantageous in terms
of tolerance to fiber nonlinearity [1] and receiver sensitivity
[2]. Usually, transmitters with RZ modulation format require
pulse-carving and data encoding. An attractive option is to use a
dual-mode-locked laser for optical pulse generation, where two
lasing modes are synchronized either by optical or electrical in-
jection of a clock reference. All generated optical power here
contributes to the generated pulse train, eliminating the inser-
tion loss unavoidable using a modulator based approach. Fur-
ther, spectrally compact alternate-phase pulses, also termed car-
rier suppressed RZ optical pulses, are formed. Although several
dual-mode optical sources have been demonstrated for 40-GHz
applications [3]-[6], none has to date demonstrated wide wave-
length tunability in a monolithically integrated source.

In this letter, we demonstrate a widely tunable dual-mode
pulse source based on a sampled-grating distributed Bragg
reflector (SG-DBR) laser, integrated with a semiconductor
optical amplifier (SOA), producing a 40-GHz clock source over
a tuning range exceeding 40 nm. Similar devices have previ-
ously been monolithically integrated with a Mach—Zehnder
modulator [7], and in an extended perspective, the source
described in this letter can be monolithically integrated with
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Fig. 1. Device schematic including the SG-DBR laser, semiconductor

amplifier, and modulator.

a fast Mach—Zehnder modulator to form a widely tunable RZ
transmitter for either amplitude or phase encoded pulses. Alter-
native potential applications include wavelength-agile optical
clock recovery [8], or carrier-generation for millimeter-wave
analog applications [9].

II. EXPERIMENT

The device used for this demonstration is a widely tunable
SG-DBR laser, integrated with an SOA and an electroabsorp-
tion modulator (EAM). A schematic of the device is shown in
Fig. 1. The device uses a common bulk quaternary waveguide
for all sections. Passive sections, such as modulator and laser
tuning sections are defined by selective removal of an offset
quantum-well layer. Wide tunability of the laser is achieved
by imposing a different periodicity of the comblike reflection
spectra of the sampled grating mirrors, such that only one pair of
reflection peaks can overlap at a time. A small change in mirror
tuning current will allow a different set of reflection peaks to
come into alignment, resulting in a large shiftin wavelength, i.e.,
the Vernier effect. A phase section is used for fine alignment of
Fabry—Pérot cavity modes with the mirror reflection peaks. An
SOA and an EAM are also integrated with the SG-DBR. The
former is employed to allow wavelength independent power lev-
eling. The latter could be used for data encoding, but here it is
designed for 2.5-GHz operation. More details about the device
are given in [10]. Typical performance of an SG-DBR laser in-
tegrated with an SOA is more than 20-mW fiber-coupled output
power, lower than 2-MHz linewidth, lower than —140-dB/Hz
relative intensity noise, and more than 40-dB sidemode suppres-
sion ratio over more than 40-nm wavelength tuning range.

The sampled grating mirrors are designed so that only one
single stable axial mode can be supported at a time. Mode jumps
between cavity modes can be achieved by tuning the phase sec-
tion of the SG-DBR laser, and unstable operation is observed
at the boundary due to mode competition. When the device is
used in dual-mode operation for pulse generation, the phase sec-
tion is reversed biased and will function as a Franz—Keldysh

1041-1135/$20.00 © 2005 IEEE
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Fig. 2. Captured waveforms showing enhanced small signal modulation
at the cavity mode-spacing and single-mode operation, pulse-generation by
synchronized dual-mode operation, and the zero level.

modulator, with a higher bandgap than that of the gain sec-
tion. The phase between the cavity modes is then adjusted by
the combination of mirror tuning and gain section tuning. Ide-
ally, a separate modulator section would have to be included
in the cavity for improved operation. In an optimized device,
front and back mirror sections are also optimized for a wide
stable dual-mode operation range, while retaining high side-
mode suppression ratio. When injecting a radio-frequency (RF)
carrier into the phase section, enhanced small signal modula-
tion is generated if the modulation frequency matches to the
cavity mode-spacing, illustrated by the captured oscilloscope
trace shown in Fig. 2. After adjusting the phase between two
cavity modes, stable dual-mode operation is now achieved and
synchronized by the injected RF carrier. The two modes will
result in an envelope modulation with high modulation index.
An extinction ratio better than 10 dB is estimated from Fig. 2,
where the zero-level is limited by the bandwidth of the oscillo-
scope and the photodetector used to capture the waveform, both
specified at 50 GHz. Because the phase section has not been
designed for either high-speed or efficient loss-modulation, the
required RF power is here large, up to 420 dBm, even to achieve
the small modulation depth needed for mode synchronization.
In principle, using a modulator section designed for high-speed
electroabsorption modulation, a smaller modulation signal is
sufficient for pulse generation, compared to that needed when
an external optical modulator is used. Because of the asym-
metric location of the modulator within the laser cavity, these
two modes can be locked at two different phases, corresponding
to forward and backward-traveling waves. Even though single
phase is observed under most operating conditions, simulta-
neous dual-mode locking at the two different locked phases can
be observed at a balancing point.

III. RESULTS

Mode synchronization is achieved in a narrow frequency
range centered on the cavity-mode spacing, in this particular
device centered around 40.2 GHz. As the injected RF frequency
is detuned, the extinction ratio is reduced and the amplitude
balance between the two modes is shifted until dual-mode syn-
chronization is no longer possible, as illustrated by Fig. 3. The
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Fig. 3. Measured penalty in generated signal as a function of RF frequency
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Fig. 4. Captured dual-mode optical spectra at low, center, and high laser
wavelength. Resolution bandwidth: 0.08 nm.

1-dB frequency range is around 300 MHz, and the frequency
range with mode-synchronization is 900 MHz.

Dual-mode-locking is possible at any wavelength within the
tuning range of the laser. However, after tuning the wavelength,
dual-mode operation will need to be reoptimized by a combi-
nation of gain and mirror tuning. When tuning the gain section,
the resulting shift in cavity phase will first unbalance the power
of the two modes and eventually transition to single-mode be-
havior. The 1-dB gain section tuning range is about 10 mA, suf-
ficiently large for stable long-term dual-mode operation. Fig. 4
shows captured optical spectra for low, center, and high wave-
length. In all cases, the sidemode suppression ratio is better than
20 dB. Like other mode-locked lasers where the mode-spacing
is defined by the effective cavity length, the range of locking
frequencies is determined and limited by device design. The
center frequency remains well within the 1-dB frequency range
throughout the tuning range of the laser. Similar frequency toler-
ance was observed with changing chip temperature. The output
power variations over the tuning range is consistent to what is
observed during conventional single-mode laser operation, the
gain and SOA bias held constant.

Fig. 5 shows the captured RF spectrum at 100-kHz frequency
span centered around 40.2-GHz signal and reveals the genera-
tion of a pure tone with little excess noise. At larger spans some
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Fig. 6. Detected single-sideband phase-noise spectral density for low, center,
and high wavelength, and for the RF reference.

minor noise peaks can be observed in the megahertz (MHz) re-
gion. This noise is due to random modulation of laser tuning sec-
tions originating from current sources and free-space RF pickup.
The magnitude of these noise peaks will be reduced if a shielded
package and decoupling capacitors are used. This enhancement
of noise in the MHz region can be seen in Fig. 6, where the
phase noise spectral densities measured at three wavelengths;
1531, 1548, and 1569 nm are compared to that of the injected
RF carrier. The phase noise of the generated signal follows that
of the reference down to >100 kHz, after which the excess noise
is clearly visible. Integrating the phase noise from 1 kHz to
500 MHz, a total timing jitter of 0.41, 0.35, and 0.38 ps were
obtained for 1531, 1548, and 1569 nm, respectively. The timing
jitter of the reference was 0.19 ps, obtained in the same manner.
Even though the timing jitter obtained from the phase noise
spectra does not accurately represent all sources of timing jitter
present in a real 40-GHz system, it serves well in giving a com-

parison to other sources when timing jitter has been obtained in
a similar manner.

IV. SUMMARY

For the first time, a monolithically integrated source com-
bining more than 40-nm-wide tunability with 40-GHz pulse-
generation is demonstrated. The device consists of an SG-DBR
laser where an intracavity EAM is formed by reverse biasing
the phase section. Alternate-phase pulses are then generated by
locking two cavity modes to an injected 40-GHz RF signal.
The extinction ratio is estimated to be better than 10 dB and
the sidemode suppression ratio is better than 20 dB throughout
the tuning range of the laser. Timing jitter is calculated by in-
tegrating phase noise spectra and is in the 0.35-0.41-ps range.
Improved jitter performance will be obtained using proper pack-
aging of the device. The robust frequency tolerance to temper-
ature and wavelength variation would enable the design of a
practical pulse source for 40- or 43-Gb/s applications with only
minor design modifications compared to present devices. Fur-
ther, the device is readily integrated with high-speed modula-
tors and semiconductor amplifiers, to potentially form a com-
pact, monolithically integrated 40-Gb/s RZ transmitter.
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Abstract: An injection-locked SGDBR laser is used for wavelength-tunable receiver channel
selection and filtering. Successful phase tracking of a 2Gbps DPSK modulated signal at 10 GHz
channel spacing was achieved.
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1. Introduction

Coherent techniques and systems for optical communications have traditionally been considered due to increased
receiver sensitivity, compared to conventional intensity modulation -direct detection (IMDD) optical transmission.
With the introduction of the erbium-doped fiber amplifier (EDFA), most interest for coherent optical transmission
consequently waned, as nearly all optical transmission needs could now be satisfied using IMDD links. However,
during the recent years there has been a renewed interest in coherent techniques, mainly driven by the improved
fiber transmission properties of high bit rate phase modulated coding schemes, e.g. DPSK, QPSK and related.
Another area where coherent coding schemes can be of benefit is increased spectral efficiency, where using
multilevel modulation formats can either increase channel bit rate, or lead to closer channel spacing.

Even considering recent interest in coherent modulation techniques, further benefits, and greater challenges
arises when an optical communications system fully taking advantage of coherent techniques is considered. Drawing
a parallel with aspects of the development of radio and wireless systems; optical communications have much to
catch up with in order to reach a comparable functionality in terms such as efficient use of spectral resources,
frequency agility, multiple access, efficient multiservice usage and secure transmission. These are aspects that will
be relevant for applications like multifunctional optical systems, sharing analog/digital communication, sensing
applications and other functions. Particular areas where coherent techniques can contribute are exact wavelength and
band-limited channel forming, agile and high precision channel selection and filtering and wavelength conversion of
phase or frequency modulated signals, all operating in a highly dynamic optical environment. One interesting note is
that the originally most interesting aspect using coherent techniques; receiver sensitivity is still offset by the
availability of optical amplification, most recently SOA-preamplified receivers.

In this paper, a channel selection scheme is proposed and demonstrated where optical injection locking of a
widely tunable laser can be used to pick out a phase-modulated signal in a closely-spaced WDM environment.
Although not investigated in this paper, this technique, combined with ns wavelength switching [1], can be used in a
fast frequency-hopping optical communications scheme where secure communications are of importance.

2. Channel selection scheme

In the proposed channel selection scheme, an optical signal, consisting of several closely-spaced wavelength
components, is injected into a semiconductor laser, illustrated by the schematic in Fig. 1. The laser will track the
frequency and phase of any signal falling within the injection locking-range of the laser, and reject any signal falling
outside. By using a widely tunable sampled-grating (SG) DBR laser, the laser will be able to pick out any
wavelength window within typically a 40nm wavelength tuning range. Using this channel selection scheme, the out-
of-channel rejection ratio has been theoretically and experimentally investigated for CW multiline injection [2]. It is
found that only closely-spaced wavelength channels will cause significant channel crosstalk.
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Fig. 1: Schematic of channel selection and filtering scheme.

If the injected signal is being phase or frequency modulated, the injection locked-laser will track any modulation
falling within a bandwidth determined by the injection locking range. A more precise expression for the phase-
tracking capabilities of an injection-locked laser is given in [3].

Further, by using injection-locking for wavelength stabilization, an SG-DBR laser has been used to demonstrate
switching times in the ns-range [1]. Combined with the above capabilities, a multifunctional device is obtained that
simultaneously can track, filter and amplify a channel-hopping optical signal with moderate bandwidth phase or
frequency encoding. For this vision to be realized, careful control of the laser free-running wavelength and injection
ratio need to be implemented as indicated by the results presented below. One technique to stabilize the free-running
wavelength would be combining optical injection-locking and an optical phase-lock loop, as described in [3].

3. Experimental verification

To verify the principle, an SGDBR laser with a tuning range exceeding 40 nm, integrated to an optical amplifier and
electroabsorption modulator, is used for injection-locking. More details about the device are found in [4]. Figure 2a
shows the CW injection locking characteristics of the SGDBR laser, including locking range and areas within the
locking range where chaotic or resonant behavior is observed. In these following experiments, the injection ratio
with the widest stable locking range is used; between -25 dB to -20 dB.

T
Chaotic

-10 | Stable ; « N

A5 Py —\-1&\ Resonant } el
o 20 ‘\- 1.‘\-\. o
z it T z
o 25 ™ x~
g A/ T
c -30 %
Wi :
8 35 5
T 40 Unlocked \\) rrrrrrrrr Unlocked -+

-45 i

-50 :

15 -10 5 0 5 10 15 0 5 10 15 20 25
Frequency offset from free-running (GHz) Frequency (GHz)
Fig. 2a: SGDBR laser injection locking characteristics. Fig. 2b: Channel crosstalk values at different channel spacing.

The neighboring channel-rejection ratio is experimentally investigated by injecting two CW optical wavelengths
with equal power corresponding to -23dB injection ratio each into the SG-DBR laser. The laser output is then
detected and the beat between the main locked line and interfering line is displayed using a spectrum analyzer. The
channel-rejection ratio is defined as the resulting power ratio between the selected channel and the rejected channel
and is calculated based on the power of the detected beat-signal and the optical received power. The result is shown
in Fig. 2b, where the crosstalk, calculated from multiple spectrum analyzer traces, is shown. With closer channel
spacing, a weak trend of increasing values of crosstalk is observed down to the laser resonance frequency, 7 GHz,
below which the crosstalk is dropping rapidly, more rapidly than predicted compared to the analysis in [2]. The
difference can be partly attributed to increased instability and appearance of harmonics at these lower frequencies.
The spurious, unmarked peaks seen in the overlapped spectra are harmonics that appears when the channel spacing
is lower than the resonance frequency of the laser.
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Fig. 3: Captured demodulated eye diagrams for a: back-to-back, b: single channel injection,
c: dual channel injection, 10 GHz spacing and d: dual channel injection, 5 GHz spacing

In order to investigate the viability using the channel-selection scheme to select a modulated input, a 2Gbps
DPSK modulated signal was generated using push-pull modulation of a Mach-Zehnder modulator. The bit-rate was
selected to match the fiber-delay line DPSK demodulator used. Figure 3a shows the back-to-back demodulated eye
diagram. Injecting the modulated signal into the SG-DBR laser, the phase of the injection-locked laser will track that
of the injected signal, as evident by the recovered eye after injection, shown in Fig. 3b. The resonance in the
demodulated eye matches that of the laser. Figure 3¢ and 3d shows demodulated eyes when an interfering channel is
added just above resonance, at 10GHz offset, and just below resonance frequency, at SGHz offset. A slight
degradation in SNR, mainly due to more critical stable locking range, can be seen in the eye at 10 GHz channel
spacing, though not sufficient to prevent error-free operation. At 5 GHz spacing, further degradation of the eye is
observed, both in terms of added SNR and increased distortion, as expected by the increased distortion below
resonance frequency seen in Fig. 2b.

Viewed from a tunable optical filter perspective, the injection-locked laser has the advantage of having
adjustable filter bandwidth in the form of varying locking-range with injection ratio, such that varying channel
spacing can be dynamically adjusted for by regulating injection ratio and laser bias point, for optimum resonance
frequency. In combination with the potential for faster wavelength switching than most optical filters, this results in
a highly flexible tool for optical channel selection. One limitation is the inability to track amplitude modulation,
which will interfere with successful phase tracking. A second limiting factor is the high degree of required control
that the high degree of flexibility brings. Free-running wavelength, injection ratio and laser bias must be adjusted for
optimal phase tracking. In these experiments, BER testing was not possible due to a combination of master and slave
laser wavelength wandering and demodulator drift. By using optical injection in combination with a simple optical
phase-lock loop [3], and using a more stable commercial demodulator the system stability should improve.

4. Conclusion

We successfully used optical injection locking of an SG-DBR laser to select and track a 2 Gbps DPSK modulated
optical signal. Open eye diagrams were obtained both for single injected optical channel and dual injected channels
at 10 GHz offset. Based on obtained data, one interesting prospect would be the selection and tracking of a well-
filtered 10 Gbps DPSK modulated signal at 10 GHz channel spacing. A second promising prospect is the application
in a rapidly frequency hopping secure communications scenario, using fast wavelength switching techniques.
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Abstract: A new configuration for electroabsorption modulators is presented and demonstrated.
Compared to a conventional device of the same length, a three-stage cascaded modulator triples
the RC-bandwidth while maintaining the same extinction and insertion loss.
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1. Introduction

Standard lumped-element Electroabsorption Modulators 5
(EAMs) are the workhorse of InP integrated modulation, due
to their simple operation and small size. A short length of L o e e S 7

passive waveguide is appended to a laser [1] or other
photonic circuit, and driven with a variable negative voltage.
A voltage-dependent Franz-Keldysh absorption, similar to
that shown in Fig. 1, modulates the optical input.

A large digital extinction ratio can be achieved either by
swinging a large voltage, biasing at a more negative voltage,
or using a longer modulator. While the first solution may be
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practical (up to a point!) in some applications, it can be very 25 L. * 12: nm
difficult to generate a large voltage on-chip in integrated nm
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circuits, as will be discussed below. 30 Foo-
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Setting a more negative bias causes unavoidable, and
often severe, insertion loss, necessitating high-power pre-
amplifiers with large power budgets and heating problems.
Lengthening the modulator proportionally increases the
extinction ratio (and the insertion loss, emphasizing the Fig.1. Voltage and wavelength dependence of a typical EAM.
importance of a low bias), but increases the area and A larger extinction is achieved with a large voltage
capacitance across the depletion region of the reverse-biased swing, or a more negative bias, with high insertion loss.
EAM diode. While this is an acceptable (and common)
tradeoff at modest bit-rates, the diode capacitance becomes a
serious consideration for 10GHz and higher bandwidths,

although diode capacitance can be reduced with clever .(t)@ PN Pl WW

doping and epitaxial schemes [2]. This capacitance is
in either case, the resultant RF circuit is a low-pass RC filter.

Finally, while traveling-wave modulator structures can be
used to enhance the bandwidth of InP modulators [4],
fundamental limitations, such as impedance matching and
junction RF-loss limits both the maximum useful electrode () /\>3R -

length and overall available improvement in performance. &N ® &N ® \\& &\

2. Operating principle Fig. 2. RF Equivalent circuit of a conventional EAM (above),

: and a 3-stage segmented cascade EAM (below) of the
This paper proposes and demonstrates that the EAM can be same total length. Adjacent sections are electrically

extended to much higher bandwidths with the configuration isolated by fon implantation.
shown in Fig. 2. A single EAM waveguide is divided into N
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electrically disconnected sections, which are then wired in
series. It can be seen that for a modulator of fixed length, each
stage will have capacitance Co/N (where C, is the capacitance
of the unsegmented modulator), and the assembly will have
capacitance Co/N°. The N-stage EAM will require N times the
voltage (or N times the length) to achieve the same extinction
ratio as the unsegmented modulator; if the voltage is increased
by driving a proportionally larger resistor, bandwidth will still
increase a factor of N. Alternatively, if N sections of constant
section length each is series-connected, the modulation voltage
will remain approximately the same, but with an N-fold
increase in bandwidth. Table 1 summarizes the extinction and
bandwidth for two different segmentation schemes, comparing
them to a single-section conventional device.

o

Fig. 3. Micrograph of a 600 pum-long bar of devices. From left,
1-stage control (R34), 12 -stage (R35), 6 -stage (R36),
and 3 -stage (R37) cascaded devices are shown.

Number of | Capacitance Total Series RC Extinction
Stages per Stage | Capacitance | Resistance | Bandwidth Ratio
1 C C R B=21/RC ER
N C/N C/N’ R BN* ER/N
N C/N C/N NR BN ER

Table 1. Summary of scaling in the conventional (1 stage) and cascade EAM,
with and without increased resistance

It is interesting to note that the series-connected device design

requires current conservation: the photocurrent, i.e.

the absorbed optical power, must be evenly distributed over each section such that the power handling of a
segmented EAM is improved compared to a single section modulator, where most of the absorption is taking place
close to the front end of the modulator. If uniform voltage distribution is required, instead of using a single load

resistor, each modulator segment must be connected in parallel
required load.

3. Experimental verification

To verify the principle, segmented EAM's and single-
stage control modulators were fabricated side-by-side
using a mask and process borrowed from segmented
laser design.[5] A passive InP ridge waveguide was
fabricated atop an insulating substrate; H" and He" are
implanted from the surface through to the substrate,
creating insulating planes that isolate adjacent regions
better than 400kQ. Adjacent contacts are series-
connected as shown in Fig. 3; the large, capacitive Au
interconnects are unnecessary, but lower the
bandwidths to values we can more easily measure.
Finally, the material was cleaved into 600um bars,
soldered to a submount, and wire-bonded to its
contacts.

Modulation bandwidth and extinction
characteristics were characterized using a broadband
optical source to cancel out modulator Fabry-Perot
effects arising due to straight, uncoated facets. Fig. 4
shows the extinction for one and three stage
modulators of 600um total length. As expected, three
times the voltage is needed to achieve, in three series-
connected diodes, the same absorption as the control.

Extinction (dB)

with a separate load resistor, adding up to the total

Total voltage, 3-stage

=== = = Single stage
Three stage

2
Average voltage per stage

-3

DC Extinction vs. Voltage for single-stage conventional
and three-stage cascaded EAM’s. The voltages across the
three-stage modulator balance so that each generates the
same photocurrent.
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However, the three-stage modulator has nine times the
bandwidth of the control, as shown in Fig. 5. If the
larger RF signal needed to drive the three-stage EAM 3
is achieved by tripling the resistance, the bandwidth is
still increased by a factor of three, as shown by the
dashed line. Higher-bandwidth EAM's fabricated by
increasing the dielectric thickness under the pads,
appear to demonstrate bandwidths over 20GHz, but
are limited by the probing technology. We hope to
report on these, and more advanced, integrated
modulators at the conference.

—— Single stage, 50 Ohm |
Three stage, 50 Ohm
= = = = = Three stage, 150 Ohm

Response (dB)

4. Conclusions 9

We have described the first demonstration of a g E .

segmented cascade EAM, allowing modulator i | A\ |
. . . g -12

bandwidth to be increased without sacrificing 0 2 4 6 8 10

extinction or insertion loss. The division of a Frequency (G Hz)

modulator into three segmented stages improved the

Fig. 5. Bandwidth measurements for conventional and cascaded

bandwidth as predicted, with no apparent side effects.
While we make no claim to have made a record-
breakingly fast modulator, the segmented cascade can

EAM’s. When the three-stage modulator is driven by a
current across 1500, it has the same extinction characteristic
as a single-section across 50Q. Thus, the bandwidth is

enhance nearly any EAM, and represents a much
easier way to triple performance than epitaxial or other
optimizations.

improved at no cost to extinction.
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Abstract: Monolithic widely-tunable transmitters are key enablers in reducing the component
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performance of monolithic transmitters based on SGDBR laser and electroabsorption or Mach-
Zehnder modulators.
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1. Introduction

A compact, high-performance widely-tunable integrated laser/modulator chip is a key component of a tunable
transmitter that can dramatically lower the barriers to deployment and operation of high capacity DWDM networks.
Optical networking applications for tunable, modulated, lasers range from one time wavelength provisioning and
sparing to dynamic wavelength provisioning in re-configurable optical add/drop multiplexers, photonic cross-
connects, and all-optical regenerators. Transmitters with full band coverage (C or L) enable wavelength-agile
networking concepts in addition to simplifying provisioning and inventory control. Telecom applications impose
stringent requirements on transmitter tuning range, wavelength stability, output power, side-mode suppression ratio
(SMSR), linewidth, extinction ratio, chirp, tuning speed, and reliability. The application of monolithic tunable
transmitters will be limited unless all of the requirements listed above are met.

In this paper, we present details of the design and performance characteristics of widely-tunable monolithic
optical transmitters based on Sampled-Grating Distributed Bragg Reflector (SG-DBR) laser integrated with
Semiconductor Optical Amplifier (SOA) and electroabsorption (EA) or Mach-Zehnder (MZ) modulators. We
demonstrate that these chips fabricated using simple manufacturable offset quantum well technology meet stringent
system requirements across 40 nm wavelength range at 2.5 and 10 Gb/s.

2. Device design

As illustrated in Fig. 1, the device consists of a four-section SG-DBR laser, an SOA, and an EA or MZ modulator,
all integrated on the same InP chip. The SG-DBR laser includes gain and phase sections positioned between two
“sampled grating” distributed reflectors. This laser architecture described in details in [1] utilizes Vernier enhanced
current injection tuning mechanism and combines the advantages of wide tuning range (>40 nm), fast tuning (a few
tens of nanoseconds), and simplicity for integration with other components. For optical networking applications,
lasing on an absolute discrete frequency grid is achieved through calibration at the time of assembly. Employing an
integrated SOA for power control allows the gain section current to be held constant across channels, allowing the
laser to be biased far enough above threshold to ensure adequate spectral properties and also eliminating a source of
parasitic thermally-induced wavelength tuning. The SOA also allows for additional functionality, such as variable
optical attenuation (VOA) and beam blanking during wavelength switching.

SG-DBR Laser
) R\
EA or MZ o ront _ Rear \ A\ @‘
Modulator Amplifier  pgirror Gain Phase pjiror =Y .
— I 1 ———r 1 — -___“_\_ @
< i W
X S
Modulated ,-—\Qj =
Light Out 7 N 7 A
Tunable " !
MQW i
over Q ) Q active San'_upled
waveguide regions gratings

C or L-band

Fig. 1. Schematic crossection of an SG-DBR laser integrated with SOA and EA or MZ modulator; SEM of an SGDBR-
SOA-MZM chip mounted on ceramic carrier, and optical image of a packaged integrated optical transmitter.



Proc. Integrated Photonics Research and Applications 2005, paper no. IWF4, San Diego, CA (April 11-15, 2005)

The chip-scale integration of a widely tunable SG-DBR laser with an SOA and a modulator is accomplished
using the same offset quantum-well structure and fabrication technology as used for manufacturing of an SG-DBR
alone. In this simple integration technology the active region of the modulator uses the same bulk quaternary
waveguide as the tuning sections of the laser. The composition, doping, and thickness of the bulk waveguide can be
optimized to achieve high tuning efficiency for the laser and a target extinction ratio for EAM or desired V, for MZ
modulator over the wide spectral bandwidth. The footprint of the monolithic transmitter chip is compatible with
packaging into standard hermetic butterfly module (Fig. 1) or transmitter optical subassembly (TOSA).

3. Performance characteristics

Figure 2a) presents typical CW characteristics of an SGDBR-SOA chip. The output power in excess of 80 mW and
SMSR better than 40 dB can be maintained across 40 nm tuning range. For the EA-integrated devices modulated
time-averaged powers in excess of 5 dBm and RF extinction ratios > 10 dB across a 40 nm tuning range have been
achieved (Fig. 2b). Fig. 3 shows filtered back-to-back eye diagrams and bit-error-rate (BER) characteristics for
several representative channels across the C-band at 2.5Gb/s. Error-free transmission at 2.5 Gb/s has been
demonstrated for 350 km of standard single mode fiber. This transmission distance is limited by transient chirp of
the bulk EA modulator which remains slightly positive at the used operating conditions.
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Fig. 2. a) Output power of SG-DBR-SOA chip at several SOA currents; gain section current is 150 mA. The inserts show
SMSR as a function of lasing frequency measured with 0.1 nm resolution bandwidth and distribution of SMSR measured
for more than 150 calibrated tunable transmitters. b) RF ER and time-averaged fiber-coupled output power for EAM
modulated transmitter at 2.5 Gb/s.

The output power vs. wavelength for an SGDBR-SOA-MZM chip is shown in Fig. 4a). For this measurement the
nominally n-phase shifted MZM is biased to produce differential phase shift of 0 radians between the two arms. The
integrated chips are capable of producing more than 20 mW of power across 40 nm tuning range in the C-band. The
insert in Figure 4a) shows normalized transfer function for a packaged SG-DBR-SOA-MZM chip at three
wavelength across C-band. DC ER in excess of 20 dB is achieved with less than 3.3 V. The key for achieving
uniform transmission performance of the integrated SG-DBR-SOA-MZM transmitter over wide wavelength range is
in eliminating optical and electrical crosstalk and precise control of the transient chirp of the modulator. For a =-
shifted MZM the dual-drive condition results in “zero” chirp configuration, while single-ended operation results in
“negative” chirp. In single-ended drive configuration RF ER of 12 dB was measured across 40 nm tuning range with
less than 4 V peak-to-peak modulation voltage (Fig. 4b). The output eye diagrams at 10 Gh/s shown in Figure 5a)
pass mask test with 10% margin. The BER data presented in Fig. 5b) for three representative channels shows error
free transmission for 1600-1800 ps/nm dispersion for 1535-1563 nm wavelength range.

4. Summary

In summary, widely-tunable SG-DBR lasers are well-positioned for next generation DWDM transmission systems.
Compared to their fixed-wavelength counterparts, they exhibit comparable performance characteristics and
reliability, with the additional functionality of full band coverage tunability. Simple, robust manufacturing
technology has been developed for integration of widely-tunable SG-DBR lasers with SOAs and modulators. The
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monolithic widely tunable transmitter chips meet stringent system requirements at 2.5 and 10 Gb/s. The developed
chip-scale integration technology is compatible with further enhancement of the performance characteristics (power,
tuning range, bit rate) and provides essential building blocks to realize various photonic circuits with increased
functionality.
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23L.1); overimposed is SONET mask with 25% margin. b) BER curves measured BtB and after 350 km of standard single mode fiber.
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Abstract: High-performance photonic integrated circuits require flexible yet robust
integration platforms. In this paper, we discuss issues related to various integration
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and a photocurrent-driven tunable wavelength converter operating at 10 Gbps NRZ.
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1. Introduction

With ever increasing requirements for high performance, high reliability, low cost optical network modules
that execute complex optical network functions, it is becoming increasingly difficult to fulfill all the
demands without reverting to photonic integration and photonic integrated circuits (PICs). The primary
objectives of optoelectronic and photonic integration are similar to those of electronic integration:
enhancing the performance, reliability, robustness and increasing the functionality while lowering the
manufacturing cost. Integrated optical components rely on both the optical and electronic properties of their
constituent materials and they critically depend on heteroepitaxially grown material with accurately
controlled composition and dimensions to achieve optimum performance. While the feature sizes of most
photonic integrated circuits are still on a scale of a micrometer, which is a factor of 10 above the limits of
standard fabrication processes used in electronic integration, the main challenge in photonic integration
comes from the fact that in their most versatile form, PICs are built up from components that are
fundamentally different in functionality: light emitters, passive waveguides, modulators and detectors. Each
of these different components in principle requires a differently optimized material heterostructure to
achieve the desired maximum performance. Growth techniques like butt-joint growth (BJG) [1] can address
the issue of separate component optimization, at the expense of growth and fabrication process complexity,
yield, and ultimately cost. Therefore, other integration platforms are of interest, where post-growth control
of the semiconductor bandgap is possible.

2. Integration platforms in InP

A basic photonic integration platform needs to allow for design and fabrication of at least three different
waveguide types: optically-active waveguides, passive interconnect waveguides and grating-containing
waveguides. In a more complex platform, several different active sections may be required (for example,
for separate optimization of the laser gain section and the optical amplifiers), as well as different passive
sections that could be used for photonic interconnection components (low loss) or optical modulators (high
controllable absorption/index change). Integrating a (tunable) laser on the same chip poses significant
challenges on its own. The design requirements are for a laser that does not utilize a facet reflection to form
a cavity. Another challenge to consider is the suppression of coherent reflections into the laser which can
be detrimental for the chip performance.

Various photonic integration platforms in InP material system have been reported in the past. Those include
BJG [1] and selective area growth (SAG) [2] based platforms. Our work at UC Santa Barbara has
traditionally been focused around a simple offset quantum well integration platform [3] (Figure 1 (a)).,
where the multiple quantum well active region is located on top of an InGaAsP waveguide, and can be
selectively removed using wet chemical etching. Devices of various complexities have been successfully
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fabricated at UCSB over time using this platform, including Sampled-grating DBR tunable lasers, which
have been commercialized. Lately, tunable transmitters operating at 40 Gbps [4] and tunable all-optical and
photocurrent-driven wavelength converters [3,5-7] operating at speeds up to 40 Gbps have been
demonstrated using this platform (Fig. 2 and 3).

Offset Quantum Well Quantum Well Intermixed Offset Quantum Well
with Passive Wells
p-InP p-InP p-InP
_ N
(a) n-inP | (D) n-InP| (C) n-InP

== ACTIVE Multiple Quantum Wells
- PASSIVE Multiple Quantum Wells
PASSIVE InGaAsP Waveguide
Fig. 1. Different photonic integration platforms for high-functionality integration (a) Offset quantum well (b)
Quantum well intermixed (c) Offset quantum well with passive wells

Recently, quantum well intermixing (QWI) has emerged as a powerful new fabrication process for post
growth band edge control in photonic circuit integration [8]. Applicable to quantum well-based active
regions, this process achieves intermixing of the quantum wells with the barriers to increase the bandgap of
the quantum well region and make it non-absorbing. The mechanism of intermixing is based on the fact
that quantum wells represent an inherently metastable system due to a large concentration gradient of
atomic species at the quantum well/barrier interface. To increase the intermixing process efficiency, the
surface of a semiconductor is implanted with impurities or phosphorus (to create vacancies) [8], and those
are thermally propagated through the quantum well active region of the wafer. The impurities/vacancies
cause the redistribution of atoms from the quantum wells and barriers, effectively raising the band edge,
and rendering the material transparent. Using phosphorus-enhanced intermixing, at UCSB we have
demonstrated that by controlling the diffusion length of the vacancies, it is possible to create multiple
bandgaps on the wafer [9]. Initial concerns existed about the device reliability due to the impurity and
defect introduction, however, studies have shown that no significant differences in device lifetimes exist,
and this technology has been commercialized as well [8]. At the moment, QWI integration platforms in InP
seem to offer the best tradeoffs in terms of the device design flexibility and process complexity. Devices
like tunable transmitters, tunable photocurrent-driven (Fig. 3 (b)) and all-optical wavelength converters
operating at 10 Gbps have been successfully demonstrated in this platform [10,11].
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Fig. 2. Monolithic tunable all-optical wavelength converter realized using OQW and QWI at UCSB (a)

Electron micrograph (b) Device schematic (c) Bit-error rate curves for 10 Gbps NRZ operation (d) Eye diagram

for 40 Gbps RZ operation
Another new integration platform that has been used to solve some of the efficiency issues related to the
photocurrent-driven tunable wavelength converters is shown in Fig. 1 (c). The epi-layer structure
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incorporates a dual quantum well stack design. A set of offset quantum wells is used to provide gain in the
laser and the amplifiers (Photoluminescence = 1550 nm) while a separate set of quantum wells, centered in
the InGaAsP quaternary waveguide (PL = 1300 nm) provides broadband modulation efficiency when
reverse biased in the EAM. An efficient transmitter operating at 10 Gbps and a hybrid wavelength
converter at the same bit-rate have been demonstrated using this platform [12]. Though currently the
receiver and transmitter are not monolithically integrated, the fact that both sections have identical InP
regrowth and fabrication steps shows that the dual quantum well base structure should be well suited for an
efficient single-chip photocurrent driven wavelength converter.
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Fig. 3. (a) Traveling-wave tunable Mach-Zehnder modulator (TW-MZM) transmitter (b) Photocurrent-driven
tunable wavelength converter (PD-TWC) (c) Schematic of a EAM and MZM PD-TWC (d) 40 Ghz bandwidth
of the TW-MZM transmitter (e) Bit-error rate curves for the PD-TWC at 10 Gbps NRZ
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Abstract: Recent advances in photonic integration technology on InP and related materials have
enabled continued growth in the scale, performance and quality of active photonic integrated
circuits.  Complex widely-tunable transmitters, transceivers, and wavelength converters with
state-of-the-art performance have been demonstrated.

1. Introduction

Photonic integration has long been sought after as the next big step toward low-cost, low-size, and low-power
dissipation chips with increased capability. This dream has gone largely unrealized over the past couple of decades,
during which time significant effort in this direction was undertaken. However, within the past several years there
has been a resurgence of effort as well as significant progress in realizing practical photonic integrated circuits
(PICs). This is despite the huge reduction in research effort in the area of optical communications components. It
would appear that at least some of this is due to a few research breakthroughs that have enabled such integration to
be more robust.

In this paper we shall review some of the recent advances that have been carried out at UCSB in developing new
integration approaches[1-11]. Seamless transitions in absorption edge, which require no regrowths for the various
elements of widely-tunable lasers, transmitters, and wavelength converters, have been provided by selective removal
of quantum-wells as well as via novel quantum-well intermixing approaches. A variety of optical waveguide
elements are involved, including gain regions, phase and amplitude modulators, grating reflectors, passive
waveguides, semiconductor-optical-amplifiers (SOAs) variable-optical-attenuators (VOAs), and photodetectors. In
principle, there is no limit to the scale of the PICs that can be created, once these elements can be integrated with
high yield. These PICs achieve a high level of functionality by using only photonic components with no electronics
or the interconnections to such electronics required. For example, optical amplifiers (SOAs) are used for power gain
and pre-amplification of weak signals, in many cases obviating the need for any electronic components in the entire
sub-system.

2. Technology Advances: Quantum-well intermixing

Figure 1 illustrates how quantum-well intermixing (QWI) works and details the process of the novel approach used
at UCSB for InGaAsP/InP[1]. In this case, low-energy P’ ions are implanted near the surface of a sacrificial InP
layer to create vacancies, and in a subsequent rapid-thermal-annealing (RTA) step, these are then diffused through
this layer and then across the multiple-quantum-well (MQW) active region to intermix this MQW region and
increase its effective bandgap energy. Multiple bandgaps are formed by performing multiple short RTAs with
intermediate selective etching steps to remove the implanted sacrificial InP, and thus vacancy source, in regions
where the bandgap is to be frozen. Finally, all of the sacrificial InP is removed, other processing such as grating
formation is performed if desired, and then the top waveguide cladding layers are regrown. Thus, only a single
regrowth step, as required for grating reflector formation, is typically carried out.

Figure 2 shows new results for similar processes in a GaAs-based technology. Although QWI in GaAs-based
materials has been reported for many years, robust processes for Al-free layer structures[10] as well as reproducible
large bandgap shifts in InGaAs/GaAs/AlGaAs [9] have not been developed.

3. Example Device Advances: Photonic ICs

Figure 3 illustrates a widely-tunable transmitter in the 1550nm wavelength band formed with the QWI process. It
includes a widely-tunable laser, a back-side absorber/detector, an electro-absorption-modulator (EAM), and a
curved-waveguide output coupler, all monolithically integrated on the same chip with the process described
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above[5,6]. High output power, full C-band tunability, and negative chirp capability is demonstrated with three
different QWI bandgaps formed from the single MQW growth.

Figure 4 illustrates an array of other PICs that have been created with the QWI or ‘offset quantum-well” integration
platform. The offset QW technique is the same basic platform as used commercially in supplying large numbers of
widely-tunable lasers and transmitters to dense-WDM networks[12]. This collage of configurations includes an
array of tunable SGDBR lasers having a bipolar-cascaded gain stage[2] for differential efficiencies > 1, a single-chip
biosensor[4] that heterodynes two DBRs to provide a base-band output with out any light coupling to or from the
chip, and a transceiver (or wavelength converter) that uses the photocurrent from a receiver stage to directly drive a
laser or external modulator such as in a Mach-Zehnder modulator-SGDBR laser based transmitter without any need
for rf to enter or leave the chip[3,11].
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penalty 10Gb/s transmission over 75 km of standard fiber illustrates negative chirp that is available across the band[5,6].
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Bipolar cascade SGDBR array  Biosensors w/heterodyned lasers ~ Photocurrent driven wavelength ~ Mach-Zehnder modulator-
converters SGDBR laser transmitter

Figure 4. Various other PICs that have been formed. The bipolar cascade [2] also uses the QWI integration platform. The others use the offset
quantum-well integration platform[4, 3, 8, 11].
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INVITED PAPER

Abstract: Widely-tunable lasers and single-chip transmitters, in which such lasers are integrated
with modulators and semiconductor-optical-amplifiers, have recently become the core of practical
modules that are gaining wide-spread use in new wavelengh-division-multiplexed systems. More
advanced photonic ICs have been demonstrated for use in advanced communication and sensor
systems.

1. Introduction

Despite a significant downturn in the market for telecommunication products, certain new enabling components are
enjoying rapid market growth as their capabilities to reduce operational costs gain acceptance. One such example is
the widely-tunable laser and derivative products that provide a ‘one-size-fits all’ solution in dense wavelength
division multiplexed (DWDM) communication systems. In the future, such devices may also find use in
reconfigurable optical add-drop multiplexers (ROADMs), photonic switch architectures, and other elements in
dynamically reconfigured networks.

In this paper, we shall summarize recent advances with InP-based single-chip photonic integration techniques that
are gaining wide acceptance for such applications[1,2]. Such photonic integration has long been sought after as the
next big step toward low-cost, low-size, and low-power dissipation chips with increased capability. Although
efforts in this area have been ongoing for decades, only within the past several years have practical photonic
integrated circuits (PICs) emerged.

Key to the active PICs to be discussed here are having seamless transitions in absorption edge, so that the various
amplifying, modulating, splitting, and passive interconnecting waveguides can be integrated together without loss or
reflections. As illustrated in Fig. 1 various approaches have been developed. The first, butt-joint regrowth, requires
an extra regrowth, but the waveguide properties can be chosen nearly arbitrarily. The other three require no
regrowths, but are somewhat restricted due to the inherent relationships between the sections. Nevertheless, such
approaches are being widely used because of the relative simplicity of the fabrication process and the fact that
relatively good properties for the various elements of many PICs can be obtained.
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Figure 1. Schematics of active-to-passive waveguide integration techniques.

In principle, there is no limit to the scale of the PICs that can be created, once waveguides of about three or four
different different bandgaps can be integrated with high yield. The PICs to be discussed also achieve a high level of
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functionality by using only photonic components with no electronics or the interconnections to such electronics
required. For example, optical amplifiers (SOAs) are used for power gain and pre-amplification of weak signals, in
many cases obviating the need for any electronic components in the entire sub-system.

2. Recent Technology Advances: Quantum-well intermixing

Figure 2 illustrates how quantum-well intermixing (QWI) works and details the process of the novel approach used
at UCSB for InGaAsP/InP[1]. In this case, low-energy P* ions are implanted near the surface of a sacrificial InP
layer to create vacancies, and in a subsequent rapid-thermal-annealing (RTA) step, these are then diffused through
this layer and then across the multiple-quantum-well (MQW) active region to intermix this MQW region and
increase its effective bandgap energy. Multiple bandgaps are formed by performing multiple short RTAs with
intermediate selective etching steps to remove the implanted sacrificial InP, and thus vacancy source, in regions
where the bandgap is to be frozen. Finally, all of the sacrificial InP is removed, other processing such as grating
formation is performed if desired, and then the top waveguide cladding layers are regrown. Thus, only a single
regrowth step, as required for grating reflector formation, is typically carried out.
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Figure 2. Schematic of QWI in InGaAsP/InP; procedure for multiple bandgaps from one implant; experimental bandgaps vs RTA time after
sequential etch steps to remove vacancy source[1].

3. Example Device Advances: Photonic ICs

Figure 3 illustrates a widely-tunable transmitter in the 1550nm wavelength band formed with the QWI process. It
includes a widely-tunable laser, a back-side absorber/detector, an electro-absorption-modulator (EAM), and a
curved-waveguide output coupler, all monolithically integrated on the same chip with the process described
above[3,4]. As shown by the results in Fig. 4 high output power, full C-band tunability, and negative chirp
capability is demonstrated with three different QWI bandgaps formed from the single MQW growth.
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Figure 3. Schematic, SEM and photoluminescence spectra of an integrated SGDBR-EAM transmitter that uses a
three-bandgap QWI process. Full C-band tunability with negative chirp demonstrated [3,4].
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(c) large-signal chirp parameter across tuning range; and (d) bit-error-rate vs. receiver power for transmission
through various distances of standard fiber with eye-diagrams. [3,4]

Using the QWI process more narrowly tunable laser-EAM PICs have been investigated for optical interconnect
applications, in which very high efficiency transmitters are desired[5]. For the expected higher data bandwidths
anticipated within the next decade, the laser-modulator configuration will probably be required. Figure 5 illustrates
preliminary results for a laser-EAM design formed with the same QWI technology platform as used in Figs. 3 & 4.
In this case the EAM was better optimized for the wavelength being used, so very low voltage swing (0.6 V) for 10
dB extinction is possible. The high 3 dB bandwidth (~25GHz) obtained without any traveling-wave structures
suggests that 40Gb/s operation should soon be possible with less than 10 mW of power dissipated in the EAM.
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Figure 5. Short-cavity laser-EAM formed with QWI technology at 1550nm and results. The center figure gives the
photocurrent for the three sections, and the right side the bandwidth. Laser-L = 150 um; EAM-L = 125 um[5].
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Figure 6 depicts an SGDBR integrated with a backside detector, an SOA post-amp, and a Mach-Zehnder modulator
(MZM) [6,7]. In this case the electrodes of the MZM are formed with ‘T-coplanar’ series-connected traveling-wave
transmission lines. Also, a separate phase section is included in the MZM to establish the zero-bias set point, and a
curved output guide suppresses facet reflections. As can be seen the frequency can extend to nearly 40GHz with
proper choice of load resistor. Digital data up to 40 Gb/s has been transmitted with such a device along short
distances of fiber.
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Figure 6. Integrated SGDBR-MZM schematic, inset SEM of T-CPS transmission line, and experimental small-
signal modulation response[6,7].
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High Efficiency Widely Tunable SGDBR Lasers
for Improved Direct Modulation Performance

Jonathan Klamkin, John M. Hutchinson, Jonathan T. Getty, Leif A. Johansson, Member, IEEE, Erik J. Skogen, and
Larry A. Coldren, Fellow, IEEE

Abstract—We report on two novel approaches to improve the
differential quantum efficiency (DQE) of widely tunable 1.55-pm
lasers: the bipolar cascade sampled grating distributed Bragg
reflector (BC-SGDBR) laser and the gain-levered SGDBR (GL-
SGDBR) laser. Each is fabricated on a robust InGaAsP/InP pho-
tonic integrated circuit platform. The lasers demonstrate improved
direct modulation performance over conventional SGDBR lasers.
The BC-SGDBR laser was also monolithically integrated with a
semiconductor optical amplifier and photodetector receiver in or-
der to perform wavelength conversion. Error free wavelength con-
version at 2.5 Gb/s and improvements in conversion efficiency are
demonstrated.

Index Terms—Bipolar cascade (BC) laser, gain-levered (GL)
laser, sampled grating distributed Bragg reflector (SGDBR) laser,
semiconductor laser, wavelength converter.

1. INTRODUCTION

IRECT MODULATION performance of conventional
D semiconductor lasers is limited in part by the differential
quantum efficiency (DQE) of the laser. Oftentimes the efficiency
of the laser is compromised in order to achieve a higher band-
width. Enhancing the DQE of the laser would therefore improve
modulation efficiency. Another issue is impedance matching to
a radio frequency (RF) source. In broadband systems appli-
cations, impedance matching is usually accomplished with a
series-connected resistor, which consumes a significant amount
of the RF power. This results in lower modulating laser cur-
rents and therefore reduces the modulation efficiency. Alterna-
tive impedance matching techniques could improve efficiency.

This paper focuses on two different approaches to enhance
the DQE of widely tunable lasers. The first approach integrates
a bipolar cascade series-connected laser concept into the gain
section of a widely tunable sampled grating distributed Bragg re-
flector (SGDBR) laser. This approach also simplifies impedance
matching because it is possible to tailor the input impedance
of the laser. Several cascading techniques have been investi-
gated to improve the DQE of semiconductor lasers including
stacked multiple active region vertical-cavity surface-emitting
laser (VCSEL) structures [1], in-plane laser arrays [2], and VC-
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SEL arrays [3]. One of the more successful attempts at im-
proving laser DQE is the bipolar cascade segmented Fabry—
Perot laser [4]. In this case, an in-plane ridge laser structure is
constructed in which electrically isolated segments are series
connected to form a chain of diodes sharing the same optical
cavity. Current is applied to the p-side of the first stage, ex-
tracted from the n-side, and transferred to the p-side of the next
stage through a metal interconnect. Ion implantation is used to
sufficiently electrically isolate the stages. As a result of driving
current through the diodes in series, the same current density
is created with nearly 1/N (where N is the number of stages)
times the current as compared to a single-stage laser. The DQE
nearly scales with /V. The voltage and input impedance also in-
crease, but the latter can be tailored to meet impedance matching
requirements.

Segmenting a laser into several diodes and series connecting
them in this manner is very useful if integrated into a single
frequency platform. Here, the gain section of SGDBR lasers
is segmented and series connected. These multistage devices
show superior direct modulation characteristics over conven-
tional single-stage devices. Such a bipolar cascade SGDBR
(BC-SGDBR) laser is also monolithically integrated with an
input semiconductor optical amplifier (SOA) and photodetector
(PD) receiver in order to perform wavelength conversion. Some
other photocurrent-driven widely tunable wavelength convert-
ers use an external modulation scheme such as an integrated
electroabsorption modulator (EAM) or Mach—Zehnder mod-
ulator (MZM) [5], [6]. The direct modulation approach to a
photocurrent-driven monolithically integrated wavelength con-
verter is simple and linear [7]. Bipolar cascade (BC) lasers
should require less receiver photocurrent than conventional
lasers for the direct modulation approach due to their enhanced
DQE; therefore, improvements in conversion efficiency should
be achieved.

The second approach for achieving higher DQE is to incor-
porate a gain lever into the gain section of a widely tunable
SGDBR laser. Gain-levered (GL) lasers demonstrate enhanced
DQE and have sharp turn-on lasing characteristics. Bistable
laser diodes have been proposed for use in optical networks
due to their enhanced differential efficiency, signal regeneration
properties, as well as their implementations for all-optical flip-
flops [8]. The increased laser DQE can yield an improved noise
figure (NF) in microwave fiber-optic links [9]. Sharp turn-on
light-current characteristics have been observed in gain-levered
Fabry—Perot ridge lasers [10]. Recently, optically injection-
locked gain-levered lasers have been reported with enhanced RF
performance [11]. Here a widely tunable gain-levered SGDBR

1077-260X/$20.00 © 2005 IEEE
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Fig. 1. Circuit schematic of a 4-stage BC-SGDBR laser. Quantum wells in
the gain section and absorber section are as grown. Quantum wells in the front
mirror, phase, and rear mirror sections are intermixed. The segments in the gain
section (shaded) are intermixed and implanted with Helium ions.

(GL-SGDBR) laser is reported which exhibits high DQE and
good RF performance.

II. DEVICE DESIGN AND FABRICATION

A. Bipolar Cascade SGDBR Laser

The SGDBR laser is a five-section device consisting of a
gain section, front SGDBR mirror, rear SGDBR mirror, phase
section, and rear absorber. Lasers were fabricated with 1, 3, 4,
and 8 stages in the gain section, which has a total length of
550 pm for all cases. The front mirror consists of 5 4-um-wide
bursts, and the rear mirror consists of 12 6-ym-wide bursts.
The phase section is used for fine tuning. A schematic of a
4-stage gain section device is shown in Fig. 1. Metal intercon-
nects from one stage to the next are shown as wires with arrows.
Current is forced through the diodes in series.

The epitaxial base structure is grown on a semi-insulating
InP substrate. The growth begins with an n-InP buffer layer fol-
lowed by an n-InGaAs contact layer, which allows for top-side
n-contacts that are necessary to form the metal interconnects
in the gain section. Another 1.1 pm of n-InP is grown to sepa-
rate the InGaAs contact layer from the waveguide. A centered
quantum well integration platform is used. The active region
consists of seven 70-A thick InGaAsP quantum wells, and eight
80-A thick InGaAsP barriers centered between two 1200-A lay-
ers of 1.3-Q waveguide material. A novel implantation-induced
quantum well intermixing technique [12] is used to render the
quantum wells passive where necessary. This process involves
a masked shallow P+ implant into an undoped sacrificial InP
layer, creating vacancies near the surface. This is followed by a
3-min rapid thermal anneal at a temperature of 675° C, which
drives the vacancies downward in the implanted regions. In this
case, the band edge in the front and rear mirror sections and the
phase section is placed so that the relative photoluminescence
peak shift is over 100 nm. The sacrificial InP layer is then re-
moved and sampled gratings are defined in the upper portion
of the waveguide. A regrowth is performed in which 2 pm of
p-doped InP is grown, followed by a 1000-A p-InGaAs contact
layer. After 3-um-wide ridges are etched, the n-contact layer
is exposed and Ni-AuGe—Ni—Au n-contacts are deposited and
annealed. It is necessary to perform this anneal prior to the He-

Front Lever Gain Phase Rear Absorber
SGDBR SGDBR
Mirror Mirror

P, .

Fig. 2. Circuit schematic of GL-SGDBR laser. The output SOA, which is not
shown, is directly in front of the front SGDBR mirror.

lium implantation for isolation because the temperature used is
sufficiently high to anneal some of the damage created by the
implant.

Helium implantation destroys conductivity in both p-type and
n-type InP. To isolate stages of the gain section, helium ions are
implanted in 3-pm stripes. The quantum wells in the implanted
regions are deactivated during the quantum well intermixing step
discussed earlier. This is to prevent excess photon absorption in
the implanted regions. To allow for alignment tolerance and
to account for the straggle of the implant, a 7-um stripe is
intermixed with the implanted stripe centered in this region.
Two series of implants are required for isolation. One series is
designed to cover the region from the top of the ridge down to the
substrate, and the other series is designed for the region beside
the ridge, from the top of the waveguide down to the substrate.
This supplied over 300 k€2 of isolation between stages. Last,
Ti-Pt-Au is deposited and annealed for p-metal contacts and to
serve as the interconnects for the series-connected gain section.

B. Gain-Levered SGDBR Laser

The GL-SGDBR laser is illustrated schematically in Fig. 2
and consists of six sections, which are a gain-lever section,
front SGDBR mirror, rear SGDBR mirror, phase section, rear
absorber, and output SOA. The gain-lever section has a 460 pm-
long gain section and a 90-um-long lever section. The output
SOA is 550 ym. The SGDBR mirror design is the same as for
the BC-SGDBR laser. The device is fabricated with a common
1.4-Q waveguide. An offset quantum well integration platform
is used in which the quantum wells are grown on top of the
waveguide, which is 3500 A thick. The wells and waveguide are
separated by a thin InP stop etch layer. Passive sections, such
as SGDBR mirrors and the phase section, are formed by selec-
tively etching off the quantum wells using a wet etch process.
Once the quantum wells are removed from the mirror sections,
the gratings are etched directly into the top of the waveguide.
The regrowth is the same as that for the BC-SGDBR laser, a
thick p-InP cladding followed by a p-InGaAs cap. Ridges are
etched and, just as for the BC-SGDBR process, Ni-AuGe—Ni—
Au metal is used for the n-contacts and Ti-Pt-Au is used for
the p-contacts. Selectively removing the regrown p-InGaAs and
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Fig.3. Superimposed optical spectra for a 3-stage BC-SGDBR laser at varying
front mirror currents.
TABLE I
OPTICAL AND ELECTRICAL CHARACTERISTICS OF BC-SGDBR LASERS
Stages Threshold Differential DC Input

8 Current Efficiency Impedance

1 1 1 85Q

3 0.36 2.8 50 Q

4 0.26 34 77 Q

8 0.17 4.5 222Q

implanting protons provides carrier confinement between adja-
cent device sections. Unlike the BC-SGDBR, the GL-SGDBR
retains an electrically continuous n-type contact between all
diodes. More details of the fabrication process are given in [7].

III. RESULTS
A. Bipolar Cascade SGDBR Laser

Continuous wave room temperature light—current—voltage
measurements were taken. The normalized threshold current
and DQE as well as absolute input impedance for each device
are shown in Table 1. For the 1-stage laser, the threshold current
is 42 mA, and the single-ended DQE is 11%. The threshold
current and DQE scale as expected. The 3-stage device has an
input impedance of 50 2, which has advantages for applications
in RF photonics, as will be discussed. The loss for each seg-
ment was extracted and is 0.12 dB per pass. This results in a
slightly sublinear dependence of DQE on the number of stages.
Superimposed optical spectra at varying front mirror currents
for a 3-stage SGDBR laser are shown in Fig. 3. The devices
have a tuning range of 38 nm with 40 dB or more SMSR over
this range.

The small signal modulation response of both a 1-stage and
a 3-stage SGDBR laser shown in Fig. 4 was measured with an
Agilent 8703A lightwave component analyzer. In both cases,
the device was mounted on an AIN submout, and the contact
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Fig. 4. Small signal modulation response at varying gain section bias currents
for (a) 3-stage BC-SGDBR laser and (b) 1-stage BC-SGDBR laser, both operat-
ing at 1567 nm. The additional noise in the response for the 1-stage laser could
be due to impedance mismatch. For these measurements, both lasers were not
terminated.

pads were wire-bonded to a coplanar waveguide line on the
submount. The laser was then biased through a bias tee. The
response for the 3-stage devices is as good or better than that
of the 1-stage devices in terms of 3-dB bandwidth. For applica-
tions in optical links, BC-SGDBR lasers can lead to improved
link gain and NF. The 3-stage device also has a 50-(2 input
impedance, which could simplify broad band matching.

To compare the direct modulation performance of BC-
SGDBR lasers to conventional SGDBR lasers, the devices
were also digitally modulated with large signal data. Nonreturn
to zero (NRZ) pseudorandom bit stream (PRBS) data was
provided by an HP 71612B signal generator at a rate of 2.5 Gb/s
and a word length of 23! — 1. The gain section bias current
and peak-to-peak modulation voltage were chosen to maximize
the extinction ratio (ER). The bias point and voltage swing
that generated the deepest modulation depth, that is to say
the lowest zero signal level, resulted in the highest ER. Under
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Fig.5. 2.5-Gb/s NRZ eye patterns for (a) 1-stage device with Ipias = 70 mA,
Vpp =149 V, ER = 8.0 dB, (b) 3-stage device with Ijj,s = 24 mA,
Vp—p = 0.65V,ER = 9.6 dB, and (c) 4-stage device with Ij5s = 17.5 mA,
Vp—p =0.6 V,ER =8.0dB.

such conditions, we see some overshoot in the eye diagrams,
shown in Fig. 5, due to the relaxation resonance of the lasers.
For a 1-stage conventional SGDBR laser, a bias of 70 mA and
peak-to-peak voltage swing of 1.49 V resulted in an ER of 8.0
dB. For a 3-stage device, a bias of 24 mA and a peak-to-peak
swing of 0.65 V yielded a 9.6-dB ER, and for a 4-stage device
a bias of 17.5 mA and peak-to-peak swing of 0.6 V yielded an
8.0-dB ER. For this measurement, the devices were not termi-
nated with series resistors. In the case of the 3-stage device, the
input impedance is 50 €2 ; therefore, this device is intrinsically
matched to the 50-Q2 RF source. If the single-stage device
were connected in series with a termination resistor, which
is ordinarily required for broad band matching, significantly
more voltage swing would be required to achieve the same
modulating laser current and subsequently the same output ER.
The RF reflection coefficient was also measured for a 3-stage
device at various bias currents and for a single-stage device
at a single bias current. A plot of this parameter is shown in
Fig. 6, displaying the improved response for the 50-(2 input
impedance 3-stage laser. To further investigate the transmission
properties of the BC-SGDBR lasers, the bit error rate (BER)
was measured for transmission through up to 75 km of standard
single mode fiber and compared to back-to-back (0 km) data
as shown in Fig. 7. The power penalties for error free operation
through 25, 50, and 75 km of fiber were 0.8, 0.9, and 1.25 dB,
respectively, and are comparable to or better than previously
reported data for directly modulated SGDBR lasers [13]. The
dispersion penalties are due to the chirping of the laser [14].

B. Gain-Levered SGDBR Laser

Continuous wave room temperature light-lever current mea-
surements were taken as a function of gain section current
(Fig. 8). With separately biased gain and lever contacts, thresh-
old current is reduced and DQE near threshold is increased for
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Fig. 6. REF reflection coefficient for a 3-stage device at various gain section
biases and for a 1-stage device at a single bias.
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Fig. 7. BER data transmission through back-to-back (0 km), 25 km, 50 km,

and 75 km of single mode fiber for a 3-stage SGDBR with I;,s = 22.6 mA
and Vp_, =0.69 V.

increasing gain current. For gain currents greater than 35 mA,
sharp turn-on lasing was observed at lever currents of less than
2 mA. This is typical of bistable laser diodes. Optical power
roll-off with higher currents is due to device heating. A sum-
mary of the optical characteristics is shown in Table II. With the
gain and lever contacts shorted, the laser threshold current was
30 mA. At high gain currents, the light-current curve showed
hysteretic behavior (Fig. 9) indicative of laser bistability. Since
the mirror design for the GL-SGDBR laser is the same as that
for the BC-SGDBR laser, similar tuning characteristics were
observed.

The GL-SGDBR lasers were also mounted on carriers for RF
testing. The small signal modulation response was measured on
unterminated devices (Fig. 10). Despite the hysteretic behavior
of the CW L—I characteristic, the modulation bandwidth is at
least as good as a conventional laser. The 3-dB bandwidth was
measured to be 5.0 GHz for Iz,i, = 60 mA and Ijeyer = 8 mA.
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Fig. 8. DC optical power versus lever current with gain current as a parameter
for GL-SGDBR laser with Isoa = 30 mA.

TABLE II
OPTICAL CHARACTERISTICS OF GL-SGDBR LASERS
Gain Threshold Differential
Bias Current Efficiency
30 mA 2.5mA 6.4 %
40 mA 1.6 mA 36 %
50 mA 1.4 mA 68 %

2.5 T ! ! T !

Light (mW)

i i
0 2 4 6 8 10 12 14
Lever Current (mA)

Fig. 9. CW L—I characteristic for GL-SGDBR laser. Hysteresis observed
for Isoa = 70 mA, Igain = 70 mA. Circles are for increasing lever current,
squares are for decreasing lever current.

The relative intensity noise (RIN) of the laser was measured
(Fig. 11) as a function of lever current for fixed gain current
and with the gain and the lever sections shorted together. The
RIN appears consistent at similar resonance peaks when driving
the lever independently. The RF small-signal bandwidth and the
RIN peak scales proportionally with laser output power. The
devices were also digitally modulated with an NRZ 23! — 1
PRBS bit stream at 2.5 Gb/s and demonstrated open eyes as
shown in Fig. 12. With I,;, = 60 mA, Licyer = 11 mA, and
Vp—p = 1.0V, the ER is 5.4 dB. This is likely limited by pattern
affects created by the output SOA.
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Fig. 10. Small signal modulation response of GL-SGDBR laser (a) modulating
the lever section at Ijeyer = 8 mA, Igain as a parameter, and (b) modulating
both sections shorted with Igain + liever as a parameter.

IV. WAVELENGTH CONVERTER

The fabrication process for the BC-SGDBR lasers allows for
the monolithic integration of other optical components such
as semiconductor optical amplifiers (SOAs) or photodetectors
(PDs). Most current wavelength conversion technologies for
wavelength-division multiplexing (WDM) applications involve
the integration of discrete optical components [15]. In order to
reduce the number of times light must be coupled on and off chip
and therefore improve performance, devices can be monolithi-
cally integrated on the same chip. By increasing the functionality
on chip, packaging requirements are also reduced. A monolithic
widely tunable wavelength converter can be fabricated by inte-
grating an input SOA and PD receiver with an SGDBR laser
transmitter on a common InP platform. In the case of a directly
modulated laser transmitter, the photocurrent from the receiver
is transferred by way of a metal interconnect to the gain sec-
tion of the laser. The performance of such a photocurrent-driven
monolithically integrated device relies heavily on the amount of
photocurrent that can be generated on chip to directly modulate
the laser and achieve sufficient ER. It has been demonstrated
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Fig. 11.  RIN spectra of GL laser with (a) Ijcyer as parameter, Igain = 50 mA,
and (b) gain and lever shorted with Igain + Ijever as a parameter.

Fig. 12. 2.5-Gb/s NRZ eye diagram for GL-SGDBR laser with Ispa =
30 mA, Igain = 60 mA, lieyer = 11mA, V,, , = 1.0 V,ER = 5.4 dB.

that bipolar cascade lasers require significantly less modulation
current than conventional single-stage lasers to achieve a certain
level of ER.

Widely tunable BC-SGDBR lasers have been monolithically
integrated with SOA-PD receivers to perform wavelength con-
version. A circuit schematic of the wavelength converter is
shown in Fig. 13. The receiver consists of a 750-pm-long input

EM PH RM ABS

— ¥ VP LY
¥ =¥
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Fig. 13.  Circuit schematic of 3-stage BC-SGDBR-based wavelength converter.
Large diodes in schematic have as-grown active quantum wells and small diodes
have intermixed passive quantum wells. Photocurrent from the PD is transferred
to the first stage of the gain section through a metal interconnect.

GAIN

Transmitter

Receiver

SOA followed by a 200-um-long quantum well PD. A metal
interconnect provides a means for transferring the photocurrent
from the PD to the p-metal pad of the first stage of the laser.
These devices were also mounted on AIN carriers. Indepen-
dent direct current (dc) bias is provided to the laser through an
off-chip bias tee.

In order to test wavelength conversion, 2.5-Gb/s NRZ sig-
nals were provided to an Agilent lightwave transmitter, which
operates at a wavelength of 1548.1 nm. The transmitted op-
tical pulses were then amplified with an erbium doped fiber
amplifier (EDFA) and then filtered to suppress some of the am-
plified spontaneous emission (ASE) noise. The light was then
sent through a polarization controller before being input to the
on-chip receiver. The wavelength converted output signals are
attenuated and then input to an Agilent lightwave receiver. BER
measurements are taken with an HP 70843B BER tester (BERT).

The 1-stage, 3-stage, and 8-stage BC-SGDBR wavelength
converters were tested. The lasers were biased somewhere near
threshold. The bias and input optical power were optimized to
maximize the ER of the wavelength converted output signal.
Low operating points and low input powers yielded the highest
ER and subsequently the lowest power penalties. Wavelength
converted output eye diagrams are shown in Fig. 14. The eye
patterns are compared in terms of the amount of photocurrent
generated in the PD as opposed to input optical power. For the
1-stage wavelength converter, a significant amount of optical
input power is required in order to generate enough photocur-
rent to modulate the laser. The devices are fabricated on a cen-
tered quantum well platform; therefore, the confinement factor
is fairly high and the SOAs tend to saturate at relatively low in-
put powers. For the 1-stage wavelength converter with 8.2 mA
of average photocurrent generated in the PD, the output signal
has an ER of only 2.3 dB and exhibits a poorly opened eye. Be-
cause of the limited DQE in this conventional laser, not enough
current swing was generated to provide a good ER. There is
a significant amount of overshoot in the eye diagram because
the SOA is saturated. However, by reducing the input power
here, the eye closed up even more and there was a very low
ER. With a similar amount of average photocurrent, 8.65 mA,
the 3-stage device achieved 7.9 dB of ER, however there is
overshoot in the eye also due to the saturation of the SOA.
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Fig. 14. 2.5-Gb/s wavelength converted output eye diagrams. Input wave-
length is 1548.1 nm, and output wavelength is 1565 nm for all cases.
avg

(a) 1-stage wavelength converter with Iph =8.2 mA, ER=2.3 dB,

(b) 3-stage wavelength converter with Im{]g = 8.65 mA, ER = 7.9 dB, and
(c) 8-stage wavelength converter with Ighg =5.5mA, ER = 6.5 dB.
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Fig. 15. BER for various converted output wavelengths for 3-stage wavelength
converter. The input wavelength is 1548.1 nm.

With lower input powers, this overshoot is suppressed some-
what; however, the ER also decreases. For the 8-stage device,
with 5.5 mA of average photocurrent, 6.5 dB was achieved, and
the only overshoot seen in the eye pattern is due to the relax-
ation resonance of the laser. Although the 8-stage device can
be operated at low input powers since it has the highest DQE,
the ER is limited by the maximum output power of the laser.
The maximum output power of the 8-stage laser is slightly less
than that of the 1-stage laser or the 3-stage laser, likely due to
heating, which causes a roll-over in the L—/ characteristic. The
3-stage wavelength converter operated the best in terms of ER
and BER. BER data is shown in Fig. 15 for several converted
output wavelengths. The average input fiber power for this set
of data was around 2.5 dBm. The power penalty ranges from

2.7-3.2 dBm. This penalty was slightly reduced for lower input
powers, likely due to the suppression of the overshoot in the eye
pattern. The conversion efficiency, which is the ratio of output
signal power to input signal power, was also measured for the
3-stage wavelength converter. The device provides up to 7 dB
of chip gain, where 4-5 dB of loss is incurred at each input and
output. The gain could be further enhanced with a better set of
lasers that are more efficient, or an improved SOA design.

V. CONCLUSION

We have described the design, fabrication, and performance
of two novel implementations of widely tunable SGDBR lasers.
The BC-SGDBR lasers have enhanced DQE allowing for lower
drive voltages for direct modulation. A 3-stage BC-SGDBR
laser has a 50-(2 input impedance allowing for intrinsic matching
to an RF power source. The GL-SGDBR lasers also demonstrate
improved DQE and have sharp lasing turn-on characteristics.
The BC-SGDBR laser was also monolithically integrated with
a receiver to perform wavelength conversion and demonstrates
improved conversion efficiency due to the enhanced DQE.
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Abstract— A 10 Gb/s transmitter composed of a Sampled-
Grating DBR (SGDBR) laser and Mach-Zehnder modulator was
fabricated on a dual-quantum-well integration platform. The
device exhibited error free operation and negative chirp.

I. INTRODUCTION

Transmitters play an important role in fiber optic com-
munication systems. The monolithic integration of the laser
and modulator reduces packaging cost and insertion losses
while eliminating polarization dependance. Widely tuneable
transmitters have the additional advantage of reducing the
inventory requirements for providers. While, negative chirp
provides the benefits of high bit rates and longer transmission
distances.

It is well known the use of quantum-wells within the Mach-
Zehnder allows for higher index changes [1]. Previously, a
sampled-grating DBR laser (SGDBR) and a Mach-Zehnder
modulator has been successfully integrated using bulk In-
GaAsP in the modulator regions [2]. Building upon this work
the first widely tuneable Mach-Zehnder transmitter on a dual-
quantum-well integration platform has been fabricated. This
devices implements a SGDBR laser and a series-push-pull
Mach-Zehnder modulator-as shown in Fig. 1.

II. DEVICE

The transmitter’s epitaxial structure is comprised of two
sets of quantum-wells identical to that in [3]. A set of offset
quantum-wells (photoluminescence = 1550 nm) are used in the
gain section of the SGDBR and the SOAs. A separate set of
seven quantum-wells (photoluminescence = 1465 nm) centered
in the InGaAsP waveguide aid the modulator efficiency. The
fabrication of this device requires a single blanket regrowth of
the InP cap and InGaAs contact layer following the selective
removal of the offset quantum-wells from the passive sections
and the etching of holographically defined sampled gratings.

The modulator has a traveling wave electrode segmented
into 8-50 um long T-sections to capacitively load the transmis-
sion line allowing for better impedance matching. The ridge
width is reduced from 3 pm in the laser and SOA regions
to 2 pum within the modulators. In addition to the thinner
ridge widths, BCB is used underneath the modulator electrode
to reduce the capacitance. An integrated 50 2 NiCr resistor
provides on chip termination. The 400 ym long Mach-Zehnder

Fig. 1. Diagram of integrated widely tuneable transmitter chip

Fig. 2. Schematic of series-push-pull biasing scheme

is operated in a series-push-pull fashion with the RF signal
applied across the modulator electrode (Fig. 2). This con-
figuration allows for improved bandwidth, lower modulation
voltages and small chirp values [2], [4].

In each arm of the Mach-Zehnder there is a 400 ym SOAs
to increase the output power of the device and compensate for
propagation losses. Phase sections within the interferometer
arms are implemented to allow for biasing to m-phase-shift.
A flared and curved output waveguide as well as an AR
coating was used to reduce optical reflections and to aid in
fiber coupling.

III. EXPERIMENTS

Following fabrication the devices were thinned, cleaved and
mounted onto an aluminum nitride carrier for testing. All DC
contacts were wirebonded to the carrier and contacted via a
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Fig. 4. BER for various wavelengths.

probe card. The modulator was directly probed with a CPS
probe to prevent any parasitic effects from wirebonds.

Bandwidth measurements have been taken for various
modulator biases. These measurements clearly show greater
than 20 GHz bandwidth for all modulator biases greater than
0 V (Fig. 3).

Bit Error Rate testing at 10 Gb/s with a NRZ 23'-1
pseudorandom bit sequence was done for both back-to-back
and transmission through 25 km and 50 km of Corning SMF-
28 fiber. The modulator was biased at -1 V across each
arm and driven with a 1.87 V,_, electrical signal from a
HP 70843B BERT. The optical signal from the device was
amplified with a high power Erbium Doped Fiber Amplifier
(EDFA) followed by an optical filter, fiber for transmission
and finally an attenuator before being detected by an HP
83434A 10 Gb/s photoreceiver. Error free operation (better
than 1e-9 BER) and extinction ratios in excess of 10 dB were
achieved for a wavelength range greater than 35 nm (Fig. 4).
Transmission measurements show negative chirp across the
wavelength range with a trend towards more negative chirp at

Power Penalty (dB)
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Fig. 5. Power penalty vs. transmission distance for various wavelengths.
BER measurements were taken for transmission through 0 km, 25 km and
50 km of Corning SMF-28 fiber

lower wavelengths (Fig. 5).

IV. CONCLUSION

For the first time a widely tunable Mach-Zehnder transmitter
has been fabricated on a dual-quantum-well platform using a
single blanket regrowth. The device demonstrates over 35 nm
of tuning and bandwidth in excess of 20 GHz. The low DC
bias of 1 V for this device means there is minimal insertion
losses and low power consumption. Error free operation has
been demonstrated for up to 50 km of transmission through
fiber and all wavelengths have negative chirp witha 1.87 V,,_,,
drive voltage.
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1. Introduction

In proposed all-optical packet-s witched networks [1], optical buffering is required to avoid contention issues.
Contention occurs when more than one packet of the same wavelength competes for the same output port at the
same time. Thus, buffering is essential to many optical packet switch implementations. In order to eliminate the
extra optoelectronic conversions and the inefficiency of existing electronic system, all-optical buffering is being
widely investigated.

In this paper a method of all-optical buffering that can provide a large number of rapid selectable [2] discrete
delay values with low insertion loss and long available maximum delay is presented and demonstrated. The main
idea is illustrated in Fig.1 in which Fiber Bragg Gratings (FBG) and wavelength converters (WC) are used to
implement wavelength-dependent delay lines. In the proposed method an incoming packet is converted by a rapid-
tunable WC to a specific wavelength which is controlled by an external decision signal, and the desired delay value
is mapped to the wavelength domain by cascaded FBG elements. Various implementations of wavelength
conversion have been presented [3,4,5], specifically the wavelength converter, integrated with SGDBR, used in this
work is described in [6].

FBG arra
YIRS A3 RO M
Input packet wWC H‘l
de Lo
—»)
&) g
>\delay
A1,23..n) Output delayed packet

Decision signals

Fig. 1. System concept for optical buffering implemented by FBGs and wavelength converters (WC).
2. FBG buffer design

This system was designed to be compatible with a 40Gbps RZ communication system, in which less than 12.5ps
reflected pulse width is required, and therefore a grating bandwidth >100GHz is needed. A 200GHz channel spacing
was chosen to keep adjacent channel crosstalk below —20dB. With the selected channel spacing, up to 25 discrete
delay values can be reached using an all-optical wavelength converter based on a rapid-switchable widely-tunable
SG-DBR laser with a tuning range exceeding 40nm [6]. The design was aimed at satisfying performance targets of
low group velocity delay (GVD) and moderately low loss, using a relatively simple structure suitable for low-cost
manufacturing, considering of future expansion. A central tradeoff in the grating design is between peak reflectivity
and GVD, by the means of changing grating burst length. Fortunately, for reflection-type delay line application, high
in-band extinction is not necessary allowing the use of shorter gratings with less than the typical 99.9% peak
reflectivity.
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The final specifications of the FBG was a 2.5mm grating burst, raised cosine apodization and with an index
contrast of [Jn=0.0008. The use of a non-chirped grating was found to ensure low GVD and simple manufacturing.

The modeled performance of the grating includes <5ps group delay variation and 80.9% peak reflectivity, resulting
in less than 1dB insertion loss and a calculated impulse response with 6.3ps FWHM.

3. FBG buffer characterization

To demonstrate the functional feasibility, a system of four-FBG connected to a three-port circulator was established
for the initial demonstration. The four FBGs with serial center wavelengths at 200GHz spacing were physically
arranged on the order of 1552.5nm(FBG1), 1549.2nm(FBG2), 1550.9nm(FBG3), and 1553.8nm(FBG4). They were
placed out of wavelength sequence in order to make the crosstalk measurement easily implemented. The fiber
lengths among FBGs were designed to have logarithmic increments.

To demonstrate the achieved range of delay times, a relatively wide pulse (with ~7ns width) at a specific
wavelength, equal to one of the FBG center wavelengths, was sent into the input port of the circulator, and the
reflected delayed signal was checked by an oscilloscope. The result is shown on Fig. 2. and the time delay
differences between the FBG1 and others are 29ns, 1.06us, and 7.02us, respectively. The non-uniform pulse
intensity is here limited by the loss of each connection between components. The insertion loss can ultimately be
reduced to the limit of the fiber transmission loss (<0.2 dB/km), which enables realization of very large buffer
depths. Also shown in Fig. 2 is the combined reflection spectrum from the four FBGs. No grating crosstalk was
evident in the time-domain data that was limited by the 30dB SNR of the measurement.

>
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Fig. 2. Left: Different time delay values correspond to four discrete FBGs. The delay time differences between the FBG1

and others are 29ns, 1.06us, and 7.02us, respectively. The inset is the detail of the first two reflected pulse. Right: The
reflection spectrum from the four FBGs. The non-uniform peak intensity of each FBG is here mainly due to interconnect
loss.

To measure the dispersion properties of the buffer a narrow pulse source was used. The pulse width was
measured by an autocorrelator. Two measurements were performed. In the first measurement, a tunable wideband
pulse source with the pulse width of 1.24ps at a selected wavelength was sent into the system, the output signal was
passed through a filter to define the specific wavelength, and then was received by an autocorrelator. The obtained
data is shown in Table 1. The raised-cosine FBG weighting function provides a Gaussian-like reflected pulse with
no apparent side lobes in the time domain. The broadened pulse width is around 5ps for shorter lengths of fiber,
which confirms the simulation and the initial design. For the 5-6 ps pulse widths achieved using the all-optical
wavelength converters reported elsewhere [5], the resulting delayed pulse-width will remain well within the 12.5 ps
FWHM requirement stated above. At the longest buffer time delay, 7.02us, some excess pulse broadening is
observed due to fiber dispersion. If even longer buffer delays need to be achieved, dispersion managed fibers,
possibly combined with some amplification, could be used to preserve the signal.

In the second measurement, a negatively chirped pulse with 12.47ps width was used as the input signal, and a
compressed output pulse width of 10.47ps was obtained. Since the FBG has a positive dispersion characteristic, as it
combines with a negatively chirped pulse source, the pulse was compressed by the grating. Pulse broadening
depends on pulse chirp, fiber and FBG dispersion, and FBG bandwidth, therefore, pulse compression is possible
with a proper combination of FBG dispersion and pulse characteristics, and was realized in this experiment.
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Table 1. Measurements summary

FBG1 FBG2 FBG3 FBG4
1552.5nm 1549.2nm 1550.9nm 1553.8nm
A(Time delay) to FBGI 0 0.029us 1.06us 7.02us
Fiber length to FBG1 0 2.9m 106m 702m
Pulse width T,
(1.24ps wideband input) 5.97ps 4.49ps 5.48ps 8.14ps
Compressed pulse widtht,,
(12.47ps negatively-chirped - - - 10.47ps
input)

4. Systems demonstration
To demonstrate the proposed buffering function, a preliminary 10Gbps system is presented here. A modulated signal
at \;, is sent in to a rapidly-tunable WC and converted to a desired wavelength Adg,ay which equals to one of the FBG
center wavelengths by tuning the front and back mirror and phase sections of the SGDBR integrated in WC. A filter
is placed to ensure no undesired signal exists and the output is fed to an oscilloscope. The system setup and results
are shown in Fig.3. In the eye diagrams, a promising result is demonstrated that no apparent degradation is found
after sending into the FBG array. It can be further confirmed by extinction ratio that after WC conversion it is
measured to be 10.5dB and keeps unchanged for all the system. It is noticed that the eye of FBG4 is a little bit
noisier than other channels due to the additional interconnect loss and could be improved by a better connection.
Based on this systematic demonstration combined with the time delay and pulse broadening measurements, a
programmable optical buffering method has been established and demonstrated. It is also believed in the future
success at 40 Gbps systems.

i

—,m

Oscilloscope

Fig. 3. Optical buffering in 10Gbps system setup and the eye diagrams of the input and four output channels.

5. Conclusion

A large number of rapidly selectable discrete delay values with low insertion loss and long available maximum
delay can be achieved by the proposed method of all-optical buffering using FBGs and rapidly-tunable WCs. A FBG
buffer working at 40Gbps for an RZ system has been designed and programmable time delays from tens of
nanoseconds to microseconds have been obtained. It is also confirmed that the pulse broadening effect is within an
acceptable range for a 40Gbps RZ system. A preliminary 10Gbps four-element FBG system has been built to
demonstrate its functionality and a promising result of no apparent degradation is also achieved. According to these
initial measurements and demonstrations, it is believed that the proposed method has a great possibility to work at
40Gbps.

This work is supported by the DARPA/MTO LASOR Program under Grant No. W911NF-9-0001.
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1. Introduction

Wavelength agile photonic integrated circuits are key components for increased functionality in next generation
optical networks. As these functionalities drive to higher bit rates and complexity levels, the benefits of monolithic
integration such as scalability and reduced packaging costs become increasingly important. In particular,
components such as wavelength converters that have the potential to reduce blocking probabilities and provide
dynamic wavelength management in high traffic WDM networks have become more and more attractive. Recently,
wavelength converters based on photocurrent technology, where an input optical signal is detected and used to drive
a reverse biased Electroabsorption modulator, have been shown to support data rates up to 320 Gh/s [1]. Of
particular interest is the single-chip, monolithically integrated photocurrent driven device where an optically
preamplified receiver is used to reduce power requirements for wavelength conversion with no additional drive
electronics. Such devices have been demonstrated using a common InGaAsP/InP materials platform with both
Electroabsorption and Mach Zehnder Modulators integrated with a widely tunable Sampled Grating DBR (SGDBR)
laser, Semiconductor Optical Amplifiers (SOA), and a photodetector. Data rates up to 2.5 Gb/s have been
demonstrated with wide tunability [2, 3]. However, this approach has suffered from high input power requirements.
In this work a shallow multi quantum well stack has been introduced into the modulator epi-layer for higher
modulation efficiency without a corresponding increase in capacitance compared to previously reported results [2].
In addition, a high gain optical pre-amplifier has been included for lower input power requirements.

2. Device architecture and epi-layer

The wavelength converter architecture consists of two neighboring ridges interconnected with a coupling capacitor
and terminated with a load resistor. A transmitter ridge consists of a standard four section sampled grating DBR
laser [4] monolithically integrated with a 300-um-long SOA and a 400 um EAM. A receiver ridge contains a
monolithically integrated input optical pre-amplifier and OQW photodetector. The pre-amplifier is 600 um long and
has been flared from 3 um to 9 um wide for high saturation power and gain. The reverse biased photodetector is 50
long and is tapered from 9 to 6 um. For operation, the EAM and the photodetector were individually probed with an
integrated 50-Q probe on the photodetector and an open circuit probe on the EAM. The two devices were
interconnected with a high-speed RF cable and individual Bias-T’s. A schematic is shown in figure 1. The
transmitter epi-layer structure incorporates a dual quantum well stack design. A set of Offset Quantum Wells
(OQW) [4] provides gain in the laser (Photoluminescence = 1550 nm) while a separate set of quantum wells,
centered in the InGaAsP quaternary waveguide (PL = 1300 nm), provides broadband modulation efficiency when
reverse biased in the EAM. The centered QW stack contains 7 x 90 A compressively strained wells and 6 x 50 A
tensile strained barriers (PL = 1465 nm). The receiver epi-layer structure consists of the same OQW stack, but does
not have the centered wells that are present in the transmitter. Though currently, the receiver and transmitter are not
monolithically integrated, the low PL (1465 nm) of the transmitter wells and the fact that the both sections have
identical InP regrowth and fabrication steps, shows that the dual quantum well base structure should be well suited
for single chip wavelength converter fabrication. A schematic of the CQW and OQW transmitter layer stack is
shown in figure 1.
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Figure 1. Wavelength Converter Bias schematic (left) and Transmitter epi-layer stack (right).

3. Results

DC extinction curves, receiver characteristics, bandwidth measurements and BER curves have been generated for
the 50 Q terminated EA based wavelength converter device. In these experiments, the laser gain section, pre-
amplifier SOA, and transmitter SOA are biased at 160 mA, 250 mA, and 120 mA respectively and the device was
maintained at 16° C with a thermoelectric cooler. DC extinction measurements for the 400 um EAM show greater
than 20 dB extinction over 30 nm with less than —4V bias. Results are shown in figure 2. Receivers were
characterized by measuring the voltage swing over the 50-ohm loaded probe on the photodetector through the RF
cable and both Bias-T’s as shown in figure 1. A 1548.1 nm input optical signal at various optical power levels was
fed into the optical pre-amplifier under various SOA bias currents. The photodetector was biased to —4.5 V for
maximum efficiency. A peak-to-peak voltage swing of greater than 2.5 V can be seen with waveguide powers up to
3 dBm. A summary of the results can be seen in figure 2.
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Figure 2. DC Extinction Characteristics for EA Wavelength Converter (left) and 50 ohm terminated Receiver Characteristics (right). Receiver input
wavelength is 1548.1 nm and is performed at 10 Gb/s with 2”-1 NRZ data. Waveguide power levels are indicated for various SOA bias currents.

Bandwidth measurements were performed for 50 Q2 terminated discrete EA modulator, photodetector and for the
integrated wavelength converter. S,; results showed ~10 GHz and ~20 GHz bandwidth for modulator and
photodetector respectively and ~7 GHz optical to optical bandwidth for the wavelength converter (1548.1 nm to
1565 nm). For these experiments, the photodetector bias was again set at —4.5V. Bit-error-rate (BER) curves with
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eye diagrams have been generated. For the BER measurements a nonreturn-to-zero 2’ — 1 pseudorandom bit stream
at 10 Gb/s from a 10 Gb/s BER tester transmitter (Agilent 83433A) at a wavelength of 1548.1 nm was input into a
high power Erbium Doped Fiber Amplifier (EDFA) followed by a polarization controller and an optical filter and
transmitted to the device under test using a conically tipped lensed fiber. In this experiment, 4.9 mW of optical fiber
power was used and the extinction ratio of the input signal was 14 dB. Input and output coupling losses are
estimated to be 5 dB and 3 dB respectively. The output optical signal of the WC was then input into a variable
optical attenuator before entering the PIN Receiver. Note that no optical output filtering or amplification was
required. Error-free operation has been achieved with a power penalty of less than 2.5 dB at 10 Gb/s. Results for
Extinction Ratio and output power over wavelength as well as BER curves are shown in figure 3.
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Figure 3. Extinction Ratio and average output power (left) and 10 Gb/s BER curves for 50 Q terminated EAM based wavelength converter
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4, Discussion

We have demonstrated wavelength conversion over 30 nm at 10 Gh/s with 10 dB optical extinction and less than 2.5
dB power penalty. Wavelength conversion required less than 5 mW (+6.8 dBm) of input fiber power and less than 2
mW (+2.3 dBm) of waveguide input power. If coupling is neglected, overall device efficiency is estimated at
approximately -5 dB with integrated high power receivers and centered QW layer stack. This is a significant
improvement over previously reported results for EA modulator based widely tunable wavelength converters.
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Abstract—Design, fabrication, and characterization of monolith-
ically integrated widely tunable all-optical wavelength converters
in InP is reported. The devices are based on the SGDBR laser inte-
grated with different MZI-SOA wavelength converters. Error-free
wavelength conversion at 2.5 Gbps was demonstrated over 50 nm
input and 22 nm output wavelength range. Static operation, ex-
tinction ratio enhancement, signal reamplification, dynamic range,
and chirp properties were characterized as well.

Index Terms—Mach-Zehnder interferometer (MZI), photonic
integrated circuits (PICs), tunable laser, tunable wavelength
converter, wavelength conversion, wavelength converter.

I. INTRODUCTION

HE further development of photonic integrated circuits
T (PICs) with increased functional complexity, monolithi-
cally integrated on a single chip, is a critical step for the future
deployment of optical networks. Monolithically integrated
widely tunable wavelength converters are a family of PICs
whose function is essential for wavelength division multi-
plexing (WDM) systems, particularly in functions like optical
switching, wavelength routing and add/drop multiplexing. The
integration of tunable lasers and all-optical wavelength con-
verters solves one of the last obstacles for all-optical switching
to have the functionality and flexibility needed to be a serious
candidate to replace electronic switches. Tunable all-optical
wavelength converters allow data to be transferred from an
input wavelength to a tunable output wavelength without
passing the signal through electronics. Semiconductor optical
amplifier Mach-Zehnder interferometer (SOA-MZI) wave-
length converters represent an important class of integrated
wavelength converters that work for both RZ and NRZ data
formats while also acting as 2R signal regenerators due to their
nonlinear transfer functions. Integration of SOA-MZIs in InP
has been reported previously [1]-[3]. In addition, an SOA-MZI
wavelength converter was integrated with a nontunable DFB
laser, but it had severe performance tradeoffs due to reflections
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from the MZI back to the laser [4]. Recent attempts at an in-
tegrated multifrequency laser/MZI-SOA wavelength converter
have shown an interesting device design concept, but have yet
failed to produce a fully operational wavelength converter [5].

The devices reported in this paper consist of a widely tunable
sampled grating distributed Bragg reflector (SGDBR) laser [6],
monolithically integrated with different SOA-MZI wavelength
converters [7], [8].

The SGDBR laser represents an enabling technology for
widely tunable photonic integrated circuits. First, it is well
suited for integration, as its lithographically defined mirrors
enable lasing without a facet reflection [6]. Second, because
the laser consists of a combination of active and passive waveg-
uides, additional elements can be integrated on the same chip
without increasing the level of complexity of the fabrication
process. To illustrate the usefulness of SGDBR lasers, it is
worth noting that in addition to our work described here,
functional integration with other components has been reported
for SOAs [9], EAMs [10], Mach-Zehnder modulators [11],
and recently photocurrent-driven widely tunable wavelength
converters [12], [13].

The fabrication platform used in this work, offset quantum
wells, represents a versatile integration platform that enables
simplicity in fabrication and high efficiency in transition be-
tween active and passive waveguides. Additionally, this plat-
form, with its low contrast waveguides and the continuous quar-
ternary waveguide layer throughout the entire device, is partic-
ularly suitable for reflection minimization and control, which
is one of the key requirements for high-density PIC integration
involving on-chip lasers. Using this platform, a single epitaxial
overgrowth of p-InP is required to fabricate the devices, which
makes the fabrication process simple, reproducible, and robust.

The level of chip-scale integration demonstrated in our tun-
able wavelength converters offers a number of benefits, some
of which are: reduced coupling loss between the laser and the
converter, reduced polarization control requirements, improved
converter noise figure, higher conversion efficiency, and, ulti-
mately, reduced size, simplified packaging, reduced footprint,
and lower cost of the entire component.

II. DEVICE DESIGN AND FABRICATION

The integrated tunable wavelength converter consists of an
InP SGDBR laser [6], monolithically integrated with an SOA-
based MZI wavelength converter. The schematics of the two dif-
ferent device generations that have been designed, fabricated,
tested, and are being described in this work are given in Figs. 2

0733-8724/$20.00 © 2005 IEEE
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and 3. Both device generations use identical tunable laser de-
signs and differ in the interferometric wavelength converter de-
signs.

A. Tunable Laser Design

The SGDBR laser is 1.5 mm long and has five sections: front
mirror, gain section, phase section, back mirror, and back facet
detector. The back facet detector has been monolithically inte-
grated for measurement of optical power and to decrease the
requirements of the backside antireflective coating.

The laser’s mirrors are made of periodically sampled DBR
gratings that form a comb-like reflectivity spectrum which en-
ables for wide tuning range using the Vernier effect [6]. The
front mirror consists of five 4 yum long bursts spaced by 61.5
pm. The back mirror consists of twelve bursts that are 6 um
long and spaced by 46 pum. Since the sampling periods of the
two mirrors differ, the peak reflectivity spacings are different, so
that only one set of reflectivity peaks for both mirrors is aligned
at one time. By differentially tuning the front or the back mirrors
using electrical current injection, adjacent reflectivity peaks can
be aligned, and the laser will operate at this new wavelength [6].
To achieve the wavelength coverage between the mirror peaks,
both mirrors need to be tuned simultaneously.

B. MZI-SOA Design

The role of the MZI-SOA:ss is to behave as nonlinear elements
and to enable the interaction between the continuous wave and
the input data signals through the gain compression and phase
change, which are used to achieve the wavelength converter
operation. Two main MZI-SOA parameters of interest are the
amount of phase change attainable, and the gain recovery life-
time, which will limit the maximum speed of operation. The dy-
namic response of an SOA depends on the material parameters
of the SOA (differential gain), the level of electrical pumping,
the confinement factor, the optical power in the SOA, as well as
the length of the SOA through the effects of high-pass filtering
[24]. While our material parameters (i.e., the gain as a function
of carrier density) and the confinement factor (6%) are set by the
choice of the integration platform, the other parameters can be
adjusted, primarily by controlling the SOA’s bias current, input
optical power into the SOA and the length of the SOA.

Simulated total phase change in an SOA as a function of the
optical power levels and the SOA lengths is shown in Fig. 1.
The amount of the phase change will depend on the amount of
index change, which in turn depends on the amount of the gain
and carrier concentration change in the SOA. One disadvantage
in using the offset quantum well platform is in the fact that the
optical mode overlap with the active region is only 6%, and most
of the index change happens in the active region (assuming large
release times from the quantum wells). As a result, according
to the simulation, large pump power variations are needed to
achieve a full 7 rad phase shift. Analyzing Fig. 1, we conclude
that increasing the length of the SOA beyond 1 mm will not
significantly improve the phase change abilities. On the other
hand, to utilize the full benefits of the self-filtering effect [24],
the SOA length should be at least 1 mm. Extended SOA lengths
will have an adverse effect in terms of possible back-reflections
into the laser, heating, device power consumption and the chip
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size. Taking all of these requirements and tradeoffs of our design
into account, the optimum SOA length was chosen to be 1 mm.

C. Generation [—Tunable All-Optical MMI-MZI Wavelength
Converter (TAOMI-WC)

In this device implementation, the interferometer is defined
by a combination of two 16 ym wide and 760 pm long mul-
timode interference (MMI) based 1 x 2 light splitters [15], in
combination with 2 MMI based 2 X 2 couplers that are 12 ym
wide [15], straight waveguides and 1 mm long SOAs (Fig. 2).
The total waveguide separation in the interferometer is 17 pm.
This value is determined primarily by the fabrication tolerances
for the minimum separation of the two MZI-SOA electrodes.
The input signal is coupled onto the chip through a tapered, an-
gled input waveguide, and then amplified by an 800 xm long
input semiconductor optical amplifier. The 2 x 2 MMI coupler
is used to mix the input signal with the continuous wave signal
generated by the SGDBR laser in one of the interferometer’s
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SOAs. This SOA, where the interaction between the input data
and the CW signal occurs, will be referred to as “common SOA”
in the rest of this paper. The unused output branch of the 2 x 2
MMI coupler extends into the unpumped active region and is
adiabatically tapered into a point to absorb all of the stray light.
This is done to prevent any back reflections that could destabi-
lize the laser. The output waveguide of the MZI is tapered and
angled to reduce the AR coating requirements. The total device
length is 5.2 mm.

D. Generation II—Tunable All-Optical MZI Wavelength
Converter (TAO-WC)

The interferometer is defined by a combination of four 1 x 2
MMI light splitters and combiners (180 pm long and 13 pm
wide), by S-bends with curvature radii of 2 mm and by two 1 mm
long SOAs (Fig. 3). The laser and the interferometer are con-
nected via a 1 x 2 MMI splitter and the total waveguide separa-
tion in the interferometer is 70 pm. This insures that there is no
thermal crosstalk between the two branches of the interferom-
eter. The input signal is coupled onto the chip through a tapered
input waveguide, and then amplified by an 800 xm long input
semiconductor optical amplifier. The same MMI splitter/com-
biner design is used to connect the input waveguide and the
SGDBR signal with the common interferometer SOA, as well
as to combine the light from the two branches at the interfer-
ometer output. The output waveguide is tapered and angled to
reduce the AR coating requirements. The total device length is
4.9 mm.

E. Coherent Reflection Suppression

One of the critical design issues for PICs that include an inte-
grated laser is the suppression of coherent back reflections. Low
levels of coherent back-reflection will lead to an increase of the
laser linewidth, while large back-reflections levels will be com-
pletely detrimental for device performance.

Several possible sources of reflection exist on our chips and
they all require careful minimization. The potential sources
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of backreflection are the output facet, multimode interference
based light splitters and combiners and the active-passive
waveguide interfaces. The offset quantum-well integration plat-
form, used in this paper, with its low refractive index contrast
waveguides and the continuous quarternary waveguide layer
throughout the entire device structure, is particularly suitable
for reflection minimization and control.

The dominant source of back reflections is the output facet
of the device. The SOAs of the Mach-Zehnder act as amplifiers
for any reflections from the output facet. However, due to their
operation in saturation, the amount of gain that they provide is
limited to less than 8 dB. Taking into account the amplifier gain,
to insure for linewidth change of less than 10%, the require-
ment for reflectance of the output facet is that it be better than
10~>. This level of reflectance cannot be achieved by simple
anti-reflection coating, rather, the output waveguide design has
to minimize the amount of reflection. As has been proposed in
[16], [17], angled output waveguides have significantly smaller
modal reflectances than the corresponding straight waveguides.
In addition, increasing the waveguide width further reduces the
back reflection coupled into the original mode. Analiticaly, the
reflectance of a Gaussian mode at an interface will have an expo-
nential dependence on the angle of incidence and on the width of
the mode [16]. Conversely, widening the output waveguide in-
creases the ellipticity of the output mode, thereby complicating
the coupling scheme required for high coupling efficiency. Fig. 4
shows the calculation of the modal reflectances [17] in function
of the output waveguide angle, for two different output wave-
guide widths—3 pm and 5 pm. The values of the parameters in
the calculation are based on the InP/InGaAsP material system
used in this work. For the output angle of 6.5 degrees or higher,
with the ridge with of 5 pum, the envelope of the modal re-
flectance will be lower than 10~*. Therefore, applying a multi-
layer AR coating on this type of the output facet can provide for
the broadband reflectance that meets our design requirements.

MMI-based components are a potential source of severe re-
flections, so care must be taken to optimize their design. This
is especially true in integration platforms that utilize high index
contrast waveguides [18]. Our fabrication platform, on the other
hand, is based on the weakly guiding waveguides and employs
no semiconductor-air interfaces. The MMI lengths in our struc-
tures are optimized for minimum back reflections according to
[15], and all MMI components are tapered at both inputs and
outputs so that reflections are not coupled back into the laser
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cavity. We found that this approach was easy to implement and
as effective as the approach suggested in [19].

Low reflection, low loss transitions between the active and
passive waveguides in our fabrication platform are achieved by
employing techniques similar to those already discussed for the
output waveguide design. Active-passive interfaces in the de-
vice are angled to avoid coupling of the reflected light into the
waveguide mode. Moreover, the quarternary waveguide layer
is continuous throughout the device structure, thereby avoiding
potential index discontinuities such as those that can be intro-
duced when using butt-joint growth techniques.

F. Fabrication

Devices are fabricated using an offset quantum well inte-
gration platform in InP. All growths are performed using the
MOCVD crystal growth technology. The device cross section
at the active-passive interface is shown in Fig. 5.

The layer formation of the base epitaxial structure consists of
a 350 nm thick quarternary waveguide, followed by a 7 quantum
well/8 barrier active region and a thin InP cap. The first step of
the process is to selectively etch off the quantum wells in the
future passive sections of the device. Subsequently, gratings are
lithographically defined in the mirror sections using holography
and then etched directly into the top of the waveguide layer
using reactive ion etching (RIE). The surface of the sample is
then regrown with a 1.8 pm thick p-doped InP upper cladding
layer and a 100 nm p*-InGaAs contact layer (Fig. 5). It is im-
portant to emphasize that this is the only regrowth step required
in the entire process.

After the regrowth, ridges in InP are formed using a combi-
nation of RIE/crystallographic wet chemical etching. The sur-
face of the sample is isolated with a dielectric film and the top
metal contacts (Ti/Pt/Au—20/40/1000 nm) are evaporated using
E-beam evaporation, followed by a proton implant to electri-
cally isolate the different electrodes. After the sample is thinned
down, identical back side (Ti/Pt/Au) contacts are evaporated and
the sample is strip annealed at 420 °C. In conclusion, there are
no additional major processing steps required to fabricate this
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device beyond the standard SGDBR fabrication process, which
demonstrates the versatility of our integration platform.

III. EXPERIMENTAL PROCEDURE

All of the experiments are performed with the devices sol-
dered on aluminum nitride submounts, wirebonded, vacuum
clamped onto a gold-plated copper stage and cooled to 17 °C
using a thermoelectric cooler. The light is coupled to and out of
the devices using conical-tipped lensed-fibers mounted on the
piezo-controlled translational stages. The tapered waveguides
at device inputs and outputs improve the coupling to the device;
we measured 4 dB of coupling loss to the waveguides on the
chip. The input signal is generated using an external cavity
tunable laser source and modulated using a lithium-niobate
electrooptic modulator. Polarization controllers are used at
both the input to the modulator and the wavelength converter
because the device active regions are polarization sensitive.
For static measurements, the output of the device is optically
filtered and fed into an optical power meter. For wavelength
conversion, the data is generated using a BERT with NRZ
231 — 1 pseudorandom bit sequence (PRBS) data at 2.5 Gbps.
The converted output wavelength is filtered using a 0.4-nm
thin-film tunable filter and detected with a PIN receiver. The
test setup schematic is shown in Fig. 6.

IV. STATIC PERFORMANCE

The integrated tunable wavelength converter’s lasers have
a tuning range of about 22 nm—overlapped spectra for
TAOMI-WC and TAO-WC devices are shown in Fig. 7(a) and
(b). These spectra were recorded through the output facet of
the device, with laser gain sections biased at 85 mA and both
MZI SOAs biased at 200 mA. The tuning range is determined
by the sampled mirror design, and could be extended to 40 nm
by further optimization. The grating depth for TAOMI-WC
devices is lower than for the TAO-WC devices, resulting in
lower presence of the light reflected from the laser’s rear mirror
peaks in the overlapped spectra, shown in Fig. 7(b).

The output of the interferometer can be turned off by
adjusting the bias of the SOA in one of the interferometer
branches, in order to achieve 7 relative phase shift between the
two branches. Fig. 8 shows an extinction map as a function of
the currents applied to the SOAs in the interferometer arms. No
input signal was present for these measurements. In the region
of low bias currents (<120 mA), for one SOA current set, there
exists a combination of currents where the extinction ratio is
greater than or equal to 20 dB. However, with the increase in the
SOA bias currents, the extinction ratio is reduced to as low as
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10 dB at 250 mA on either of the SOAs. This can be explained
by noting that the large difference in power levels emitted from
the two branches of the interferometer when added, even with
totally opposite phase, still yields significant power coming
out of the interferometer. Hence the performance of the device
could be improved by running the SOAs in the interferometer
in deeper saturation, i.e., by increasing the optical power of the
incoming light, while maintaining the same amount of phase
change.

Fig. 9 shows the static electrical transfer functions of the in-
terferometer as a function of integrated laser wavelength. Again,
no input signal was present for these measurements. The bias
current to the common SOA was kept constant at 200 mA while
the bias current to the other SOA in the MZI was varied. As
can be seen, the extinction peaks around the material gain peak
wavelength (which is approximately 1555 nm).

Typical optical transfer curves for both inverting and nonin-
verting modes of operation, for different input wavelengths, are

shown in Fig. 10. In these measurements, the bias of the input
preamplifier was kept constant at 80 mA. The interferometer
set points were chosen based on the static optical characteris-
tics in Fig. 9, at the minimum for noninverting operation (de-
termined by the bias current of 80 mA), and at the maximum
on the left size of the main electrical characteristic notch for in-
verting mode of operation (55 mA, Fig. 9). Then, the power of
the input signal was varied and the output power of the device
recorded. Static extinction ratios measured are better than 8 dB
in the noninverting and better than 16 dB in the inverting mode
of operation. As the transfer curves are highly nonlinear, it is
possible to achieve input signal extinction ratio enhancement,
as long as the extinction ratio of the input signal is lower that
the maximum attainable extinction ratio of the wavelength con-
verter.

The difference in extinction ratios measured for the inverting
and noninverting modes of operation can be explained by ana-
lyzing the device principle of operation. Due to the cross-gain
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effects in the common SOA of the Mach-Zehnder (Fig. 11), the
device always yields a higher output extinction ratio in the in-
verting mode of operation.

For the inverting mode of operation, the output of the MZI
is on the high level with no probe signal present (Fig. 12). To
reduce the carrier lifetime as much as possible, the bias current
of the common SOA should be the higher of the two MZI-SOA
bias currents. This bias scheme will result in higher CW signal
power at the output of the common SOA. Once the probe signal
enters the common SOA, the gain compression will reduce the
power of the pump signal in the common MZI branch. This
causes two effects—the phase change for the CW signal and
the power level equalization between the two branches of the
MZI, which therefore allow for better extinction, due to better
cancellation of the fields of similar power coming from the two
branches of the SOA. In conclusion, in the inverting mode of
operation, the two signals are added together when they both
carry more power and subtracted when they have similar power
levels therefore yielding high extinction ratio. This is illustrated
in Fig. 12.

For the noninverting mode of operation, the output of the MZI
is on the low level with no probe signal present. To turn the inter-
ferometer off, the two SOAs in the MZI have to be biased differ-
ently, to yield a relative = phase shift. However, these different
bias levels will limit the output extinction at the low level, due to
significantly different field intensities in the two interferometer
branches (Fig. 11). Once the probe signal enters the common
SOA, it will cause the gain compression effect which will re-
duce the power of the pump signal in the common SOA and the
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phase change. Consequently, signals from two MZI branches
will be added together when power of one of them is reduced
by the cross-gain effects of the probe signal. Accordingly, in
the noninverting mode of operation, the two signals are being
added when they both carry lower optical power, and subtracted
when their power levels are different, due to the necessary dif-
ference in SOA bias currents to achieve the interferometer OFF
state. This effect reduces the maximum obtainable extinction in
the noninverting case (Fig. 12).
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Fig. 13.

Linewidth measurement setup.

We can conclude this analysis of the static performance of
the wavelength converter by noting that the extinction of the
MZI can be improved with the capability of adjusting the phase
and the power in the MZI branches independently, as has been
done in [20]. That capability would also reduce the differences
in output extinction ratios between inverting and noninverting
modes of operation.

This extinction ratio analysis holds for the dynamic operation
of the wavelength converter as well.

V. DYNAMIC PERFORMANCE

As pointed out previously, the key issue for PICs that incorpo-
rate integrated lasers is the suppression of coherent back reflec-
tions. Even low levels of back reflections can cause significant
changes in the laser linewidth, which can degrade the device
performance in transmission.

In the first part of this section, TAO-WC linewidth measure-
ment results are presented. Then, results of bit-error rate mea-
surements, the input signal dynamic range, wavelength sensi-
tivity of the wavelength conversion process, bias sensitivity of
the wavelength conversion process, dynamic extinction ratio
and signal regeneration are discussed.

A. Linewidth

Measuring the linewidth of the device provides useful infor-
mation about the limitations of the device performance in real
networks. Relative intensity noise measured after transmission
through fiber indicates that high-frequency white noise deter-
mines the transmission properties of a device [21]. In this paper,
we determine the linewidth of the TAO-WC device directly by
measuring the autocorrelation function of the output light beam.
Direct comparison of our results with the linewidth of a com-
mercial widely tunable SGDBR laser enable us to assess the
wavelength converter properties as well as investigate the po-
tential back reflection issues with the chip. Although optical
low-coherence reflectometry can be used as a more accurate tool
to investigate the origins of particular back reflections on chip,
the information on the linewidth represents a good way of veri-
fying whether any detrimental reflections are present in the de-
vice at all.

The linewidth of a light source can be determined by mea-
suring the autocorrelation function of the output light beam [23].
If the electric field from the output of the device is mixed with
the version of the same field that is delayed by some time ¢, as
long as the phases of two fields are well correlated, the fields
will add coherently [23].

The schematic of the experimental setup used to measure
the linewidth is shown in Fig. 13. The gain section of the
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tunable wavelength converter’s laser is biased at 90 mA, the
booster—SOAs are biased at 45 mA, and the MZI-SOAs are
biased at 200 mA. The light from the output is coupled through
a lens with a built-in isolator, then modulated with a sinusoidal
signal whose frequency is 1 GHz. Then the light is split be-
tween the two branches of the interferometer, decorrelated by
passing the signal from one branch through a spool of fiber,
and finally detected by a photodiode, amplified by an electrical
amplifier and led to an electrical spectrum analyzer. The reason
for spectrally shifting the signal is to eliminate the influence of
the 1/f noise. The two recombined incoherent fields generate a
difference frequency signal which contains the combined FM
field noise from both light sources. Therefore, the full width
at half maximum of the spectrum measured represents twice
the laser linewidth, due to the properties of the Lorentzian line
shape [23].

Fig. 14(b) shows the measured FM noise spectrum for the
TAO-WC wavelength converter. The linewidth of the device
corresponding to this measurement is 7.85 MHz. For compar-
ison, Fig. 14(a) shows the measured FM noise spectrum for an
etalon commercial SGDBR laser using the same test setup. The
linewidth corresponding to this measurement is 7 MHz. The
value measured is consistent with the linewidth values that are
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Fig. 15. Results of BER testing for TAOMI and TAO-WC.

specified for this type of laser product. Therefore, the perfor-
mance of the tunable wavelength converter is free of any influ-

ences from coherent back reflections and it is in no way limited
by this factor.

B. 2.5 Gbps Wavelength Conversion

The performance of the first generation of the devices
(TAOMI-WC) is tested using an Agilent photodiode receiver
with a sensitivity of —15 dBm. The input power to the wave-
length converter is kept at 4 dBm. The output power of the
converter is relatively low (—8 dBm) due to the thermal effects
on the MZI-SOA gain, as well as the longer MZI passive sec-
tions, when compared to the TAO-WC design. For the first set
of measurements, one input wavelength (1545 nm) is chosen,
and 2.5 Gbps NRZ 23! — 1 PRBS data are converted onto four
different output wavelengths, set by the device (21 nm range).
Error-free conversion is obtained with maximum power penalty
of 1 dB for the inverting mode of operation, Fig. 15(a). The
bias point of the MZI is adjusted for every pair of wavelengths
in order to maximize the extinction, thus minimizing the power
penalty.
In the subsequent set of measurements, NRZ 23! — 1 PRBS
data streams at 2.5 Gbps from different input wavelengths are
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converted onto one device output wavelength (1571.5 nm). The
Mach-Zehnder bias is again optimized for best extinction at each
input wavelength. BER curves [Fig. 15(b)] indicate error-free
operation over 50 nm input wavelength range, with a maximum
power penalty of 1.6 dB. While the upper limit of the input
wavelength was set by cross-phase modulation degradation due
to finite SOA gain bandwidth, the lower limit was set by the fil-
ters available to us (1535 nm). Increase in power penalty and eye
noise for input wavelengths above 1565 nm can be attributed, in
part, to the input signal-to-noise ratio (SNR) degradation due
to our nonoptimum L-band amplifier. Gain in the L band was
achieved by using an additional 10 meter long spool of erbium
doped fiber in line with our standard C-band EDFA. This noise
did not affect our back-to-back measurements, since those were
performed without the EDFA. Another cause for power penalty
increase in this wavelength range would be higher ASE noise
levels as the laser is tuned away from the SOA gain peak.
The second generation of devices (TAO-WC) is tested using
a Nortel photodiode receiver with a built-in electrical ampli-
fier, which had a sensitivity of about —18.8 dBm. The output
power of the converter is significantly higher in this case (—2
dBm). The main reason for output power increase is the re-
duced heating of the SOAs in the MZI, due to their larger lat-
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Fig. 16. Wavelength dependence of the BER for TAO-WC.

eral separation (70 pum for TAO-WC, as compared to 17 pm for
TAOMI-WC). For the first set of measurements, one input wave-
length (1565 nm) is chosen, and 2.5 Gbps data are converted
onto 4 different output wavelengths of the device (21 nm range).
The bias point of the MZI is adjusted for every pair of wave-
lengths in order to maximize the extinction, thus minimizing
the power penalty. BER curves [Fig. 15(c)] indicate error-free
operation with little variation in power penalty as a function
of output wavelength. The maximum power penalty was 2 dB.
In the subsequent set of measurements, the data streams at 2.5
Gbps from different input wavelengths are converted onto one
device output wavelength (1572 nm), again, with optimization
of the operating conditions for every wavelength pair. The max-
imum power penalty again is about 2 dB.

Finally, to investigate the change of power penalty as a func-
tion of input wavelength, the TAO-WC is operated with fixed
bias currents and input signal powers, and the wavelength of the
input signal is varied (Fig. 16). The best power penalty of 1 dB
was obtained for the input signal closest to the gain peak of the
SOAs at 1555 nm. For this wavelength, the on-chip preamplifier
SOA would give the highest possible gain at the input and the
effects of gain compression and cross phase modulation in the
common SOA of the MZI would be the most pronounced. The
power penalty was primarily caused by extinction ratio degra-
dation wavelength dependence, due to finite extinction at the
output of <12 dB. The maximum power penalty obtained at far
ends of the gain peak was as much as 3 dB, due to further de-
crease in conversion efficiency and output extinction ratio. Ad-
ditional power penalty is caused by the pattern dependence of
the SOA preamplifiers on chip. The length of the preamplifier
SOAs determines the device sensitivity, with longer SOAs de-
creasing the propagation loss of the input signal. However, long
SOAs will always run in saturation, thereby distorting the input
signal and introducing the pattern dependence in the converted
eye (as seen in Figs. 17 and 18).

C. Device Dynamic Range

Dynamic range of operation can be controlled by the input
SOA length and bias, as well as by the bias set point of the MZI.
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Fig. 17 shows the maximum ER values measured as a function
of the data input power. High extinction ratio, greater than 10
dB, can be maintained over 16 dB of input signal power varia-
tion. The inset of Fig. 17 also shows the converted eye for —6
dBm input fiber power to a TAO-WC device, corresponding to
the converted signal output power of —4 dB in fiber, thereby
reamplifying the signal by 2 dB. Different slopes in the eye di-
agram are due to the different rise and fall times of the pulses,
associated with gain recovery time. The input signal wavelength
was 1555 nm, and the output signal wavelength was 1565 nm.

The current dynamic range is limited by the passive wave-
guide propagation losses and available gain of the input SOA.
Optimizing the epitaxial heterostructure could yield higher
output powers and lower input power requirements, thus in-
creasing the dynamic range and the amount of reamplification.
However, care needs to be taken to minimize the pattern
dependence effects introduced by the proper design of the
preamplifier SOA.

D. Regenerative Properties

Regenerative properties of the SOA-MZI based wavelength
converters are based on their highly nonlinear optical transfer
characteristics. To quantify the regenerative properties of the
tunable wavelength converter (TAO-WC), the input signal’s
extinction ratio was degraded in a controllable manner by
adjusting the EOM bias and the polarization of the light at the
input of the electrooptic modulator used to encode the data.
This signal, with reduced extinction ratio, was then coupled
into the wavelength converter. Significant improvements in
the output extinction ratio are obtained—for input ER of 6.33
dB, the converted signal had an extinction of 12.06 dB in the
noninverting and 12.33 dB in the inverting mode of operation,
Fig. 18. However, decreasing the extinction of the input signal
increased the average input power into the common SOA in
the MZI and thereby reduced the number of carriers and the
gain of the laser signal. Consequently, 6 dBm of input optical
power resulted in only —4.4 dBm of the output optical power
of the converted signal. On the other hand, device excitation
with the high ER signal at the input (12 dB) provided the
conversion gain of around 2 dB, with —4 dBm at the optical
input and —2 dBm in the converted signal. We believe that
this effect could be overcome by increasing the power of the
SGDBR laser going into the MZI, thereby constantly keeping
the SOAs in the Mach-Zehnder in deep saturation. That would
enable the simultaneous signal reamplification and extinction
ratio improvement which would qualify the tunable wavelength
converter as a 2R regenerator.

E. Chirp Properties

Chirp is the frequency shift occurring in the output pulses of
the wavelength converter. This frequency shift appears mainly at
the edges of pulses, and is caused by the refractive index modu-
lation in the MZI SOAs. Output chirp is an important parameter
for any type of optical regenerator as it will dictate the disper-
sion-limited transmission distance and/or number of regenerator
spans. Low chirp or negative chirp is required for long distance
transmission over standard single mode fiber.
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1359

o , ; , ,

14 1

'g ] ] L |

© 12- -

c | |

2

5 104 u 1

=

Z 8 ]

H

5" J
-5 0 5 10

Average Input Optical Power (dBm)

Inverting - ER_, = 12.06dB

out

Aoy = 15658 nm

o 1 Non-inverting - er,,, = 12.15¢8

. -

"'OLII

= 1558 nm

10 5

Input Power (dBm)

Input - ER,, = 6.33dB
ki = 1545 nm

Fig. 18. Example of extinction ratio improvement.

For time-resolved chirp measurements, the TAO-WC MZI’s
bias currents are optimized for maximum extinction ratio in ei-
ther inverting or noninverting mode of operation at 2.5 Gb/s.
The output of the device is optically filtered and then led into a
time-resolved chirp test instrument. The interferometric method
used for chirp measurement is based on frequency and ampli-
tude change measurements on two different slopes of the inter-
ferometer, in order to obtain the time-resolved frequency change
[21]. The optical output from the instrument is connected to
a high-speed digital oscilloscope, which is used as part of the
setup to perform measurements on the data pattern.

Time-resolved chirp is measured as a function of the input
wavelength, output wavelength (set by the integrated on-chip
laser) and interferometer bias point (inverting, noninverting and
in between). Examples of time-resolved results measured for
noninverting (top) and inverting (bottom) mode of operation
are shown in Fig. 19. Little input—output wavelength depen-
dence of chirp parameter values is observed across the entire

data set. Chirp parameter value and sign depend on the slope of
the transfer function of the wavelength converter in the selected
regime of operation. For noninverting operation, the average
chirp parameter is measured to be —2 for 40 nm input and 22
nm output wavelength range. For inverting mode of operation,
the average chirp parameter is measured to be 1-3 for the same
output wavelength range. Thus, the performance of the wave-
length converter in transmission should consistently reduce the
dispersion power penalty if operated in the suitable mode of op-
eration (based on the fiber dispersion parameter). The chirp pa-
rameter sign measured is consistent with theoretical predictions
[23] and previous results for an XPM-SOA based wavelength
converter [25].

FE. Dynamic Performance Analysis

Carrier dynamics in the SOAs of the MZI limited the wave-
length converter bandwidth to 7 Gbps (for TAO-WC). Dynamic
behavior of the chips is a result of the confinement factor of the
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SOAs, the gain properties of the quantum wells used, the SOA
pump current and the photon density in the SOAs. Increasing
the SOA pump currents eventually changes the bandstructure
of the quantum wells through thermal effects, which then leads
to the reduction in differential gain, thereby increasing the gain
recovery time. Therefore, there is an optimum bias current set-
point for the MZI-SOA operation.

The operating speeds observed for TAO-WC device type are
higher than those for TAOMI-WC device due to several dif-
ferences in the device design. First, the length of the passive
sections preceeding the MZI-SOA in the TAO-WC design is
shorter than that in the TAOMI-WC design, allowing for higher
SGDBR-generated CW light intensities to reach the MZI. This
high photon density helps to reduce the gain recovery time by
increasing the optical pumping of the SOAs in the MZI. The
higher speeds are observed in part due to the wider separation
of the MZI SOAs in the TAO-WC device, which leads to lower
heating of these SOAs, causing the differential gain to remain
high.

The main mechanism that can be used to enhance the band-
width of operation in the offset quantum-well platform is further
increase of the photon density in the MZI-SOAs. This has been
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Fig. 20. Schematic of the wavelength routing experiment.

demonstrated with an improved device design and operation at
10 Gbps in our more recent work [26].

VI. WAVELENGTH ROUTING DEMONSTRATION

As discussed in the introduction, one of the main applications
of tunable wavelength converters is for the implementation of
optical wavelength routing. Hence, a tunable wavelength con-
verter must be able to reliably convert received signals between
different channels in a WDM network, such as the channels de-
termined by the ports of an arrayed waveguide grating router
(AWGR). As part of this work, a demonstration of wavelength
routing using the TAO-WC device is shown through four dif-
ferent ports in an AWGR, as indicated in the experimental setup

schematic, Fig. 20.

A. Experiment

The transmitter consists of a tunable laser operating at 1555
nm, a polarization controller, and a lithium niobate electro-optic
modulator. An EDFA is placed after the transmitter to amplify
the signal for transmission through 50 km of dispersion shifted
Truewave fiber.

Two conical-tipped lensed-fibers on piezo-controlled transla-
tional stages are used to couple light into and out of the device.
Four wavelengths (1551.9, 1558.6, 1560.0, 1561.6 nm), each
corresponding to a different port on the AWGR, are chosen for
their placement in the C-band and for their relation to the input
wavelength of 1555 nm. Tuning of the device’s output wave-
length is achieved by current injection through the front, phase,
and back mirror sections of the integrated SGDBR laser.

B. Results

For the experimental demonstration, the 23! — 1 PRBS data
at 2.5 Gbps is generated using a BERT pattern generator. The
optical power measured in the fiber at the input to the device
is —2.5 dBm. For each output wavelength, the currents injected
through the SOAs of the device’s MZI arms are adjusted to max-
imize the extinction ratio of the wavelength converted signal.
The extinction ratio is calculated using the eye diagram obtained
by a digital sampling oscilloscope.

Extinction ratios of 12 dB or greater are measured for each of
the wavelength converted signals. BER measurements are taken
after the transmitter, after the 50 km spool of fiber, and at the
output ports of the AWGR for each wavelength using an opti-
cally preamplified receiver whose sensitivity was —34.5 dBm.
Results of the BER measurements are shown in Fig. 21. Less
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Fig. 21. BER results for the wavelength routing experiment.

than 1 dB of power penalty is observed at a bit-error rate of
10~ for each of the wavelength converted signals.

VII. CONCLUSION

Monolithically integrated widely tunable wavelength con-
verters are PICs whose function is essential for WDM systems,
particularly in applications like optical switching, wavelength
routing, and add/drop multiplexing.

In this paper, we discussed the design, fabrication, and
characterization of the first fully functional monolithically inte-
grated widely tunable all-optical wavelength converters, based
on the SGDBR laser monolithically integrated with MZI-SOA
wavelength converters. Error-free wavelength conversion at
2.5 Gbps is demonstrated over 50 nm input and 22 nm output
wavelength range, with extinction ratio enhancement and signal
reamplification. The devices show linewidth comparable to that
of commercial SGDBR lasers, as well as low negative chirp.

By further optimizing the device design, it is possible to ad-
ditionally improve the device performance, including the max-
imum data rate, the output wavelength tuning range and input
and output powers, while keeping the same simple and robust in-
tegration platform and the single-regrowth fabrication process.
This has been demonstrated with an improved device design op-
erating over a 35 nm output wavelength range and at 10 Gbps
in our more recent work [26].
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ABSTRACT

An InP-based tunable wavelength converter is investigated which monolithically combines a waveguide photodetector
with a sampled-grating distributed Bragg reflector laser diode. We employ advanced device simulation to study internal
physical mechanisms and performance limitations. Our three-dimensional finite-element model self-consistently
combines carrier transport, optical waveguiding, and nanoscale many-body theory to accurately account for optical
transitions within the quantum wells. Good agreement with measurements is achieved. The validity of several model
simplification options is discussed.

Keywords: Optoelectronic integrated circuit, wavelength converter, semiconductor optical amplifier, many-body
theory, three-dimensional device simulation, rate equation model

1. INTRODUCTION

Wavelength converters are of interest for wavelength-division multiplexing (WDM) fiber-optic communication systems
to transfer signals from one channel to another. We investigate a monolithic InP-based tunable wavelength converter
which combines a waveguide photodetector with a sampled-grating distributed Bragg reflector (SGDBR) laser diode.'
Table 1 lists the epitaxial structure including the multi-quantum well (MQW) active region. Figure 1 shows a schematic
layout of the entire converter. The receiver integrates signal pre-amplification by a semiconductor optical amplifier
(SOA) and signal detection by a waveguide photodiode (WPD). The optical signal is converted into an electrical signal
that directly modulates the tunable SGDBR laser diode which is integrated with a semiconductor optical amplifier for
signal enhancement. Further experimental details are given elsewhere.”

Layer Material Thickness Doping
nm 10" cm™
p-contact InGaAs 100 30 (p)
upper cladding InP 1600 1 (p)
upper cladding InP 200 0.3 (p)
doping setback InP 50 -
quantum barrier (8X) IHO'GgsGaog15ASO_595P0'405 8 -
quantum well (7X) In0.685G30.3ISASO.864PO.136 6.5 -
etch stop InP 10 -
waveguide Ing610Gag.338A80.728P0.272 350 0.1 (n)
lower cladding InP 1400 1 (n)
etch stop / n-contact InGaAs 100 1 (n)
Buffer InP 1000 -

Tab. 1 Epitaxial layer sequence of the monolithic device.

' Corresponding author, e-mail: piprek@jieee.org
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Fig. 1: Schematic view of the optoelectronic integrated wavelength converter.

We here analyze internal physical processes of this device using advanced numerical simulation that is in good
agreement with our measurements. Section 2 compares different models for optical transitions within the quantum
wells. Section 3 outlines the three-dimensional (3D) device model and introduces a more simple rate equation model for
the amplifier. Section 4 compares the simulation results from both models to SOA saturation measurements.

free-carrier .
Lorentz model — .,

Photoluminescence (normalized)

dots: measurement

—
1450 1500 1550 1600
Wavelength [nm]

Fig. 2: Comparison of measured and calculated photoluminescence spectra.

2. QUANTUM WELL MODELING

The accurate modeling of quantum well properties, in particular the optical transition rates (spontaneous emission, gain,
absorption) are prerequisite for a realistic simulation of the wavelength converter. We initially employed a simple free-
carrier model based on 4x4 kp band structure calculations and using a Lorentz energy broadening function.” However,
this approach did not give consistent agreement with experimental results.* A comparison to the measured
photoluminescence spectrum is shown in Fig. 2 revealing discrepancies on both sides of the spectrum. The energy
broadening model by Chinn et al.” is considered an improvement over the Lorentz model as it describes the low-energy
tail of the Lorentz function by a more appropriate Gaussian function. Indeed, this spectrum shows better agreement for
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low energies in Fig. 2 (dashed line), however, both free-carrier models deviate substantially from the measurement at
high energies. Thus, energy broadening effects by many-body interactions require more careful consideration using
advanced many-body theory.® This many-body model provides excellent agreement across the entire spectrum (solid
curve in Fig. 2) which is of paramount importance for predictions of our device performance for all possible
wavelengths (1525 nm - 1565 nm). Carrier-carrier and carrier-phonon interactions seem to have a non-trivial influence
on the optical transition probabilities and cannot be represented by simple broadening functions.

Figure 3 plots calculated gain vs. density characteristics for different wavelengths. In agreement with experimental
observations, the many-body model (solid line) gives almost constant gain across the wavelength range of interest. The
free-carrier Chinn model (dashed lines) shows considerable gain variations within the same wavelength range. It comes
close to the many-body results only for wavelengths near 1553 nm.
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Fig. 3: Gain vs. carrier density characteristics from both models at different wavelength.
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Fig. 4: Gain spectra from both models at different carrier densities.
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Full gain/absorption spectra are compared in Fig. 4 for three carrier densities. At higher densities, the spectra cross each
other at 1552 nm and 1554 nm, respectively, and reasonable agreement of device simulations can only be expected in
close proximity to those wavelengths. Near the short-wavelength boundary of the C-band, the two models differ by a
factor of two. With very low quantum well carrier densities, as in photodetectors, the absorption spectra also show
significant differences. While the calculated bulk absorptions at higher energies are relatively close, the main
differences occur near the band edge due to exciton transitions. Such electron-hole interactions are fully considered in
the many-body model and cause a strong absorption peak, which is missing in the free-carrier model.

3. DEVICE SIMULATION

We now implement the precalculated many-body spectra into the 3D device simulation code PICS3D.” This software
self-consistently combines the carrier transport (including Fermi statistics and thermionic emission) with optical wave-
guiding. Details of the 3D model and of the many-body spectra integration are published elsewhere.® This novel
simulation approach results in excellent agreement with a variety of device measurements, as reported earlier. >

In the following, we outline a more simple rate equation model for the SOA which will be shown to give good
agreement with the 3D model as long as the same many-body spectra are implemented. The carrier rate equation for the
MQW active region is given by

OND _ 1L _ iy 4 BN+ ony——L 89 p
ot qV wdh o,
where
N is the electron density (assumed equal to hole density)
uk is the injection efficiency
I is the injected current
v is the volume of the active region
A,B,C are the recombination parameters
r is the overlap of the optical mode with the active material
w,d are the active region width and height resp.
Py is the input signal power
N is the signal frequency
g is the material gain at carrier density N and frequency ®

This type of a description works well for a resonant or gain-clamped SOA, but for a traveling wave type SOA where
there are no facet reflections, carrier density and power distributions are non-uniform along the length of the SOA, and
models that approximate the entire SOA with a single average carrier density do not work well. For this reason, we
break our SOA region into a number of much smaller elements, within which we can approximate the carrier density as
uniform. This approach is depicted in Fig 5.
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Fig. 5: The SOA is modeled as a cascade of small coupled sections each with a uniform carrier density
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Each section of the SOA can then be described using the following three equations:

ON(z,1) Zn—f]—(AN+BN2 +CN%) - Fhl Zg(N’w“)PS(Z,Z)+ j gV, w) (PHE* 4 PAE)d g
o w

o qd wdh|’

1 0P 0P
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1 aPASEi aPASEi IS+
- + e =[Ig(N,0)~a,]P""" + R ,(N,0)Aheo Vo

s

=[FeN.o)-a P! Vk

v, Ot
where,
PASEY" s the power spectral density of the ASE traveling in the + or — direction
J is current density in the particular section of the SOA
Vg is the signal group velocity
B is the spontaneous emission factor
Ry is the spontaneous emission rate

The first equation describes the rate of change of electron/hole density in the given SOA section, which depends on the
signal power and the amplified spontaneous emission (ASE) power present in the section. The summation is over all
signals propagating in both the positive and negative direction, and the ASE is integrated over its entire spectrum. The
second equation describes the propagation of the signal across a gain medium. Finally, the third equation describes the
evolution of the ASE power spectral density. The BRg, term is the generated spontaneous emission that couples into the
guided modes of the SOA. For index guided traveling wave SOAs, that do not have resonant modes in the longitudinal
direction, f3 is given by

with S, being the optical mode area. The equations can be easily solved iteratively to compute the gain, signal, and ASE
in different sections of the SOA. However, ASE is found negligible in our example.

4. COMPARISON TO AMPLIFIER MEASUREMENTS

We now compare the results of both device models, including many-body spectra, to saturation measurements on our
amplifier structure. The SOA is 600 um long and its ridge width is 3 pm. The same parameters are used in both
models.® The injection efficiency 1,=0.82 and the optical confinement factor I' = 0.06 are extracted from the full 3D
simulation. The internal optical loss is assumed as a; = 10/cm, additional intervalence band absorption is neglected here.
Figure 6 plots the calculated SOA output power vs. input power in comparison to the measurement (dots).

The agreement between both device models is surprisingly good, indicating that the quantum well recombination
processes dominate the SOA performance. The carrier transport to the MQW as well as the carrier distribution within
the MQW do not seem very important, as both are neglected in the rate equation model. Only slight deviations are
observed at higher power. The full 3D simulation gives slightly stronger non-linearity which may be attributed to
differences in the recombination rates. While Auger coefficients and SRH lifetimes are identical in both models, the
spontaneous recombination rate is computed differently. The rate equation model uses the common coefficient B = 10"°
cm’/s whereas PICS3D integrates the many-body spectra for the spontaneous emission. At low power, the full 3D
model gives a slightly higher gain than the rate equation model. This is identified as numerical artifact which can be
avoided by reducing the initial input power of the PICS3D simulation.
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Fig. 6: Amplifier output power vs. input power at 8.3 kA/cm? current density.

By employing advanced many-body theory, both models give good agreement with the measurement in Fig. 6. The
remaining small deviation can have multiple reasons, e.g., additional optical losses and/or self-heating of the device,
which is neglected in both models. 3D thermal simulations show an active region temperature rise of about 15K at
150mA current assuming a thermal resistance of 100 K/W for substrate and heat sink.

5. SUMMARY
Different simulation approaches are compared to achieve a realistic representation of internal device physics in our

wavelength converter. The application of many-body theory to the calculation of quantum well optical spectra is
identified as most essential element of the model. Carrier transport and distribution effects seem less important.
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ABSTRACT

Wavelength converters are seen as important to the scalability, flexibility, and cost of future optical networks. These
devices have opportunities for deployment in optical switches, routers and add/drop multiplexers. This talk will outline
the latest results of monolithic and hybrid photocurrent-driven wavelength converters (PD-WC) based on either the
direct modulation of a bipolar cascade SGDBR laser or by external modulation using an Electro-absorption (EA), or
Mach-Zehnder (MZ) modulator using integration building blocks such as a semiconductor optical amplifiers (SOA),
SGDBR lasers, PIN detectors and EA and MZ modulators. As the input and output waveguides are separate in this
configuration of wavelength converter, an optical filter is not required to reject the input signal at the output which is
desirable particularly with wavelength tunable applications where the response time of a filter could limit system
performance.

Keywords: Wavelength conversion, high-speed modulators, optically controlled gate, tunable laser, semiconductor
optical amplifier, Electro-absorption modulator, Mach-Zehnder modulator, direct modulation, Bipolar cascade

I. INTRODUCTION

In today's point-to-point fiber networks, wavelength conversion is performed using conventional transponders and
optical—electrical—optical (OEO) conversion. Unfortunately, these OEO devices often consume large amounts of
power at high bit rates, have a large footprint, and due to the electronics involved, lack bit-rate transparency[1-3]. The
cost penalty associated with upgrading to higher bit rates is seen as prohibitive. ~As networks transition to complex
optical-mesh networks from point-to-point networks, monolithic wavelength converters are billed as important to
reduce costs by eliminating wavelength blocking, improve the flexibility of network management and routing, and
offering data regeneration possibilities. These new networks will require reconfigurability that may be obtained using
wavelength converters in add/drop multiplexers and de-multiplexers to reroute data to new fiber links when conflicts
arise at network nodes. Due to the above issues with standard OEO conversion, a number of different approaches have
been explored to transfer data from one wavelength to another without passing the data through electronics and are
outlined in table 1. Typical approaches use either semiconductor optical amplifiers (SOAs) or Electro-absorption (EA)
modulators with cross-gain modulation (XGM)[4], Four-Wave Mixing (FWM)[5], Difference Frequency
Generation(DFG)[6], Nonlinear Optical Loop Mirror (NOLM)[7], or cross-phase modulation in ‘all optical’ SOA
based Mach-Zehnder[8,9], SAGNAC[10], or Michelson interferometer[11] structures (XPM). Some laser integrated
devices include the TAO-WC[12] ‘all optical’ wavelength converter, wavelength selectable laser with all-optical
wavelength converter[20], and SSGDBR[17] and GCSR[18] lasers using gain suppression by direct injection into a
laser cavity.

Wavelength converter device performance is impacted by a number of different issues, for example, insertion
losses/coupling losses, wavelength dependence of output power, extinction ratio, input and output optical bandwidth,
input power dynamic range, power dissipation particularly with arrays, optical filtering of the input wavelength,
bandwidth limitations such as carrier lifetime, cascadability, and chirp. Effective design needs to attempt to achieve
adequate performance of all these metrics simultaneously.
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This paper will address devices that improve on the level of integration by fabricating a monolithic wavelength
converter with a widely-tunable transmitter and receiver on a common integration platform. This builds on the optical
gating concept comprised of vertically coupled Uni-Traveling Carrier (UTC) detectors and EAMs which has been
demonstrated with bit-rates as high as 320Gbit/s[14]. Here we explore a number of planar photocurrent-driven (PD)
widely-tunable wavelength converters (WCs) that incorporate an integrated Sampled Grating Distributed Bragg
Reflector (SGDBR) based agile source and amplified receiver simultaneously reducing the footprint size, eliminating
the coupling losses and complexity of three fiber connections, and reducing manufacturing costs. PD-WC refer to
devices that rely on the generation of photocurrent from an incident light signal in a detecting region to change the
voltage on a transmitting region at an output wavelength.

Table 1. Examples of Widely-tunable wavelength converter approaches
Approach Polarity Demon. Advantages Disadvantages Ref
Inv or Max. [1
non-inv Bandwidth
DISCRETE
OEO Transponder Non 40G 3R regeneration possible, low input Not bit rate transparent, expensive,
power req. scalability?, high power
consumption
SOA XGM Inv 40G- Efficient , simple Extinction ratio degrades for long [4,12]
100G wavelengths, requires filter, large
chirp, conversion to same A only in
counter propagating mode
SOA FWM and Non 40G- Format transparency, chirp inversion  Not efficient [5.,6]
DFG 100G
MZ SOA XPM Inv/Non 20G- Lower signal power req. than XGM  Require filter in copropagating [8,9]
40G 40G in differential mode. 3R direction
regeneration capabilities
Optical Gate UTC Non 320G Compact/Fast/no filter required Requires large input power [13,14]
detector +TW
EAM
EAM (XAM) or PAW  Non 10G- Single waveguide-high bandwidth High power req. Converted power [15]
40G low
NOLM Non 40G Fiber SAGNAC interferometer Only amplitude mod formats [7]
Fiber (XPM) Inv/Non 40G Simple Similar to SOA case [16]
TUNABLE LASER INTEGRATED
Laser SSGDBR Inv 10G Simple very wide tuning (90nm) Requires filter, cannot convert to [17]
120G same A, high chirp
GCSR Inv 10G Simple wide tuning (nm) Requires filter cannot convert to [18]
same A, high chirp
Wavelength selectable Inv/Non 1G High functionality Low power/ narrow tuning, optical [19]
Laser + All optical feedback limited
wC
TAO-WC Inv/Non 10G 40G in differential mode Requires filter [20]
PHOTOCURRENT- DRIVEN TUNABLE LASER INTEGRATED
SGDBR - SOA-PIN  Non 2.5G Simple, can convert to same A, High chirp, low input SOA gain [21]
Receiver
BC-SGDBR - SOA-PIN Non 2.5G Very efficient, high conversion Input SOA low saturation power [23]
Reciever effic., can convert to same A, no
output SOA required.
MZ-SGDBR - PIN detector ~ Inv/Non 2.5G Single regrowth, can convert to same  High input power req. Non inverted [24]
A, low photocurrent generation in has positive chirp
modulator
SPP-MZ-SGDBR - SOA- Inv/Non 10G 0 Chirp, low input power req., single ~ More complicated bias circuitry [25]
PIN Reciever regrowth low photocurrent
generation in modulator
EAM-SGDBR — SOA-PIN Non 10G Low positive chirp, single regrowth,  Photocurrent competition in [27,29]
Receiver good transfer characteristic modulator ’

All three of the devices in this paper use the same SGDBR mirror design using a front Sampled Grating mirror (FM)
with 5 4um bursts with a 68.5um sampling period, a 75um long phase section (Ph), as well as 12 6pum bursts with a

FM Ph RM
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61.5um sampling period Rear mirror (RM) similar to described previously[24]. This design yields over 38nm of tuning
before wrap around. Externally modulated devices have an output SOA that is 400um long that use the same material
as the gain section of the laser.

SOA -SGDBR Transmitter #} Y * *

A Gain Active Passive

Fig 1. SGDBR block diagram
These transmitting regions can involve either the modulation of a single gain region[21] or bipolar cascade of gain
regions[23], an external modulator such as an Electro-absorption(EA)[27,29] or Mach-Zehnder(MZ)[12] as shown in
fig.2.

Directly modulated SGDBR transmitter

DC Bias DC Bias

MZ or
MZor 2

| A4
<= I # # # == SOA -SGDBR Transmitter
)\'out — - )\'out

I = . - ww
—NV\_¢DC Bias

BT

PIN-SOA Receiver PIN-SOA Receiver

Fig. 2 Widely-tunable photocurrent-driven wavelength converter equivalent circuit diagrams using a directly modulated SGDBR
laser or external modulation using single-side MZ or EA Modulator.

Wavelength conversion is achieved through electrically routing photocurrent, generated in the receiver section, via a
metal trace on chip to directly drive the laser or change the voltage across a load resistor connected to an EA/MZ
modulator. These integrated PD wavelength converters make use of an optically pre-amplified receiver to eliminate the
need for electrical amplification in the device. Also, PD-WCs do not require an optical filter to reject the input signal at
the output which is desirable particularly with wavelength tunable applications where the response time of a filter could
limit system performance. Additionally, they have the potential of exhibiting less dissipated power than conventional
SOA based all-optical WC devices with smaller SOA biases required.

Il. INTEGRATION PLATFORMS

Throughout this work we have explored a number of different integration platforms as shown in fig. 3. Commercially,
the offset QW structure has been employed with great success to fabricate both EAM and MZM based SGDBR
transmitters due to the simplicity of defining active-passive interfaces[31]. Monolithically integrated widely-tunable
2.5Gbit/s wavelength conversion have also been demonstrated using an offset-QW materials platform with both EA[31]
and MZ[24] modulators integrated with a SGDBR laser, Semiconductor Optical Amplifiers (SOA), and a photodetector.
However, up till now, this approach has suffered from high input power requirements. By using a more optimized SOA
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receiver design, input power requirements have been reduced considerably — down to approximately 1.3mW for a
600um long linearly tapered SOA.

Modulator Quantum
Wells

Gain Quantum
Wells

Bulk Quaternary
Waveguide

| B

InGaAs contact layer

Offset Quantum Wells  Dual Quantum Wells ~ Quantum Well
Intermixed

Fig. 3 InP/InGaAsP Integration platforms used for widely-tunable device fabrication

It is well known that by implementing QWs in a modulator structure, one can improve the efficiency of modulation at
lower DC biases on the modulator. The challenges are in simultancously achieving low propagation losses and
wavelength independence. We can take advantage of this added performance by using a dual QW structure in which
offset gain QWs are used in the SOA and gain section of a SGDBR tunable laser, and wide and shallow centered QWs
are used for the modulation and tuning regions. This approach improves the modulation efficiency considerably without
increasing the propagation losses, or excessively restricting the wide wavelength range.

By using a impurity free quantum well intermixing process[28], WC device design can be further optimized as multiple
bandgaps are possible in each section. Different components such as detectors and modulator on a chip can benefit
from the optimization of the growth structure. This integration platform has shown promise in exhibiting negative chirp
EAM devices[29], as well as high gain SGDBRs. The devices outlined in this paper will explore three different
wavelength converter designs using the three integration platforms outlined previously. First we will look at a Quantum
Well Intermixed (QWI) device that uses direct modulation, then an EA modulator based device using the Dual Quantum
Well (DQW) technology, and a Mach-Zehnder modulator device using the Offset Quantum Well (OQW) technology.

I11. DIRECT MODULATION

Using the direct modulation of a SGDBR gain region provides a fairly simple configuration, linear response and high
conversion efficiency. ~ Work has been done to demonstrate photocurrent-driven direct modulation based wavelength
conversion using SGDBRs[21], however it is difficult to achieve a high extinction ratio and high bandwidth
simultaneously. More recently we have been pursuing a design involving a bipolar cascade series connected laser into
the gain section of a widely-tunable SGDBR laser. The integration scheme utilizes the centered QWI approach as
mentioned earlier. The bipolar cascade concept is advantageous as it is an approach that can improve the differential
quantum efficiency (DQE) of the laser as compared to conventional single stage lasers.  Enhancing the DQE of the
laser also improves the modulation efficiency as has been demonstrated with segmented Fabry-Perot lasers[22]. In this
case an in-plane ridge laser structure is constructed in which electrically isolated segments are series connected to form
a chain of diodes sharing the same optical cavity. Both proton and helium ion implantation are used to electrically
isolate the stages. As a result of driving current through the diodes in series, the same current density is created with
nearly 1/N (where N is the number of stages) times the current as compared to a single-stage laser. The DQE nearly
scales with N. The voltage and input impedance also increase, but the latter can be tailored to meet impedance
matching requirements. The performance of such a photocurrent driven monolithically integrated device relies heavily
on the amount of photocurrent that can be generated on chip to directly modulate the laser and achieve sufficient
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extinction ratio. It has been demonstrated that bipolar cascade lasers require significantly less modulation current than
conventional single stage lasers to achieve a certain level of ER.

The design and operation of the tunable bipolar cascade SGDBR laser transmitters used in this work are described in
[23]. The laser consists of a front SGDBR mirror (FM), bipolar cascade gain section, phase section (PH), rear SGDBR
mirror (RM), and rear absorber (ABS) as shown in Fig. 4.

Front  Bipolar cascade Rear SOA preamplifier Bipolar Cascade SGDBR transmitter
Mirror gain (3) Phase Mirror s — e o e = = =
; . | I
< h ; )\'OUt I— C - s . J
O.utput ; =T | Input FM -~ Bipolar PH RM
Signal - Signal " cascade gain. A _ _ -
' 1
I <=n
s pot Mag De D D : * * 1 }\-in
A as . PIN QW detector [ 1

PIN-SOA Receiver
Fig. 4 SEM of Monolithic three-stage Bipolar-Cascade SGDBR Wavelength converter with circuit diagram

The integrated input optical receiver consists of a 3um wide 750pum long SOA followed by a 200pm long PD. A metal
interconnect provides a means for transferring the photocurrent from the PD to the p-metal pad of the first stage of the
laser. Independent bias is provided to the laser through an off-chip bias-T to a metal pad shared by the laser and PD
allowing the detector to be reverse-biased and the laser forward biased. The bias and input optical power were
optimized to maximize the extinction ratio (ER) of the wavelength converted output signal. Low operating points and
low input powers yielded the highest extinction ratio and subsequently the lowest power penalties.

A comparison of wavelength converted output eye diagrams are shown in Fig. 5 for devices having 1-stage, 3-stage, and
8-stage bipolar cascade gain sections in the SGDBR laser.

Fig. 5. 2.5 Gb/s wavelength converted output eye diagrams. Input wavelength is 1548.1 nm, and output wavelength is 1565 nm
for all cases. (a) 1-stage wavelength converter with I,,™"® = 8.2 mA, ER = 2.3 dB, (b) 3-stage wavelength converter with I,,"* =
8.65 mA, ER =7.9 dB, and (c) 8-stage wavelength converter with [,,""*= 5.5 mA, ER = 6.5 dB.

The eye patterns are compared in terms of the amount of photocurrent generated in the PD as opposed to input optical
power. For the 1-stage wavelength converter, a significant amount of optical input power is required in order to
generate enough photocurrent to modulate the laser. As the devices are fabricated on a centered QWI platform, the
confinement factor is fairly high and the SOAs tend to saturate at relatively low input powers. The fabrication process
is however compatible with the OQW integration platform which results in a lower confinement factor. Also a high
power receiver design, as will be described in the next section could be integrated to further improve performance. For
the 1-stage wavelength converter with 8.2 mA of average photocurrent generated in the PD, the output signal has an
extinction ratio (ER) of only 2.3 dB and exhibits a poorly opened eye. Because of the limited DQE in this conventional
laser, insufficient current swing was generated to provide good ER. There is a significant amount of overshoot in the
eye diagram mostly due to SOA saturation, however, some overshoot is expected due to the relaxation resonance of the
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laser. With a similar amount of average photocurrent, (8.65 mA), the 3-stage device achieved 7.9 dB of ER, however
there is overshoot in the eye also due to the saturation of the SOA. With lower input powers, this overshoot is
suppressed somewhat, however the ER also decreases. For the 8-stage device, with 5.5 mA of average photocurrent,
6.5 dB was achieved, and the only overshoot seen in the eye pattern is due to the relaxation resonance of the laser.
Although the 8-stage device can be operated at low input powers since it has the highest DQE, the ER is limited by the
maximum output power of the laser which was slightly less than that for the one stage or three stage laser.

Wavelength conversion with a 2.5 Gb/s NRZ PRBS 2°'-1 signal

was performed using an Agilent lightwave transmitter, which 1E-4— Y N ST

operates at a wavelength of 1548.1 nm. The transmitted optical e o o 15606 nm

pulses were then amplified with an Erbium Doped Fiber \ ’\\‘\@:\ ) Jao8mm

Amplifier (EDFA) and then filtered to suppress some of the 1B5 AANY 8 Back-lo-Back

amplified spontaneous emission (ASE) noise. The light was ‘s NN

then sent through a polarization controller before being input to £l \ \‘:‘::\;“\

the on-chip receiver. The wavelength converted output signals \ N,

were attenuated and then input to an Agilent lightwave receiver. 4 h EASAY

Bit error rate (BER) measurements were taken with an HP bl ki \‘\Q\:\

70843B bit error rate tester (BERT). BER data is shown in Fig. 3 "\‘:\:‘\,

6 for several converted output wavelengths. For the 3-stage €8 . .l

wavelength converter up to 7dB of chip conversion gain is \ \%‘"‘\t

achieved. Although promising for applications within the 169y \ RSN

limits of the relaxation resonance of the laser, more complex 3 ®

external modulation solutions show potential when there are T T . B R

higher bandwidth and chirp requirements. Next we will explore Received Pover (dBm)

the receiver design used for hybrid device testing. Fig. 6. BER for various converted output wavelengths for
3-stage wavelength converter. The input wavelength is

1548.1 nm.

IV. RECEIVER DESIGN

Although 2.5Gbit/s error free transmission has been demonstrated with monolithic MZ and EA modulator PD-WC
devices, these designs contained either no optical pre-amplifier at all, or short amplifiers (300 um) which provided little
or no gain. This lead to high input power requirements as data rates were increased. Recent attempts to improve the
WC characteristics by developing higher gain, higher saturation power SOAs using an Offset QW structure to improve
the device sensitivity and noise characteristics. The challenge is to achieve maximum gain and maximum output power
levels without introducing large pattern dependent effects through carrier lifetime. The receiver for the two subsequent
hybrid experiments consisted of a 600um long SOA pre-amplifier with a single electrode followed by a 50 um long
detector as illustrated in fig. 7. The pre-amplifier is composed

of a 200 um long straight (3 um wide) section followed by a

400 pm long linearly tapered region (from 3um to 9um). The

50um long detector is an offset-QW detector that was tapered RIE /

down from 9um to 6um and nominally reverse-biased to -

4.5V. SOA

Fig. 7 Receiver with Flared SOA and PIN detector
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As an optical input signal is fed into the receiver, photocurrent is generated resulting in a voltage swing applied to the
transmitter. This voltage swing was measured at 10Gbit/s across 50ohms as a function of the coupled input power. Due
to the bias T’s used in the hybrid scheme, approximately 2dB of electrical loss at 10GHz was present. A peak-to-peak
voltage swing of greater than 2.5 V can be seen in fig. 8a with waveguide powers up to 3 dBm. Also, small-signal gain
curves are shown in fig. 8b.
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Fig. 8a Voltage swing vs. SOA current and input optical power at 1548nm
Fig. 8b Small-signal optical gain vs current density for OQW gain material at 1548nm

This added gain improves the operation sensitivity of a photocurrent driven wavelength converter significantly as
compared with previous work allowing successful operation with only 1.3mW coupled input power. The last two
wavelength converters have been connected in a co-packaged hybrid configuration to explore the added performance of
using flared SOA and detector regions. Although not monolithically integrated at this time, the growth and processing
steps are 100% compatible for both the transmitter and receiver.

V. ELECTROABSORPTION BASED DEVICES

Electro-absorption modulator based PD-WCs have been fabricated and tested utilizing each of the three above
mentioned integration platforms. In the standard tunable laser OQW integration platform, bulk InGaAsP Franz-Keldysh
waveguide modulators are fabricated very simply since the EAM material structure can be the same as the mirror
sections and phase section of the laser. However, since it is advantageous for the laser to have low loss waveguides, the
waveguide bandgap is large (InGaAsP Bandgap wavelength = 1.4 um) relative to the laser operating wavelengths. As a
result, this approach suffers from a lack of modulation efficiency, positive chirp, and in general, requires high DC bias
voltages.

However, as a proof of concept for a fully monolithic EAM based PD-WC, a single chip, Franz-Keldysh based device
was fabricated and tested. Results from this device showed greater than 10 dB optical extinction ratio with 12.6dBm of
input fiber power required at 2.5 Gb/s. BER measurements at this data rate showed less than 2.5 dB power penalties
over 40 nm of operation [27]. Unfortunately, due to high waveguide doping levels (Nd = 2el7 cm-3), and a high
waveguide bandgap energy (A, 1.4 um), the Franz-Keldysh based devices did not prove to scale well to higher data
rates. It is possible to lower the waveguide bandgap energy and reduce waveguide doping in order to increase
modulation efficiency and reduce device junction capacitance. However, this leads to higher propagation loss discussed
previously and inherently lower peak fields overlapping the optical mode, resulting in modulation efficiencies that are
not significantly improved over high bandgap energy devices.
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In an effort to achieve data rate scaling and maintain the critical functions of the single chip PD-WC, a second, new
base structure was designed that incorporates quantum wells as an absorption mechanism instead of the bulk Franz-
Keldysh effect. A schematic of the new dual quantum well base structure is shown in fig. 9 with specific details
summarized in table 2.

SOA, Laser Gain
p+ Contact
EAM, Propagation
I
Zn InP
B S I
Qffset QW —_—
CQW Waveguide —>
InP Buffer —
____—p I
n+ Contact
InP Buffer — |
Substrate p v

Fig. 9 Schematic of Dual QW Materials Platform

Table. 2 Dual Quantum Well and Franz Keldysh epitaxial growth structure

Dual QW Franz Keldysh
Layer Doping Thickness Doping Thickness
p-InGaAs lel9 cm™ Zn 100nm lel9 cm™ Zn 100nm
Zn InP lel8 cm™ Zn 2um lel8 cm™ Zn 2um
Offset QW Uid 106.5nm Uid 106.5nm
Waveguide 5el6lel9 cm™Zn  126nm 5el6lel9 cm™Zn  187.5nm
Centered Uid 93nm Uid Onm
MQW
Waveguide 5e16 cm™ Zn 126nm 5e16 cm™ Zn 187.5nm
InP Buffer lel8 cm™ Zn 1.8um lel8 cm™ Zn 1.8um
N InGaAs lel8 cm™ Zn 100nm lel8 cm™ Zn 100nm
InP buffer lel8 cm™ Zn 0.5um lel8 cm™ Zn 0.5um
Substrate Fe Semi- 100pum Fe Semi- 100pm
insulating insulating

The base structure is almost identical to the standard Franz-Keldysh(FK) structure, except for a multi-quantum well
region centered in the optical waveguide layer. The centered QW stack contains 7 x 9nm compressively strained (0.33
%) wells and 6 x Snm tensile strained (0.075 %) barriers and has a photoluminescence peak at 1485 nm. With the
proper design of the CQW stack, it is possible to achieve low propagation loss, high modulation efficiency and broad
optical modulation bandwidths. In addition, by utilizing shallow QW for the CQW stack, devices can operate under
high waveguide optical power levels (>30 mW) without degradation of optical bandwidth and introduction of pattern
dependent effects. It is also very important that the tuning characteristics of the SGDBR is also improved slightly, that
the injection efficiency for the offset quantum well stack is not affected, and that optical amplifiers still maintain good
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performance with the inclusion of the quantum wells in the waveguide. Pulsed measurements have been performed and
show an injection efficiency of 69 % and propagation loss as low as 6 cm-1.

For fabrication of integrated components in the Dual QW base structure, the same offset QW removal techniques used
in the standard FK device process have been incorporated. This approach enables high gain, OQWs described
previously for use as a gain medium in the laser and in the amplifiers, and centered EAM QWs in the waveguide and
EAM regions for modulation efficiency. Using this approach, processing for PD-WC devices using the new dual QW
integration platform has been completed and devices have been tested. DC extinction curves and slope efficiency
(dT(dB)/dV) from a 400 pm long dual QW EAM integrated with an SGDBR tunable laser is shown in fig. 10. For
comparison, a dT/dV curve for a 400 pm long FK EAM (Ajygaasp = 1.4 um) device at 1550 nm is also included.
Significant improvements in slope efficiencies for the dual quantum well stack base structure EAMs can be seen over
FK devices.
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Fig. 10a DC Extinction Curves for 400 um dual QW EAM from 1540 nm to 1570 nm.
Fig. 10b Slope Efficiencies (dT(dB)/dV) for dual QW EAM from 1540 to 1570 nm with Franz Keldysh Data for reference.

As a further comparison, bandwidth as a function of EAM length for both Franz Keldysh based materials platform and
Dual QW platform has been examined and results can be seen in fig. 11. Due to the reduced doping (5¢16 cm-3 Si) in
the waveguide region of the Dual QW base structure, there is a significant bandwidth increase over Franz Keldysh
devices.
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Fig. 11 Bandwidth vs. Length(um) for both Franz Keldysh and Dual QW materials platforms using 50 ohm termination
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For the full PD-WC devices using the dual QW base structure, unfortunately, fabricated device designs did not
incorporate the high efficiency receivers that have been mentioned earlier in this paper. As a proof of concept for the
integration platform, a transmitter consisting of a standard four section SGDBR laser monolithically integrated with a
300-um-long input SOA and 400um EAM has been connected in a hybrid arrangement with the OQW receiver
described in section IV.  The EAM and the photodetector were individually high speed probed with a parallel 50-Q
termination on the photodetector. The two devices were interconnected with a high-speed RF cable and individual
Bias-T’s. A schematic is shown in fig. 12. Though currently the receiver and transmitter are not monolithically
integrated, the low propagation loss of the dual QW base structure, and the fact that the both sections have identical InP
regrowth and fabrication steps, shows that the dual quantum well base structure should be well suited for single chip
wavelength converter fabrication. A picture of the fabricated hybrid PD-WC is included below

Fig 12 Hybrid EAM- Receiver PD-WC

High speed measurements have been made on this hybrid device. Bandwidth measurements and BER curves have been
generated for the EA based wavelength converter device. In these experiments, the laser gain section, pre-amplifier
SOA, and transmitter SOA are biased at 160 mA, 250 mA, and 120 mA respectively and the device was maintained at
16°C with a thermoelectric cooler. For the receiver section the pre-amplifier was biased to 250 mA and the
photodetector was biased to -4.5 V for maximum efficiency.

Results from optical bandwidth measurements for a 50 Q2 terminated discrete EA modulator, photodetector and
integrated wavelength converter have been measured. Results show S,; of ~10 GHz, ~20 GHz, and ~7 GHz
respectively. Bit-Error-Rate (BER) curves with eye diagrams were generated from a nonreturn-to-zero 2’ — 1
pseudorandom bit stream at 10 Gb/s from a 10 Gb/s BER tester transmitter (Agilent 83433 A) operating at a wavelength
of 1548.1 nm. In the experiment, this signal was input into a high power Erbium Doped Fiber Amplifier (EDFA)
followed by a polarization controller and an optical filter and transmitted to the device under test using a conically
tipped lensed fiber. Approximately 4.9 mW of input optical fiber power was used and the extinction ratio of the signal
into the on-chip pre-amplifier was 14 dB. Input and output coupling losses are estimated to be 5 dB and 3 dB
respectively. The output optical signal of the WC was then input into a variable optical attenuator before entering the
PIN Receiver. Note that no optical output filtering or amplification was required. Error-free operation has been
achieved with a power penalty of less than 2.5 dB at 10 Gb/s. Results for Extinction Ratio and output power over
wavelength as well as BER curves are shown in fig. 13 below.

PD-WC based on EAM technology have been fabricated and tested with both Franz Keldysh and dual QW materials
platforms. With the introduction of the QW stack in the center of the waveguide, it has been shown that an
improvement in the bandwidth efficiency product is possible for the EAMs while maintaining high injection efficiency
and low propagation losses in the laser section. We have demonstrated wavelength conversion over 30 nm at 10 Gb/s
with 10 dB optical extinction and less than 2.5 dB power penalty.
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Fig 13. Extinction Ratio and average output power (left) and 10 Gb/s BER curves for 50 Q2 terminated EAM based wavelength
converter (right). Input wavelength is 1548.1 nm with waveguide power level of 1.7 mW. Converted wavelength is indicated

Wavelength conversion required less than 5 mW (+6.8 dBm) of input fiber power and less than 2 mW (+2.3 dBm) of
waveguide input power. If coupling is neglected, overall device efficiency is estimated at approximately -5 dB with
integrated high power receivers and centered QW layer stack. This is a significant improvement over previously
reported results for EA modulator based widely tunable wavelength converters.

VI. MACH-ZEHDNER BASED DEVICES

Two types of Mach-Zehnder based photocurrent-driven wavelength converters have been demonstrated recently. The
first configuration used photocurrent generated in a high saturation power passive region photodiode to drive a single
side of a Mach-Zehnder — SOA-SGDBR laser transmitter[24]. Due to the parallel connection of diodes, the optical
bandwidth of the device can be limited particularly without traveling-wave electrodes. Also, as with an EA modulator,
photocurrent competition between the photodiode and the induced electro-absorption in the modulator will effectively
diminish the drive voltage. This means that either the input light intensity must be much larger than the output, the bias
on the detector needs to be significantly larger than the modulator requiring a capacitor between them (as shown in Fig.
14b, or the materials need to be sufficiently different in the two subcomponents (detector and modulator) in order to
have good performance. One way to get around these limitations is to use a SOA-PIN receiver (as described
previously) to drive a series push-pull (SPP) modulator as shown in fig. 14a&b.
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Fig. 14a Hybrid SPP-MZ-SOA-SGDBR transmitter receiver Layout
Fig. 14b Series Push-pull (SPP) MZ photocurrent-driven wavelength converter configuration
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A tunable transmitter using a 400um long series push-pull driven Mach-Zehnder modulator electrode structure was
fabricated using the OQW structure mentioned earlier. The total footprint of the chips is less than Imm x 3.8mm. The
bias configuration is shown in fig. 14b and uses a load resistor termination at the end of the electrode as shown in fig
14a. The detector and the front end of the modulator were both probed with separate bias Ts. This allows the Mach-
Zehnder modulator to operate at low bias (-0.5V), favoring reduced insertion losses and the detector to be reverse-
biased higher (-4.5V) for improved efficiency.

The use of a Mach-Zehnder modulator reduces the photocurrent competition as less light is absorbed when compared
with a EA modulator since the light is split into two branches, and typically bulk quaternary waveguide material that is
far from the operating wavelength is used(1.4pm bandgap wavelength) resulting in less absorption for a given reverse
bias. As can be seen in fig.14b, a decoupling capacitor is used to maintain different DC biases on the detector and
modulator sections. This can be implemented on either the p-side (as shown in fig 14b.) or on the n-side contact of the
diode. This allows a large bias to be applied on the detector to maintain high speed and high photocurrent, and a lower
bias on the MZ branches to reduce the insertion losses of the output modulated signal. Each DC bias has a RF blocking
inductor connection.

Most types of wavelength converters induce chirp in the output wavelength. At high bit rates the dispersion in optical
fibers will reduce the reach that is possible for a sub-optimal chirp parameter. A standard SOA based All-optical Mach-
Zehnder interferometer uses mostly cross-phase modulation in one branch of the modulator to produce negative chirp in
the non-inverting operation and positive chirp in the inverting operation. A tunable photocurrent-driven wavelength
converter using a single-side drive Mach-Zehnder modulator will provide negative chirp with inverting operation and
positive chirp with non-inverting operation[24].  Despite some additional bias circuitry, by using a series push-pull
configuration Mach-Zehnder modulator, zero chirp may be achieved in both non-inverting and inverting operation. Also
with this device configuration, the device may be biased so that no DC current will flow through the termination
resistor. This structure can improve the bandwidth of the modulator by roughly a factor of two compared with a single-
side drive configuration[26]. Additionally, by using a push-pull scheme — only one branch of the MZ experiences
photocurrent competition. Capitalizing on the nonlinear MZ response, with sufficient output power swing one can
achieve regeneration of the signal at the output.

VII. SPP-MZ WAVELENGTH CONVERSION RESULTS

The small-signal optical-to-optical bandwidth (S;;) was 2
measured for the wavelength converter with an input signal
at 1548nm and converted signal at 1555nm for various
biases on each branch of the Mach-Zehnder modulator.
The 50ohm terminated 3dB bandwidth corresponding to
the modulator and detector independently were ~30GHz
and ~20GHz respectively. The optical-to-optical
wavelength converter bandwidth is given in fig. 15. As can
be seen in fig. 15, an optical bandwidth suitable for
10Gbit/s operation is obtained with a 50ohm termination
on the detector and modulator. Modest voltage dependence
of the bandwidth is due to the depletion of the PN junction
in the waveguide of the MZ structure. The fiber-to-fiber

Small-signal Respose (821)

insertion loss of the device is approximately 10dB, -100 ‘,‘5 10 155 0
however, is only 0dB without input and output fiber
coupling loss. Frequency (GHz)

Fig 15. Optical-to optical small-signal response of WC with
50ohm termination. Detector biased at -4.5, MZ bias varied
as shown in figure with the same bias on each branch.
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Transmission though the wavelength converter was measured for NRZ 27-1 PRBS 10Gbit/s data generated at an input
wavelength of 1548.1nm using a 12 Gbit/s BERT and Agilent 83433A transmitter. An EFDA was used to boost the
power to 8dBm fiber power, in which the signal was optically filtered and the polarization controlled to achieve 1.3mW
of coupled optical power in the receiver waveguide. The converted signal from the integrated transmitter at A, was
measured using an Agilent 11982A receiver without preamplification. Typical back-to-back bit error rate (BER)
measurements are shown in fig. 16.

Non-inverting Operation {1.3mW input power)

1E -5 T T T
Back-to back 1545nm "
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1555nm Okm fiber N, .
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1582nm Okm fiber m 1555nm
1E -7+ -
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Fig. 16 BER at 10Gbit/s NRZ 2’-1 PRBS for multiple wavelengths back-to-back and through 25km and 50km of Corning SMF-28
fiber.

Error-free wavelength conversion was achieved over a wide range (37nm output) with less than 1dB power penalty.
Transmission through Corning SMF-28 fiber was also measured for 25km and 50km distances at 1555nm yielding
<1.2dB power penalty as shown in fig. 16.

VIIl. CONCLUSION

Our objective was met by demonstrating three tunable laser integrated wavelength converters using three different
integration platforms. Externally modulated hybrid EA and MZ devices can achieve 10Gbit/s operation with over 10dB
of RF extinction. The use of high-gain, high saturation power receivers coupled with high bandwidth efficient
modulators have been shown to allow the realization of viable wavelength conversion at high bit rates. Dual QW
integrated EAM PD-WCs have demonstrated wavelength conversion over 30 nm at 10 Gb/s with 10 dB optical
extinction and less than 2.5 dB power penalty. Series push-pull MZ PD-WCs have demonstrated error-free wavelength
conversion over 37nm with <IdB power penalty, and low input power (1.3mW). Both transmitter and receiver chips
utilize the same epitaxial platform and processing steps leading to simple integration in the future.
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1. Introduction

Research in photonic integrated circuits (PICs) has been driven by the desire to reproduce and improve the
functions of discretely packaged components while reducing their size and cost through monolithic
integration. For next generation optical WDM networks, wavelength converters (WCs) are expected to
play a significant role by enabling wavelength routing, add/drop multiplexing, and optical switching
functions. Several schemes for monolithically integrated wavelength converters in InP have been
demonstrated, and among them the Mach-Zehnder interferometer SOA (MZI-SOA) configuration has
drawn strong interest due to its fast speed and 2R regeneration [1].

Widely tunable MZI-SOA wavelength converters have been demonstrated for NRZ data rates up to
10Gbps, with the speed of operation limited by the gain recovery lifetime of the SOAs [2]. Faster data
rates have been achieved in integrated MZI-SOA WCs for RZ data using a differential time-delay scheme
that takes advantage of the fast stimulated carrier lifetime to produce both the rising and falling edges of the
converted signal [3-5]. To fully exploit the benefits of this approach, further monolithic integration of a
MZI-SOA WC with a widely tunable laser and a time delay for differential operation would improve the
stability and simplify the operation, while reducing the coupling losses and making the device practical for
real network deployment.

This paper describes a novel design of a widely tunable MZI-SOA all-optical wavelength converter,
where the differential on-chip delay has been implemented using TIR corner mirrors. The device has been
fabricated using our standard offset quantum well (OQW) integration platform [2,3], with a simple
modification to the standard fabrication process used in the past. Wavelength conversion performance of
the new wavelength converter at 40 Ghps is described.

2. Design and Fabrication

The wavelength converter described in this paper consists of a widely tunable sampled grating distributed
Bragg reflector (SGDBR) laser monolithically integrated with a SOA-based MZI, and a compact on-chip
waveguide delay line implemented using deeply-etched TIR corner mirrors (Fig. 1).

Tunable MZI-SOA-WC with Integrated Delay

—fix2= SOA

Input £ £
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/ 0
=
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Fig. 1. Schematic of the widely tunable MZI-SOA with integrated TIR turning mirror delay (left), with SEM
micrograph of a TIR corner mirror (right).


mailto:jsummers@ece.ucsb.edu

IMC5

The device has a single optical input, which is split equally between two arms (top and bottom) using a 1x2
multimode interference (MMI) optical splitter. Each arm has an input SOA for amplification and power
balancing, followed by a 2x1 MMI optical combiner to combine with the SGDBR signal before going into
a corresponding arm of the MZI. Each MZI arm consists of an SOA operated at high current density for
fast cross phase modulation (XPM), and a phase electrode to optimize extinction between the arms. The
signals from the two MZI arms are then combined by a 2x2 MMI at the output.

Differential operation of the MZI requires that the input signal in one arm be time-delayed with respect
to the other. To make this delay compact, and without increasing the length of the device, deeply etched
TIR corner mirrors are used to sharply redirect the light in the bottom arm through an additional section of
waveguide. The length of this delay section is designed to be approximately one half of the desired
converted pulse width, which for this design was chosen to be 500um (approx. 6ps of delay in InP).

The device was fabricated using an offset quantum well integration platform [2,3]. TIR corner mirrors
were integrated into the platform using a self-aligned process to ensure proper placement of the mirror
surface with respect to the input and output waveguides [6]. This self-aligned process involves the overlap
of two etch masks: one mask to define the waveguide ridge and mirror surface, and the other mask to open
up a window over the ridge for deep etching of the mirror. For this device, the ridge mask is first defined
in Si0,, which is followed by evaporation and lift-off of SrF, to open up a window overlapping the ridge-
defined mirror surface. Next, the exposed region is deeply etched past the waveguide layer with RIE to
define the TIR corner mirror surface. The SrF, is then removed in diluted HCI, leaving the SiO, mask to
define the ridge. The ridge etch is completed next with RIE, and the SiO, mask is removed using HF. The
TIR corner mirror process is shown in Fig. 2.

Ser__ P 5107 Ridge Mask 1st deep RIE etch

2nd RIE ridge etch

(@) (b) ©

Fig. 2. Schematic of process used for TIR corner mirrors. (a) SrF, opens up a window overlapping the SiO, for
deep etching, (b) Mirror surface is deeply etched past InGaAsP waveguide layer, (c) SrF, is removed and ridge
is etched.

3. Results

For testing, the devices were soldered onto a copper bar, which was kept at 16° C using a thermo-electric
cooler. The device electrodes were probed using DC needle probes, and light was coupled into and out of
the device using lensed fibers mounted on piezo-controlled translational stages.

The input signal was produced with a pulsed ring laser operating at 1557nm, which provided output
pulses of 2ps FWHM at 10GHz repetition. Data was encoded onto the pulses using a 10Gbps pattern
generator and an electro-optic modulator, and then optically multiplexed to 40Gbps before being amplified
and coupled to the input waveguide of the device.

The input SOAs in the two arms of the device were operated at different currents to compensate for the
delay line loss and to balance the optical power going into the MZI. The extra loss from the delay line was
measured to be 2.6dB, which includes the loss from the two TIR corner mirrors and 500um of additional
waveguide. The MZI SOAs were operated at equal currents to balance the rise and fall of the converted
signal from the differential input, and the MZI phase electrode was biased to maximize extinction of the
SGDBR signal with the input signal in the “off” state.

The time delay of the 500um waveguide difference was measured to be 6ps by observing the amplified
input signal through each arm, while leaving the other arm unbiased to absorb the light. The two signals,
measured with a 50Gbps optical head on a digital communications analyzer, are superimposed for
comparison in Fig. 3.



IMC5

~fips delay

j &
o
™
3ps/div

& "&1}
Fig. 3. Observation of the integrated time delay, by capturing the input signal at the device output from each
arm with the other arm turned off.

Wavelength conversion was performed at 40Gbps RZ over an output tuning range of greater than 25nm in
the C-band. Open eye diagrams at six different output wavelengths are shown in Fig. 4. The tops of the
eyes appear noisy due to pattern dependence, which arises from saturation in the input SOAs.

Fig. 4. Wavelength converted eye diagrams at 40Ghbps RZ for output wavelengths: (a) 1537 nm, (b) 1542 nm,
(c) 1547nm, (d) 1552nm, (e) 1561nm, (f) 1565nm.

4. Conclusions

In this paper, we reported on a novel monolithically integrated widely tunable all-optical wavelength
converter with TIR turning mirrors and a time delay for differential operation. Mirror integration was
performed in our standard OQW integration platform by a simple modification of the fabrication process.
We believe that this successful demonstration of the TIR mirror technology in our platform opens a
possibility for achieving significant increases in the PIC integration density in the future. Wavelength
conversion at 40 Gbps was demonstrated from an input wavelength of 1557nm to tunable output
wavelengths ranging from 1537nm to 1565nm. Future work will focus on mitigating pattern dependence
through optimization of the input SOAs.
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LASOR project award number W911NF-04-9-0001.
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1. Introduction

Mach-Zehnder interferometer with semiconductor optical amplifier (MZI-SOA) based all-optical wavelength
converters represent one important group of integrated devices for wavelength conversion, capable of high-speed
operation and signal 2R regeneration. Further integration of tunable laser sources with this converter type on a single
chip is a critical step in order to meet performance, yield, cost and footprint requirements of future optical networks
and their functions. This high level of integration requires an integration platform that allows optimization of various
active and passive chip elements as well as low chip power consumption. In particular, monolithic integration of a
laser on the same chip poses strict requirements in terms of on-chip back reflection minimization. Our previous
work using a simple Offset Quantum Well integration platform [1,2] resulted in successful demonstrations of
monolithically integrated widely tunable all-optical wavelength converters (TAO-WC) which exhibited error-free
operation up to 10Gbps over a large tuning range and with 0dBm converted output power. Still, tradeoffs in the
MZI-SOA design stemming from the low optical confinement in the offset quantum well active regions limited the
device conversion efficiency and maximum operating speed, when compared to the bulk and centered quantum well
MZI-SOA-WCs [3].

In this paper, we report on the implementation of a centered quantum well active region based tunable all-
optical wavelength converter fabricated using quantum well intermixing (QWI) to overcome these issues.
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Fig. 1. (a) Schematic and (b) SEM of the quantum well intermixed widely tunable 10 Gbps all-optical wavelength converter. Also shown is (c)
the PL spectra from the Active and Passive regions on chip

Quantum well intermixing provides an attractive solution for post-growth bandedge control in complex
photonic integrated circuits [4,6], allowing for simple fabrication of active-passive centered quantum well devices
without having to resort to complicated growth schemes (selective area growth or butt-joint growth). Furthermore,
the value of the confinement factor can be tailored by the choice of the number of quantum wells, and in this
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implementation is 50% higher compared to our previous work [1][2]. This platform yields highly-saturated and
nonlinear SOAs in the WC part, resulting in the QWI-TAO-WC error-free operation at 10 Gbps data rates with
improved rise time, conversion efficiency and average converted output (>3dBm) power compared to our previous
work using OQW [1,2], while maintaining over 30nm output tuning range.

2. Device Design and Fabrication Process

The tunable wavelength converter design is similar to the one reported previously [1,2] and consists of a widely
tunable sampled grating distributed Bragg reflector (SGDBR) laser monolithically integrated with a MZI-SOA WC,
Figure 1. The operation principles of these wavelength converters have been described in detail in [1] [2]. For these
QWI-TAO-WC devices an impurity free, vacancy enhanced, quantum well intermixing process is used to create the
active and passive bandgap regions on the chip [4][5]. The PL spectra of the active and passive regions after
intermixing are shown in Fig 1. The material is selectively ion-implanted with Phosphorus ions, and due to the
lattice damage caused by the implant, vacancies are created in the material. The vacancies are then diffused through
the quantum wells by rapid thermal annealing the sample. The vacancy diffusion causes the quantum well and
barrier materials to intermix, resulting in an increase in the bandgap [5]. The implanted material is then etched away
to leave the sample impurity free.

SGDBR power in MZI SOA (mW)

3'0 4‘0 50 60 7‘0 8‘0
Booster SOA current (mA)
(a) (b)
Fig. 2. Comparison between offset and centered quantum well devices (a) CW power from SGDBR coupled to the MZI higher for CQW devices

(b) CQW device eyes(bottom) showing faster lifetimes than the OQW device ones (top)

3. Results

We measured the performance of the device for different input and output wavelengths across the C-band at 10Gbps
data rates. We were able to operate the device from 1530 to 1560nm. The EDFAs and thin film filters in our device
testing setup limited us to wavelengths below 1560nm, even though the device itself can tune to wavelengths longer
than 1560. For the measurements reported in this paper, the device was operated in the inverting mode of operation.
For inverting mode of operation, the MZI-SOA bias needs to be adjusted in such a way that the powers of the CW
signals in the MZI branches are equal for the high input power level of the incoming data stream [2].

Higher modal gain due to the higher confinement factor of the centered quantum well active region benefits the
device operation in two ways: the higher optical power of the on-chip SGDBR laser increases the level of optical
pumping in the MZI-SOA, thereby reducing the SOA gain recovery time; lower saturation power of the MZI-SOAs
provides for higher SOA nonlinearity, further improving the response time of the SOA and the power of the
converted signal. This is illustrated in Fig 2b, where faster response time for a CQW device is clear from the eye
diagrams at 10 Gbps shown for an OQW device and a CQW device. Figure 2a) shows the coupled CW power into
the MZI-SOA as function of the booster SOA bias [7] for both the OQW and the new CQW devices. Along with the
benefits it offers, the increase in the confinement factor also creates additional challenges. The reduction SOA
saturation power results in the enhancement of pattern dependence in the preamplifier and MZI SOAs. This causes a
pattern dependent power penalty for the current generation of devices. Further research is being done to optimize the
SOA designs to overcome this pattern dependence.

We performed two different set of measurements. For the first the input wavelength into the device was held
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constant at 1545nm, and the device output was tuned from 1530 to 1560nm. For the second set of measurements, the
device output wavelength was help constant at 1545nm, and the input wavelength to the device was varied from
1530 to 1560nm. For both set of measurements, the input data was chosen to be PRBS 231, The measured BER
curves are shown in Fig 3.

The power penalty was measured around 4dB for output wavelengths in the range 1530-1560nm. The device
performance started to degrade as the input wavelength approached 1530nm, which is close gain bandwidth limit for
the quantum wells. We expect that these numbers could improve with future device designs.
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Fig. 3. BER plots for 10Gbps operation for (a) Input: 1530-1560nm, Output: 1545nmm (b) Input: 1545nm, Output: 1530-1560nm

4. Conclusions

We have demonstrated a QWI-based monolithically integrated tunable wavelength converter in InP. Centered
quantum wells active regions resulted in the QWI-TAO-WC error-free operation at 10 Gbps data rates with
improved rise time, conversion efficiency and average converted output (>3dBm) power compared to our previous
work using OQW [1,2]. The operating wavelength range of the device is 30nm (1530-1560nm) for both the input as
well as output wavelength. This work is supported by the DARPA/MTO CS-WDM Program under Grant No.
N66001-02-C-8026
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NOVEL COMPACT InP-BASED MONOLITHIC WIDELY TUNABLE
DIFFERENTIAL MACH-ZEHNDER INTERFEROMETER
WAVELENGTH CONVERTER FOR 40Gbps OPERATION
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Abstract: A novel, compact monolithic widely tunable differential SOA-Mach-Zehnder
wavelength converter is described. Total internal reflection mirrors are used to realize on-chip
differential delay for 40Gbps operation. This design allows reduced chip area and improved MZI

balance.

I. Introduction

High functionality photonic integrated circuits (PIC) are a key
technology to meet the cost, footprint and power consumption
requirements of future high-speed optical networks.
Wavelength conversion, in particular, is an important function
for such networks that can be performed using PICs.
Wavelength conversion at 40Gbps and higher data rates using
InP based PICs has previously been demonstrated using a
number of schemes [1-4]. SOA based integrated wavelength
converters are a good candidate for systems operating at
40Gbps due to the ultra-fast carrier-depletion induced
refractive index changes in an SOA. To overcome the SOA
carrier recovery limitation, differential schemes have been
shown in which the fast carrier-depletion is used to switch an
interferometer on and, after a small delay, turn it back off
using the same fast carrier-depletion process [2-4]. SOA based
wavelength converters have also been used to perform 2R and
3R on the incoming signal.

In this paper we report on the first design and operation of a
fully monolithic, widely-tunable differential Mach-Zehnder
interferometer wavelength converter at 40Gbps RZ data rates.
The wavelength converter requires only a single input fiber
and a single output fiber, with the required CW source and
delay being monolithically integrated on-chip, and is shown to
operate across an output tuning range of over 25nm. TIR
corner mirrors are used in a novel device layout to achieve a
compact design that significantly reduces chip area. This
device demonstrates the advantages that TIR corner mirror
technology can offer for high functionality PICs.

II. Device Design and Results

The device is fabricated in the offset quantum well integration
platform [5,6]. The epitaxial structure used in this platform is
shown in Fig.1. It shows the active and passive regions formed
on-chip by selective etching of the quantum well stack. The
device consists of an on-chip widely-tunable SGDBR laser
integrated with a differential Mach-Zehnder interferometer.

100nm p+ InGaAs

1800nm p-InP Cladding

25nm SCH Region

7 Quantum Wells and
8 Barriers (InGaAsP)

350 nm InGaAsP
Waveguide Layer

n-InP Buffer Layer

Figure 1. Epitaxial structure for the Offset Quantum Well
integration platform

To create a differential Mach-Zehnder, one of the arms of the
MZI is made longer than the other by a fraction of the desired
output pulse width to achieve the required differential delay.
For 40Gbps operation, this delay needs to be typically around
6 to 12ps, depending on the input data pulse width. This delay
is approximately 500um to 1mm of additional length in the
InP system. To implement this length difference on-chip with
bends, using the same weakly confined waveguides used in
the rest of the device, can lead to a very large footprint. To
address this problem we use TIR corner mirrors [7]. The TIR
mirrors are fabricated using a self aligned two layer process,
that allows us to define the mirror facet along with the ridge
layer and avoids any potential misalignment issues between
the mirror facet and the waveguides.

The device has a single data input and a single output for the
converted data. The input signal is amplified using a pre-
amplifier SOA and coupled to an on-board widely-tunable
SG-DBR laser. The coupled signal is then sent through a
differential SOA-MZI. To achieve the required length
differential the MZI is folded back towards the input using
two TIR corner mirrors in each arm, resulting in one arm
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being longer than the other. The length differential can be
easily designed by changing the location of the TIR corner
mirrors. The device schematic and mirror SEMs are shown in
Fig.2.

[Tunable MZI-SOA-WC with Integrated Delay

Figure 2. (a) Device Schematic of the 40Gbps differential
wavelength converter (b) Device micrograph, and (c¢) TIR
corner mirror SEM

This folded layout results in a compact device that is only
0.8mm wide and 2.9mm long for a total chip area of under
2.4mm’. The input and output waveguides are on the same
facet and so require only a single AR-coating per device. The
layout also results in the number of mirrors in each arm being
the same, which balances the MZI with respect to any excess
loss from the mirrors. This balance is necessary in achieving a
high extinction ratio at the output of the MZI.

The on-board SGDBR laser is used to select the outgoing
signal wavelength. Fig.3. shows the tuning spectra of the SG-
DBR laser. The laser itself can tune by over 35nm, but
measurable the operating range of our device is limited by the
gain bandwidth of the EDFA used in the receiver. Fig.4.
shows he experimental setup used for characterizing these
devices. The setup consists of a 40Gbps RZ data transmitter.
The data signal is filtered, amplified and coupled into the
device. A variable attenuator is used at the input to control the
input power level and a polarization controller is used to
maximize coupling to the TE polarization state. The output
signal from the device is then filtered to remove the input
signal and finally the converted data is amplified and sent to a

40Ghz detector. Fig.5. shows the output spectrum of the
device for one set of input and output conditions.

04 I I I il

Power (dBm)
=

1550 1560 1570 1580

Wavelength (nm)

Figure 3. Overlaid spectra of the on board widely-tunable
SGDBR laser source

The device operation is shown in Fig.6 for three different
output wavelengths. The input wavelength is kept fixed at
1550nm, and the SGDBR is tuned from 1539 to 1563nm. We
can see open eye patterns at 40Gbps-RZ for all output
wavelengths.

| CW EDFA  40G EOM 40G Pulse | BPF
- Carver !
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>—> - >
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Figure 4. Experimental setup used for 40Gbps wavelength
conversion
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Figure 5. Ouput spectrum from the device showing the input
signal at 1550nm and the SGDBR signal at 1558nm



Proc. 17th International Conference on Indium Phosphide and Related Materials, Glasgow, Scotland (May 8-12, 2005)

Figure 6. Device performance showing open converted eyes
at 40Gbps (a) Input eye at 1550nm (b) Output eye at 1539nm
(¢) Output eye at 1554nm (d) Output eye at 1563nm (e)
Converted data at 1554nm showing pattern dependence

The pre-amplifier SOAs in our current devices induce
significant pattern dependence in the input signal, resulting in
the eye closure at the high-level. Fig.6e clearly shows the
pattern dependence in the output data pattern. Future work
will address this issue through optimization of the pre-
amplifier designs.

III. Conclusion

In this paper, we demonstrated a compact fully monolithic
InP-based tunable differential high-speed wavelength
converter. The novel device design incorporates an integrated
signal delay of 6ps, designed for 40Gbps-RZ operation. The
device also demonstrates the benefits of TIR corner mirror
technology in designing compact high functionality PICs.
Open eye patterns are shown for the converted signal with
25nm of output tuning range.
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Quantum-Well-Intermixed Monolithically Integrated
Widely Tunable All-Optical Wavelength Converter
Operating at 10 Gb/s
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Abstract—This letter reports on an InP Mach-Zehnder inter-
ferometer semiconductor optical amplifier all-optical wavelength
converter monolithically integrated with a sampled grating dis-
tributed Bragg reflector laser. The device is fabricated using cen-
tered quantum wells to achieve a high modal overlap with the active
region. The active and passive waveguide regions are defined using
an impurity-free quantum-well intermixing technique. The device
is shown to perform error-free at 10-Gb/s data rates with a 30-nm
output tuning range. The device’s output power is also measured
to be >3 dBm across the range.

Index Terms—Mach-Zehnder interferometer (MZI), photonic
integrated circuit, quantum-well intermixing (QWI), wavelength
conversion.

I. INTRODUCTION

UNABLE wavelength conversion is a key function for re-

configurable wavelength-division-multiplexing networks.
Integration of a tunable laser and an all-optical wavelength con-
verter (WC) on a single chip is necessary to meet performance,
yield, cost, and footprint requirements of these networks. As
the chip level integration density increases and more compo-
nents are added on chip increasing the level of functionality, it
becomes essential to optimize various active and passive ele-
ments for required performance as well as reduce overall chip
power consumption. Integrating a laser on the same chip poses
additional requirements in terms of on-chip back reflection min-
imization. Therefore, a robust yet flexible integration platform
is required.

Previously, we have reported on the successful demonstra-
tion of a monolithically integrated widely tunable all-optical
WC (TAO-WC) [1], [2] fabricated using a simple offset
quantum-well integration platform. While our devices in this
platform exhibited error-free operation at 10 Gb/s over a
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large tuning range and with 0-dBm converted output power,
tradeoffs in the semiconductor optical amplifier (SOA) design
stemming from the low optical confinement in the active re-
gions limited the device conversion efficiency and maximum
operating speed, when compared to the bulk and centered
quantum-well Mach—Zehnder interferometer (MZI)-SOA-WCs
[3]. In this letter, we report on the implementation of a centered
quantum-well active-region-based tunable WC fabricated using
quantum-well intermixing (QWI). QWI provides an attractive
solution for postgrowth bandgap control in complex photonic
integrated circuits [4], [5]. An impurity-free QWI process [5]
is used to spatially define the material bandgap to selectively
form active and passive regions. It allows simple fabrication of
active—passive centered quantum-well devices without having
to resort to complicated growth schemes (selective area growth
or butt-joint growth). Furthermore, the value of the confinement
factor can be tailored by the choice of the number of quantum
wells, and in this implementation is 50% higher compared to
[1] and [2]. This platform yields highly saturated and nonlinear
SOAs in the WC part, higher output power sampled grating
distributed Bragg reflector (SGDBR) laser (relative to [2]), and
low-loss low-reflection transitions between active and passive
regions of the chip.

The devices presented in this letter exhibit error-free opera-
tion at 10-Gb/s data rates with improved conversion efficiency
relative to [2], over 30-nm output tuning range, and average con-
verted output powers >3 dBm compared to 0 dBm reported in

[2].

II. DEVICE DESIGN AND OPERATION

The tunable WC design consists of a widely tunable SGDBR
laser monolithically integrated with an SOA-based MZI WC
and is shown in Fig. 1. The operation of these WCs has been
described in detail in [1] and [2]. For the devices reported in this
letter, an impurity-free vacancy-enhanced QWI process is used
to create the active and passive bandgap regions on the chip. The
material is selectively ion-implanted with phosphorus ions, and
due to the lattice damage caused by the implant, vacancies are
created in the material. The vacancies are then diffused through
the quantum wells by rapid thermal annealing the sample. The
vacancy diffusion causes the quantum well and barrier mate-
rials to intermix, resulting in an increase in the bandgap [5].
The implanted material is then etched away to leave the sample

1041-1135/$20.00 © 2005 IEEE
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Fig. 1. Scanning electron microscope of the quantum-well-intermixed WC.

252107
— Active Region {15500
—— Passive Region(2min anneal)
:‘E 4 R . U S PR S ———
e
=1
g"
=
>
=
7}
&
EO.
-
o
" | i | ; |
1350 1400 14% 150({ 1550 1600 1650
avelength (nm)

Fig. 2. PL spectra of the active and passive regions on chip after intermixing.

impurity free. This process is described in greater detail in [4]
and [5]. Fig. 2 shows the photoluminescence (PL) spectra of the
active and passive regions after intermixing. The intermixing
process does not lead to any excess loss in the passive waveg-
uides compared to our standard offset quantum-well platform;
we measured passive loss around 1.5 dB/mm (or 3.5 cm™!) in
both platforms.

The increased confinement factor obtained using centered
quantum wells allows us to achieve greater input signal gain,
SGDBR power density, and higher phase swing in the MZI
[6]. Measurements show continuous-wave power levels (set
by the SGDBR laser) of up to 13 dBm in the MZI, compared
to 10 dBm in offset quantum-well devices. We also measure
a 100% improvement in phase swing as compared to offset
quantum-well-based devices for the same input signal and
SGDBR power levels, due to the higher modal confinement
factor [6]. These improvements can help greatly improve the
input dynamic range of these devices and we are working to
measure and characterize such benefits.

III. DEVICE PERFORMANCE

Fig. 3 shows the converted eyes obtained in both modes of
operation at pseudorandom binary sequence (PRBS) 27 — 1. We
can see clear open eyes with high extinction ratio in both modes
of operation. The increased noise at the one-level in the case of
the inverting eyes is due to the pattern dependence in the MZI

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 17, NO. 8, AUGUST 2005

Fig. 3. Eyes of the (a) back-to-back signal and converted signal in
(b) noninverting mode (c) inverting mode at PRBS 27 — 1, at 10-Gb/s
data rates (time scale on plots 20 ps/div).

SOAs due to a slow gain recovery time. It is not noticeable in
the noninverting case since the slow gain recovery is quenched
into the zero-level of the converted signal.

We measured the performance of the device for different
input and output wavelengths across the C-band at 10-Gb/s
data rates. We were able to operate the device from 1530 to
1560 nm, in both the inverting and noninverting modes of
operation. Fig. 4(a) shows the error-free operation for both
these modes at one set of wavelengths. The erbium-doped
fiber amplifiers and thin film filters in our device testing setup
limited us to wavelengths below 1560 nm.

Along with the benefitit offers, the increase in the confinement
factor also creates additional challenges. The reduction in
SOA saturation power results in the enhancement of pattern
dependence in the preamplifier and MZI SOAs. This causes a
pattern-dependent power penalty for the current generation of
devices. As can be seen in Fig. 4(b), for the inverting mode
of operation, the power penalty was measured around 1.5 dB
for PRBS 27 — 1 and increased to around 4 dB for PRBS
231 — 1, and the bit-error-rate (BER) slope decreased. This
was also the case for the noninverting mode of operation.

To estimate the wavelength range of these devices, we per-
formed two different sets of measurements. For the first set, the
input wavelength into the device was held constant at 1545 nm,
and the device output was tuned from 1530 to 1560 nm. For
the second set of measurements, the device output wavelength
was help constant at 1545 nm, and the input wavelength to the
device was varied from 1530 to 1560 nm. For both sets of mea-
surements, the input data was chosen to be PRBS 27— 1, and
the devices operated in the inverting mode. The measured BER
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Fig. 4. BER plots for 10-Gb/s operation for (a) noninverting and inverting
modes (b) increased power penalty with PRBS 23! — 1 input. The input
wavelength was 1545 nm and output wavelength 1540 nm.

curves are shown in Fig. 5. Device performance degradation is
noticeable as the input wavelength approached 1530 nm, which
is close gain bandwidth limit for the quantum wells. We expect
that these numbers could improve with future device and base
epi designs.

IV. CONCLUSION

We have demonstrated a TAO monolithic WC in InP using a
QWI fabrication process. The device exhibits error-free oper-
ation at 10 Gb/s. The centered quantum-well-integration plat-
form used to fabricate these devices allows a higher modal
overlap with the active region. The increase in the active re-
gion confinement factor results in greater phase swing due to
cross-phase modulation for the SOAs and also a faster gain
recovery lifetime. The operating wavelength range of the de-
vice is 30 nm (1530-1560 nm) for both the input as well as
output wavelength, and the output power is >3 dBm across
the output tuning range.
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Fig. 5. BER plots for 10-Gb/s operation for (a) input: 1545 nm, output:

1530-1560 nm; (b) input: 1530—-1560 nm, output: 1545 nm. The input data was
PRBS 27 — 1.

REFERENCES

[1] M. L. Masanovi¢, V. Lal, J. A. Summers, J. S. Barton, E. J. Skogen, L.
A. Coldren, and D. J. Blumenthal, “Design and performance of a mono-
lithically integrated widely tunable all-optical wavelength converter with
independent phase control,” I[EEE Photon. Technol. Lett., vol. 16, no. 10,
pp- 2299-2301, Oct. 2004.

[2] M. Masanovié, V. Lal, J. A. Summers, J. Barton, E. Skogen, L. Rau, L.
Coldren, and D. Blumenthal, “Widely-tunable monolithically-integrated
all-optical wavelength converters in InP,” J. Lightw. Technol., vol. 23, no.
3, pp- 1350-1362, Mar. 2005.

[3] W.Idler, K. Daub, G. Laube, M. Schilling, P. Wiedemann, K. Dutting,
M. Klenk, E. Lach, and K. Wunstel, “10 Gb/s wavelength conversion
with integrated multiquantum-well based 3-port Mach—Zehnder inter-
ferometer,” IEEE Photon. Technol. Lett., vol. 8, no. 9, pp. 1163-1165,
Sep. 1996.

[4] E.J. Skogen, J. S. Barton, S. P. Denbaars, and L. A. Coldren, “Tunable
sampled-grating DBR lasers using quantum-well intermixing,” IEEE
Photon. Technol. Lett., vol. 14, no. 9, pp. 1243-1245, Sep. 2002.

, “A quantum-well-intermixing process for wavelength-agile pho-
tonic integrated circuits,” IEEE J. Sel. Topics Quantum Electron., vol. 8,
no. 4, pp. 863-869, Jul./Aug. 2002.

[6] M. L. Masanovié, V. Lal, E. J. Skogen, J. S. Barton, J. A. Summers, L.
A. Coldren, and D. J. Blumenthal, “Detailed comparison of cross-phase
modulation efficiency in offset quantum well and centered quantum well
intermixed monolithically integrated widely-tunable MZI-SOA wave-
length converters,” presented at the Optical Fiber Communication Conf.
(OFC 2005), Anaheim, CA, Mar. 2005.

(5]



>PTL

IEEE Photonics Technology Letters, 17, (9), pp. 1902-1904 (September 2005)

10Gbit/s wavelength conversion using a widely-
tunable series push-pull photocurrent-driven

transmitter

Jonathon S. Barton, Student Member IEEE, Anna Tauke-Pedretti, Student Member, IEEE,
Matt Dummer, Student Member, IEEE, Mathew N. Sysak, Student Member, IEEE, Milan L.
Masanovi¢, Student Member, IEEE, James Raring, Student Member, IEEE,Erik J. Skogen,
Member, IEEE, Larry. A. Coldren, Fellow, IEEE

Abstract— Error-free operation at 10 Gbit/s was demonstrated
for a hybrid connected photocurrent-driven series push-pull
Mach-Zehnder based wavelength converter (TPDMZ-WC).
Back-to-back power penalties of <1dB were measured across
the 37nm wavelength tuning range of the SGDBR.

Index Terms— Quantum well lasers, photodiodes, optical
receivers, optical transmitters, optical planar waveguide
components, tunable lasers, optical modulation, wavelength
conversion, photocurrent driven wavelength conversion

I. INTRODUCTION

Widely—mnable wavelength converters are widely
regarded as critical to the scalability, flexibility,
and cost of future optical networks. These devices have
opportunities for deployment in optical switches, routers
and add/drop multiplexers. Essentially, they enable
Wavelength Division Multiplexed (WDM) signals to be
transferred from one wavelength channel to another
wavelength channel without requiring off-chip electronic
circuitry. Differing approaches have been pursued with
devices using cross phase modulation (XPM)[3],
differential phase modulation (DPM)[4], and/or cross
absorption modulation (XAM) of SOAs. High
performance has been obtained with both discrete and
monolithically-integrated tunable all-optical wavelength
converters (TAO-WC)[6].

Photocurrent-driven (PD-WC) devices have been
demonstrated [1,8,9] using either the direct modulation of
a laser[9], or external modulation using either an Electro-
absorption (EA)[1,9], or Mach- Zehnder modulator.[8]
PD-WCs do not require an optical filter to reject the input
signal at the output which is desirable particularly with
wavelength tunable applications where the response time
of a filter could limit system performance. Integrating the

Manuscript received Sept 30, 2004. This work was supported by
Intel Corporation grant # TXA001630000 and DARPA MTO — CS-
WDM grant #N66001-02-C-8026. The authors are at the University of
California at Santa Barbara, Materials and Electrical and Computer
Engineering Dept. 93106 USA (telephone: 805-893-8465, e-mail:
jsbarton@engineering.ucsb.edu).

SGDBR gives a compact wavelength agile source that
requires only two fiber connections — with low-loss
coupling between the SGDBR and the modulator. This
design ultimately yields a small footprint, low cost, and
transmits at high speed.

II. WAVELENGTH CONVERTER DESIGN

This particular implementation uses a hybrid-integrated
widely-tunable wavelength converter based on a series
push-pull SGDBR-SOA-MZ transmitter[10] and offset
QW based photo-detector receiver (fig.1&2)[11].

MZ Phase
W Detector

Receiver SOA

Fig. 1 Device Layout

A tunable transmitter using a 400um long series push-
pull driven Mach-Zehnder modulator electrode structure
was fabricated similar to the structure shown in [7]. This
structure can improve the bandwidth of the modulator by
roughly a factor of two compared with a single-side drive
configuration. The receiver for this device consisted of a
600um long tapered semiconductor optical amplifier
(SOA) (from 3um to 9um) with a 50um long offset-QW
detector that was tapered down from 9um to 6um and
nominally reverse-biased to -4.5V[11]. Both devices
were fabricated using the same offset-QW base
structure[6,8,9] with compatible processing steps and
regrowth. The total footprint of the chips is less than
Imm x 3.8mm. The bias configuration is shown in Fig. 2
and uses a load resistor termination at the end of the
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electrode as shown in Fig 1. The detector and the front
end of the modulator were both probed with separate bias
Ts. This allows the Mach-Zehnder modulator to operate
at low bias (-0.5V), favoring reduced insertion losses and
the detector to be reverse-biased higher (-4.5V) for
improved efficiency.

DC Bias

SOA-SGDBR Transmitter

Rigaa

CDecouDling

DC Bias

.. __ =1 SOA-PIN Receiver

Fig.2. Series Push-pull MZ photocurrent-driven wavelength
converter configuration

Despite some additional bias circuitry, this configuration
has the added benefit that the device may be biased to
achieve zero chirp for inverting and non-inverting
operation, and DC power does not dissipate across the
resistive load for identical MZ branch biases.

III. RECEIVER CHARACTERISTICS

Integrating the SOA with a detector allows the
fabrication of a high-gain, high-saturation power
receiver. Figure 3 shows the optical gain at 1548nm for
various input optical powers as a function of bias current.

14

Gain (dB)

i i i i
0 50 100 150 200 250 300

SOA Current (mA)
Fig. 3 Optical gain of the SOA in receiver as a function of
optical input power at 1548nm. (A current density of
8.33kA/cm corresponds to 250mA bias)

This added gain improves the operation sensitivity of a
photocurrent driven wavelength converter significantly as
compared with previous work[8,9] allowing successful
operation with only 1.3mW coupled input power.

IV. WAVELENGTH CONVERSION RESULTS

As an optical input signal is fed into the receiver,
photocurrent is generated resulting in a voltage swing
applied to the transmitter. This voltage swing was
measured at 10Gbit/s as a function of the coupled input
power. Due to the bias T’s used in the hybrid scheme,
approximately 2dB of electrical loss at 10GHz was
present.

3

25

Voltage swing (V) on modulator
(wgp) 1amod jndino pajdnos-1aqlq

waveguide input power (dBm)

Fig. 4. Voltage swing applied to the modulator and the fiber
coupled output power. Input wavelength 1548nm Output
1555nm. Coupling loss for input ~6dB and output ~4dB

The fiber-to-fiber insertion loss of the device is
approximately 10dB, however, is only 0dB without input
and output fiber coupling loss.

The small-signal optical-to-optical bandwidth (S,;) was
measured for the wavelength converter with an input
signal at 1548nm and converted signal at 1555nm for
various biases on each branch of the Mach-Zehnder
modulator.  The 50ohm terminated 3dB bandwidth
corresponding to the modulator and detector
independently were ~30GHz and ~20GHz respectively.
The optical-to-optical wavelength converter bandwidth is
given in fig. 5. As can be seen in fig. 5, an optical
bandwidth suitable for 10Gbit/s operation is obtained
with a 50ohm termination on the detector and modulator.
Modest voltage dependence of the bandwidth is due to
the depletion of the PN junction in the waveguide of the
MZ structure.

Transmission though the wavelength converter was
measured for NRZ 27-1 PRBS 10Gbit/s data generated at
an input wavelength of 1548.1nm using a 12 Gbit/s
BERT and Agilent 83433A transmitter. An EFDA was
used to boost the power to 8dBm fiber power, in which
the signal was optically filtered and the polarization
controlled to achieve 1.3mW of coupled optical power in
the receiver waveguide.
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Fig 5. Optical-to optical small-signal response of WC with
50ohm termination. Detector biased at -4.5, MZ bias varied as
shown in figure with the same bias on each branch.

The converted signal from the integrated transmitter at A,
was measured using an Agilent 11982A receiver without
preamplification. Typical back-to-back bit error rate
(BER) measurements are shown in fig. 6. The PRBS 10
Gbit/s output waveforms corresponded to 12-13 dB
extinction across the wavelength range.

Mon-inverting Operation (1.3mW input power)

1E-5 T T T
¥ Back-to back 1545nm
& 1545nm Okm fiber
® 1555nm Ok fiber
# 1555nm 25km fiber
1E -6 # 1555nm S0km fiber
* 1566nm Okm fiber
| ™ 1582nm Okm fiber
1E-7
o
]
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1E-10" L L L L L L
E -23 -225 -22 -215 -21 -20.5 -20 -19.5 -19
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Fig. 6 BER for 10 Gbit/s NRZ 27-1 PRBS for different output
wavelengths and fiber transmission. Input wavelength =
1548nm >12dB RF extinction for all wavelengths. Gain =
150mA SOA#1 70mA, SOA#2 80mA, FM = 0.5mA, Rear
Mirror = 0.5mA, phase = 0OmA

Error-free wavelength conversion was achieved over a
wide range (37nm output) with less than 1dB power
penalty. Transmission through Corning SMF-28 fiber
was also measured for 25km and 50km distances at
1555nm yielding <1.2dB power penalty.

V. CONCLUSION

We demonstrate a hybrid wavelength converter that
achieves 10Gbit/s operation. The use of high-gain, high
saturation power receivers coupled with high bandwidth
efficient modulators have been shown to allow the
realization of viable wavelength conversion at high bit
rates. We have demonstrated error-free wavelength
conversion over 37nm with <1dB power penalty, and low
input power (1.3mW) using a novel series push-pull
photocurrent driven wavelength converter. Both chips
utilize the same epitaxial platform and processing steps
leading to simple integration.
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Abstract — We present a traveling-wave rate-equation model for
wavelength-division multiplexing (WDM) semiconductor optical
amplifiers (SOA) which utilizes many-body gain spectra. Good
agreement with measurements is obtained across a broad
wavelength range.

L INTRODUCTION

Broadband semiconductor optical amplifiers (SOAs)
are of great interest for wavelength-division multiplexing
(WDM) and other multi-wavelength optical communication
systems. The wavelength sensitivity of the device performance
is of special concern, in our case for a wavelength range from
1525 nm to 1565 nm.

We here present an SOA rate-equation model which gives
good agreement with measured device characteristics over a
broad wavelength range due to the inclusion of many-body gain
spectra. To demonstrate and validate this model, we investigate
ridge-waveguide devices with an InGaAsP multi-quantum-well
(MQW) active region grown on top of the waveguide layer.'
Our example SOA is 400um long and the waveguide ridge is
3um wide. More device details are given elsewhere.”

many-body model free-carrier model

Photoluminescence (normalized)

dots: measurement

' 15|50 '
Wavelength [nm]

—— T
1450 1500 1600

Fig. 1 Photoluminescence spectrum (dots: measured, dashed: free carrier
model, solid: many-body model).

1L GAIN MODEL

The accurate modeling of quantum well properties, in
particular the optical gain is prerequisite for a realistic
simulation of broadband devices. We initially employed the

free-carrier gain model by Chinn et al. * including 4x4 kp band
structure calculations and a Lorentz energy broadening
function. However, this approach did not give consistent
agreement with experimental results, especially the measured
wavelength dependence was not reproduced correctly. This
becomes clear from comparison to the measured
photoluminescence spectrum (Fig. 1) which exhibits
discrepancies on both sides of the spectrum. The many-body
gain theory by Koch et al. * provides a much better agreement
across the entire spectrum (solid curve in Fig. 1). Gain spectra
from both models are shown in Fig. 2 which reveal substantial
differences not only in shape but also in magnitude. In strong
contrast to the free-carrier model, the many-body spectra
indicate relatively uniform SOA performance across the C-
band, which is in agreement with our experimental
observations.

25 1 1 1 1 1
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Quantum Well Gain [1000/cm]
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Fig. 2. Calculated gain spectra at two different carrier densities (dashed: free
carrier model, solid: many-body model).

111 RATE-EQUATION MODEL

We employ a traditional rate-equation model for the quantum
well carrier density and the photon density including non-
radiative and spontaneous recombination.® As the carrier and
photon densities are longitudinally non-uniform in our
traveling-wave SOA, we break the active region into a number
of much smaller sections, within which we can approximate the
densities as uniform. The optical gain in each section is a
function of the local carrier density and the signal wavelength.
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It is extracted from many-body gain tables purchased from
Nonlinear Control Strategies (Tucson, AZ)’ that have been
adjusted to our photoluminescence measurements as described
elsewhere.®

The rate-equation model employs a number of
material parameters which are critical to obtain good agreement
with measurements. We assume typical values for the defect
recombination lifetime (tsgy = 20 ns), the spontaneous
emission coefficient (B = 0.8 10" cm?/s), and the modal loss
(a; = 10 cm™). The injection efficiency n; = 82% and the
optical confinement factor ' = 0.06 are extracted from an
advanced device simulation.® The only fit parameter used here
is the Auger coefficient C = 2.4 x 10%° cm®s which lies well
within the range reported in the literature.” Amplified
spontaneous emission (ASE) effects are negligibly small.

v. RESULTS

The fabricated device has a monolithically integrated
photodetector at the output of the SOA, which was used to
measure the output power. This allows us to measure the
output power easily and accurately, eliminating any coupling
losses that would results if the detector was off-chip. Figure 3
shows the measured SOA gain (dots) as a function of
wavelength along with the simulation result (line). The input
power Py, is kept low to avoid saturation effects. The simulation
is in good agreement with the measured data across a broad
wavelength range. The deviation seen at the short-wavelength
side may be attributed to slight inaccuracies in the calculated
gain spectrum. The injection current density of j = 7.5 kA/cm?
is sufficiently low to exclude self-heating effects and to assume
room temperature in the simulation.

100 ......... Losasaaaay Losasaaaay Losasaaaay Losasaaaay Lasasaaaas Losasaaaay
1 P,=-30dBm Simulated
1} =75kAlcm? ® Measured
{ T=300K

SOA Gain (dB)

Wavelength (um)

Fig. 3: Unsaturated SOA gain vs. wavelength at low injection current.

—

Figure 4 shows the output power at 1558 nm as a
function of the input power. The measurement is very well
reproduced by the model up to about 3 mW output power.
Above this power level, saturation sets in as the photon density
near the output facet becomes high enough for the stimulated

recombination  to substantially increase the total carrier
recombination rate in the quantum well. Consequently, the
carrier density drops and so does the SOA output power. The
slight high-power deviation in Fig. 4 shows that the saturation
is somewhat stronger in the measurement than calculated,
which can be attributed to a slight overestimation of the carrier
density in the simulation.
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20 T
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Input Power (dBm)
Fig. 4: SOA output power vs. input power.
In summary, we have demonstrated that relatively
simple rate-equation models for traveling-wave semiconductor
optical amplifiers can deliver realistic performance

characteristics across a broad wavelength range by employing
an advanced many-body model for the optical gain spectrum.
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1. Introduction

Wavelength converters (WCs) are key components of next generation WDM optical networks, enabling
functions such as wavelength routing, add/drop multiplexing, contention resolution and signal regeneration.
Among the variety of available wavelength conversion schemes, semiconductor-based WCs have generated
substantial interest due to their potential for monolithic integration of several components on chip.

Recent integration efforts by our group have successfully demonstrated monolithic integration of
widely-tunable SG-DBR lasers with Mach Zehnder Interferometer (MZI) SOA-based WCs using an offset
quantum well (OQW) integration platform in InP [1]. These previous integrated designs have relied on the
use of an external tunable bandpass filter at the output of the device to remove the input signal from the
converted signal. Such filters must be tuned to the output wavelength, introduce additional loss and can
cause signal distortion at high bit rates due to the limited bandwidth of the filter function. An external filter
also inhibits integration by preventing cascading of WCs with other active components on chip.

To replace the function of an external filter, several schemes have been introduced which spatially
filter the input signal from the output signal on chip [2,3,4]. These schemes have proven to be effective at
providing >20 dB of separation between the input and output signals and have been demonstrated at speeds
up to 10Gbps NRZ.

This paper describes a new approach to a spatially-filtered MZI-SOA based widely-tunable
wavelength converter showing error-free operation, and fabricated using our standard OQW integration
platform.

2. Design and Operation

A schematic of the wavelength converter design is shown below in Figure 1. The input pump signal enters
the device through a waveguide (shown as a black line) on the left and is amplified by a pre-amp SOA
before entering a 2x2 MMI splitter/combiner. The MMI evenly distributes the input signal between the top
two arms of a three-arm MZI, and combines it with a portion of the CW SG-DBR probe signal. The pump
and probe signals co-propagate out of phase in the identical SOAs of the top two arms, and as the pump
depletes carriers through stimulated emission, the probe in both arms is modulated by both cross-gain
(XGM) and cross-phase (XPM) modulation. The signals from the two arms interfere through a second 2x2
MMI splitter/combiner, which images the probe and the pump to separate waveguides due to their opposite
phase as described in [4]. Phase electrodes in the top two arms allow this phase to be tuned to optimize
signal separation, or to statically switch them from one output port to the other. To utilize the XPM in the
top two arms, the pump signal is routed to an absorber, and the modulated SG-DBR probe signal is
recombined with the CW SG-DBR probe signal in the bottom arm of the MZI using a 2x2 MMI
splitter/combiner. A phase electrode in the bottom arms allows the extinction of the converted signal to be
optimized and the wavelength converter to be switched between inverting and non-inverting modes of

operation.

Input
T

| sG-DBALaser | Booster SOA Output

Fig. 1. Schematic of the widely-tunable MZI-SOA wavelength converter with spatial filtering of input and output signals
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3. Results

For good thermal and electrical conduction, the device was soldered onto a copper bar and maintained at
16°C using a thermo-electric cooler. DC needle probes provided current to the SOAs and phase electrodes,
and light was coupled into and out of the device using lensed fibers mounted on piezo-controlled
translational stages.

The input pump signal was produced by a tunable laser operating at 1550nm and encoded with 2'-
1 PRBS data at 10Gbps NRZ using a pattern generator and an electro-optic modulator. Erbium doped fiber
amplifiers (EDFAs) were placed before and after the device to amplify the input and output signals.

The SG-DBR was tuned to several output wavelengths over 30nm, and the phase of the top MZI
arm was adjusted to minimize the presence of the input signal at the output of the device for each
wavelength. The output spectrum is shown on the left of Figure 2 for conversion from 1550nm to 1555nm.
This demonstrates more than 20dB of separation between the input pump and converted probe signals. The
corresponding eye diagrams for the input and converted signal are shown on the right of Figure 2, with the
device operating in inverting mode.

Converted Probe Input Eye (1550nm)

=20
Inpur pmu]} m

Power (dBm)

=70 e St
1547.0 1549.1 1551.2 1553.2 1555.3 1557.4 1559.5 15616

Wavelength (nm)

Fig. 2. Output spectra for wavelength conversion from 1550nm to 1555nm (left); with corresponding eye diagrams for the
input signal (top right) and converted signal (bottom right)

Bit error rates were performed on the wavelength converter for conversion from 1550nm to two different
output wavelengths of 1555nm and 1540nm. These curves are shown in Figure 4, showing approximately
3dB of power penalty from the devices.
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Fig. 3. Bit error rate curves for 2’-1 PRBS data at 10Gbps NRZ for conversion from 1550nm to 1555nm, and 1550nm to
1540nm.
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Abstract—We conduct an experimental study of cross-phase
modulation efficiency for semiconductor optical amplifiers with
two different active regions—offset quantum-well (OQW) stack
and centered quantum-well (CQW) stack. OQW devices exhibit
less than 100° phase change, whereas CQW devices are 60 % more
efficient for the same pump input power, with more than 200°
phase change possible. The input wavelength degrades the phase
change significantly outside the 30-nm gain bandwidth window.

Index Terms—Cross-phase modulation (XPM), photonic inte-
grated circuits (PICs), semiconductor optical amplifier (SOA),
wavelength conversion, wavelength converter.

1. INTRODUCTION

EMICONDUCTOR optical amplifiers (SOAs) represent
S one of the key components of modern photonic integrated
circuits (PIC). These devices are used to perform a variety of
functions on a chip, such as linear signal preamplification [1],
boosting of the signal level of integrated sources [2], optical
gating [1], as well as nonlinear functions used in PICs like
SOA-based wavelength converters [1]-[4]. Quantification of
the SOA nonlinear behavior is presented in this letter, for two
commonly used SOA active region structures/integration plat-
forms, employing centered and offset quantum wells (OQWs)
[4], [5]. The choice of the SOA active region design depends on
the desired application, and will influence the SOA properties
such as achievable gain, saturation power, and nonlinearity. The
main difference between the offset and centered quantum-well
(CQW) platforms is in the extent of overlap of the mode
with the active region. Larger overlap, for the case of CQWs,
increases the gain and nonlinearity of an SOA, while also
reducing the SOAs output saturation power. More details about
this can be found elsewhere [1].

Application of SOA nonlinearities is particularly of interest
in SOA integrated wavelength converters [2]-[6], which are
good candidates for deployment into the future optical net-
works. These wavelength converters exploit the nonlinear
interactions between pump and probe photons at two different
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Fig. 1.

Experimental setup.

wavelengths in the SOA active medium in order to transcribe
the original input information onto a new wavelength.

Some of the most promising integrated wavelength converters
utilize the effect of cross-phase modulation (XPM) in an SOA.
XPM in an SOA is caused by the input bit stream which re-
duces the carrier density in the active region, compressing the
gain of the active region, thereby causing a temporal refractive
index change, and as a consequence a temporal optical phase
change. This phase change will be imprinted onto a probe con-
tinuous-wave signal concurrently propagating through the same
SOA [1], [2]. For wavelength conversion of intensity modulated
signals, the phase change in the SOA needs to be converted to
an amplitude change. This is achieved by using optical filtering,
either through an SOA interferometric structure [2], or by using
a bandpass filter after the SOA [3].

Despite the popularity of integrated XPM-based SOA wave-
length converters, detailed examination of the XPM efficiency
of different integration platforms, to the best of our knowledge,
has not been reported. This efficiency will directly impact the
output power, optical signal-to-noise ratio, and extinction ratio
of the SOA based wavelength converters.

We perform a thorough comparison of XPM efficiencies,
measured by the amount of achievable optical probe phase
change caused by the pump signal power change, for SOAs
fabricated in two widely used integration platforms using an
OQW active region [6], and using a CQW active region [5].

II. MEASUREMENT METHOD

The phase change measurements are performed indirectly,
utilizing two different monolithically integrated widely tunable
Mach—Zehnder interferometer (MZI)-SOA wavelength con-
verters (Fig. 1), realized in the OQW platform [4], [6], and also

1041-1135/$20.00 © 2005 IEEE
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family of curves for increasing pump power.

in the CQW platform that employs quantum-well intermixing
[5]. For both device types, OQW and CQW, all SOAs and active
regions on chip are realized in the same platform, respectively.
The chips also contain a number of passive sections, where
the quantum wells have either been etched off (OQW) [4] or
intermixed (CQW) [5].

Data about the effective index change as a function of a pas-
sive waveguide section’s electric bias current can be obtained
by observing the shift in the reflected amplified spontaneous
emission from the sampled-grating distributed Bragg reflector
(SGDBR) laser mirror peaks, while pumping the SGDBR
mirror with different current densities [7]. This data is shown
in Fig. 2(a), for both OQW and CQW cases.

MZI-SOA interferometer on each device contains the same
type of passive waveguide phase section, which enables the
interferometer phase control through current injection [4],
resulting in a characteristic interferometer optical—electrical
response curve (OERC) [4], [6].

Measuring OERC for different optical power levels of the
pump signal in the device under test (DUT) yields a family of
curves shown in Fig. 2(b). The minima of the curves, as a func-
tion of phase electrode current, are shifted due to the different
amounts of index change caused by the external pump signal in
the DUT. This index change is proportional to the phase elec-
trode current at the minimum of the OERC. Using the relation-
ship between the phase electrode current density and effective
index change (Fig. 2(a)) previously obtained, we can relate the
total phase change to the optical power level of the pump signal.

III. EXPERIMENTAL PROCEDURE

The XPM efficiency is measured in one of the MZI-SOAs
of these integrated devices (labeled DUT in Fig. 1 [6]), which
makes the measurements stable and reproducible. The experi-
mental setup is shown in Fig. 1. The input pump signal is gener-
ated by an external cavity laser, amplified by an erbium-doped
fiber amplifier (EDFA), filtered using a tunable bandpass filter
(BPF), and its power is controlled using an optical attenuator.
The polarization of the light is controlled before the light is cou-
pled to the input waveguide of the device. The light from the
SGDBR laser is equally split on-chip between the two branches
of the MZI, and amplified by the booster SOAs before reaching
the MZI-SOAs (Fig. 1) [4]. The bias of the DUT (Fig. 1), is
controlled by a high precision source meter, which allows for
both forward and reverse biasing of the DUT while measuring
the current with a precision greater than 1 pA. The output of
the interferometer is coupled to a lensed fiber and then split
and led to an optical spectrum analyzer, and through an op-
tical BPF to an optical power meter (Fig. 1). Optical power
level for the pump signal is controlled by the on-chip pream-
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plifier SOA bias, whereas the probe power level is controlled
by the on-chip booster SOA bias [4]. Before each OERC is
taken, probe and pump power levels are measured (individually)
by reverse biasing the DUT, which then acts as a photodiode
with 100% quantum efficiency, and recording the photocurrent.
Knowing the quantum efficiency and the responsivity of this
photodiode allows for translation of this photocurrent into the
optical power. Finally, families of OERCs are taken for different
power level, DUT bias, and pump—probe wavelength combina-
tions. The other MZI-SOA’s bias current is kept constant, as well
as the probe power, throughout the given measurement. This
data is analyzed and converted into the phase change data as
explained in the Section II.

IV. RESULTS

Fig. 3 shows the results for the DUT phase change as a func-
tion of the pump (input signal) power entering the DUT, for dif-
ferent probe (SGDBR) powers coupled into the DUT. Higher
probe power results in the lower initial carrier concentration
in the DUT, thereby setting the amount of gain compression
attainable for the given pump signal power, and thus limiting
the maximum phase change. For high-speed wavelength con-
version, on the other hand, high photon density caused by the
high SGDBR probe power in the DUT is desirable in order to re-
duce the gain recovery time [1]—[4]. Therefore, a tradeoff exists
in order to optimize the speed of operation while maximizing
the conversion efficiency. The OQW device experiences a max-
imum phase change of 100°, whereas the CQW device exhibits
a phase change of up to 160° for the same pump power (Fig. 2(a)
and (b), respectively). The input pump signal power is limited by
the maximum attainable gain in the preamplifier SOA (Fig. 1).
Due to higher confinement of about 12% (compared to 7% for
the OQW), CQW-based preamplifiers provide more gain at a
given amplifier length, thus, phase change data for higher power
levels exists for the CQW SOA.
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The refractive index change primarily occurs in the active
region of the SOA. The modal index then is proportional to this
index change and the confinement factor of the mode.

Higher phase change of the CQW SOAs compared to OQW
SOAs can be explained by two effects: higher confinement
factor, which then increases the modal index change, and higher
available gain (over the given SOA length), which allows for
more gain compression and more nonlinear behavior of the
CQW SOAs.

Fig. 4 shows the XPM efficiency measurements for varying
DUT bias current. OQW SOAs exhibit more dependence, pri-
marily due to their higher input saturation power when com-
pared to the CQW SOAs. Increased DUT bias current increases
the amount of phase change possible.

High bias current of the DUT is compatible with the high-
speed operating conditions of the MZI-SOA WC [1]-[4], so in
this case, both efficiency and high-speed operation conditions
are satisfied simultaneously.

Wavelength dependence of the XPM of the quantum-well
stack used was studied as well, and the results are shown in
Fig. 5. The reasons for this dependence is in the wavelength de-
pendence of the quantum-well gain [7]. Since both device real-
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izations utilize the same quantum-well designs, the wavelength
dependence will be similar. The results shown are for the CQW
case. The XPM efficiency decreases significantly with wave-
length change (25% over 20 nm), and is maximum at the gain
peak of the quantum wells (1555 nm in this case). The same de-
pendence is expected of the longer wavelength side of the gain
peak, but could not be measured due to limited gain bandwidth
of the EDFA used.

V. SUMMARY AND CONCLUSION

In this letter, we have reported on the comprehensive investi-
gation of the XPM efficiency for two different types of SOAs,
fabricated in two commonly used integration platforms in InP,
based on OQW and CQW active regions. The measurements
were performed using an interferometric phase measurement
method enabled by employing integrated tunable wavelength
converter devices [4], [S]. With carrier and photon densities
in the DUT set equivalent to conditions that would allow for
high-speed wavelength conversion [6], OQW devices exhibit
less than 100° phase change, whereas CQW devices are 60%
more efficient for the same pump input power, with more than
200° phase change possible. The input wavelength dependence
is significant, and the XPM efficiency is limited by the DUT
gain bandwidth window. Overall, CQW SOAs are better candi-
dates for realization of the XPM-based wavelength converters
[5]. However, OQW devices can provide more linear gain with
higher saturation powers due to their lower optical confinement
factor [6].
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Abstract: Short-cavity InGaAs/GaAs/AlGaAs lasers with first order DBRs and integrated EAMs
were fabricated using a quantum well intermixing process. >5mW output was achieved at 45mA.
DC extinction was >15dB at -1.5V with efficiencies up to 20dB/V.
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1. INTRODUCTION

The rapidly increasing complexity of modern computing systems has led to a demand for higher clock
frequencies over longer path lengths. Meeting the bandwidth and path length requirements of modern computer
systems is becoming increasingly difficult using traditional electrical connections. For this reason, chip to chip
optical interconnects (C20I) are being considered as promising candidates for replacement of electrical
interconnects in future computing systems [1]. In addition to having high bandwidth-path length products, optical
interconnects exhibit low cross talk, are free from electro-magnetic interference (EMI), and promise lower delay
times than their electrical counterparts.

Highly efficient short cavity integrated DBR (distributed Bragg reflector) laser/EAM (electro-absorption
modulator) transmitters for C20I applications have previously been demonstrated at 1550 nm using quantum well
intermixing (QWI) [2]. Quantum well intermixing has been demonstrated as an elegant technique for integration of
photonic ICs at both 1550 [3] and 980 nm [4]. In the high temperature environment of modern IC’s, 980 nm
technologies will be required. In this paper we describe the fabrication of novel, short cavity, integrated DBR
laser/EAM transmitters operating at 980 nm. The devices are fabricated using a unique QWI technique to
monolithically integrate multiple band edges on chip. In addition, a novel immersion holography technique was
used to obtain first order 980 nm Bragg reflectors. The devices exhibit single mode operation and have excellent
extinction characteristics.
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FIGURE 1. (a) Side view schematic and (b) electron micrograph of the completed short-cavity DBR laser, illustrating the
monolithic integration of the Gain, front and rear DBRs, and EAM sections along with a curved output waveguide.

2. EXPERIMENT

Short cavity (110 pum) DBR lasers with first order gratings were designed with 48 pm rear mirrors and 16 pm
front mirrors. The laser was integrated with a 125 ym EAM by way of a quantum well intermixing process
compatible with regrowth [4]. QWI allows for selective blue shifting of the semiconductor band edge so that each
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component of the transmitter can be optimized individually. The first order 980 nm gratings, which require a pitch
of approximately 151 nm, were fabricated by an immersion holography technique, which was developed to avoid
the expensive and time consuming process of Ebeam lithography. A curved waveguide makes an angle of 8° with
the output facet, thereby minimizing unwanted reflective feedback. A side-view schematic and scanning electron
micrograph of the device are shown in Fig. 1a and 1b, respectively.
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FIGURE 2. (a) The left shows the epitaxial base structure. The right illustrates the intermixing process used for band edge
optimization in this work: (i) surface fluorination followed by SiO, deposition; (ii) patterning of the SiO, and fluorination layer;
(iii) deposition of the second SiO, layer; and (iv) rapid thermal annealing to drive vacancies down through the multiple quantum
well active region. (b) Normalized photoluminescence spectra for the active (squares) and EAM (triangles) band edges of the
device.

3. PROCESS

The epitaxial base structure, as shown in Fig. 2a, was grown on a silicon-doped GaAs substrate by Molecular
Beam Epitaxy (MBE). The structure contained an Al ;5Gag,sAs n-cladding region below a multi-quantum well
(MQW) active region centered within an Aly3Gay;As waveguide. The MQW consists of 3 InGaAs 8§ nm
compressively strained quantum wells, separated by 8 nm GaAs barriers. Following the active region, a 65 nm
GaAs layer was grown, which serves as part of the grating layer as well as an aluminum-free regrowth interface
layer. Finally, a 300 nm sacrificial InGaP layer completed the base structure.

The quantum well intermixing process, as illustrated in Fig. 2a, begins with a surface fluorination treatment of
the sacrificial InGaP layer using an SF¢ plasma. A 100 nm layer of SiO, is then deposited by plasma enhanced
chemical vapor deposition. The SiO, is lithographically patterned and etched in BHF so that it only remains where
the as-grown band edge is desired. Developer is used to strip the fluorination layer from the semiconductor in
regions not protected by the SiO, A second, 200 nm layer of SiO, is then deposited. In regions where the
fluorination layer was removed, the SiO, creates vacancies in the InGaP buffer layer. In regions where the
fluorination layer remains, the SiO, is unable to interact with the semiconductor. The vacancies created in the non-
fluorinated parts of the semiconductor are driven into the multiple quantum well active region by rapid thermal
annealing at 850 °C for a time of 5°45”. The vacancies promote the diffusion of atoms across the well/barrier
interfaces, thereby altering the shape of the quantum wells and producing a blue shift of the band edge. Fig. 2b
shows photoluminescence spectra from the as-grown (active) and intermixed (modulator) regions of the device. The
active band edge is at A, = 977 nm, and the modulator band edge is at A, = 963 nm.

Following quantum well intermixing, the sacrificial InGaP layer is removed, and gratings are patterned and
etched in the GaAs layer. Standard holography techniques using our HeCd 325 nm UV laser cannot produce Bragg
gratings with the 151 nm pitch necessary for first order 980 nm DBR gratings. Immersion holography is therefore
used to obtain the desired pitch. In this process, photoresist is first spun onto the sample, and a thin layer of index
matching fluid is used to adhere the sample to a prism. By this method, the holographic grating pitch is reduced by
a factor of n, where n is the index of the prism. The gratings are then etched into the GaAs using inductively
coupled plasma. An MBE regrowth of the Alj;5Gag,sAs upper p-cladding filled in the gratings to achieve a high
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index contrast; this was then capped with a highly doped GaAs p-contact layer. Ridge waveguides, 3 um wide, were
patterned and etched. Ti/Pt/Au p-metal contacts were patterned, the wafer was thinned, backside metalized, and the
devices were cleaved into bars.

4. RESULTS

Figure 3a shows voltage and optical output power as a function of injection current for the DBR laser
operating CW. A low threshold current of 9 mA was measured, and output powers greater than 5 mW were
achieved with a gain section current of 45 mA. The optical output power is significantly decreased by attenuation
due to the long waveguide associated with the curved output waveguide. The devices demonstrated single mode
lasing at 978 nm with >30 dB side mode suppression, as shown in Fig. 3b. Figure 3c presents the DC modal
extinction characteristics of the EAM with the laser biased at 40 mA. Greater than 15 dB optical extinction was
measured at a reverse bias of -1.5 V. High extinction efficiencies were exhibited, with a maximum efficiency of 20
dB/V at abias of -1 V.

5. CONCLUSION

Short cavity, 980 nm monolithic integrated laser/modulator devices have been designed, fabricated, and tested.
Immersion holography, a faster, simpler, and more cost effective approach compared to Ebeam lithography, was
used to obtain first order 980 nm Bragg gratings. The devices were fabricated using QWI for the monolithic
integration of the DBR laser and EAM components. The lasers exhibited excellent single mode characteristics, and
the 125 pm modulator demonstrated >15 dB DC extinction and high extinction efficiencies.
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FIGURE 3. (a) CW voltage vs. injection current and optical power through the modulator vs. injection current. (b) CW lasing
spectra showing emission at 978 nm with greater than 30 dB SMSR. (c) DC optical extinction of a 125 pm modulator showing more
than 15 dB at -1.5 V. Extinction efficiencies of up to 20 dB/V are found at a —1 V bias.
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In this paper, we present the fabrication and regrowth of first order, high contrast, AlGaAs/GaAs
Bragg gratings for short-wavelength applications. The gratings are employed as reflectors in a distributed
Bragg reflector (DBR) laser emitting at 980 nm. We first present a novel immersion holography technique
used to fabricate the first order short-wavelength gratings. Next, we discuss a matrix of regrowth
experiments used to overgrow high contrast gratings. Solid source Molecular Beam Epitaxy (MBE) was
used for regrowth, and atomic force microscopy (AFM) and scanning electron microscope (SEM) were
used to characterize the gratings and quality of overgrowth. Finally, results of these gratings monolithically
integrated into a DBR laser are presented.

High contrast, first order gratings are important technologically because of the high reflectivity
with a small footprint. There are two main methods of patterning diffraction gratings—direct e-beam
writing and holography. Standard holography is attractive due to its ease of fabrication, high throughput,
and low cost. In our holography setup, a HeCd laser emitting at 325 nm was used as the source. However,
to achieve the short grating pitch of ~150 nm necessary for our first-order 980 nm gratings, the wavelength
of the laser source was reduced via a prism. Xylene was used to adhere the sample to the prism and also
act as an index-matching fluid. This immersion holography technique was thereby effective in patterning
uniform gratings at a shorter pitch. The exposed grating pattern is then transferred directly to the
semiconductor via dry etching, and the sample is cleaned and prepared for regrowth.

MBE regrowth has generally been considered a difficult or impractical growth technique for
smooth overgrowth of gratings. Chemical vapor deposition is more commonly used due to the high mass
transport properties [1]. In this work, MBE regrowth has been successfully achieved on patterned gratings.
The gratings were targeted to have a high coupling coefficient, k ~ 650 cm’. Therefore, Aly75Gag,sAs was
used to overgrow GaAs gratings that were ~300 A deep. Similar to work performed by Pickrell, et. al., we
find that a slow growth rate is effective in overgrowing the gratings [2]. By growing at a slow growth rate,
pitting defects are greatly reduced. Finally, substrate temperature and Arsenic overpressure were optimized
to achieve both smooth overgrowth in non-grating regions as well as filled overgrowth over grating
regions.

The high contrast, first order gratings were monolithically integrated into a DBR laser to evaluate
its performance as a mirror [3]. The devices demonstrated single mode lasing at 978 nm with >30 dB side
mode suppression. The lasers had a threshold current of 9 mA, and had output powers >5 mW.

In summary, first order, high contrast, AlGaAs/GaAs diffraction grating have been developed and
implemented into a DBR laser emitting at 980 nm. A novel immersion holography technique has been
developed to fabricate highly uniform gratings. Optimum regrowth conditions were found to overgrow and
fill in the gratings. These gratings were successfully integrated in a DBR laser structure resulting in single
mode emission at 980 nm.
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Abstract

High-quality InAlGaAs digital-alloy active regions using submonolayer superlattices were developed and employed
in a 3-stage bipolar cascade multiple-active-region vertical cavity surface emitting laser (VCSEL) design. The
photoluminescence intensity and linewidth of these active regions were optimized by varying the substrate temperature
and digitization period. These active regions exhibit considerable improvement over previously developed digital-alloy
active regions and are comparable to analog-alloy active regions. Multiple-active-region VCSELs, grown all-epitaxially
by MBE on InP, demonstrate greater than 100% output differential efficiency at 1.55-um emission. A record high 104%
output differential efficiency was achieved for a 3-stage long-wavelength VCSEL.

© 2005 Elsevier B.V. All rights reserved.

PACS: 42.55.Px; 78.66.—w; 81.15.Hi

Keywords: Al. Photoluminescence; A3. Molecular beam epitaxy; A3. Quantum wells; B3. Laser diodes; B3. Vertical cavity lasers

1. Introduction

Multiple-active-region (MAR) vertical cavity
surface emitting lasers (VCSELs) are a novel

*Corresponding author. ECE Department, UC Santa Bar-
bara, CA 93117, USA. Tel.. +18058937065; fax:
+18058934500.

E-mail address: cswang@engineering.ucsb.edu (C.S. Wang).

approach to develop high output power VCSELs
[1,2]. MAR can allow for differential efficiencies
greater than unity, which could be used to make
low-noise, transparent optical links, or even links
with gain [3,4]. In this approach, active region
stages are epitaxially stacked in series with Esaki
tunnel junctions that effectively ‘recycle’ current
to each stage of the active region, as illustrated in
Fig. 1. Electrons injected into an active region can

0022-0248/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
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recombine to emit a photon, but can then tunnel
into subsequent active region stages. This cascad-
ing of N, active regions with tunnel junctions can
theoretically lead to N, photons for every one
electron. Furthermore, the threshold current scales
sublinearly with 1/N,. Detailed analysis of the
scaling properties of MAR devices can be found in
Refs. [1,2,5]. To realize high performance MAR
VCSELs, high-quality active regions must be
developed. This is necessary in order to achieve
the high gain necessary for high output efficiency.
Previously at 1.55-um emission, 94% output
differential efficiency was shown grown with
analog-alloy active regions [2]. In the work
presented in this paper, high-quality digital-alloy
active regions (DAAR) using submonolayer super-
lattices (SMS) were developed and implemented
into a 3-stage MAR VCSEL with greater than
100% differential efficiency.

The structures were grown by molecular beam
epitaxy (MBE), a popular method for all-epitaxial
VCSELs due to its precise control over layer
thicknesses. The technique of digitally grown
alloys also alleviates the need for multiple group
IIT sources or changes in cell temperature during
growth. This technique has been successfully used
in a wide variety of structures, such as light
emitters [60], graded structures [7,8], and distributed

|
X

Fig. 1. Schematic illustration of a MAR VCSEL operation.

Bragg reflectors (DBRs) [9], to name a few. Digital
alloys can also be applied to active regions to
utilize the control over precise composition and
strain. In the long-wavelength regime, InAlGaAs-
based quantum wells and barriers can be easily
tailored to span across the 1.31-1.55um range.
Furthermore, InAlGaAs-based active regions are
preferred for their high temperature performance
[10]. Previous work on long-wavelength DAAR
with short period superlattices and SMS has
shown improved uniformity and compositional
accuracy using a variety of binary and ternary
superlattice combinations, such as binary—binary
SMS [11,12], lattice-matched ternary (LMT)—
strained ternary superlattices [13], and binary—
LMT SMS [14,15]. These techniques have demon-
strated edge emitting lasers with low threshold
current densities. In this work, we use a binary—
LMT SMS technique similar to Reddy et. al. due
to the relative ease of implementation since the
growth depends only on two parameters: ternary
lattice matching condition and their growth rates
[15]. However, the dependence on the digitization
period and growth conditions has not been well
studied and documented.

In this paper, we first investigate the growth
parameters to optimize the growth of high-quality
DAAR using SMS. These active regions, targeted
to 1.55-um, are then applied to an all-epitaxially
grown 3-stage MAR VCSEL. The devices demon-
strate greater than 100% output differential
quantum efficiency, the highest ever reported for
a 3stage long-wavelength VCSEL, with low thresh-
old voltages and current densities.

2. Experimental procedure

The experimental work reported on in this paper
first investigates the growth of high quality DAAR
using SMS at 1.55-um. These were optimized for
photoluminescence (PL) intensity and linewidth
full width half max (FWHM). Then, the structure
and growth conditions for a MAR VCSEL using
the optimized DAAR is described. Finally, broad
area VCSELs were fabricated and tested.

The growths for this work were performed in an
ultra-high vacuum Varian Gen II solid-source
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MBE system. A valved arsenic cell was the only
group V source present for our machine, thus
preventing any growth of InP for buffer or heat-
spreading layers in the VCSEL.

2.1. Digital-alloy active region optimization

The DAAR were optimized by varying the SMS
periodicity, A, and the active region substrate
temperature, as measured by an optical pyrometer.
The substrate temperatures quoted in this work
were measured while idling with arsenic over-
pressure only. (With the group III cells open, the
substrate temperature reads 10-20°C hotter.)
Fig. 2 shows the structure grown to evaluate the
DAAR. The structure consists of a 200nm
Ing 55Alg 43As buffer followed by a 500 nm Ing 5.
Aly34Gag 14As. This buffer layer, like all other
InAlGaAs layers grown in this work, was
grown digitally using appropriate amounts of
(In0_53Ga0>47AS) 1 ,x(ln0_52A10_48AS)x. Sandwiched
in between Ing 5,Alg 29Gag 19As is the active region,
nominally designed for 1530nm emission. The
active regions consist of five 70 A thick, compres-
sively  strained  Ing70Alp.07Gag22As  quantum
wells with six 50A thick, tensile strained
Ing 44Aly 1,Gag 44As barriers. A matrix of growths
was performed varying the active region substrate
temperature from 500 °C to 590°C with a SMS
periodicity of 3.5 A. At active region substrate
temperatures of 530°C and 56Q°C, the SMﬁ
periodicity was varied from 3.5A up to 17A.
Table 1 lists the digitization schemes used for the

SMS. Finally, all buffer layers were grown at
500°C with an arsenic overpressure of
8 x 107®Torr, equivalent to a V/III ratio of 18,
as optimized in a separate study for smoothest
epitaxial films [16].

The quality of the DAAR was evaluated by
room temperature PL for intensity and FWHM,
and atomic force microscopy (AFM) for surface
roughness. Fig. 3 shows PL curves for a few
DAAR grown at varying substrate temperatures.
As the active region is grown hotter, the PL
wavelength blue shifts due to indium desorption.
Figs. 4 and 5 plot the peak PL intensity and
FWHM, respectively, as a function of substrate
temperature for the entire matrix set. First, for
short SMS periodicities (A<10A), the most
noticeable trend is that the peak PL intensity is
maximized for DAAR grown between 520 °C and
530 °C. Likewise, the FWHM minimizes to around
35meV at those temperatures. At higher tempera-
tures, the PL begins to degrade and broaden; this
corresponded to an increase in material roughness
as a result of deviating from the window of smooth
growth. However, the dependence on SMS peri-
odicity is less obvious. At the cooler substrate
temperatures of 530 °C, the peak PL intensity and
FWHM does not degrade until a SMS periodicity
of 17A. However, for DAAR grown at 560 °C, a
SMS periodicity of 17A does not significantly
differ than those of shorter periodicities. This is
due to inhomogeneous material at the colder
substrate temperatures. At longer SMS periodi-
cities grown colder, the epitaxial film forms

it Ing 5,Al; 5668, 1gAS, 60 Nm

i: InAlGaAs,Active, 5 x 7 nm QWs with 6 x
5 nm Barriers

i: Ing g, Aly 59Gay 40AS, 75 NM

I: Ing g, Al 1,562, 4,AS, 500 nm
i: InAlAs, 200 nm

InP Substrate

Fig. 2. Epilayer structure used in DAAR optimization study.
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Table 1

SMS periodicity, thickness, and layer sequence used in the DAAR

Thickness (A) Target SMS period, Actgal SMS period, Repetitions SMS layer sequence—
A (A) A (A) thickness (A)
Barrier 50 3.5 3.572 14
5 5.008 10 InGaAs-A4/3.4182
7 7.144 7 AllnAs-A/4.0
10 10.0016 6 InGaAs-A4/3.4182
17 16.6667 3 GaAs—1/6.0645
Quantum well 70 3.5 3.503 20 InGaAs-4/4.1802
5 5.3892 13 InAs—1/5.4734
7 7.0057 10 AllnAs—1/6.404
10 10.0054 7 InGaAs—1/4.1802
17 17.5095 4 InAs-A4/5.4734
10000 : . 120 -. 3
——35 é,500°c o : giA
—=—35A 510°C -
8000 | ——35A, 530°C /\ ¢ 7A
——35A, 550°C + 10A . ;
= ——35A,590°C "\ —~ 100 }| v 17A J
& 6000 / E .
VZANTI I |
0
c 4000 1
8 S\ ® w0 -
2000 . .
>< \ 70 :
G A .
0 ‘ 60
1350 1400 1450 1500 1550 1600 1650 480 500 520 540 560 580 600

Wavelength (nm)

Fig. 3. PL of DAAR grown with a SMS periodicity of A =
3.5 A at varying substrate temperatures.

10000 ;
e 354
* = 5A
—~ 8000 + 74 H
> . ¥ ¢ s 10A
A . v 17A
> 6000
2]
C
2
£ 4000
X
[]
u) L]
Q- 2000
0 T
480 500 520 540 560 580 600

Substrate Temperature (°C)

Fig. 4. PL peak intensity of DAAR grown with varying SMS
periodicity, A, at varying substrate temperatures.

Substrate Temperature (°C)

Fig. 5. PL full width half maximum of DAAR grown with
varying SMS periodicity, 4, at varying substrate temperatures.

spontancous lateral composition modulations due
to strain and islanding in the material, leading to
poor superlattice [17]. This is confirmed by high
surface roughness for these samples, which are in
excess of 10A rms. However, when grown
under hotter conditions, the epitaxial film is given
more energy to migrate and form more homo-
geneous films.

From this experiment, an acceptable growth
window for DAAR has been identified. Low SMS
periodicities are desirable with substrate tempera-
tures between 520 °C and 530°C. Of course the
periodicity of the SMS is ultimately limited by the
speed of the shutter operation. Lastly, bright room
temperature PL was observed with FWHM as low
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as 33meV, better than previous DAAR [14,18],
and comparable to analog-alloy based active
regions [19,20].

2.2. MAR VCSEL growth and fabrication

The technology used for this MAR VCSEL
include the use of InAlGaAs/InAlAs DBRs and
InAlGaAs active regions, lattice-matched to InP.
This material system has the inherent drawback of
low thermal impedance and low refractive index
contrasts. However, this can be alleviated with the
inclusion of InP as a heat spreading layer and well
calibrated growth. Nevertheless, this technology
was chosen for its capability to be grown all-
epitaxially. The epilayers for the bottom emitting
MAR VCSEL structure are shown in Fig. 6. The

17

bottom and top DBRs are composed of 35.5 and
45.5 periods, respectively, of Ings3Alg1GagzgAs/
Ing 5oAlg 43As, and are compositionally graded at
the interfaces. This results in reflectivities of 98.9%
and 99.9% for the bottom and top DBRs,
respectively. The doping in the DBRs is varied n-
type from 2.5 x 10'"®cm™ farther away from the
active region down to 1 x 10'® cm™ nearer to the
active region. The undoped separate confinement
heterostructure (SCH) cladding layers are
composed of Ings>Aly.9Gag9As. The tunnel
junctions are 350 A thick similarly composed of
Ino'SzAlo_(}z()Gao_l()AS, with 220 A for the n+ + -side
and 130 A for the p+ +-side. Silicon is used as the
n-dopant and carbon for the p-dopant. The same
active region composition as used in the DAAR
optimization experiment was used for the VCSEL.

AU
-

mrt: INg goAlg 1Gay 35AS/INAIAS
45.5 period DBR, 1x10%8 — 2.5x10"8 e

-
pt+ /[ m Ing goAly 590G 3, 30AS Tunnel Junction, 13 nm/ 22 nm

i: Ing 5oAly 59Gay 15AS SCH, 65 nm

I: InAlGaAs,Active,
5 x 7 nm QWs with 6 x 5 nm Barriers

I: Ing g5Al, 20Ga, 1gAS SCH, 65 nm

ptt /ot Ing 5,Al, 5568, 1gAS Tunnel Junction, 13 nm/ 22 nm

£ Ing 5oAl, 25Gag 1gAS SCH, 65 nm

i InAlGaAs,Active,
5 X 7 nm QWSs with 6 ¥ 5 nhm Barriers

2 Ing oAl 29Ga, 1gAs SCH, B5 nm
pt /s Ing s,Al, 3Gy 10AS Tunnel Junction, 13 nm/ 22 nm
£ INg 2Rl 29Ga, 10AS SCH, 65 nm

i: InAlGaAs,Active,
5 x 7 nm QW's with 6 x 5 nm Barriers

12 Ing 5,Aly 25G3g 1gAS SCH, 75 nm

2 Ing s Al 1Gag 3pAS/INAIAS
35.5 period DBR, 2.5%10% —1x10% ¢m*

n: InP Substrate

Light Qutput

Fig. 6. Epilayer structure for the 3-stage MAR VCSEL.
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The epilayers were grown on a sulfur doped n-
type InP (100) wafer. Growth was preceded first
with oxide desorption. The substrate was heated
under very slight arsenic pressure (5 x 107’ Torr)
to 520 °C, upon which growth commenced while
the substrate cooled to its growth temperature of
500 °C. An arsenic overpressure of 8 x 107® Torr
was used during growth, facilitating a growth rate
of 1 um per hour. During growth of the n-side of
the tunnel junction, the substrate temperature was
reduced to 450 °C and the arsenic overpressure was
increased to 2 x 107> Torr. This was found to
increase the silicon doping concentration. The
active region was grown at 530°C with a 3.5A
SMS digitization period.

The measured and designed reflectivity spectra
of the MAR VCSEL is shown in Fig. 7, with the
measured optical cavity at 1551 nm sandwiched
between an approximately 100 nm wide stopband.
The decreased reflectivity dip at around 1505 nm is
due to absorption from the Ing 53Gag 47As contact
layer and the dip at 1580nm is due to slight
misalignment of the top and bottom DBRs. Next,
the surface roughness between defects measured
by AFM was 2.23 A, indicating smooth super-
lattice growth throughout the epilayers. The low
surface roughness is necessary for the high-quality
active regions and low optical scattering in the
DBRs [21].

Broad area pillars ranging from 25- to 100-um
in diameter were fabricated. First, the top mirror

100

80 3 {
g i
2 60 NS ]
O N\ 5
3 % i
C 40 A.-'-."‘- Vi)
'WV
20 F4fMEL ot
0 Y

1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Fig. 7. Measured (solid) and simulated (dashed) reflectivity
spectrum of the MAR VCSEL.

contact metal (Ti/Pt/Au) immediately followed by
a dielectric etch mask (SrF,) was deposited and
lifted off to form the pillars. Next, a dry etch was
used to etch straight sidewall pillars through the
active region. After removing the etch mask,
backside metal (Ni/AuGe/Ni/Au) was deposited
onto the substrate, and the contacts were an-
nealed. Lastly, a MgO anti-reflection (AR) coating
was deposited on the substrate output interface.

3. Results and discussion

The devices were tested under room temperature
pulsed operation with 500 ns pulses at a repetition
rate of 1kHz. The devices exhibited excellent
voltage and light output power characteristics,
and all lased multimode at around 1537nm
wavelength. Average output differential efficien-
cies were 70%, 90%, and 95%, for 25, 50, and
100-um diameter devices, respectively, as shown in
Fig. 8. Fig. 9 shows the best LIV performance at
each device size. 104% differential efficiency was
achieved for the 100-pm diameter device. Absorp-
tion from the 500-pum thick n-doped substrate was
not taken into account, leading to approximately
15% more output power [2]. This would result in a
record high 119% differential quantum efficiency
for a 3-stage long-wavelength VCSEL. The de-
crease in output efficiency for the 25-um diameter

1 [
.
0.8 .
. -55
. -60
0.6 - -
o €
= 3 70
0.4 % s ]
2
£ .80
0.2 8 -
-90
1532 1534 1536 1538 1540 1542
Wavelength (nm})
0 £ L i i

0 20 40 60 80 100 120
Diameter (um)

Fig. 8. Light output differential efficiencies for 25, 50, and 100-
pm diameter MAR VCSEL devices. The inset shows a spectrum
of a 25-um device biased at 4.5mA.
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Fig. 9. Light (solid) and voltage (dashed) curves vs. current for
a 25-um (circles), 50-um (squares), and 100-um (triangles)
diameter device.

device is due increased sidewall scattering at
smaller device diameters and diffraction loss
through bottom DBR. Aperturing the mode
would greatly alleviate this scattering and improve
towards single mode emission. In addition to the
high output efficiency, the devices also exhibited
low threshold voltages and threshold current
densities, as shown in Fig. 10. For the 25-um
diameter device, threshold voltages were 2.75V.
Subtracting the 2.4V for the photon energy of a
three-stage device, 350mV remain for the three
tunnel junctions and both DBR mirrors. With an
estimated 65mYV drop across each tunnel junction
measured from a separate investigation, only
155mV drop across each DBR at a current density
of 1 kA/cm?. This clearly demonstrates both design
and growth optimization of each component of the
VCSEL to yield low voltage performance. These
MAR VCSELs with DAAR, when compared to
an identical design using conventional analog-
alloy active regions [2], demonstrate comparable
performance in terms of output differential effi-
ciency and better performance in terms of voltage
and threshold currents. Furthermore, 3-stage
MAR edge-emitting lasers with DAAR, fabricated
to evaluate active region parameters, performed
similarly to previously published MAR edge-
emitting lasers with analog-alloy active regions
[5]. 3-stage MAR edge-emitting lasers with DAAR
exhibited injection efficiencies, #;, of ~275% and
optical losses, o;, of ~28 cm™', while those grown

36 15
S 34 . 12g
2 $ §
(1)) .

8, g
S 32 | 09 T
(o] =
> ]
o [ &
g 3 , 06 §
g .

28 03 5
" 1 ! 3

26 0

0O 20 40 60 80 100 120

Diameter (um)

Fig. 10. Threshold voltage (triangles) and threshold current
densities (circles) for 25, 50, and 100-um diameter MAR
VCSEL devices.

with analog-alloy active regions had n; =233%
and o; = 38 cm™' [5]. This shows that high-quality
DAAR with excellent performance can be applied
to use in MAR laser structures.

4. Summary

In summary, we have developed high-quality
InAlGaAs digital-alloy active regions grown using
submonolayer superlattices. These active regions
are comparable to their analog counterparts in
terms of FWHM. These DAAR were implemented
in a 3-stage MAR VCSEL design. The devices
exhibited high output differential efficiencies,
indicating the good quality and applicability of
these DAAR. Greater than 100% output differ-
ential quantum efficiencies were achieved along
with low voltage and threshold characteristics.
Further improvements can be made by including
InP, which can be used in the future for ease of
aperturing and towards high temperature contin-
uous wave operation.
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We present five-stage bipolar-cascade vertical-cavity surface-emitting lasers emitting atl.54
grown monolithically on an InP substrate by molecular beam epitaxy. A differential quantum
efficiency of 120%, was measured with a threshold current density of 767 Adooh voltage of

4.49 V, only 0.5 V larger than 0.8 V, the aggregate photon energy. Diffraction loss study on
deeply etched pillars indicates that diffraction loss is a major loss mechanism for such
multiple-active region devices larger than 2th. We also report a model on the relationship of
diffraction loss to the number of active stages2@05 American Institute of Physics

[DOI: 10.1063/1.1931060

Long-wavelength vertical-cavity surface-emitting lasersthe signal is enhanced for the same noise when the active is
(VCSELS9 are a promising low cost alternative to conven-divided into several stagés.
tional edge-emitting lasers as transmitters for optical com- We have previously reported InP-based three-stage
munication networks. Several different material systemdlipolar-cascade VCSELS with 94% differential quantum ef-
have been investigated for 1.56n VCSELs with viable re-  ficiency(zy) at =10 °C- Threshold voltage was 3.3 V which
sults by researchers. These include GaAs-based wafdfas only 0.9V higher than the combined active junction
fusion® AlGaAsSb? InP/air-gap distributed Bragg reflector Voltages of 2.4 V. Although relatively successtul, further op-
(DBR),® and metamorphic DBR.While all of them have timization of growth and fabrication process was carried out

high index contrast in DBRs, desirable for VCSELSs, difficul- to reduce the voltage drop across the DBRs and tunnel junc-

ties in growth or fabrication exist. An alternative choice is to _t|ons (TJ3. These involve band-gap engineering of the DBR

. . . interfaces as well as growth optimization for TJs. Air-post
use th? AIInGaAs mf"“e”a' system for the mirrors. This is a/CcsELs presented previously are known to suffer from sig-
attractive material since the growth of AlinGaAs on InP is

) nificant diffraction loss since the bottom DBRs possess no
more mature than other material systems, such as AIGaASSR 5\ equiding An aperture can effectively eliminate such dif-

The main problem in this material is that the index contras§action loss if designed properly, such as tapered oxide ap-
of the DBRs is relatively low. However, Cascading aCtiveertureS used in a GaAs Systén’fhe tapered aperture has a
regions can more than compensate for this problem since graded index, and thus can act as a lens to refocus a reflected
higher gain is possible by recycling of carriers. mode reducing diffraction loss. However, the development of
Bipolar cascaded active region devices, also known aapertures in long-wavelength VCSELs with a single-growth
multiple-active-regionfMAR) lasers, can be constructed by monolithic approach has been difficult. While aperturing
epitaxially stacking each stage of the active region in serie¢echnologies have been developed by several research
with Esaki tunnel junction A band diagram of a three-stage groups, for example using air gdpsr buried TJ aperture¥,
MAR is shown in Fig. 1. In MAR devices, carriers can be such elements are not very effective in multimode high-
recycled through tunneling Esaki junctions, and as a result, ROWer applications where broad area devices are reqtiired.
single electron entering the terminal can provide multiple
photons, leading to uniform pumping and higher gain with- I
out the penalty of high bias current. Highly doped Esaki \
junctions can be placed at the null of the standing wave to
minimize absorption loss. 1
Furthermore, bipolar-cascade VCSELs are attractive
candidates for transmitters in optical networks where high I
differential efficiency and low-noise lasers are desirable.
High efficiency is possible through the use of lower reflec-
tive DBRS and higher signal to noise ratio is expected since

dElectronic mail: rintaro@engineering.ucsb.edu FIG. 1. lllustration of current path in bipolar-cascade lasers.
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FIG. 2. Schematics of shalloyBample A and deeply etche@Sample B i} 5 10 15 20
pillars, illustrating diffraction loss from the bottom DBR for Sample A. Current (mA)

) ) . FIG. 3. Light-current-voltage plot of Samples A and B under pulsed opera-
In these cases, diffraction loss of the higher-order modeson at 20 °C.

appears to be a limiting factor. In this letter, we present a

diffraction loss study of five-stage cascade VCSELs WhichS le B until the devi e b ller tham@o
have record differential efficiencies120% and improved ample b until the device size became smaller thap

low-voltage DBRs and TJs, in which the excess voltage wag‘t this point, sidewall scattering becomes significant agd

; ; tarts to decrease.
Zn\lly 0.5V higher than the sum of the band-gap energies of While the diffraction-free structure of Sample B is at-

A bottom-emitting 1.55:m VCSEL structure with five- tractive, Sample A may be more practical because heat can

o dissipate more effectively in Sample A. It is possible to re-
stage MAR was monolithically grown by molecular-beam . . . .
epitaxy on ann-InP substrate. Top and bottom DBRs Con_duce diffraction loss of unguided DBR by using less number

sisted of Ah -dn S/ Al N s with a reflectivit of perlpds. To investigate this, numerlcal' simulation of' 'ghe
of 99.8% g?% %Eé.ﬁsa,sgsespegﬁée&?ﬁrhe interfaces of yeacﬁjlffractlon loss was carried outgby_ Fourier decomposition
DBR layer were graded over 32 nm to minimize conduction-"€thod described in Babiet al.” First, the fundamental
band discontinuity. Each stage of the active region containe Ode. of a MAR VCSEL.#, was ca]culated by solvmg a
five 7 nm compressively strained quantum welBWs wo—d|menS|or]aI spalar wave equation. The field profile is
(Alg 14Nng 65 16AS) and six 5 nm tensile strained barriers Qecomposeq 'T“O its plane-wave F’ouner components Wh.'Ch
(Alg 290 4052 4AS). A 15 nm thick Ab ,dNo e/Ga 1AS TJ is then multlplled_by bottom DBR’s angular spectrum. Fi-
sepé\rate'd each stage and consisted of a 9 nm layer of ally, an overlap integral of the reflected mode, and
dopedn-type to 5x 10*° cmi 3 and a 6 nm layer of C doped as calculated
p-type to 2x 107° cm 3.

The structure was fabricated as air-post VCSELs where

2 *
pillars were formed by an inductively coupled plasma etcher T ¥
at 200 °C. As mentioned before, such a structure would suf- «x=—/—"———. (1)
fer from diffraction loss through the bottom DBRs since no oo
e . . ] -
waveguiding is present. The diffraction loss of unguided

DBRs is strongly dependent on the index contrast of the twol.he diffraction loss can then be calculated frém1 -« x
DBR layers because the effective propagation distance iléigure 5 shows the diffraction loss versus the numbér of
Iarg(_ar for a smaller contra8tTo study the ef_fect, we have BR pairs for a pillar diameter of @&m with corresponding
fabricated two _sample_s: One where the pillar was etche eflectivity shown on the toxx axis. The reduction of the
through the active regiofSample A and the other etched diffraction loss is clearly seen for lower reflective DBRs.

through the bottom DBRSample B as shown in Fig. 2. : .
. - .. However, ordinary single-stage VCSELs would severely suf-
Index guiding by the bottom DBRs would eliminate the dif- fer an increase of the threshold gain and current if the output

fraction loss, leading to higher differential efficiency and DBR reflectivity is reduced. On the other hand, in bipolar-

g;vnet:ytgrrﬁzndd current provided surface roughness is Suﬁcl6ascade devices, multiple-active stages can compensate for

Light-current-voltage characteristics for Samples A andthe increased mirror loss to keep the threshold gain within

B are shown in Fig. 3. Significantly higher differential effi- each QWs approximately the same.
ciency (7,) is clearly seen with Sample B, attributed from

the much lower optical loss. The inset of Fig. 3 shows the 514 —
lasing spectrum at-1538 nm. The lack of an optical aper- 3 12L an® |
ture results in a multimode spectrum. Threshold voltages & [ o e *
were 4.56 V and 4.57 V for Samples A and B, respectively. E 0.8 a8 s —
This is only 0.6 V higher than the net active region junction s | g
voltage of 4 V (5x 0.8 V). Separately grown TJ voltages 508 4 ..' T
were measured to be around 80 mV at 1 kAfciigure 4 g0 m .
shows a plot of differential quantum efficiencies versus pillar 2 0.2 B u 1
diameters. Greater than 100% efficiencies, only possible with 3‘5 o IR N N E—

5 10 15 20 25 30 35

cascaded active regions, are seen for a range of device sizes
for Sample B. A device with a 3Lm pillar diameter showed

122% efficiency. It can also be mentioned that whjlesub-  rig. 4. Differential quantum efficiency vs pillar diameter for Sample A

linearly decreased for Sample A, it remained constant forsquare¢ and Sample Ecircle).
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Reflectivity fraction loss is possible by reducing the number of DBR
0.55 0435 0.685 084 0.923 0.964 0.983 0.992 periods from 28 to 15 by changing the number of stages from
210 6.
0.504 8 o In this letter, we presented a 1550 nm five-stage MAR-
. %é VCSEL with greater than 120% efficiency using improved
R 0.45- s & DBRs and TJ voltages. We also have experimentally demon-
2 2 P strated that the diffraction loss has a significant impact on
- 0.40+ g g device performance for a broad area air-post VCSEL struc-
& [ 4 O g ture. The increased gain of a MAR-VCSEL can enable a
S 0.354 89 reduction in diffraction loss by the use of fewer periods in
fal ED the DBRs without suffering the increase of threshold gain.
0.304 [, < ?, Equationg1) and(2) can be used to estimate diffraction loss
0.25 2 and the optimal number of active stage as illustrated in
" 10 15 20 25 30 35 40 Fig. 5.

DBR Periods This project was funded by ARO through UCSD subcon-

FIG. 5. Simulated diffraction loss for an gm pillar vs number of DBR  tract and CHIPS through DARPA.
periods, with the top axis indicating the corresponding reflectivity. The num-
ber of active stages required to maintain constant threshold gains ofip karim, J. Piprek, P. Abraham, D. Lofgreen, Y. J. Chiu, and J. E. Bow-
414 cm® (circles, 800 cm! (squarel and 1200 crit (diamonds is also ers, IEEE J. Sel. Top. Quantum Electrah. 178 (2000.
plotted as a function of the number of DBR periods and reflectivity. 2g, Nakagawa, E. Hall, G. Almuneau, J. K. Kim, D. A. Buell, H. Kroemer
and L. A. Coldren, IEEE J. Sel. Top. Quantum Electr@n.224 (2002.
. . . . 3 . . .

The threshold gain within the QWs of bipolar-cascade SV'EL'”J D.P. S’OJ“RZ' i‘”?a”' YE’E: ;’egezl' '\T/' H. Lea“t" A. glanct‘;”' S.

VCSELs was derived by Knodit al® and shown below as a - ~orzine, and M. K. 1. 1an, - Sel. Top. Quantum Elect@n.

1415(2003.
reference 43. Boucart, C. Starck, F. Gaborit, A. Plais, N. Bouche, E. Derouin, L.
~ AL Iny/ Goldstein, C. Fortin, D. Carpentier, P. Salet, F. Brillouet, and J. Jacquet,
O = % + a _ nvé ’ (2) IEEE Photonics Technol. Lettl1, 629(1999.
N, NI'd N,I'd ®J. K. Kim, S. Nakagawa, E. Hall, and L. A. Coldren, Appl. Phys. L&,
3137(2000.

wheregy, is the threshold gain of a single-stage VCSEL with °T. Knodl, M. Golling, A. Straub, R. Jager, R. Michalzik, and K. J. Ebeling,
an active thickness af, N, is the number of stages,is the _IEEE J. Sel. Top. Quantum Electro8, 1406 (2003.
absorption coefficient in the extended active regionAaf 8;’- "I"-Ig"abYef'YF- g?na, a:ld g- JI-_ Ra“(} fpg'- ghys- Le?égzgj(zgo?' .

. - H Fn . I, bBabic, Y. ung, N. Dagll, an . E. bowers, . oel. lop.
andI is the confinement factor. Output mirror reflectivity of Quantum Electron29, 1950(1993.

cascaded deviceR, were related to single-stage or, by °M. J. Noble, P. Sotirelis, J. A. Lott, and J. P. Loehr, SPIE-Int. Soc. Opt.

R,=¢R,. Using Eq.(2), the number of active stages required ,,E"9- 3944 252(2000.

10, H
. . . . . R. Shau, M. Ortsiefer, J. Rosskopf, G. Bohm, F. Kohler, and M.-C.
to maintain a constant threshold gain for different reflectivity , -1 Electron. Lett37 1295(200%.
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High Differential Efficiency (>60%) Continuous-Wave Operation of
1.3um InP-Based VCSELSs with Sb-Based DBRs

D. Feezell, D.A. Buell, L.A. Johansson, and L.A. Coldren
University of California, Department of Electrical Engineering, ESB Room 3205B, Santa Barbara, CA 93106
Phone: 805-893-5955, Fax: 805-893-4500, Email: feezell@engineering.ucsb.edu

Long-wavelength vertical-cavity surface-emitting lasers (VCSELS) operating in the important
telecommunications window of 1.3 — 1.6um are attractive light-sources for short to mid-range
optical networks. We have previously demonstrated a monolithic all-epitaxial platform utilizing
INAlGaAs active regions and AlGaAsSbh distributed Bragg reflectors (DBRs) with excellent
results at 1.55um [1]. Here we demonstrate the first continuous-wave (CW) operation of a
1.3um InP-based VCSEL with Sb-based DBRs. These devices achieved world-record CW
differential efficiencies for long-wavelength VCSELSs of greater than 60% at room-temperature
(RT). Furthermore, we demonstrate the first high-speed modulation for any long-wavelength
VCSEL with Sb-based DBRs. These advancements verify that the Sb-based DBR technology
can yield high-performance devices spanning the entire 1.3 — 1.6um wavelength window.

Fig. 1 shows a schematic of the monolithic all-epitaxial VCSEL structure. The device
was grown by solid-source molecular beam epitaxy (MBE) in a single growth step and utilizes a
thin (350A) selectively etched tunnel-junction layer to generate efficient optical and electrical
confinement. The AlIGaAsSb DBRs provide an index contrast of An = 0.4, comparable to
GaAs/AlGaAs DBRs. The cavity contains a five quantum-well active region surrounded by InP
layers that facilitate current and heat spreading in the device. The total cavity thickness is 4A.
Fig. 2 displays the CW light and voltage vs. current (LIV) curves for a VCSEL device with an
8um diameter tunnel-junction aperture. CW operation was observed up to 88°C, with an output
power >1.5mW at 20°C. These devices lased single-mode at 1.305um with a side-mode
suppression ratio (SMSR) of 46dB, as shown in Fig. 3.

The thin selectively etched tunnel-junction aperture provided low-loss optical
confinement, generating the high differential efficiencies demonstrated in Fig. 4. World-record
values were achieved, with 64% at RT and greater than 50% at 50°C. This result is an important
advancement towards creating higher power devices with low-required drive-currents. Fig. 5
shows the threshold current vs. stage temperature for the device, indicating that the optimal gain-
peak to cavity-mode alignment occurred around 20°C. These devices were designed for optimal
RT operation, but improved temperature performance can be expected with a higher gain offset.

In order to demonstrate the high speed capabilities of these devices, they were modulated
with a 2.1 prbs at 3.125Gb/s. Light was coupled directly into a single-mode fiber and then into
a 10Gb optical receiver. Open eye diagrams were obtained up to 60°C and are shown in Fig. 6.
The extinction ratios were derived directly from the optical bit stream and were >8dB for
operation up to 60°C with a peak-to-peak drive voltage of only 800mV. Error-free operation was
obtained up to 60°C and the bit error rate (BER) curves are shown in Fig. 7.

In conclusion, we have demonstrated the first CW operation of 1.3um VCSELSs with Sb-
based DBR technology and have achieved record-high CW differential efficiencies. High speed
modulation was also demonstrated for the first time with this technology. Coupled with previous
results at 1.55um, these results clearly demonstrate this platform’s ability to generate high-

performance monolithic VCSELSs spanning the entire 1.3 — 1.6um wavelength window.
[1] S. Nakagawa, et al., Applied Physics Letters, vol. 78, pp. 1337-1339 (2001).
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Defect Reduction at the AlIGaAsSb/InP Interface for Optimized Long-Wavelength

Vertical Cavity Lasers
David Buellt, Danny Feezellt, Larry Coldrent
tUniversity of California, Santa Barbara

ABSTRACT

High-performance vertical-cavity lasers operating in the 1310 to 1550 nm range can be realized with a single epitaxial growth
on InP substrates by using appropriate materials for the distributed Bragg reflectors (DBRs). One such successful materials
system is (Al,Ga)AsSb, which can be grown lattice-matched to InP and which has a large index contrast (~0.4). Devices
using this DBR material have been demonstrated to operate at both 1310 and 1550nm. The yield of these devices is limited
by point defects and roughness which lead to increased optical scattering losses. The primary source of defects in this system
is the InP cladding layer grown on the bottom DBR. These defects are oriented along the [011] direction, and are
approximately 5nm high. With sufficient growth these defects coalesce, leading to large-scale roughness detrimental to
device performance. This paper will report on techniques developed to reduce the defects formed at this interface, with the
goal of improving long-wavelength vertical cavity laser performance. Molecular beam epitaxy was carried out in Varian
Gen-II reactor on 2-inch InP substrates. The group-111 fluxes were provided by SUMO cells in all cases, increasing stability.
The group-V sources are all valved crackers, which allows for stable and reproducible fluxes as well. Transitions between
AlGaAsSh and InP are complicated by the fact that both cations and anions are different at the interface, with quaternary
material on one side and binary on the other. When changing from AlGaAsSb to InP, a pause is necessary to open the P
valve to the appropriate setting. This pause can be done with an overpressure of either As, Sb or both. The time and species
have been demonstrated to be important. Additionally, the length of time for P exposure before commencing InP growth is
key. Marked differences in surface morphology are apparent with varying any of these conditions. We have found the ideal
transition method to be a 15 second As soak followed by a 30 second P soak, done at a temperature of 465°C as measured by
optical pyrometry. This method yields films which have an RMS roughness as measured by AFM of 2.0 A, and a defect
density of less than 200 defects/cm”2. We have used this approach to grow a 12.5period AlGaAsSh DBR centered at 1310
nm with 6000A of InP which has defect density of 300 cm”-2 and roughness of 2.1 A. Full vertical cavity lasers grown using
this technique have been shown to have roughness of 7 A for layers approaching 15 microns thick. Device results will be
reported using this optimized growth technique.



Continuous-wave operation of all-epitaxial
InP-based 1.3 um VCSELs with 57%
differential quantum efficiency

D. Feezell, D.A. Buell and L.A. Coldren

All-epitaxial InP-based 1.3 um VCSELs with a record-high contin-
uous-wave differential quantum efficiency (57%) for single active
region long-wavelength devices are demonstrated. Low-loss optical
mode confinement is achieved through a selectively etched undercut
tunnel-junction aperture. Singlemode continuous-wave lasing was
observed up to 87°C and the room-temperature output power was
1.1 mW at a current of 4.1 mA and a wavelength of 1.305 pm.

Introduction: Vertical-cavity surface-emitting lasers (VCSELs) emit-
ting at 1.3 pum are attractive light sources for short to mid-range
telecommunications and high-speed Internet applications. These
devices offer many advantages over the existing distributed feedback
(DFB) laser infrastructure, including low power consumption, on-
wafer testing, low-cost packaging, and high fibre-coupling efficiency.

Recently, long wavelength VCSEL technology has grown to include
a wide variety of approaches [1-6]. While excellent results have been
reported, the majority of these approaches struggle to demonstrate
monolithic all-epitaxial devices that can reliably span the entire 1.3—
1.6 um wavelength range. InP-based devices with AsSb-based distrib-
uted Bragg reflectors (DBRs) are promising candidates to solve this
problem. In a previous work, we reported continuous-wave (CW) lasing
up to 88°C with 1.55 pm InP-based VCSELs implementing AsSb-
based DBRs [7]. In this Letter, we demonstrate the first above room-
temperature (RT) CW lasing of 1.3 ym InP-based VCSELs with
AsSb-based DBRs. These devices achieve a high CW differential
quantum efficiency (DQE) of 57%. To our knowledge, this is the highest
reported DQE value for single active region long-wavelength VCSEL
devices. A selectively etched undercut tunnel junction was employed to
produce a low-loss thin aperture that achieves simultaneous optical and
electrical confinement [8]. Singlemode CW lasing was observed up to
87°C and the RT output power was 1.1 mW at a wavelength of 1.305 um.

Device structure and fabrication: The VCSEL structure was grown
monolithically in a single growth step by solid-source molecular beam
epitaxy (MBE). Fig. 1 shows a schematic of the bottom-emitting all-
epitaxial device with a selectively etched tunnel-junction aperture. The
device uses a double intra-cavity contacting scheme to circumvent the
high electrical and thermal resistance of the undoped AlGaAsSb DBRs.
The top and bottom DBRs are designed to have reflectances of >99.9
and 99.4%, respectively. The VCSEL cavity is 44 long and consists of a
Y2 five quantum well Algglnge7Gag 15As active region with six
Alg24Ing 40Gag 36As barriers clad on both sides by InP layers that
facilitate current spreading and heat removal from the device. The
active region is designed for peak photoluminescence at 1275 nm and
contains five 1.0% compressively-strained 7 nm quantum wells and six
0.6% tensile-strained 5 nm barriers. Embedded in the upper InP
cladding layer is a 350 A n++-Alo_zgln0_52Ga0_lgAs/p++-A10_291n0_52
Gag 19As tunnel junction (doped Si:3e19 cm™3/C:1€20 cm™>) that is
placed at a standing wave null to minimise absorption loss.

_~AlGaAsSb DBR
_—tunnel junction  AlinGaAs
[ _~ active region

/
» wmmm - NP heat/current
‘ spreader

- AlGaAsSb DBR

Fig. 1 Schematic of bottom-emitting 1.3 um VCSEL structure showing thin
tunnel-junction aperture

Device fabrication consisted of reactive ion etching (RIE) of the top
DBR down to the upper InP cladding layer in Cl, plasma.
Ni/AuGe/Ni/Au and SiO, were then evaporated as the top contact and
etch mask, respectively. The upper InP cladding was then etched down to
the tunnel-junction layer via RIE in CH4:H,:Ar,. The tunnel junction
layer was then selectively undercut with respect to InP with a 10:1 mixture
of 1M citric acid and 30% hydrogen peroxide to form the thin air-gap
aperture. The selectivity of this etch was observed to be greater than 100
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to 1 and the diameter of the tunnel-junction aperture was controlled via
observation of removal of sacrificial pillars on the chip. Subsequently, the
remaining InP cladding was etched down to the active region via RIE.
Finally, the active region was wet etched in citric acid and hydrogen
peroxide to expose the bottom InP cladding. Ni/AuGe/Ni/Au was then
deposited via electron beam evaporation to form the bottom contact.

Results: Fig. 2 shows the CW light and voltage against current (LV)
curve at 20°C for a device with a 22 pm pillar and a 6 pm tunnel-
junction aperture. This is the first reported RT CW lasing of a 1.3 um
InP-based VCSEL with AsSb-based DBRs. Moreover, the 57% DQE
and resulting low required drive current are new milestones. High DQE
values are desirable to achieve maximum device output powers at low
bias and modulation currents. For this device, over 1 mW output power
was demonstrated at the low current of 3.5 mA. The high DQE value is
attributed to the implementation of the 350 A low-loss air-gap tunnel-
junction aperture placed at a standing wave null. The low effective index
contrast (An=0.01) afforded by this aperture provides good optical
mode confinement with no scattering loss from the rough DBR
sidewalls. Fig. 3 shows the CW lasing spectrum of the device at a
bias of 4 mA. Singlemode lasing was observed up to the maximum
output power and the lasing wavelength at this bias was 1.305 pm.
The sidemode suppression ratio (SMSR) was 42 dB. These results
clearly indicate the effective optical confinement achieved by the thin
tunnel-junction aperture.
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Fig. 2 CW LIV curve of device with 57% differential quantum efficiency at
room temperature

—201

CW, 20°C
I=4mA
-30+

—40

SMSR=42dB

—504

intensity, dBm

-60

-80
1302 1303 1304 1305 1306 1307 1308
A, nm

Fig. 3 CW lasing spectrum at 4 mA of 1.3 um VCSEL device, showing
singlemode operation with 42 dB SMSR

Fig. 4 shows the light against current (LI) curves for various stage
temperatures. The maximum CW lasing temperature achieved was
observed to be 87°C. The wavy nature of the LI curves can be attributed
to substrate reflections due to an imperfect antireflection coating on the
bottom-emitting device. AllnGaAs active regions have been shown to
operate up to 134°C with a large (~60 nm) gain peak to cavity-mode
offset [2]. For these devices, the highest temperature operation of 87°C
can be partly attributed to the relatively small (~30 nm) offset, which was
designed for optimum room-temperature device performance. The ther-
mal impedance of the device was measured to be less than 2°C/mW,

No. 14



indicating that for a potential compromise in RT performance, higher
temperature operation would be possible with larger gain peak to cavity-
mode offsets.

cw 10°C
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0.6

power, mW
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current, nm

Fig. 4 LI curves for various stage temperatures, showing CW lasing up to
87°C and over 1 mW output power at 20°C achieved below 4 mA

Conclusions: We have demonstrated the first above room-temperature
CW lasing for an InP-based 1.3 pm VCSEL with AsSb-based DBRs.
These all-epitaxial devices achieved a record-high CW differential
quantum efficiency (57%). Effective optical mode guiding and current
confinement was achieved via a thin selectively etched tunnel-junction
aperture. Singlemode operation was observed up to the maximum
output power of 1.1 mW at 20°C and showed an SMSR of 42 dB. The
maximum CW lasing temperature was shown to be 87°C. The lasing
wavelength at 20°C for the maximum output power was 1.305 pm.

© IEE 2005
Electronics Letters online no: 20051827
doi: 10.1049/¢1:20051827

D. Feezell and L.A. Coldren (Electrical and Computer Engineering
Department, University of California Santa Barbara, Engineering
Sciences Building Room 3205B, Santa Barbara, CA 93106, USA)

18 May 2005

E-mail: feezell@engineering.ucsb.edu

D.A. Buell (Materials Department, University of California Santa
Barbara, Engineering Building II Room 1231, Santa Barbara, CA
93106, USA)

References

1 Nishida, T., Takaya, M., Kakinuma, S., Kaneko, T., and Shimoda, T.:
‘4.2 mW GalnNAs long-wavelength VCSEL grown by metalorganic
chemical vapor deposition’. IEEE Semiconductor Laser Conf., Matsue-
shi, Japan, 2004

2 Jayaraman, V., Mehta, M., Jackson, A.W., Wu, S., Okuno, Y., Piprek, J.,
and Bowers, JE.. ‘High-power 1320-nm wafer-bonded VCSELs
with tunnel junctions’, IEEE Photonics Technol. Lett., 2004, 15,
pp. 1495-1497

3 Nishiyama, N., Caneau, C., Hall, B., Guryanov, G., Hu, M., Liu, X., Bhat,
R., and Zah, C.: ‘“Temperature, modulation, and reliability characteristics
of 1.3 pm-VCSELs on InP with AlGalnAs/InP lattice matched DBR’.
IEEE Semiconductor Laser Conference, Matsue-shi, Japan, 2004

4 Chang, J., Shieh, C.L., Huang, X., Liu, G., Murty, M.V.R., Lin, C.C., and
Xu, D.X.: ‘Efficient CW lasing and high-speed modulation of 1.3 pm
AlGalnAs VCSELs with good high temperature lasing performance’,
IEEE Photonics Technol. Lett., 2005, 17, pp. 7-9

5 Shau, R., Ortsiefer, M., Rosskopf, J, Bohm, G., Kohler, F, and
Amann, M.C.: “Vertical-cavity surface-emitting laser diodes at 1.55 pm
with large output power and high operation temperature’, Electron. Lett.,
2001, 37, pp. 1295-1296

6 Lin, C.K., Bour, D.P, Zhu, J., Perez, W.H., Leary, M.H., Tandon, A.,
Corzine, S.W., and Tan, M.R.T.: ‘Long wavelength VCSELSs with InP/air-
gap DBRs’, SPIE Int. Soc. Opt. Eng. Proc., 2004, 5364, pp. 16-24

7 Nakagawa, S., Hall, E., Almuneau, G., Kim, J.K., Buell, D.A., Kroemer,
H., and Coldren, L.A.: ‘88°C, continuous-wave operation of apertured,
intracavity contacted, 1.55 pm vertical-cavity surface-emitting lasers’,
Appl. Phys. Lett., 2001, 78, pp. 1337-1339

8 Reddy, M.H.M., Asano, T., Feezell, D., Buell, D.A., Huntington, A.S.,
Koda, R., and Coldren, L.A.: ‘Selectively etched tunnel junction for
lateral current and optical confinement in InP-based vertical cavity
lasers’, J. Electron. Mater., 2004, 33, pp. 118-122

ELECTRONICS LETTERS 7th July 2005 Vol. 41 No. 14



Proc. 23rd North American Conference on Molecular Beam Epitaxy, paper no. WC-1, Santa Barbara, CA (September 11-14, 2005)

Molecular Beam Epitaxy of InP-Based Alloys for Long-
Wavelength Vertical-Cavity Lasers

David A. Buell', Daniel Feezell?, Bjgrn-Ove Fimland*® and Larry A. Coldren?

Department of Materials', Department of Electrical and Computer Engineering®
University of California, Santa Barbara, CA 93106

*on leave from Department of Electronics and
Telecommunications, Norwegian University of Science and Technology, NO-7491
Trondheim, Norway

Abstract

In this paper we review the growth, design, and characterization of 1310 nm lattice-matched
vertical-cavity lasers which take advantage of AlGaAsSb distributed Bragg reflector and
AlInGaAs active regions. The molecular beam epitaxial growth for this structure was particularly
challenging due to the various Il1-V alloys used; in particular the interfaces between them were
observed to be a significant source of macroscopic defects and roughness. The AlGaAsSb-InP
interface was seen to control the yield and overall quality of device structures, and so was the
focus of the crystal growth optimization. InP heat- and current-spreading layers were utilized to
offset the thermal and electrical limitations of the AlGaAsSb mirrors; we optimized the defect
density and roughness of these epilayers by studying their dependence on growth temperature and
P-overpressure. Vertical-cavity lasers grown using these optimized approaches and incorporating a
thin, selectively etched tunnel-junction aperture were fabricated and tested, and demonstrated
promising characteristics. Operating temperatures up to 90 °C with single-mode power in excess
of 1.6 mW was observed. Differential quantum efficiency of 64% was seen for our best devices, a

record for long-wavelength vertical-cavity lasers.
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INTRODUCTION

Vertical cavity lasers (VCLs) operating in the wavelength space from 1300-1600 nm are
interesting datacom and telecom sources for existing fiber-optic networks, since they take
advantage of absorption and dispersion minima in conventional silica fiber; their circular output
mode shape, low dissipated power, and efficient direct modulation behavior make them
favorable for network applications. VCLs operating at shorter wavelengths (780-980nm) have
demonstrated excellent performance characteristics for short distance communications [1]. In
order to translate these successes to the local-, storage-, and metro-area networks, VCLs
operating at 1310 and 1550 nm are desired. There have been two general lines of approach for
realizing long-wavelength VCLs to this point: GaAs-based and InP-based. GaAs-based
approaches take advantage of AlGaAs/GaAs distributed Bragg reflectors (DBRs) with their
associated high index of refraction contrast and thermal conductivity. The optical and current
aperturing technology is also well developed, with sub-micron devices incorporating tapered
oxide apertures demonstrating high-speed modulation and high differential quantum efficiency.
In order to extend the operation of GaAs-based devices from 980nm to 1310 and 1550nm, less
mature active region materials such as GalnN(Sb)As or InGaAs quantum dots must be used
[2,3]. These active regions are relatively new, and their reliability at longer wavelengths
remains in question.

InP-based approaches take the opposite tack: the active region materials, AlinGaAs and

InGaAsP, are well developed, having been deployed in commercial long-wavelength edge-
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emitting lasers for many years. The DBR and aperturing technology, however, are less well-
developed. The conventional lattice-matched alloys to InP, AlInGaAs and InGaAsP, do not
have sufficient index contrast to be effective options for DBRs with high reflectivity. This has
led to a variety of approaches to realize InP-based VCLs, including wafer-fused AlGaAs/GaAs
DBRs [4], metamorphically grown AlGaAs DBRs [5], and dielectric DBRs [6]. Devices with
high operating temperature, useful output power, and good differential efficiency have been
demonstrated using each of these techniques.

In this paper we report results using an alternative approach, in which we take advantage of
the InP lattice-matched material AIGaAsSb. Our group has reported VCLs based on this
technology before, both at 1550 nm [7] and more recently at 1310 nm [8]. Prior results at 1550
nm showed operating temperature of 88 °C and 1.2mW output power at 15 °C, with 23%
differential quantum efficiency. Improvements to the device design and epitaxial growth have
led to our most recent results, in which 1310 nm VCLs have been fabricated which operate to 90
°C, have 1.6 mW single-mode output power, and a record differential quantum efficiency of

64%. The molecular beam epitaxial growth optimization is detailed below.

MOLECULAR BEAM EPITAXY

The vertical-cavity laser structures detailed in this paper were grown using molecular beam
epitaxy in a Varian Gen-ll reactor, with standard EPI-SUMO effusion cells for group Il
elements and valved, cracked sources for all group V elements. For our laser structures,
AlGaAsSh alloys were used as DBRs, AllnGaAs was used for active regions and tunnel
junctions, and InP for heat- and current-spreading layers. The optimization of these different

alloys, as well as the interfaces between them, was of utmost importance to successful device



Proc. 23rd North American Conference on Molecular Beam Epitaxy, paper no. WC-1, Santa Barbara, CA (September 11-14, 2005)

fabrication. A schematic of a fully fabricated VCL is given in Figure 1 to illustrate the

relationship between the various alloys and their placement in the device structure.

AlGaAsSb DBR Growth

Lattice-matched AlAsSys6Sbo4s and GaAsys1Shoag has been demonstrated to be a suitable
candidate for DBRs in the wavelength span of 1310-1550 nm [9]. We controlled the
composition of the AlGaAsSb alloy via short-period superlattices (2.0 nm) with varying duty
cycles of AlAsSb and GaAsSb. Using this method we formed alternating Y A layers of
Alp.95Gap 0sAS0.54Sb0.46 and Alg30Gap 70AS0.52Sbo 48, referred to in this paper as 95%AIGaAsSh
and 30%AlGaAsSh, respectively. Growth was performed at a temperature of 480 °C as
measured using an lrcon optical pyrometer, and a growth rate of 0.35 nm/s. The lattice
matching of the ternaries was achieved using the method we have previously reported, in which
the beam flux ratio for As/Sb is fixed to ~6.5, and fine-tuning of the composition was done by
adjusting the Al and Ga beam fluxes [10]. Stable lattice-matched conditions were possible
using this method, with observed x-ray diffraction (XRD) peaks indicating less than 0.01%
strain in the growth direction. Minimum defect density and roughness, as measured using atomic
force microscopy (AFM), for samples grown using the above parameters was 150 cm™ and 0.17
nm RMS, respectively. The bottom (output) DBR for the 1310 nm VCL consisted of 27.5 pairs,

while the top (highly reflective) DBR used 39.5 pairs.
InP Growth Diagram

Homoepitaxy of InP, compared to GaAs, has a narrow optimal growth window. Previously

we had observed that defect density in our bulk layers of InP was sufficient to increase optical
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losses and thus decrease device performance. An investigation of the InP growth diagram for
our conditions was thus necessary. We have previously found that InP substrate orientation
played a large role in the quality of subsequently grown InP epilayers, with optimum films
observed on (001) substrates miscut 0.5° towards the (111)A planes. For compatibility with the
other requirements of our system, an InP growth rate of 0.15 nm/s was fixed, and other pertinent
growth parameters were varied. Below we present the dependence on growth temperature and
P, beam flux pressure of the macroscopic defect density and RMS roughness. In these
experiments an InP growth rate of 0.15 nm/s was achieved using an In beam flux of 3.6x10”
Torr.

Growth of InP under 9x10°® Torr P, overpressure at a temperature of 465 °C yielded films
with defect density equal to 200 cm™ and RMS roughness of 0.17 nm for 1 micron thick
epilayers. InP which was grown on the optimized AlGaAsSb DBRs described above, however,
suffered from increased defect density and roughness. In order to grow the highest quality

devices an investigation into the interface between AlGaAsSb and InP was necessary.
AlGaAsSb-InP Interface

The interface between AlGaAsSb and InP occurred where the bottom DBR and InP
heat/current spreading layer met, as seen in Figure 1. This interface involved the transition
between a quaternary and binary alloy, with no common anions or cations between them. As a
result, many different methods for switching from one material to the next could be imagined.
Previously, we transitioned from AlGaAsSb to InP by soaking the static AIGaAsSb surface in
both As and Sb beams while adjusting the P valve position for InP growth. We then soaked the
AlGaAsSb surface under P, flux to pump out excess As and Sb for 30 seconds. InP growth was

then initiated. Using this approach (referred to as AsSb-soak) occasionally yielded acceptable
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films, including some of our prior VCL results, but was not sufficiently reproducible for reliable
usage. Antimony adatoms present on the static surface tended to remain even with subsequent
P, soaking, due to the relatively cool growth temperature of 465 °C. This led to the observed
defects and roughness. In order to overcome this limitation we developed a transition approach
(referred to as P-soak) in which P, is the only group-V species present during the growth pause
between AlGaAsSb and InP. This transition used a short initial P, soak followed by a thin (2.0
nm) InP buffer layer. This buffer layer was then exposed to the P, beam for 60 seconds to pump
out the excess As and Sb still present. Growth of InP continued using the optimized conditions
described above. Using this technique we routinely and repeatedly obtained films with low
defect density and roughness. In Table I we summarize and compare the two transition
methods.

Using this interface transition technique, in conjunction with the optimized AlGaAsSbh and
InP bulk heteroepitaxy, a full 1310 nm VCL device layer structures was grown. An AFM image
of the wafer surface after this 15 micron-thick growth is given in Figure 3. The RMS roughness

of this surface is 0.31 nm.

VERTICAL CAVITY LASER DEVICE STRUCTURE AND RESULTS

Our 1310 nm VCL structure and design have been detailed elsewhere [8]; the major features
are described here, with some of the most pertinent device results provided as well. After MBE
growth, the completed all-epitaxial laser structure was fabricated using standard lithographic

techniques, with the thin tunnel-junction aperture formed by selectively etching the AlInGaAs
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with respect to surrounding InP using a solution of citric acid and hydrogen peroxide (10:1
ratio). The devices were then probed on a stage mounted with an InGaAs photodetector, and the
light-current-voltage (L-1-V) characteristics measured. In Figure 4 we see L-I curves for a range
of temperatures, showing continuous-wave (CW) operation up to a maximum of 90 °C. Figure 5
shows the L-I-V curves for a device with an aperture diameter of 5 microns at room
temperature.

This device has single-mode output power greater than 1.0 mW, and differential quantum
efficiency of 60%, and other devices exhibited up to 64%. This efficiency is a record, to the
authors’ best knowledge, for all long-wavelength vertical cavity lasers. The high differential
efficiency can be attributed to low excess optical losses in the structure, thanks to the thin tunnel
junction aperture located at the standing wave null of the mode in the optical cavity, along with
low free-carrier absorption losses from the mostly n-type doping in the structure, and undoped
DBRs. The high temperature operation is limited by the active region injection efficiency,
which decreased to zero near 120 °C. Improvements to the characteristic temperature via
redesigning the band structure of the quantum wells and barriers will lead to increased
maximum operating temperature for the VCLs. In addition, optimization of the spectral offset
between the cavity mode and optical gain peaks should increase the achievable maximum

temperature.

CONCLUSIONS

Long-wavelength vertical cavity lasers grown all-epitaxially on InP substrates can take
advantage of AlGaAsSh alloys for highly reflective Bragg mirrors and AllnGaAs alloys for
quantum well active regions. The interface between AlGaAsSb and InP has been optimized for

minimum defect density and roughness. Growth of complete layer structures with 0.31 nm RMS
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roughness has been demonstrated with low defect density. 1310 nm VCLs were then fabricated
with low-loss thin tunnel-junction apertures for current and optical confinement. Operation at
temperatures as high as 90 °C was observed, with single-mode output power above 1.6 mW.
Differential quantum efficiency as high as 64 % was achieved, a record for long-wavelength

vertical cavity lasers.
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Table I. Transitions between AlGaAsSb - InP

AsSb-soak

P-soak

AlGaAsSb DBR growth

AlGaAsSb DBR growth

Soak AsSb surface with
both As, and Sh, flux — 30

seconds

Soak AsSb surface with

only P, flux — 5 seconds

Open In shutter, grow
according to optimized

conditions

Grow 2.0 nm InP buffer

layer

Soak InP buffer layer with

P, flux — 60 seconds

Grow remaining InP using

optimized conditions

Macroscopic Growth Results

Defect Density: 5000 cm™

RMS roughness: 1.5 nm

Defect Density: 200 cm™

RMS roughness: 0.18 nm

Table 1.
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Figure 3.
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FIGURE 1. 1310 nm VCL with AlGaAsSb DBRs and AllnGaAs active region, with thin AlInGaAs tunnel junction aperture for

current and optical confinement.

FIGURE 2. RMS roughness (top) and defect density (bottom) dependence on InP homoepitaxial layers. Growth rate for InP in

all cases is 0.15 nm/second.

FIGURE 3. 10x10 um AFM image of completed VCL layer structure epilayers. The scale in the image is 5 nm.

FIGURE 1. Light-current curves for a multi-mode 1310 nm VCL operating CW at a range of temperatures. Maximum

operating temperature of 90 °C is observed.

FIGURE 2. L-I-V curves for a single-mode 1310 nm VCL operating CW at room temperature. Maximum output power of 1.1

mW and differential efficiency of 60% is observed.
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InP-Based 1.3-1.6-pym VCSELs With Selectively
Etched Tunnel-Junction Apertures on a

Wavelength Flexible Platform

D. Feezell, D. A. Buell, and L. A. Coldren, Fellow, IEEE

Abstract—In this letter, the authors demonstrate a wavelength
flexible platform for the production of long-wavelength ver-
tical-cavity surface-emitting lasers which provide full wavelength
coverage from 1.3-1.6 pum. All-epitaxial InP-based devices with
AsSb-based distributed Bragg reflectors were achieved through
a common design, process, and growth technology at both the
important telecommunications wavelengths of 1.3 and 1.5 pm.
Thin selectively etched tunnel junctions were implemented as
low-loss apertures and offer scalability to small device dimen-
sions. Devices showed low threshold currents (<2 mA), near
single-mode (SMSR > 20 dB) operation, and high differential
efficiency (>40% at 1.3 pm and >25% at 1.5 pum).

Index Terms—InP-based, long wavelength, molecular beam
epitaxy, optical fiber communications, semiconductor laser pro-
cessing, semiconductor lasers, tunnel junction, vertical-cavity
surface-emitting lasers (VCSELSs).

1. INTRODUCTION

ONG wavelength vertical-cavity surface-emitting lasers

(VCSELSs) operating in the 1.3—1.6-ym wavelength range
are attractive light sources for metro, local area, and storage
area networks. These devices offer a potential low-cost alter-
native to existing distributed feedback laser transmitters. In ad-
dition, due to simple packaging, high fiber-coupling efficiency,
and on-wafer testing, VCSELs offer many inherent advantages
over the existing in-plane infrastructure.

Recently, much attention has been devoted to a variety of
approaches to long-wavelength VCSEL devices. Structures
employing epitaxial, dielectric, and wafer bonded distributed
Bragg reflector (DBR) mirrors have all been demonstrated.
Various active region designs have also been utilized with suc-
cess. Several of the most promising material systems include
GalnNAs [1], AllnGaAs [2]-[5], and InGaAsP [6]. The under-
lying drawback to the majority of these approaches, however,
is their inability to produce monolithic all-epitaxial devices
that span the entire 1.3-1.6-pum wavelength range. From a
manufacturability standpoint, this is an important goal.

Previously, we have reported monolithic all-epitaxial
InP-based VCSELs with AlGaAsSb DBRs and AllnGaAs
active regions [7], [8]. AsSb-based DBRs are lattice matched to
InP and offer high reflectivity over a broad wavelength range,

Manuscript received May 6, 2005; revised June 8, 2005. This work was sup-
ported in part by the National Science Foundation.

The authors are with the Department of Electrical and Computer Engineering
and the Department of Materials Science, University of California Santa Bar-
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InP-substrate

Fig. 1. Schematic of bottom-emitting all-epitaxial VCSEL structure with
undercut tunnel-junction aperture.

thus enabling wavelength selection from 1.3-1.6 pm. In fact,
the available index contrast is An =~ 0.4, comparable to that of
the GaAs—AlGaAs system. Coupled with the mature AllnGaAs
active regions, AsSb-based technology facilitates all-epitaxial
InP-based devices spanning the entire long-wavelength range
with consistent device design, process flow, and materials
growth.

In addition, we have previously investigated several aper-
turing techniques [7]-[9]; unfortunately, these aperturing
schemes have suffered from high scattering loss, difficult
processing steps, or current crowding. Recently, we have
demonstrated an improved aperture through selective etching
of a thin tunnel junction layer to achieve simultaneous optical
and electrical confinement in in-plane lasers [10].

In this letter, we report the fabrication of InP-based 1.3-
and 1.5-um VCSELs with AsSb-based DBRs and selectively
etched tunnel-junction apertures. We demonstrate a platform
with flexible lasing wavelength and low-loss apertures scalable
to small dimensions. This is the first reported 1.3-xm InP-based
all-epitaxial VCSEL with AsSb-based DBRs and a selectively
etched tunnel-junction aperture. Finally, we show the effective-
ness of the thin tunnel-junction apertures in facilitating single
mode operation, improving differential efficiency, and reducing
threshold current.

II. VCSEL DESIGN AND FABRICATION

Fig. 1 shows a schematic of the bottom-emitting device
structure applicable to both 1.3- and 1.5-um devices. The
VCSEL was grown by solid-source molecular beam epi-
taxy in a single growth step. A double intracavity contacting
scheme is employed to circumvent the high electrical and
thermal resistances of the AsSb-based DBRs. The (1/2) — A

1041-1135/$20.00 © 2005 IEEE
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Fig.2. Cross-sectional SEM of selectively etched InAlAs—InP tunnel-junction
aperture in a VCSEL cavity test structure.

AllnGaAs active region contains five 1.0% compressively
strained 7-nm quantum wells and six 0.6% tensile-strained
5-nm barriers. Cladding both sides of the active region are
InP layers doped 5el17 cm™3 that facilitate current spreading
and heat removal in the device. The upper InP cladding layer
contains a 3el9-cm~3 ntt-InAlAs/1e20 ¢cm™3 pt+-InP
tunnel-junction layer placed at a standing wave null to min-
imize absorption loss, which is selectively etched to form
the thin aperture. The total cavity thickness is 3.5 — A. The
DBRs are Alg 30Gag.70A80.535b0.47—Alg.95Gag .05 As.51Sbg 49
for the 1.3-pm structure and Al 15Gag.g5AS0.54Sbg.46—
Alg.95Gag.05A80.515bg.49 for the 1.5-um structure. The top
and bottom mirrors contain 36.5 and 24.5 pairs for the 1.3-pym
devices, respectively, and 34.5 and 24.5 pairs for the 1.5-pum
devices, respectively. The major advantage of this structure is
that both 1.3- and 1.5-um devices are realized with parallel
design, process, and materials growth technology. This is
potentially an excellent platform for coarse wavelength-divi-
sion-multiplexing (CWDM) applications between 1.3—1.6 um
with 20-nm channel spacing.

Device fabrication involved reactive ion etching (RIE) of the
top DBR down to the top InP contact layer in Cl, plasma. The
upper InP cladding layer, which functions as an etch-stop layer
for the upper DBR, was etched down to the tunnel-junction layer
via RIE with CH4-Hs-Ar. Selective lateral etching of the InAlAs
portion of the tunnel junction was then performed with a mixture
of citric acid and hydrogen peroxide to form the thin air-gap
aperture. The selectivity of this etch over InP was observed to be
greater than 100 to 1. Subsequently, the remaining InP cladding
was etched to the active region via RIE. Finally, the active region
was etched with a citric acid and hydrogen peroxide mixture to
expose the bottom InP contact layer. Ni-AuGe—Ni—Au was then
evaporated on the top and bottom InP contact layers.

A scanning electron microscope (SEM) picture of the selec-
tively etched tunnel-junction air-gap aperture is shown in Fig. 2.
The dimensions of the aperture are controlled through observing
the removal of sacrificial etch pillars on the wafer.

III. RESULTS AND DISCUSSION

The 1.3- and 1.5-pm devices were fabricated and tested. Light
output versus current and voltage (L—I-V") curves are shown for
both 1.3- and 1.5-um VCSELs in Figs. 3 and 4, respectively.
These devices were each 20-pm diameter pillars with 8-um di-
ameter tunnel-junction apertures. The spectra at 3 x threshold
for both wavelengths are inset in the appropriate figures and
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demonstrate the near single-mode (SMSR > 20 dB) nature of
these devices. This operation demonstrates that the thin air-gap
aperture placed at a standing wave null provides sufficient index
contrast to confine the mode to smaller dimensions without sig-
nificant scattering loss.

We believe this to be the first report of an InP-based 1.3-pum
VCSEL with AsSb-based DBRs and tunnel junction aperturing
technology. The 1.3- um devices lased pulsed (20 °C, 500 ns,
1 kHz) at 1.32 pm and showed a high differential efficiency of
greater than 40%, demonstrating that the thin tunnel-junction
aperture effectively confines the optical mode away from the
rough DBR sidewalls. The 1.3-pm devices only displayed con-
tinuous-wave (CW) lasing at 0 °C due to a red shift of the gain
peak with respect to the cavity-mode and the low bottom mirror
reflectivity (R ~ 99.1%). The 1.5-pm devices lased at 1.54 ym
and achieved differential efficiencies above 25%. CW operation



FEEZELL et al.: InP-BASED 1.3-1.6-pm VCSELs WITH SELECTIVELY ETCHED TUNNEL-JUNCTION APERTURES

24 . : . : 12
A\ 4.
3 20} \ P RS
> 4 £
g 1o —® | 1% 5
S \ £
E 1l \ 16 3
= N 2
= L [=]
S 8L A 14 5
5 R ¢
£ ~ £
= L (:) > S ) =
a 4 o ~ s 2
0 L I

1 1 0
0 5 10 15 20 25
Tunnel Junction Aperture Diameter (um)

Fig. 5. Differential efficiency and threshold current versus tunnel-junction
aperture diameter for a 1.5-pm device, showing scalability of aperturing
technology.

was observed for these devices up to 35 °C. Higher tempera-
ture performance is expected at both wavelengths with proper
adjustment of the gain peak to cavity-mode offset.

The scalability of the thin tunnel-junction apertures to small
dimensions is important for low threshold operation and to,
therefore, reduced heat generation in the devices. Fig. 5 dis-
plays an example of this scalability. A reduction in threshold
current is demonstrated in a 1.5-um device as the tunnel-junc-
tion aperture is scaled to smaller dimensions. In fact, both
wavelengths of devices displayed very low threshold currents,
with a lowest value of 0.67 mA for a 4-ym tunnel junction
diameter in a 1.5-pm device, and a lowest value of 1.4 mA for
a 6-pm tunnel junction diameter in a 1.3-pm device. This result
clearly indicates the effective current confinement achieved by
the tunnel-junction apertures.

Fig. 5 also shows a greater than 5 x improvement in differ-
ential efficiency as the aperture is scaled to smaller dimensions,
indicating that the thin tunnel-junction aperture achieves mode
guiding down to small dimensions without introducing signifi-
cant scattering loss to the device. The low differential efficien-
cies for large aperture sizes are due to scattering off the rough
pillar sidewalls, as the aperture diameter is still comparable to
the pillar diameter. These results are in good correlation with
simulations based on an algorithm analogous to the classic work
of Fox and Li [11].

IV. CONCLUSION

We have demonstrated all-epitaxial 1.3- and 1.5-pm
InP-based VCSELs on a wavelength flexible platform that
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utilizes a common design, process, and materials growth tech-
nology. This shows excellent promise for CWDM applications.
Implementation of a thin selectively etched tunnel-junction
aperture provided simultaneous electrical and optical confine-
ment and has led to near single-mode operation. These apertures
have exhibited good performance down to small dimensions,
generating low threshold currents and high differential efficien-
cies. Future work will involve optimization of the gain peak to
cavity-mode offset and high-speed characterization.
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Efficient Modulation of InP-Based 1.3-pm VCSELSs
With AsSb-Based DBRs

D. Feezell, L. A. Johansson, D. A. Buell, and L. A. Coldren, Fellow, IEEE

Abstract—We demonstrate efficient error-free 3.125-Gb/s modu-
lation of InP-based 1.3-pm vertical-cavity surface-emitting lasers
with AsSh-based distributed Bragg reflectors up to 60 °C. These
devices demonstrated high differential efficiencies [>60% at room
temperature (RT)], which resulted in a required bias current for
modulation of only 5.9 mA. The measured extinction ratios were
greater than 8 dB up to 60 °C with a peak-to-peak drive voltage
of only 800 mV. The 3-dB-down RT small-signal bandwidth was
4.4 GHz at a bias of 5.9 mA.

Index Terms—InP-based, long wavelength, modulation, optical
fiber communication, semiconductor laser processing, semicon-
ductor lasers, vertical-cavity surface-emitting lasers (VCSELSs).

1. INTRODUCTION

ONG-WAVELENGTH vertical-cavity surface-emitting

lasers (VCSELs) operating in the 1.3—1.6-pym wavelength
range are expected to provide a low-cost alternative to existing
edge-emitting lasers in optical fiber communication systems.
With low power consumption, on-wafer testing, and high
fiber-coupling efficiency, VCSELSs are attractive candidates for
short to midrange high data-rate applications such as coarse
wavelength-division-multiplexing, metro, and local area net-
works.

Much of the progress toward more manufacturable
long-wavelength VCSELs has been hampered by the ne-
cessity to match a reliable high-gain active region with
high-index-contrast distributed Bragg reflectors (DBRs) over
the full 1.3-1.6-pum wavelength range. Approaches employing
GalnAsN active regions have shown excellent characteristics
near 1.3 pm but still struggle to replicate that performance at
higher wavelengths [1]. Wafer-bonded approaches have also
shown promising results, but suffer from difficult processing
steps [2]. A variety of methods employing the well-estab-
lished InAlGaAs active region technology have perhaps shown
the best performance [3]-[5]. Unfortunately, most of these
approaches require a dielectric DBR and do not produce
monolithic all-epitaxial devices, which is an important goal
toward a more manufacturable product. Another approach is
to utilize InAlGaAs active regions coupled with AlGaAsSb
DBRs. InAlGaAs active regions are lattice-matched to InP
and have demonstrated reliable high-gain operation over the
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Fig. 1. Schematic of bottom-emitting all-epitaxial VCSEL structure with
undercut tunnel-junction aperture.

full long-wavelength range with excellent temperature per-
formance. AlGaAsSb DBRs are also lattice-matched to InP
and offer high reflectivity over a broad wavelength range, thus
enabling wavelength selection from 1.3 to 1.6 pym. In fact, the
available index contrast is An ~ 0.4, comparable to that of
the GaAs—AlGaAs system. Previously, we have demonstrated
excellent continuous-wave (CW) performance in devices em-
ploying AsSb-based DBR technology at both the important
telecommunications wavelengths of 1.3 and 1.55 pum [6], [7].
The feasibility of this technology for use in high data-rate
applications, however, remains to be demonstrated.

In this letter, we report the first high-speed modulation of
monolithic all-epitaxial 1.3-ym VCSELs with AsSb-based
DBRs. Modulation at a data rate of 3.125 Gb/s was demon-
strated and error-free operation was obtained up to 60 °C. These
devices displayed high differential efficiencies, which resulted
in a required bias current for modulation of 5.9 mA. Open
eye diagrams were observed at 3.125 Gb/s up to 60 °C. The
extinction ratios were extracted and remain >8 dB up to 60 °C
for a peak-to-peak drive voltage of only 800 mV. Furthermore,
excellent static characteristics were observed. The single-mode
CW output power at room-temperature (RT) was >1.6 mW
and the differential quantum efficiency was 64%. The threshold
current was 1.7 mA and the lasing wavelength was 1.305 pm
with a sidemode suppression ratio (SMSR) of 46 dB.

II. DEVICE STRUCTURE AND FABRICATION

The VCSEL structure was grown monolithically in a single
growth step by molecular beam epitaxy. Fig. 1 shows a
schematic of the bottom-emitting VCSEL device. The device
structure is the same as previously reported [7]. The 1/2-A
InAlGaAs multiple-quantum well active region is clad on both

1041-1135/$20.00 © 2005 IEEE
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Fig. 2. CW L-I-V curves for bottom-emitting 1.3-xm VCSEL with 8-pum
aperture for various stage temperatures. Inset lasing spectrum shows emission
at 1.305 ym and 46 dB SMSR. Ripples on L-I curve are due to substrate
reflections from bottom-emitting device.

sides by InP layers. These layers facilitate current and heat
spreading in the device and serve as intracavity contact layers,
allowing for the circumvention of the high electrically and ther-
mally resistive AsSb-based DBRs. The top and bottom DBRs
are AlGaAsSb and AlAsSb and contain 39.5 and 25.5 pairs,
respectively. Embedded within the upper InP cladding layer at
a standing wave null is a 350-A nTt-InAlGaAs/p™* T InAlGaAs
tunnel junction layer that is selectively etched to form a thin
low-loss air-gap aperture. This aperture provides excellent
optical and electrical confinement in the device [8], [9].

Device fabrication consisted of reactive ion etching (RIE)
of the top DBR down to the upper InP-cladding layer in Cl;
plasma. Ni-AuGe-Ni—-Au and SiO, were then deposited as
the upper contact and etch mask, respectively. The upper InP
cladding layer, which functions as an etch-stop layer for the
upper DBR, was etched down to the tunnel-junction layer via
RIE with CH4—Hs—Ar. Selective lateral etching of the tunnel
junction was then performed with a 10:1 mixture of citric
acid and hydrogen peroxide to form the thin air-gap aperture.
Subsequently, the remaining InP cladding was etched to the
active region via RIE. Finally, the active region was etched in
citric acid and hydrogen peroxide to expose the bottom InP
contact layer. Ni~AuGe-Ni—Au was then evaporated to form
the bottom contact.

III. EXPERIMENT AND RESULTS

Fig. 2 shows the RT static light and voltage versus current
(L—I-V) characteristics for a 20-ym VCSEL device with an
8-pm diameter aperture. CW lasing was observed up to 88 °C
with an RT output power >1.6 mW and a 64% differential
quantum efficiency. These results represent new milestones for
AsSb-based long-wavelength VCSELs. The threshold current
was 1.7 mA and the device lased single-mode at 1.305 pm
with an SMSR of 46 dB. These devices were optimized for
RT performance with a gain-mode offset of only 30 nm. With
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a larger gain-mode offset, the maximum lasing temperature is
expected to increase significantly.

Fig. 3 shows the CW differential efficiency versus stage tem-
perature for this device. The differential efficiency remained
>50% up to 50 °C. This result is an important advancement
toward creating higher power devices with low required drive
currents.

Fig. 4 demonstrates the small-signal frequency response of
the device at 20 °C, 40 °C, and 60 °C. The maximum RT band-
width was obtained at a bias of 5.9 mA and is 4.4 GHz. To illus-
trate the high-speed capabilities of these devices, the VCSELSs
were modulated using a 23! — 1 pseudorandom bit sequence
(PRBS) at 3.125 Gb/s up to 60 °C. A signal generator and an
error performance analyzer provided the data. Light was cou-
pled directly from the device into standard single-mode fiber
and then into a 10-Gb optical receiver. Open eye diagrams were
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obtained up to 60 °C. Fig. 5 shows these results. The extinc-
tion ratios were derived directly from the optical bit stream and
remained >8 dB for operation up to 60 °C with a peak-to-peak
drive voltage of only 800 mV. The bias currents at 20 °C, 40 °C,
and 60 °C were 5.9, 5.2, and 4.9 mA, respectively.

In order to demonstrate the quality of the eye diagrams at
3.125 Gb/s, bit-error-rate (BER) measurements were performed
in a back-to-back configuration. Fig. 6 shows the BER versus
received power for 3.125-Gb/s operation at 20 °C, 40 °C, and

2255

60 °C. Error-free operation was demonstrated for a 23! — 1
PRBS up to a temperature of 60 °C. BERs below 10~ were
obtained, indicating that these devices are promising candidates
for transmitters at a 3.125-Gb/s data rate.

IV. CONCLUSION

We have demonstrated the first high-speed modulation for
InP-based long-wavelength VCSELs with AsSb-based DBRs.
Error-free operation at 3.125 Gb/s was demonstrated up to
60 °C and open eye diagrams were obtained. The extinction
ratios were >8 dB up to 60 °C with a peak-to-peak drive
voltage of only 800 mV. The high differential efficiencies
demonstrated resulted in the low required drive voltages. These
results clearly indicate the potential application of this all-epi-
taxial technology for high-speed data transmitters. Future work
will involve larger gain-mode offset devices for improved
temperature performance.
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Detrimental Effect of Impact Ionization in the
Absorption Region on the Frequency Response and

Excess Noise Performance of
InGaAs—InAlAs SACM Avalanche Photodiodes

Ning Duan, S. Wang, X. G. Zheng, X. Li, Ning Li, Joe C. Campbell, Fellow, IEEE, Chad Wang, and
Larry A. Coldren, Fellow, IEEE

Abstract—TIt is shown that optimization of the electric field pro-
file in the absorption region of separate absorption, charge, and
multiplication InGaAs-InAlAs avalanche photodiodes is critical to
achieve low excess noise and high gain bandwidth product.

Index Terms—Avalanche photodiodes (APDs), excess noise
factor, impact ionization, photodetectors.

1. INTRODUCTION

VALANCHE photodiodes (APDs) are important com-

ponents in many optical receivers due to the sensitivity
margin provided by their internal gain. The seperate absoprtion,
charge, and multiplication (SACM) structure APD, which
consists of an absorbing region and a multiplication region
separated by a charge layer, has the advantage that the photon
absorption process and the carrier multiplication process are
independent and can be optimized individually to improve both
the noise and speed performance [1]. Further, this structure ef-
fectively suppresses tunneling in the narrow bandgap-absorbing
layer.

Ing 53Gag 47As—Ing 50 Al 48 As (referred to below as InGaAs
and InAlAs) APDs have been studied for high-bit-rate optical
communication applications [2], [3]. Reduction of the transit
time in these APDs can be achieved by utilizing thin absorption
layers [4]-[6]. For high responsivity in normal incidence APDs,
however, a thick absorption layer is required (the quantum ef-
ficiency of a InGaAs-InAlAs SACM APDs with a 1.5-um
InGaAs absorption region is 13% higher than that with a 1-pum
InGaAs absorption region), which results in a tradeoff between
the sensitivity and the speed. Further, it has been shown for
InP-InGaAs separate absorption and multiplication APDs that
impact ionization in the absorption region, which is more pro-
nounced for thick absorption regions, can significantly reduce
the gain—bandwidth product [7]-[10]. In this paper, we study
the speed and noise performance of InGaAs—-InAlAs SACM
APDs with a thick (~ 1.5 um) absorption region. We find that
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Fig. 1. Schematic layer structure of the InGaAs—-InAlAs SACM APD.

the doping profile in the InGaAs absorption layer influences
the level of impact ionization in that layer, which, in turn,
significantly affects the gain—bandwidth product and the excess
noise.

II. DEVICE STRUCTURE

The structures were grown in a molecular beam epitaxy
reactor, on semi-insulating InP substrates. As shown in Fig. 1,
the first layer grown was a 100-nm-thick unintentionally
doped InAlAs layer to suppress silicon diffusion into the
semi-insulating InP substrate from the InAlAs n-contact layer,
which can cause excessive parasitic capacitance between
contact pads. A 500-nm-thick heavily doped n™-type (silicon,
> 8 x 1018 cm~3) InAlAs layer was grown as a buffer layer and
was followed by a 500-nm n*-type (silicon, > 5 x 108 cm=3)
Ing 52Alp.4sAs contact layer. Following the n-type contact
layer, was the multiplication region, an intrinsic InAlAs layer,
with a thickness of 200 nm. Next to be deposited was the charge
layer, 150-nm-thick p-type (Be-doped) Ing 50Alg 48As. A 1000
or 1500-nm-thick intrinsic InGaAs, which was sandwiched
between two 50-nm-thick unintentionally doped InAlAs spacer

0018-9197/$20.00 © 2005 IEEE
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TABLE 1
PROPERTIES OF APD WAFERS
Parameter Wafer A Wafer B Wafer C
Absorption Ipm 1.5um 1.5um
layer thickness
Absorption Unintentional n-type | Unintentional n-type | p~ doping of
layer doping background doping background doping 5X10"%cm™
2X10" em™ 2X10" em™
1
g * D: I' GB=TZULJGHZ
"
7 Olie
O#
‘I:l‘ 6 u. *
x 5 =
8 4 L
% u
E 3 + device A L]
° m  device B .
5 2 || © deviceC r
m
1
1 10 100
Gain (M)

Fig. 2. Measured 3-dB bandwidth versus gain for devices A, B, and C.

layers, was grown as the absorbing layer. The 50-nm undoped
InGaAlAs grading layers were inserted to reduce the barrier
between InAlAs and InGaAs in order to prevent hole pile-up
in the heterointerface. Then a 400-nm-thick p-type (Be-doped,
7 x10'® cm™—2) InAlAs window layer was grown. The p-type
contact layers consisted of 100 nm of Ing52Alg 48As (Be:
> 2 x 10 cm™3) capped with 50 nm of InGaAs doped at
the same level. The wafers studied are compared in Table I.
SIMS measurements on all three wafers indicated that, within
the measurement accuracy, the structures of wafers A, B,
and C were as designed with the same charge doping level
of 3.2 x 10’ cm™3. This was also confirmed with capaci-
tance—voltage measurements.

The wafers were fabricated by wet chemical etching into back
illuminated mesa structures with diameters in the range 20 to
50 pm. The 50-pm-diameter devices were chosen for speed and
noise measurements. The mesas were passivated by plasma-en-
hanced chemical vapor deposition of SiO». The passivation also
served as a partial antireflection coating. Ti-Pt—Au metal dot
contacts were deposited on the top p-surface of the mesa, and
AuGe-Ni—Au contacts were deposited on the n-surface. Con-
ventional photolithography and liftoff metallization techniques
were used to define the metal contacts. Microwave contact pads
with an air-bridge connection were fabricated for high-speed
measurements.

III. RESULTS AND DISCUSSION

S21 Frequency response measurements were made on
50 pm-diameter devices at the wavelength of 1.3 pm. Fig. 2
shows the measured 3-dB bandwidth of devices A, B, and C.
If avalanche multiplication is confined to the multiplication
region, the gain—bandwidth product should be same for all
three devices since they have the same multiplication region.

80x10° | |
- —— Device A i
. 60x10 Device B !
£ — - Device C |
= 1
© 40x10°8
2 |
U
w / |
20x10°
. p——
0.0 05 1.0 15 20 25

Position x (um)

Fig. 3.
of 20.

One-dimensional electric-field profile of devices A, B, and C at gain

Devices A and C have the same gain—bandwidth product of
120 GHz, an indication that there is insignificant impact ioniza-
tion in the absorbing layer for these two devices. However, for
device B, the bandwidth begins to drop at M = 15. This band-
width degradation compared to devices A and C is due to impact
ionization in the thick InGaAs absorption region. In the SACM
structure, a high electric field in the multiplication region is
required to provide gain, whereas the electric field intensity in
the absorbing layer is required to be sufficiently low so as 1) to
suppress tunneling and 2) to minimize carrier multiplication in
the absorbing region, which is extremely detrimental to APD
speed performance [7]-[10]. The electric field strength that
causes significant low field carrier multiplication in InGaAs
is approximately 150 kV/cm [11], whereas the threshold for
tunneling is approximately 220 kV/cm. This speed degradation
for device B can be explained by the electric field profile in
the absorption region (Fig. 3). The n-type background doping
in device B contributes to an electric field profile in which the
field in the absorption region closer to the top surface is higher
than at the side near the charge layer. When the gain exceeds
~ 15, the electrical field in the absorption region of device
B is ~150 kV/cm. With further increase in the electric field,
impact ionization becomes more and more significant. Hence,
the n-type background doping leads to impact ionization in
the portion of the absorption region closer to the top surface
where the electric field is higher, which can be extremely
detrimental to the speed owing to the effective increase in the
total multiplication width for a fraction of the carriers. If the
impact ionization in the absorption region occurs in the region
near the multiplication region, the speed degradation will not
be as serious.

To reduce this bandwidth degradation, we have introduced a
p~ doping of 5 x 1015 cm™2 in the absorption region of device
C in order to keep the electric field low. From Fig. 2 it can be
seen that, for device C, the bandwidth for 30 < M < 50 fits
the line of 120-GHz gain—-bandwidth product. There is no band-
width drop similar to that observed for device B, a reflection of
the fact that the electrical field in the absorption region of de-
vice C remains low (< 150 kV/cm) up to a gain of 50 due to the
p~ doping as shown in Fig. 3. Although the electric field profile
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Fig. 4. Measured and simulated gain as a function of reverse bias voltage for
devices A, B, and C.

of device A is the same as that of device B, there is no signif-
icant bandwidth degradation for device A since its absorption
region is 0.5 pum thinner than B. Hence, the maximum electric
field value in the absorbing region of device A is not as high as
that of device B as shown in Fig. 3. The degree of impact ioniza-
tion is proportional to the product of ionization coefficient and
available multiplication width (nonlocal theory). Device A has
both lower ionization coefficient and multiplication width.

The gain—bandwidth products of devices A and C are
120 GHz. This value is consistent with previously published
results for APDs with similar InAlAs multiplication layer
thickness [12]. Devices A and C have the same gain—band-
width product since they have the same 200-nm-thick InAlAs
multiplication region. In the low gain regime, the bandwidth
of device A is 9 GHz, while that of device C is 8 GHz. The
RC limited bandwidth was estimated by measuring the S11
parameters with a network analyzer. The measured capacitance
was ~ 150 fF and total resistance was ~ 70 €2, yielding an
estimated RC-bandwidth of 15 GHz. This frequency is too high
to account for the observed 8- and 9-GHz ceilings. The carrier
transit-time bandwidth is 13 GHz for devices B and C and
17 GHz for device A if there are no secondary carriers [13].
But for this case, the transit time for the secondary holes to tra-
verse the whole depletion region is important. (The secondary
electrons can be neglected since the absorbing layer is much
wider than the multiplication region). Taking the transit time of
secondary holes into effect, the transit time is ~ 7 ps for devices
B and C and ~ 6 ps for device A. Hence we conclude that the
observed low gain bandwidths of 8 and 9 GHz are determined
by the hole transit time [14]. In the high gain regime (M > 30),
the bandwidth is dominated by the avalanche buildup time.

According to Emmons’ model [15], in the high gain regime,
the effective transit time for devices A and C is 1.3 ps.

Using the analytical model described in [16], we simulated
the gain curves of devices A, B, and C (Fig. 4). The gain curves
were measured using the procedure described in [12]. The mea-
sured gain curve of device B is sharper than the simulated gain
curve since the simulation assumes no impact ionization in the
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Fig. 5. Simulated and experimental excess noise factor as a function of gain
for devices A, B, and C.

absorption region, which causes the gain to increase faster. The
gain value contributed by a 1.5-pum-thick InGaAs absorbing
layer with an electric field of 150 kV/cm is calculated to be
1.13 using the parameters and equations given by [10]. This cal-
culated gain result is consistent with the measured result of [11].
From [17], if a small fraction ¢ of the secondary holes traveling
back across the absorber initiate impact ionization in the absorp-
tion region, the total gain is given by

Mo

M=o - 1)

ey
where M, is the electron initiated gain of the InAlAs avalanche
region and ¢ is the feedback factor. At a bias of 42 V as shown
in Fig. 4, the measured gain M of device B is 30, while the
simulated gain M, is 15. The simulated gain of 15 is the gain
from the InAlAs multiplication region. Hence, we estimated that
the feedback factor ¢ at this point is 0.036. This shows that if
only 3.6% of the secondary holes that traverse the absorbing
layer initiate impact ionization, the gain will increase by a factor
of two. On the other hand, for devices A and C, the simulated
and measured gain curves are coincident. The estimated values
of € are 0.01 and 0.007 for devices A and C, respectively. The
small feedback factors for devices A and C explain why there is
no bandwidth degradation for these two devices.

To further study the effect of ionization in the absorption
layer, the excess noise factor F'(M) of these APDs was mea-
sured using the procedure described in [18]. A tunable laser op-
erating at 1.55 pm was used as the light source for these mea-
surements. The measured F'(M) of devices A, B, and C are
shown in Fig. 5. The effective k value was estimated to be 0.2
for both devices A and C. This value is consistent with previ-
ously published results for a SACM APD with similar thick-
ness InAlAs multiplication region [19]. The black circle is the
simulated F'(M) of device A and C using the analytical model
described in [16], assuming that impact ionization is confined to
the multiplication region. The excess noise of devices A and C
follows the simulation. On the other hand, for M > 15, the ex-
cess noise of device B deviates from the k = 0.2 curve, further
confirmation that there is impact ionization in the absorption
region. A Monte Carlo simulation [20] confirmed that signifi-
cant impact ionization occurs in the InGaAs absorption layer;
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the simulated noise curve for device B is marked by black tri-
angles in Fig. 5.

In conclusion, we have demonstrated the detrimental effect
of impact ionization in the absorption region on the speed and
noise performance of InGaAs—InAlAs SACM APDs. We find
that the doping profile in the absorption layer strongly influences
the amount of impact ionization and thus the gain—bandwidth
product and the excess noise.
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High-Speed and Low-Noise SACM Avalanche
Photodiodes With an Impact-Ionization-Engineered
Multiplication Region

Ning Duan, Shuling Wang, Feng Ma, Ning Li, Joe C. Campbell, Chad Wang, and Larry A. Coldren

Abstract—A separate absorption, charge, and multiplication
Ing 53Gag.47As-Ing 52Alg 4sAs avalanche photodiode with an
impact-ionization-engineered multiplication region is reported.
By implementing an electric field gradient in the multiplica-
tion region, better control of impact-ionization can be achieved.
Gain-bandwidth product of 160 GHz and excess noise factor with
an equivalent k value of 0.1 are demonstrated.

Index Terms—Avalanche photodiodes (APDs), impact ioniza-
tion, photodetectors.

1. INTRODUCTION

HE separate absorption, charge, and multiplication
T (SACM) structure avalanche photodiode (APD), which
consists of an absorbing region and a multiplication region
separated by a charge layer, has been widely studied for
high-bit-rate long-haul wide-band optical communication
applications. The SACM APD structure has the advantage
that the photon absorption process and the impact ionization
multiplication process are independent from each other and can
be optimized individually to improve both the noise and speed
performance. Further, this structure effectively suppresses
tunneling in the narrow bandgap-absorbing layer.

Much of the research on these APDs has focused on achieving
lower noise and higher gain-bandwidth products to accommo-
date the ever-increasing bit rates of fiber-optic systems. Lower
noise is usually associated with higher speed, since in the gain
distributions, the high-gain tail contributes to both higher noise
and longer transit time [1]. Very low noise has been achieved
in the GaAs—AlGaAs material system by impact ionization en-
gineering (I2E) [2], [3]. It is now understood that the role of
heterojunctions in lowering the multiplication noise of APDs is
to spatially localize impact ionization events even with a/83 ~
1 [4]. To apply the I?E concept first demonstrated with Al-
GaAs—GaAs APDs to more practical “long wavelength” ma-
terials that are widely used for fiber-optic components, APDs
with I? E multiplication region using AllnGaAs—-InAlAs have
been reported for a PIN-type structure [5]. However, incorpo-
ration of an 12 E multiplication region into an SACM structure
with an InGaAs absorber has not been reported. In this letter, we
present the design and successful implementation of an SACM
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Fig. 1. Schematic layer structure of the SACM APD.

APD with an Ing 50Alg 48 As—Ing 53Gag 17Alg.3As 1?2 E multi-
plication region.

II. DEVICE STRUCTURE

The structure was grown in a molecular beam epitaxy re-
actor, on a semi-insulating InP substrate. As shown in Fig. 1,
the first layer grown was a 100-nm-thick unintentionally doped
Ing 52Alp.48As layer to suppress silicon diffusion into the
semi-insulating InP substrate from the Ing 52Alp 48As n-con-
tact layer, which can cause excessive parasitic capacitance
between contact pads. A 500-nm-thick heavily doped nT-type
(silicon, > 8 x 10'® cm™?) Ing_52Alg.4sAs layer was grown as
a buffer layer and was followed by a 500-nm n-type (silicon,
> 5 x 10'® cm?) Ing 52Alg45As contact layer. Following
the n-type contact layer was the I?FE multiplication region.
The compound multiplication region consisted of an unin-
tentionally doped layer of Ing 50Alp 4g8As with a thickness of
80 nm, an unintentionally doped Ing 53Gag 17Alg.3As layer
with a thickness of 80 nm, a P-type (Be, 2.2 X 1017 cm—3)

1041-1135/$20.00 © 2005 IEEE
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Fig. 2. Current—voltage and gain curves for a 150-pzm-mesa-diameter APD.

120-nm-thick Ing 53Gag 17Alp.3As layer, and an 80-nm-thick
Ing 52Alp.48As layer with the same P-type doping level. The
latter two layers also served as the field control or “charge”
region. A 420-nm-thick intrinsic Ing 53Gag 47As layer was
grown as the absorbing layer. Undoped InGaAlAs grading
layers (50 nm) were inserted to reduce the barrier between
Ing 52Alp.48As and Ing 53Gag 47As in order to prevent car-
rier pile-up at the heterointerface. The absorber was slightly
p-doped in order to suppress impact ionization in the absorp-
tion region [6]. Ideally, the doping in the absorber would be
graded to provide a slightly higher field in the direction of the
multiplication region. This was approximated by step doping
the absorber in two regions, one at 1 x 1016 /cm?® and the other
at 4 x 1016 /cm?®. After the top grading layer, a 400-nm-thick
p-type (Be-doped, 4 x 10'® cm™3) Ing52Alg 48As window
layer was grown. The p-type contact layers consisted of 100 nm
of Ing 52Alp.48As (Be : > 9 x 10'® cm™3) capped with 50 nm
of Ing 53Gag 47As doped at the same level.

The wafers were fabricated into back-illuminated mesa struc-
tures using the procedure described in [6].

III. RESULTS AND DISCUSSION

The photocurrent and dark current curves of an 80-ym-diam-
eter APD are shown in Fig. 2. The punch-through voltage was
~12 V and the breakdown voltage was ~24 V. The photocur-
rent curve of the APD exhibited a slope after punch-through, an
indication of multiplication gain at punch-through. In order to
characterize the multiplication gain, the external quantum effi-
ciency (QE) was measured under different bias levels above the
punch-through voltage, using a laser operating at 1.55 pm. At a
bias of 15V, the APD was fully depleted and the measured ex-
ternal QE was ~58%. The expected external QE at unity-gain
can be estimated by the following expression:

Next = (1 = R) - (1 —e %) (1)

where R is the reflection coefficient of the air-semiconductor
interface; « is the absorption coefficient of Ing 53Gag 47As at
the relevant incident wavelength; and d is the absorption layer
thickness. Since the absorption coefficient of Ing 53Gag 47AS
is 0. 705 pm~! at 1.55 pm [7], for an SACM APD with a
0.42-pm-thick Ing 53Gag 47As absorber, the expected external
QE is ~18% assuming an optical transmission of 69% (R =
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0.31) at the air—semiconductor interface (the SiO2 AR coating
was stripped off during the QE measurement in order to reduce
uncertainty in the reflectivity). The measured value (~58%) at
the reference bias of 15 V is 3.2 times higher than the max-
imum theoretical value (~18%). We attribute this large QE to
the multiplication gain at punch-through, hence the gain at a bias
voltage of 15.0 V is estimated to be at least 3.2. The calculated
gain curve of an 80-ym-diameter APD is plotted in Fig. 2.

The excess noise factor F'(M) was measured following the
procedure described in [8]. A semiconductor laser operating
at 1.55 pm was used as the light source for these measure-
ments. Since there is multiplication gain at punch-through as
discussed above, the determination of F'(M) is complicated by
the fact that the noise value at unity gain, which is the stan-
dard reference for this type of measurement, is unknown. This
was addressed by using a Monte Carlo simulation to estimate
the excess noise factor at M = 3.2. The value obtained was
F(M = 3.2) = 1.41. This then served as the reference point to
determine F'(M) at higher gains. The measured and simulated
F(M) are shown in Fig. 3. The effective k value was estimated
to be 0.1 up to a gain of more than 15. We note that this is consis-
tent with noise measurements on PIN-structure InGaAlAs—In-
AlAs I2E APDs [5]. This low noise results from reducing the
initial dead space effect for electrons injected from the wide
bandgap Ing 50Alp.48As into Ing 53Gag 17Alg.3As, which has
lower threshold energy [9], [10]. The sloped electric field in the
multiplication region also plays an important role in achieving
low noise [11]. Electrons are injected from the absorption layer
to the multiplication region. They start to impact ionize when the
electric field in the charge layer becomes sufficiently high. More
and more electron-initiated ionizations occur as the electrons are
transported into the multiplication region toward higher electric
field. On the other hand, hole impact ionizations in the charge
layer are suppressed due to the lower and lower electric field
they encounter as they travel back toward the absorber. Hence,
there is less reliance on noisy feedback ionization to provide
multiplication.

Shown in Fig. 4 is a Monte Carlo simulation of the dis-
tribution of impact ionization events in the multiplication
region at an average gain of 14. It can be seen that most of
the ionization events occur in the Ing 53Gag.17Alg 3As-well
layer. Photon generated electrons drift from the absorption
layer toward the charge layer. They gain kinetic energy
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in the Ings2Alg4sAs charge layer where impact ioniza-
tion events are rare as a result of the large carrier ionization
threshold energy in Ing 52Alg 48 As. Once the electrons reach the
Ing 53Gag 17Alg.3As charge layer, where the threshold energy
is lower, they ionize quickly. As the electrons travel through the
Ing 53Gag,17Alg.3As charge layer, they encounter higher and
higher electric field and initiate more and more impact ioniza-
tions. In the undoped Ing 53Gag.17Alg 3As multiplication layer,
the electric field reaches its highest value and the electrons
continue to ionize. Once they reach the undoped Ing 52 Alg 48 AS
layer, although the electric field remains constant, the impact
ionization events decrease dramatically due to the higher
threshold energy in Ing 52Alp 4gAs. Holes generated by elec-
tron initiated impact ionization in the Ing53Gag.17Alg.3AS
multiplication region travel in the opposite direction toward the
p-contact. However, the hole initiated impact ionization events
decrease once holes reach the Ing 53Gag.17Alp 3As charge layer
due to the lower and lower electric field they encounter. This
spatial modulation of electron and hole impact ionization events
by utilizing the I?E structure combined with a graded electric
field in the multiplication region results in lower excess noise.
S21 RF amplitude measures were made on 20-um-diameter
devices. Fig. 5 shows the 3-dB bandwidth as a function of gain.
This device structure is shown to have a gain-bandwidth product

1721

of 160 GHz up to a gain of 40. This gain-bandwidth product is
higher than an SACM APD with bulk Ing 52 Alg 48 As multiplica-
tion region that has similar multiplication-region-thickness [6].
This is due to the fact that the suppression of hole initiated im-
pact ionization results in reduction of the long tail in the pulse
response. The low-gain bandwidth of a typical 20-pm-diameter
device is 14 GHz. The calculated resistance—capacitance (RC)
limited bandwidth was 15 GHz, which indicates that the band-
width at low gain was RC limited.

IV. CONCLUSION

We have designed and studied an SACM APD structure that
was grown on InP substrate with impact-ionization-engineered
multiplication region. Lower noise (k = 0.1) and higher speed
performance (gain — bandwidth product = 160 GHz) com-
pared to SACM APDs with bulk InAlAs multiplication layer
have been achieved.
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Abstract—A novel monolithically integrated semiconductor
optical amplifier (SOA) receiver is presented. This receiver im-
plements a flared SOA and tapered quantum-well detector. SOAs
exhibited 22-dB unsaturated gain and 15.7-dBm output power at
the 1-dB gain compression point while the receiver demonstrated
15-GHz bandwidth and —10.5-dBm sensitivity.

Index Terms—Offset quantum well, optical receivers, saturation

power, semiconductor optical amplifiers (SOAs), waveguide
photodiodes, wavelength conversion.

1. INTRODUCTION

ONOLITHICALLY integrated photoreceivers which

combine amplification and detection elements are
advantageous over discrete devices by producing greater
sensitivity, decreased coupling loss, simplified packaging,
and reduced cost. Although high performance semiconductor
optical amplifier (SOA)-PINs have been fabricated with band-
widths up to 40 GHz, typically they produce low output powers
(~ 200 mV,-,) requiring the signal to be electronically ampli-
fied for many applications [1], [2].

As optical device integration density continues to increase,
it becomes desirable to develop integration platforms that are
compatible with tunable lasers as well as receivers. One such
photonic integrated circuit of interest is a photocurrent driven
wavelength converter. These devices use photocurrent from de-
tected input light to drive optical modulators. For size and pack-
aging considerations of wavelength converters, it is desirable to
monolithically integrate the receivers and transmitters, thus con-
straining the material used to be compatible with the fabrica-
tion of lasers. To maintain small footprints and minimize para-
sitic effects in monolithic wavelength converters, it is beneficial
to avoid the use of electrical amplification. In past devices, the
conversion efficiency and the extinction of the converted signal
have been limited by the gain and low saturation powers of the
photoreceiver used [3], [4]. These limitations can be overcome
with the use of the photoreceivers presented in this letter [5].

Waveguide photodetectors allow for efficient detection of
light and are easy to integrate with SOAs; however, they often
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Fig. 1. Scanning electron microscope (SEM) of integrated photoreceiver.

suffer from saturation problems and degrade at high optical
powers due to the high optical power density/photocurrent
at the front end of the detector. The detector presented here
achieves acceptable power densities at the front end and min-
imum capacitance through the use of lateral tapering.

It is well known that the high optical power density in SOAs
will deplete active region carriers creating gain saturation. When
modulated light is amplified, it is desirable to operate at power
levels below saturation to prevent signal distortion. The satura-
tion power levels can be increased through gain clamping, re-
ducing the power density [6], or increasing carrier density [7].
In this letter, the SOA has been laterally flared to keep the op-
tical power density below saturation while the power grows.

II. DEVICE

The photoreceiver consists of a monolithically integrated
SOA and quantum-well absorber, as shown in Fig. 1.

The SOA is designed as a two-stage amplifier. A 200-um-
long by 3-pm-wide section provides gain to low input powers
while keeping amplified spontaneous emission noise to a
minimum. This is followed by a 400-um-long section, which
linearly flares from 3 to 9 pum. The flaring is implemented
to reduce the optical power density, thus increasing the SOA
saturation power. The 50-pm-long photodetector employs a
linear ridge taper from 9 to 3 ;sm to prevent front-end saturation
effects at high optical powers. Photo-bis-benzocyclobutene
(BCB) is used under the detector pads in order to reduce the
parasitic pad capacitance.

The device is fabricated using an offset quantum-well ma-
terial structure with a single regrowth. The fabrication process
is completely compatible with that of a sampled-grating dis-
tributed-Bragg-reflector transmitter and requires no additional
steps [3]-[5]. A curved and flared input waveguide is used to
aid in fiber coupling as well as to reduce optical reflections. In
addition, a multilayer antireflection coating is applied to further
reduce the optical reflections. Seven quantum wells provide the

1041-1135/$20.00 © 2005 IEEE



2168

Gain vs. Wavelength

12

Gain {dB)

0 R S R S R
1530 1535 1540 1545 1550 1555 1560 1565 1570
Wavelength (nm)

Fig. 2. Gain versus wavelength plot for receiver. (Isoa = 250 mA

(8.33 kA/cm?), Vietector = —4 V, and P, = 0.8 mW).

w

o

1
w

Normalized Response (dB)

1
2]

10 15 20
Frequency (GHz)

Fig. 3. Input power dependence of the frequency response of the receiver.
(Isoa = 250 mA (8.33 kA/cm?) and Vierector = —4 V).

gain for the forward-biased SOA and the same wells provide a
high absorption coefficient in the reverse biased detector.

III. RESULTS

The devices were thinned, cleaved, and mounted onto an
aluminum nitride carrier for testing. All dc contacts were
wirebonded to the carrier and contacted via a probe card. The
detector was directly probed by a coplanar stripline probe to
prevent any parasitic effects from wirebonds. In all cases, input
powers quoted were for light coupled into the waveguide. The
compressively strained quantum wells used in this device are
highly polarization-dependent; therefore, the polarization was
adjusted to transverse electric to allow for maximum gain
during all measurements. This polarization dependence is
typical of devices that implement strained quantum wells and
can be eliminated with redesigned quantum wells or bulk active
material [2].

The dependence of dc gain on wavelength was measured. As
shown in Fig. 2, the device exhibited less than 1.5-dB gain vari-
ation between 1530 and 1570 nm. This wavelength dependence
can be attributed to the optical bandwidth of the quantum wells
used for gain in the SOA and absorption in the detector.

The radio-frequency (RF) characteristics of the receiver were
also measured. For all measurements, the input wavelength was

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 17, NO. 10, OCTOBER 2005

Fig. 4. 20-Gb/s eye for 23'-1 pseudorandom binary sequence (PRBS).
(Isoa = 250 mA, Vietector = —5 V, and B, = 0.8 mW).
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250 mA (8.33 kA/cm?) and Vietector = —4 V).

1548.1 nm and the detector was terminated with 50 2. The de-
vice has demonstrated a 3-dB bandwidth of 15 GHz for Pin =
0.8 mW (Fig. 3). It is believed the frequency response peaking
between 1 and 5 GHz is caused by the input optical signal modu-
lating the carrier density when the SOA experiences gain satura-
tion. Similar peaking was also seen in the frequency response of
electrically modulated gain-saturated SOAs [8]. Typically, pho-
todetector saturation will manifest itself through a steeper band-
width rolloff for high powers. In this case, there was no band-
width degradation, thus confirming unsaturated photodetector
operation. The 20-Gb/s eye diagrams were open and lacking pat-
tern dependence (Fig. 4).

Greater than 14 dB of optical gain was realized at 10-Gb/s
operation and the 1-dB gain compression point was reached at
12 dBm of output power (Fig. 5). This translates into ~ 16 mA of
unsaturated photocurrent, which allows for unsaturated voltage
swings up to 0.8 V-, when terminated with 50 €. It should be
noted the RF gain was slightly higher than the dc gain due to
additional heating effects at dc.

Bit-error-rate (BER) testing at 10 Gb/s with a nonreturn-to-
zero 231-1 pseudorandom bit sequence was used to demonstrate
the —10.5-dBm sensitivity of the receiver (Fig. 6). The BER
testing utilized a 10-Gb/s transmitter (Agilent 83433A) at a
wavelength of 1548.1 nm. The signal from the transmitter went
through a high power erbium-doped fiber amplifier followed by
a polarization controller, an optical filter, and finally an attenu-
ator before being coupled into the device.

The receiver is less sensitive than the —17-dBm sensitivity
reported for similar devices in literature [1]. The wider ridge of
the receiver presented here is necessary to improve the satura-
tion power; however, this also increases the spontaneous emis-
sion therefore limiting the device’s sensitivity.
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IV. DESIGN STUDIES

To aid in future receiver designs, the effects of SOA length
and flare width have been examined. The SOAs studied were
identical to the receiver’s SOA except for variations in the length
or flare width. These SOAs were integrated with detectors and
characterized with dc testing.

The SOAs demonstrated a linear dependence of output satu-
ration power with flare width (Fig. 7). A maximum 1-dB com-
pression point of 15.7 dBm was achieved with a 12-pm flare
width.

Gain versus length was characterized for straight 3-pm-wide
SOAs. The unsaturated gain for different lengths and current
densities was measured with the integrated detector. This data
shows excellent linearity with length achieving up to 22 dB of
gain, as shown in Fig. 8.

V. CONCLUSION

A monolithically integrated photoreceiver has been suc-
cessfully fabricated on a simple offset quantum-well platform
requiring only a single regrowth. The 600-pm-long flared SOA
has produced greater than 14 dB of gain and 1-dB output satura-
tion power of 12 dBm. However, additional design studies have
indicated that improvements in the SOA saturation power and
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gain are possible. The tapered photodetector biased at —4 V has
shown no signs of saturation and has demonstrated a 15-GHz
bandwidth and a sensitivity of —10.5 dBm. In conclusion, the
high saturation power and significant gain of these receivers
make them an excellent choice for the photocurrent driven
wavelength converter as well as other applications.
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Comments and Corrections

Correction to ‘“‘Recent Advances in Avalanche Photodiodes”

Joe C. Campbell, Fellow, IEEE, Stephane Demiguel, Feng Ma,
Ariane Beck, Xiangyi Guo, Shuling Wang, Xiaoguang Zheng,
Xiaowei Li, Jeftrey D. Beck, Senior Member, IEEE, Michael A. Kinch,
Andrew Huntington, Larry A. Coldren, Fellow, IEEE, Jean Decobert,
and Nadine Tscherptner

In [1], the graphic in Fig.10 was incorrect. Therefore, in Figs. 11-18,
the captions did not match the correct figures. The following are the
figures with the correct captions.
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Cavity Quantum Electrodynamics with Single Quan-
tum Dots in Microcavities MATTHEW RAKHER, Department of
Physics, University of California at Santa Barbara, STEFAN STRAUF,
Department of Physics and Materials Department, UCSB, NICK
STOLZ, Materials Department, UCSB, KEVIN HENNESSY, ECE
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UCSB, LARRY COLDREN, Materials Department, UCSB, PIERRE
PETROFF, Materials Department and ECE Department, UCSB, DIRK
BOUWMEESTER, Department of Physics, UCSB — Several proposals
for solid-state cavity quantum electrodynamics rely on a strong interac-
tion between the cavity mode and an embedded single atom or a single
quantum dot (QD). In order to achieve a strong light-matter interac-
tion, the cavity must have a small mode volume while maintaining a
large quality factor. To this end, InAs/GaAs QDs in GaAs-based mi-
crocavities have been investigated using micro-photoluminescence spec-
troscopy and photon statistics measurements. Individual QDs in these
devices have been identified by their photon anti-bunching signatures.
Pronounced enhancement of the single QD lifetime has been measured,
with some lifetimes limited by the detector resolution (200 ps), corre-
sponding to a Purcell factor of more than 10. Together with active
spatial positioning schemes of QDs, these devices are promising avenues
to reach the strong coupling regime with individual solid state emitters.
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Excitonic Autler-Townes splitting induced by an intense
Terahertz field
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Abstract: An InGaAs quantum well driven by a strong THz field has exhibited a splitting of the
exciton line, due to strong coupling of hole states. This effect is closely-related to the Autler-
Townes effect and electromagnetically-induced-transparency.

© 2005 Optical Society of America
OCIS Codes: (190.5970) Semiconductor nonlinear optics including MQW; (270.1670) Coherent optical effects

The effect of a Terahertz (THz) electric field on quantum well (QW) interband absorption has been given a great
deal of theoretical attention due to interest in THz-dressed states and in ultrafast optical modulation, but few
experimental results have been published.” We have measured the effect of a strong THz field from the UCSB Free
Electron Laser on the linear interband absorption of InGaAs QWs at low-temperature. The results demonstrate a
THz-induced splitting of the exciton absorption analogous to Autler-Townes splitting in atomic systems.*
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Fig. 1. Reflectivity spectra at 10 K for a series of THz powers at (a) hory, = 14.1 meV and (b) hom, = 10.4 meV. The
spectra are offset and labelled according the the THz power (in Watts). A schematic of the sample and experimental

geometry is displayed above.

The sample consists of 10 undoped 14.3 nm Iny osGag94As QWs separated by 30 nm Aly3Gay;As barriers.
The experimental geometry is shown above Fig. 1. The interband probe beam, from a near-infrared (NIR) LED,
passed through the GaAs substrate, through the QWs, and then reflected off of an Al layer evaporated on the
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surface. This Al layer gave a strong growth-direction THz field and prevented any in-plane fields, a significant
improvement over previous THz-coupling methods.’

Figure 1 displays a series of NIR reflectivity spectra taken at increasing THz powers for (a) hory, = 14.1
meV and (b) 10.4 meV. Without the THz field (lowest spectra), the reflectivity shows absorption by the lowest
exciton state, elhh1X. The elhh2X state is optically forbidden in these symmetric QWs and is expected to be ~13.5
meV above elhh1X. Higher electron and heavy-hole states are expected to be sufficiently far away that they can be
ignored. The lowest light hole exciton appears to be shifted out of the way due to strain.

In the presence of the THz field, the changes in absorption were quite striking. For hory, = 14.1 meV,
which was near the elhh1X-e1hh2X resonance, there was a clear splitting of the exciton line, which increased as a
function of power. For hory, = 10.4 meV, which was below the resonance, the splitting was more asymmetric, with
a weaker absorption line appearing above the undriven exciton line. This splitting has been predicted by several
authors for QW5 driven by a strong intersubband pump,"° but has never before been observed. These results show
for the first time clear evidence of Autler-Townes splitting of excitons in a THz-driven QW. Fig. 2(a) displays the
exciton splitting schematically.

Reflectivity measurements were performed for many THz frequencies at a series of powers. The spectra
taken at a THz power near 550 W were fitted to two Lorentzians, and the results are plotted in Fig. 2(b). The
absorption strength is represented on a greyscale for each marker. The existence of the two absorption lines is due to
the two dressed (Floquet) states created by the THz field. On resonance, the oscillator strength is shared equally
between the two dressed states and thus, the two absorption peaks are equal in magnitude. Off-resonance, the
oscillator strength is strongest for the absorption line nearest the undriven exciton line. Using a Rabi splitting model,

the energies of these dressed states are E, =E, — (I/2)(AF A*+(2 HETH; )?), where E, is the undriven exciton

energy, A is the detuning from resonance, u is the intersubband dipole moment, and Ery, is the THz field. The
measured absorption energies fit very well to this simple formula. A much more sophisticated model using the
semiconductor Bloch equations has also been applied to this system, giving similar results.
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Fig. 2. (a) Schematic exciton energy level diagram showing the splitting that occurs in the presence of a resonant THz
field. (b) Absorption line positions vs. THz frequency, showing the anticrossing behavior. The absorption strength for each
point is represented on a greyscale. A completely black dot indicates the absorption strength was the same as the undriven
absorption strength, while a white dot indicates very small absorption. The lines are plots of E. from the Rabi model with

HETy, =2 meV.

The observation of THz-dressed excitons in this system is particularly interesting since the dressed states can be
observed for detunings that are a significant fraction of the level spacing. This comes from the fact that the Rabi
frequency can be comparable to the THz frequency, making a number of nonperturbative strong-field effects
potentially observable.” This system is also technologically interesting as it is essentially a QW modulator driven at
THz frequencies. The presence of quantum coherence in a QW modulator may enable fascinating new
functionalities. This work was supported by the NSF and SUN Microsystems.
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High-quality factor optical microcavities using oxide apertured micropillars

N. G. Stoltz,?*® M. Rakher,® S. Strauf,”>® A. Badolato,” D. D. Lofgreen,?®
P. M. Petroff,”»? L. A. Coldren,”? and D. Bouwmeester®
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(Received 28 February 2005; accepted 7 June 2005; published online 12 July 2005)

An oxide aperture is used to confine optical modes in a micropillar structure. This method
overcomes the limitations due to sidewall scattering loss typical in semiconductor etched
micropillars. High cavity quality factors (Q) up to 48 000 are determined by external Fabry—Perot
cavity scanning measurements, a significantly higher value than prior work in III-V etched
micropillars. Measured Q values and estimated mode volumes correspond to a maximum Purcell
factor figure of merit value of 72. © 2005 American Institute of Physics. [DOL: 10.1063/1.1999843]

Optical microcavities combined with active emitters pro-
vide a great opportunity to study the light-matter interaction
at a fundamental level. To produce a high-quality microcav-
ity, it is necessary to confine light to ]i)recise resonance fre-
quencies with little or no optical loss.” The measure of this
optical confinement is referred to as the cavity quality factor
(Q). In order to limit the number of optical modes present in
a cavity, it is important to reduce the effective optical mode
volume (V). Figures of merit for optical microcavity appli-
cations are proportional to the ratio of these two values
Q/ Veff.2 Potential applications include solid-state cavity
quantum electrodynamics (CQED) experiments, modifica-
tion of single-emitter lifetimes, and sin%le—photon emitters
and detectors for quantum cryptography. 2

Several solid-state microcavity architectures including
microdisks,>* photonic crystals,sf and micropillarsg’9 have
shown CQED effects in III-V semiconductors using self-
assembled quantum dots (QDs) as active emitters. Among
these architectures, micropillars couple light normal to the
semiconductor in a single-lobed Gaussian pattern that is eas-
ily fiber coupled.lo This high photon collection efficiency
makes micropillars a better alternative for device applica-
tions. However, micropillars exhibit higher V i{~5(\/n)*]
and lower Qs(~2000-10 000) when compared with photo-
nic crystals.l’9 Vg can be reduced by decreasing pillar diam-
eter, but scattering losses due to sidewall roughness have
been shown to limit achievable Q values."!!

Here, we present an alternative approach, using oxide
apertured micropillars in order to reduce V. while maintain-
ing high Q values. Oxidized micropillars have been used for
vertical cavity laser applications to produce low threshold
laser devices that are fabricated into inexpensive arrays for
optical data networks."? By confining the optical mode with a
laterally oxidized aperture layer these structures simulta-
neously provide optical mode and electrical current confine-
ment while eliminating the scattering loss due to sidewall
roughness inherent to etched pillar structures. This method
has been applied to the field of QD-microcavity coupling
with limited success due to very low Qs (<1000) as well as
high V{~35(\/n)*] when compared with conventional
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micropillars.13’14 If these values are improved, the advan-

tages in ease of fabrication will make oxide apertured micro-
pillars very attractive for coupled QD-microcavity applica-
tions.

Micropillar samples investigated in this study were
grown by molecular-beam epitaxy on a semi-insulating
GaAs (100) substrate with a 0.1 um buffer layer. There are
four independent sections in the structure: The bottom mir-
ror, the active region, the aperture region, and the top mirror
as shown schematically in Fig. 1(a). Mirrors consist of alter-
nating one-quarter optical thickness distributed Bragg reflec-
tor (DBR) layers of GaAs and Alj¢GagAs. 32 pairs of
Aly 9Gay 1As/GaAs layers with thicknesses of 79.8/68.4 nm,
respectively, form the bottom DBR mirror, while the top
DBR mirror is made of 23 pairs. The active region is one
optical wavelength in thickness, with two 135.4 nm layers of
GaAs embedding a centered InGaAs/GaAs QD layer. QDs
self-assemble during epitaxy operating in the Stranski—
Krastanov growth mode. InGaAs islands are partially cov-
ered with GaAs and annealed before completely capped with
GaAs. This procedure blueshifts the QDs emission
Wavelengths15 toward the spectral region where Si-based de-

(a) 21 um Pillar Diameter
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FIG. 1. (Color online) (a) Schematic and layer structure for oxide apertured
micropillars. (b) SEM image of a fully processed 21 um micropillar. (c)
SEM cross section image of an oxidized mesa showing actual layer structure
depicted in (a). (d) The theoretical fundamental mode profile for the 21 um
micropillar modeled in this study with a Gaussian mode radius of 0.78 um.

© 2005 American Institute of Physics

Downloaded 21 Jul 2005 to 128.111.239.15. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1999843

031105-2 Stoltz et al.

tectors are more efficient. The thickness of the aperture re-
gion is three-quarters optical wavelength and consists of a
pure AlAs layer sandwiched by Aljg9Gaj;;As and
Aly75Gag»5As in order to produce the desired aperture quali-
ties. It is designed to give a change in effective index,
An.=0.08, between the fully oxidized and unoxidized re-
gions of the micropillar in addition to a linear oxide taper
with a length of 1.1 um after an approximate 10 um oxida-
tion. A scanning electron microscopy (SEM) image of a fab-
ricated oxide apertured microcavity is shown in Fig. 1(b),
while Fig. 1(c) shows a cross-sectional SEM image of an
oxidized mesa calibration sample with mirror, active, and
aperture regions corresponding to Fig. 1(a). Samples are fab-
ricated by optical lithography and reactive ion etch in Cl,
plasma penetrating approximately five mirror periods into
the bottom DBR. Micropillars are fabricated in large arrays
with diameters varying from 21-25 wm. The wet lateral oxi-
dation is performed at 430 °C in order to oxidize the aperture
region by converting AlAs into Al,O,,.

Microphotoluminescence (u-PL) measurements are per-
formed using a He-flow cryostat (4-300 K). QDs are excited
nonresonantly by a continuous-wave 780 nm laser diode fo-
cused to a spot size of 2.5 um using a microscope objective
with numerical aperture of 0.55. u-PL emission is collected
through the same objective and recorded with a 1.25 m spec-
trometer equipped with a charge-coupled device with
30 ueV spectral resolution at 900 nm. A scanning Fabry—
Perot cavity along with a single photon counting avalanche
photodiode detector and an integrated counting unit are used
to experimentally determine linewidths beyond the resolu-
tion of the spectrometer.

A two-dimensional model of the cavity has been devel-
oped based on the experimentally determined values for the
oxide aperture taper length and core width from SEM images
(Fig. 1) along with the one-dimensional reflectivity spectrum
of the unprocessed sample. This produces a two-dimensional
index profile determined by the effective index (ngy) in the
growth direction for the unoxidized and oxidized layer stack.
The Angy between the unoxidized and oxidized regions is
evaluated by replacing the AlAs and AIO 30Gay 11As with
ALO,(n=1.5). It has been demonstrated'® that the linear ox-
ide taper shown in Fig. 1(c) corresponds to a parabolic index
grade over the length of the taper.

We used this model to solve for the eigenmodes of the
two-dimensional scalar wave equation using a finite differ-
ence technique with a nonuniform mesh.'” The solution for
the fundamental mode of a 21 um pillar is shown in Fig.
1(d) and has a Gaussian mode radius of approximately
0.78 pm. Scattering and radiation losses are determined by
propagating a scalar field around the unfolded cavity until
the field no longer changes shape. This g)rocedure is analo-
gous to the classic work of Fox and Li.

Mirror, scattering, and radiation losses determine the
empty or cold cavity linewidth of the apertured micropillar.
Assuming that undoped AlGaAs regions have no internal
optical loss at 4 K, the only optical loss mechanisms in the
cavity are due to mirror loss (a,,), radiation loss (a,,,), and
aperture scattering losses (a,). Furthermore, a4 and
Qe are very small for the fundamental mode, 1.7¢—3 and
1.7 em™!, respectively. This leaves photon escape through
the top DBR mirror as the dominating loss mechanism in the
cavity, calculated as 13.9 cm™!. Cold cavity (Q.,q) values
are determined by cavity losses according t0 @/Q.,q=1/7,

Appl. Phys. Lett. 87, 031105 (2005)
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FIG. 2. (Color online) (a) Normalized optical mode spectra for 21-25 um
micropillars measured by u—PL at 4 K are shown. Fundamental, first-, and
second-order modes are labeled 0, 1, and 2, respectively. (b) Mode position
is shown as a function of pillar diameter for fundamental, first-, and second-
order modes.

=0,I'gn=0 4 Xgeq+ Xraa+ a,)."” Here, 7, is cavity lifetime, v,
is group velocity, w is the frequency, I' is the confinement
factor, and gy, is the threshold material gain. The estimated
Qcolq for a 21 um micropillar is 14 500.

Experimental mode spectra for 21-25 wm diameter pil-
lars are shown in Fig. 2(a) with mode orders 0, 1, and 2
labeled. The lifting of higher-order mode degeneracy is due
to asymmetry in the fabrication process. w—PL data shows
cavity modes with lower fundamental energies and increas-
ing mode spacing as pillar diameter decreases. This effect is
shown in Fig. 2(b) for varying pillar diameters. In addition,
intensity decreases are observed for higher-order modes due
to increased scattering losses, an intentional effect produced
by the oxide aperture and the larger effective radii of multi-
lobed higher-order modes.

A Fabry—Perot scanning cavity is used to determine ex-
perimental Q values. A reference laser is used to calibrate the
maximum measurable Q for the Fabry—Perot cavity as
600 000, shown in Fig. 3(a). The fundamental cavity mode is
then directed through a 1 nm bandpass filter into the detector
for sample measurement. Experimental quality factor (Qep)
is determined to be approximately 48 000 for a 21 um pillar
as shown in Fig. 3(b). This value is larger than the theoretical
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FIG. 3. (Color online) (a) Transmission through a Fabry—Perot cavity as a
function of cavity length for a reference laser. Using the given free spectral
range of the measurement cavity, the reference laser has Q> 600 000 giving
a maximum measurable Q. (b) The Fabry—Perot measurement of the funda-
mental mode linewidth of a 21 wm micropillar cavity. This measurement
was done at 50 uW pump power at 4 K.
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cold cavity value due to linewidth narrowing caused by
modal gain from the QD active region. The experimental
gain (gey,) is determined by the relationship between Q4
and Q.,, values according to @/ Qex,=(@/Qco10) — VI’ gexp.l7

QO values show little change for pump powers above
10 uW and no laser threshold behavior is observed up to
50 uW pump power. This indicates that material gain in the
QD layer saturates before the threshold condition is
achieved. Estimated values show that g, saturates at ap-
proximately 10.44 cm™', corresponding to approximately
2864 cm™! material gain from the active region. This is a
reasonable value for the single QD layer in this cavity.19 At
low pump powers, Q values are expected to increase as the
optically pumped QD region provides gain and causes line-
width narrowing. For the small lateral area and narrow spec-
tral linewidths in these devices, the modal gain provided by
the QD single-exciton emission saturates at pump powers
below 1 ,uW.6 In this regime, a slight linewidth narrowing
from 0.06 to the observed 0.02 nm is expected to occur.
However, it is difficult to resolve this linewidth narrowing
with a scanning Fabry—Perot cavity at these low pump pow-
ers.

The Purcell factor determines the figure of merit for a
coupled QD microcavity in the weak coupling regime. Using
the theoretical Vegg(N/ney)™ of 51 and experimental Q. val-
ues, it is possible to estimate the maximum achievable F »
according to F,=(3/47)(Q(N/ne)*/ Veg).* Experimentally
observed values are decreased due to spectral and spatial
detuning. Estimating the Purcell factor with experimental
linewidths gives a maximum value of 72.

Oxidized micropillars have a promising outlook for QD-
microcavity coupling due to high Q values. Further improve-
ment for these devices could be achieved by reducing V.
Although oxide aperture micropillars reduce two-
dimensional mode areas while maintaining high Q values,
Vi remains relatively high. This is due to the large effective
cavity length in the growth direction of this structure, ap-
proximately 1.39 um. Improvement lies in reducing this
value, potentially by replacing AlGaAs/GaAs DBR mirrors
with Al,O,/GaAs DBR mirrors having reduced mirror pen-
etration depths.

Experimental data show very high Q (48 000) optical
microcavities using an oxide apertured micropillar architec-
ture. Devices exhibit controlled mode positions and sizes
down to core widths of approximately 0.5 wm. Unlike
etched air interface micropillars, which can be difficult to
fabricate with acceptable loss values at smaller diameters,

Appl. Phys. Lett. 87, 031105 (2005)

apertured micropillars accomplish this in a controllable and
repeatable fashion. Cavities exhibit low loss values resulting
from gain related linewidth narrowing effects due to stimu-
lated emission from the QD active region. Apertured micro-
pillars show promise for QD-microcavity coupling applica-
tions due to these high experimental Q values producing a
maximum Purcell factor of 72.
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Quantum Coherence in an
Optical Modulator
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Semiconductor quantum well electroabsorption modulators are widely used
to modulate near-infrared (NIR) radiation at frequencies below 0.1 terahertz
(THz). Here, the NIR absorption of undoped quantum wells was modulated by
strong electric fields with frequencies between 1.5 and 3.9 THz. The THz field
coupled two excited states (excitons) of the quantum wells, as manifested by
a new THz frequency- and power-dependent NIR absorption line. Nonpertur-
bative theory and experiment indicate that the THz field generated a coherent
quantum superposition of an absorbing and a nonabsorbing exciton. This quan-
tum coherence may yield new applications for quantum well modulators in

optical communications.

Quantum three-state systems in which two of
the states are strongly coupled by an intense
laser field have been widely studied in atom-
ic and molecular systems (/). The energies
of the quantum states are altered as they are
“dressed” by the strong light-matter interac-
tion. Such dressed states were first observed
by Autler and Townes (AT) in a molecular
system driven by a strong radio-frequency field
and probed by weak microwaves (2). When a
radio-frequency resonance occurred, the micro-
wave absorption line split in two. In three-state
systems with weak coupling to the environ-
ment, AT splitting can evolve into electromag-
netically induced transparency (EIT), in which
a strong coupling beam induces transparency
at a resonance at which the undriven system is
opaque (3). This transparency is due to quan-
tum interference between the dressed states.
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EIT is the basis for slow (4) and stopped light
(5, 6) in atomic systems.

A variety of quantum systems similar to
atomic three-state systems can be engineered
in semiconductor quantum wells (QWs). A
QW is a layer of one semiconductor grown
between semiconductors with larger band gaps
(7). The layer with the smaller gap is suffi-
ciently thin that well-defined sets of quantized
states, or subbands, are associated with elec-
tron motion parallel to the growth direction.
Within each subband, there is a continuum of
states associated with different momenta par-
allel to the plane of the QW (perpendicular
to the growth direction). AT-like splitting (8),
quantum interference (9, 10), and EIT (11, 12)
have been reported in QWs, but their observa-
tion has been more difficult than in atoms and
molecules. This is in part because of much
larger absorption linewidths, which result from
disorder, from stronger coupling to the envi-
ronment, or from scattering between subbands.

We have fabricated a particularly simple
three-level system in undoped QWs (Fig. 1).
The excitation with the lowest frequency oc-
curs at about 350 THz (wavelength 857 nm or
energy 1.46 eV) when an electron is promoted
from the filled valence subband of highest
energy (labeled hl) to the empty conduction
subband of lowest energy (labeled el). The
excited electron binds with the hole it left be-
hind to form an exciton with a hydrogen-like
wave function in the QW plane. Transitions
between different in-plane states (e.g., the Is

REPORTS

(supported by the Mission Ressources et Compétences
Technologiques—CNRS Federation FR2764 and by the
Université Paris-Sud) for a decisive role in the develop-
ment of the time-to-digital converter, and O. Jagutzki
for advice on delay lines.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1118024/DC1
SOM Text

27 July 2005; accepted 5 September 2005
Published online 15 September 2005;
10.1126/science.1118024

Include this information when citing this paper.

and 2p states) are allowed only for in-plane
THz polarizations (/3, 14), which are not
present in the experiments discussed here. The
lowest exciton state is labeled h1X. The next
exciton state, h2X, consists of an electron from
el and a hole from the second highest valence
subband, h2. NIR transitions between the crys-
tal ground state and h2X are not allowed be-
cause of quantum mechanical selection rules.
However, intersubband transitions from h1X to
h2X are allowed for THz radiation polarized
in the growth direction. The three states anal-
ogous to those in an AT picture are the crystal
ground state, the lowest exciton h1X, and the
second exciton h2X (15).

This report explores the NIR absorption
of undoped QWs at low temperatures (~10 K)
when they are driven by strong electric fields
polarized in the growth direction with frequen-
cies between 1.5 and 3.9 THz. Because the
frequency of the THz laser is about 1% of that
required to create an exciton, the strong laser
field does not alter the populations of the quan-
tum states of the system. Near 3.4 THz, the
drive frequency is resonant with the transition
between the two lowest exciton states. The AT
splitting of excitons driven by strong intersub-
band radiation is experimentally observed, and
theoretical predictions (/6, 17) are confirmed.

The sample consists of 10 In, ,.Ga, ,,As
QWs (each 143010\) separated by Al ;Ga, ,As
barriers (300 A). InGaAs QWs were used
instead of GaAs QWs so that the GaAs sub-
strate was transparent for NIR light near the
exciton energies. A 100-nm layer of aluminum
was deposited on the surface of the sample
on which the QWs were grown. The metallic
boundary condition improved THz coupling
and ensured that the THz field at the QWs
was polarized almost perfectly in the growth
direction (/8). The interband absorption was
probed using broadband, incoherent, NIR light
from an 850-nm light-emitting diode focused
onto the sample backside to a spot size ~250
pm in diameter. The NIR intensity was less
than 0.3 W/cm?. As illustrated in Fig. 1, the
NIR beam was transmitted through the trans-
parent substrate, interacted with the QWs, was
reflected off of the Al layer, and was then
collected and sent to a monochromator with
an intensified charge-coupled device detec-
tor. The reflected NIR beam was measured
during the 1 to 1.5 us at the peak of the THz
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pulse (fig. S2). The sample was mounted in a
closed-cycle refrigerator and maintained at a
temperature near 10 K. The lowest curves in
Fig. 1, A to C, display the NIR reflectivity
measured without the THz field. (The reflec-
tivity is essentially double-pass transmission
in this geometry.) The strong absorption line
is from h1X. As expected, no absorption is
observed from h2X. The energy of h2X is
expected to be ~3.34 THz (13.8 meV) above
h1X from calculations (79).

The THz radiation, given by the UCSB
Free-Electron Lasers, was focused onto the
edge of the sample with an off-axis parabolic
mirror. The spot size was ~400 pum in diame-
ter for THz frequencies between 2.5 and 3.9
THz, near the h1X-h2X resonance. The THz
beam was on for ~4 ps with a repetition rate
near 1 Hz. The maximum peak power incident
on the sample was ~2 kW, giving a maximum
intensity in the sample of ~1 MW/cm? (~15
kV/em electric field amplitude). [This estimate
of the electric field ignores propagation inside the
sample and the Al coating on the surface (/8)].

The effect of the THz field on the sample
reflectivity was quite striking (Fig. 1, A to
C). Each graph displays the reflectivity for a
series of THz intensities. In Fig. 1A the THz
frequency is f;;;, = 2.52 THz, below the ex-
pected h1X-h2X resonance. As the THz inten-
sity increased, the absorption line redshifted
and a weaker absorption line appeared above
the undriven exciton energy. Near the expected
resonance, at /1., = 3.42 THz (Fig. 1B), there
was a clear symmetric splitting of the exciton
line, which increased as a function of intensity.
Just above the resonance, at f1,;, = 3.90 THz
(Fig. 1C), a weaker absorption line appeared
below the undriven exciton energy. These mea-
surements were carried out at ~10 K, but the
splitting at /1., = 3.42 THz was observed at
temperatures up to 78 K.

The calculated reflectivity of a THz-
driven QW is shown in Fig. 2 for THz inten-
sities that give spectra comparable to those
in Fig. 1. These results were obtained by nu-
merically solving the Schrodinger equation
for the dynamics of an optically created
electron-hole pair in an infinitely deep QW.
The quantization of the electron-hole states,
the Coulomb interaction, and the THz field
are all treated on an equal footing, without
resorting to perturbation theory [see (20) for
more details]. In essence, the THz field rocks
the QW potential, which couples the various
confined QW states in a dynamic fashion.
All of the QW states are included in the cal-
culations. This approach is equivalent to solving
the polarization equation of the semicon-
ductor Bloch equations (SBEs) in the low-
density limit (27). The reflectivity is defined
as the fraction of the incident optical power at
a given NIR frequency that is not absorbed.

For these calculations, the absorption
strength and energy position of h1X for zero
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Fig. 1 (left). Reflectivity spectra for a series of THz intensities at f;,,, = (A) 2.52 THz, (B) 3.42 THz,
and (C) 3.90 THz. The spectra are offset and labeled according to the THz intensities (in kW/cm?).
Level diagrams illustrating the detuning from the expected h1X-h2X resonance are shown to the
right of each graph. A schematic of the experimental geometry and the band diagram of a QW
along with the relevant subband energies are displayed above. The red arrow represents the lowest
excitation of the system, the h1X exciton. The AlGaAs barriers are labeled "Al” and the InGaAs

layer is labeled "In.”

Fig. 2 (right). Calculated reflectivity spectra for a series of THz intensities at

fru, = (A) 2.52 THz, (B) 3.42 THz, and (C) 3.90 THz. The spectra are offset and labeled according to
the THz intensity (in kW/cm?). The absorption strength and energy position of the spectrum for
zero THz field were set to best fit the measured reflectivity.

THz field were set to best fit the measured
reflectivity. The calculated reflectivity in the
presence of the THz field is qualitatively simi-
lar to the measured reflectivity, although small
differences can be seen. It appears that the
calculated splitting at 3.42 THz is more asym-
metric than that observed experimentally,
indicating that the experimental h1X-h2X
resonance is closer to 3.42 THz than 3.34
THz. Also, there is an overall redshift of the
measured reflectivity with increasing THz in-
tensity that does not appear in the calculated
spectra. This redshift is most likely due to
heating by the THz beam and can clearly be
seen in fig. S1A, where the absorption line
positions are plotted as a function of intensity.
The separation between the two absorption
lines on resonance at f1,, = 3.42 THz is plotted
as a function of intensity in fig. S1B. The
splitting is discernible over a factor of ~4 in

THz intensity (~2 in THz field). Theory and
experiment are not far from one another over
this limited range, although the dependence of
the splitting on THz intensity is closer to a line
than the square root function predicted by the-
ory. More work must be done to characterize
and understand the dependence of the splitting
on THz intensity (18).

The reflectivity was measured at many THz
frequencies from f;,, = 1.53 to 3.90 THz. Ab-
sorption spectra for f1,, = 2.82 through 3.90
THz (Fig. 3) were obtained by subtracting a
linear decrease in reflectivity over the mea-
sured NIR frequency span and then calculating
the negative natural logarithm of the reflectiv-
ity. These absorption spectra were then fit to
two Lorentzians. The spectra at f;, = 1.53,
1.98, and 2.52 THz (not shown) were more
difficult to fit because the second absorption
line was so weak. Differential spectra (spec-
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3.90 THz (A) to 2.82 THz (E). The black lines
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flectivity spectra by correcting for the down-
ward slope due to continuum absorption and by
taking the negative natural logarithm. The red
curves are fits to two Lorentzians; the blue
curves are the individual Lorentzians.

trum with THz field minus spectrum without
THz field divided by spectrum without THz
field) were used to determine the absorption
line positions.

Figure 4 displays the absorption line po-
sitions as a function of THz frequency. The
spectra used were all obtained with a THz
intensity near 300 kW/cm? (within 10%), rel-
atively low because this was the highest avail-
able intensity at f,,, = 3.75 THz and 3.90
THz. The anticrossing behavior in Fig. 4 near
the h1X-h2X resonance is expected for the
AT effect. The two absorption lines are asso-
ciated with the two excitons dressed by the
THz field. On resonance, the oscillator strength
is shared equally between the two dressed
states and the two absorption peaks are equal
in magnitude. Off-resonance, the oscillator
strength is strongest for the absorption line
nearest the undriven exciton line. For low THz
frequencies, the weaker peak approaches the
h2X energy. The data points connected by
solid lines in Fig. 4 are the results of cal-
culations using the model equivalent to the
SBE for an intensity of 375 kW/cm?, which
agree well with the measurements. The dis-
agreement at 1.53 and 1.98 THz (lower po-
sitions) may be due to uncertainty in the THz
intensity (/8).
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Fig. 4. Measured absorption line positions (large
circles) versus THz frequency for a THz intensity
of ~300 kW/cm? The absorption strength for
each point is represented on a grayscale; darker
circles indicate stronger absorption. The standard
error of the positions from fitting is indicated by
error bars except where smaller than the circle
diameter. The data points and solid line represent
the calculated absorption positions at a THz in-
tensity of 375 kW/cm2. Near the resonance at
fru, = 3.4 THz, the calculated spectra were fit to
two Lorentzians to determine absorption posi-
tions; away from resonance, the positions were
taken at the minimum of the reflectivity for each
peak. The horizontal dashed line marks the un-
driven exciton line position.

Quantum wells driven by growth-direction
electric fields are already important as elec-
troabsorption modulators for fiber-optic com-
munications operating with bandwidths <100
GHz (0.1 THz) (22). The basis for the QW
modulators (QWMs) is the dc quantum-
confined Stark effect, wherein a dc electric
field polarized in the growth direction causes
a redshift of the h1x absorption (23). The oper-
ating frequencies of QWMs are smaller than
the exciton’s linewidth. Thus, the response is
adiabatic: The NIR absorption spectrum at
any instant is determined only by the electric
field at that same instant, and not by the
modulation frequency. Modulation at higher
frequencies is desirable given the 50-THz
bandwidth of optical fibers.

Our results show that fascinating quan-
tum effects occur when QWMs are driven in
the high-frequency diabatic limit. Most im-
portant, AT splitting of excitons due to a strong
THz field has been observed. The decrease in
absorption at the undriven exciton resonance
in the presence of the THz field is certainly
suggestive of EIT, although the linewidth of
h2X is not expected to be narrow enough for
the required quantum interference effects.

The observation of dressed states in this
system is noteworthy for several reasons. First,
the effects have been observed over a wide
range of THz frequencies, where the detun-
ing from the resonance was comparable to the
drive frequency. Observation of dressed states
at large detunings is possible because the Rabi
frequency (half the splitting on resonance) is
relatively large, up to 20% of the drive fre-
quency on resonance. Second, the THz driving
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field does not generate any excited-state pop-
ulation, in part because it is at a much lower
frequency than the probe. The driving field is
also quasi—continuous wave, which is rare for
observations of coherent strong-field effects in
semiconductors. Finally, applications to optical
communications have been proposed for the
THz-driven QW. Two NIR lasers resonant
with different dressed states of this system in-
teract strongly (24), leading to mutual transpar-
ency of the beams depending on their relative
phases. This effect could be used for inter-
modulation of laser beams at arbitrarily low
NIR intensities.
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to electronic intersubband transitions

S. G. Carter,"* V. Ciulin,"" M. Hanson,” A. S. Huntington,>* C. S. Wang,?> A. C. Gossard,>? L. A. Coldren,>? and
M. S. Sherwin'
LPhysics Department and iQUEST, University of California, Santa Barbara, California 93106, USA
’Materials Department, University of California, Santa Barbara, California 93106, USA
3Electrical and Computer Engineering Department, University of California, Santa Barbara, California 93106, USA
(Received 20 April 2005; revised manuscript received 30 June 2005; published 13 October 2005)

The mixing of near-infrared and terahertz (THz) beams has been observed in n-doped GaAs quantum wells
(QWs) and is shown to be quite different from that in undoped QWs. The resonant behavior of the sidebands
demonstrates that mixing in doped QWs is primarily sensitive to electronic intersubband transitions while that
in undoped QWs is due to excitonic intersubband transitions. These results demonstrate that THz-optical
mixing can be used to probe the collective dynamics of a driven electron gas.

DOI: 10.1103/PhysRevB.72.155309

Nonlinear spectroscopy has become a powerful tool in
studying a variety of different systems. In semiconductors,
nonlinear techniques are routinely used to explore the dy-
namics of electrons.! These experiments provide far more
information on the fundamental physics of semiconductors
than linear spectroscopy alone and demonstrate methods of
controlling optical processes. In this paper, nonlinear mixing
of terahertz (THz) and near-infrared (NIR) radiation in doped
GaAs quantum wells (QWs) is studied.

Previous experiments®>”’ and theories®® have examined
THz-optical mixing in undoped QWs. In these cases, exci-
tonic interband resonances dominated the NIR spectra. The
THz field did not drive a real intersubband (ISB) polarization
as there were no free carriers. The mixing occurred as the
THz field excited excitonic ISB transitions as part of a para-
metric process. The result of the mixing was that sidebands
were generated at wgp=wypr+nwry,, where n==+1,2,...
The intensity of the sidebands was greatly enhanced when
the NIR laser and/or sideband frequencies matched those of
sharp (~1 meV wide) excitonic resonances. The n=+1 side-
bands have been used to demonstrate the potential of THz-
optical mixing for voltage-controlled, all-optical wavelength
conversion.*® In strong THz fields, sidebands have been
used to study nonperturbative effects induced by “dressing”
the exciton states with the THz field.”

One might expect THz-optical mixing to be weaker in
doped quantum wells since excitons are screened, interband
resonances are much broader, and some NIR transitions are
Pauli blocked by the Fermi sea at low temperatures. How-
ever, in doped quantum wells, the THz radiation can excite
an intersubband polarization directly, leading to a channel for
sideband generation that has not been previously investi-
gated. In this communication, THz-optical mixing is shown
to be quite different in the presence of free carriers but, sur-
prisingly, of similar strength. The differences are illustrated
by the resonant structure of the n=+1 sideband. Instead of
having several sharp excitonic resonances as in an equivalent
undoped sample, there is only one broad resonance in the
doped sample. The frequency of this resonance matches that
of the independently measured intersubband plasmon, the
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collective intersubband oscillation which couples to THz
light. Thus sidebands at NIR frequencies can probe the co-
herent dynamics of electrons driven at much lower THz fre-
quencies. The results are explained qualitatively in terms of a
second order nonlinear susceptibility (y'*) model.

The samples consist of ten periods of double GaAs QWs,
nominally 100 and 120 A wide and separated by a 25 A
Al ,Gay gAs tunnel barrier. The sample structure is displayed
at the top of Fig. 1. Each pair of wells is separated by a
410 A (920 A) Aly;Gay,As barrier for the undoped (doped)
sample. The difference between the widths of the GaAs wells
breaks inversion symmetry in the growth direction, thus al-
lowing the generation of n=+1 sidebands at zero bias. Fur-
thermore, the tunnel-splitting produces a spacing between
electron subbands in the range of our THz source, the Uni-
versity of California-Santa Barbara (UCSB) free electron la-
ser. In the doped sample, there is silicon 6 doping in the
middle of the 920 A barriers between each pair of coupled
wells. This gives ~1.2X 10'"'e/cm? per well, as determined
by capacitance-voltage measurements. Some band bending
in the vicinity of the doped double QWs is calculated due to
space-charge fields, but the potentials and charge densities
are nearly identical for each double QW except for the one
closest to the surface. This active region is grown in-between
two doped, 70 A wide QWs. These QWs are contacted
ohmically and used to apply a growth-direction electric field
(Epqs) to the sample, tuning the ISB collective mode fre-
quency [as measured by Fourier-transform infrared (FTIR)
spectroscopy and plotted in the inset of Fig. 1(b)] and the
optical properties. For most measurements the electric field
was pulsed for less than 1 ms to avoid tunneling between
wells. The active region and gate QWs are grown on a 30-
period distributed Bragg reflector (DBR), designed to reflect
the incident laser and the sidebands, which would otherwise
be absorbed in the semi-insulating GaAs substrate. In order
to maximize interaction with the NIR beam, the coupled
wells in the doped sample are placed at the nodes produced
by interference between the incident and reflected NIR
beams.

The photoluminescence (PL) and reflectivity of the two

©2005 The American Physical Society
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FIG. 1. PL (solid line) and reflectivity (dashed line) of the (a)
undoped and (b) doped samples at zero bias taken at ~11 K. For
PL, the samples were excited at 777 nm with an intensity of
~9 W/cm? for the undoped sample and ~30 W/cm? for the doped
sample, and both were normalized to 0.5. The interband transitions
in (a) are labeled according to theory, but the assignments are un-
certain near 1.55 eV because several absorption lines overlap. The
doped sample structure is displayed above (a). Doping is indicated
by vertical dashed lines. In the undoped sample, the doping adjacent
to the coupled quantum wells is absent. The inset in (b) plots the
ISB absorption tuning as measured by FTIR (solid dots) along with
the calculated dressed (solid line) and bare (dashed line) ISB fre-
quencies. Band bending due to space-charge fields is included in the
calculations.

samples are shown in Fig. 1, where the reflectivity is similar
to a transmission measurement due to the DBR. In the un-
doped sample [Fig. 1(a)] there is sharp PL from the lowest
state, elhh1X, and a number of sharp, exciton absorption
lines (labeled by theory).’ In the doped sample [Fig. 1(b)],
the absorption is much broader as continuum absorption
plays more of a role due to exciton screening.'” The onset of
absorption, at ~1.534 eV, can be taken as the Fermi edge,
which is near the peak of the PL. The width of the PL reflects
the fact that electrons from the Fermi energy to the bottom of
the conduction band (a width of ~4.2 meV based on the
charge density) can recombine with holes. The obvious shift
in PL between the doped and undoped samples may be due
to band gap renormalization.'!

The geometry for sideband experiments is illustrated on
the right side of Fig. 2. The sample was mounted in a closed-
cycle He cryostat, where its temperature was kept constant
between 10 and 16 K. The THz beam was coupled into the
edge of the sample with its polarization perpendicular to the
QW plane, allowing ISB transitions. The dielectric wave-
guide modes of the sample give in-plane electric fields and
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FIG. 2. Sideband spectrum taken at ~11 K with gy,
=2.0 THz (8.2 meV) at ~730 kW/cm?. The NIR laser signal is
divided by ~1Xx10* E,;,,=5.8 kV/cm. The experimental geom-
etry is to the right of the figure.

substantially reduce the electric field at the surface. Glass
coated with indium tin oxide (which conducts at THz fre-
quencies) was pressed onto the sample frontside, improving
the surface electric field while leaving the frontside transpar-
ent to NIR light. The THz beam was on for about 4 us at a
repetition rate of 1.5 Hz with a maximum power of ~3 kW.
It was focused onto the sample with an off-axis parabolic
mirror (f/2.4) to a spot measured to be between 0.3 and
1.2 mm in diameter, for THz frequencies between 3.4 and
0.66 THz, respectively. Typically, the intensity was attenu-
ated to ~40 kW/cm? (just outside the sample).

The NIR beam, which came from a cw tunable Ti:sap-
phire laser, was incident perpendicular to the sample and
typically focused to an intensity of roughly 25 W/cm?. It
then made a double pass through the sample active region,
by reflecting off the DBR, and was sent to a 0.85 m double
monochromator, where it was detected by a photomultiplier
tube.

Figure 2 displays a typical sideband spectrum for the
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FIG. 3. The n=+1 sideband resonance maps of (a) the undoped
and (b) doped samples at wry,=2.0 THz (8.2 meV), taken by vary-
ing wy;g and E,;,, while always measuring the n=+1 sideband.
The sideband conversion for each point is represented on a grey
scale, displayed on the right. The maps were taken at ~12 K with a
THz intensity of ~18 kW/cm? and a NIR intensity of ~25 W/cm?.
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FIG. 4. The n=+1 sideband resonance spectra (solid dots and
lines) of the doped sample taken with various THz frequencies, all
with intensities near 40 kW/cm?. The temperature was between 11
and 16 K, and E,;,; was at 5.8 kV/cm. Each point represents the
sideband signal when wy;g is tuned to the value on the horizontal
axis. The spectra are vertically offset and labeled according to wzy,.
X model calculations (dashed lines) are plotted for comparison.
Spectra at wyy,=11.7 and 12.8 meV are multiplied by 100 and their
model curves are multiplied by 10 for clarity.

doped sample. The reflected NIR laser (attenuated by 10%) is
at 1.533 eV with n==+1 sidebands offset by 8.2 meV, the
THz frequency. The ratio of the n=+1 sideband power to the
incident laser power, called the conversion efficiency, is
measured to be ~1.7 X 107*. This is the same order of mag-
nitude conversion efficiency as in the undoped sample.
Higher order sidebands were extremely small under these
conditions.

Sideband generation is strongest when the NIR and THz
frequencies (wy;z and wyy,) are resonant with interband (IB)
and ISB transitions, respectively. Figures 3(a) and 3(b) dis-
play n=+1 sideband resonance maps for the undoped and
doped samples. These are obtained by scanning E,;,, and
wyr While measuring the sideband. Scanning E,,;,, varies the
ISB spacing, bringing it into resonance with wgy,, while
scanning wy;z brings it into resonance with IB transitions.
There are several sharp excitonic resonances for the undoped
sample, which have been studied previously and assigned to
particular transitions.” The lower-energy resonance only in-
volves a change in electron state while the other resonances
involve hole transitions. In the doped sample, only the reso-
nance involving electron transitions remains significant. The
resonance is much broader in NIR frequency as it involves
continuum states instead of exciton states, and broader in
E}..s as ISB tuning is screened somewhat by the electron gas.
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FIG. 5. (a) Peak values of the n=+1 sideband resonance spectra
(solid dots) for the doped sample and the peak values of the y®
model curves (solid line) plotted vs wry.. (b) Percent change in the
integrated PL of the doped sample with the THz field on at an
intensity of ~40 kW/cm?.

For the doped sample, the sideband intensity (on reso-
nance) increased linearly with NIR intensity up to the highest
NIR intensity available, ~1500 W/cm?. In the undoped
sample saturation began at ~160 W/cm?. This difference
likely occurred because the sideband resonance in the doped
sample is just below the absorption edge, so few carriers
were generated. Also, the addition of optically excited carri-
ers in the doped well should have little effect since there is
already significant charge density. As a function of THz in-
tensity, both undoped and doped samples began to saturate at
~80 kW/cm?. This is surprising since resonant ISB absorp-
tion has been shown to start saturating at only ~1 W/cm?.!2

Valuable information can be obtained by measuring the
sideband signal as a function of wyy,. Figure 4 displays the
n=+1 sideband resonance scans at many different THz fre-
quencies. These data were taken with E,;,,=~5.8 kV/cm,
where the ISB absorption was measured to be at ~8.3 meV
[see inset of Fig. 1(b)]. The resonance scan at 8.2 meV was
closest to this frequency and had only a single resonance
centered below the PL peak, despite the many IB resonances
shown in Fig. 1. Resonance scans near 8.2 meV and at
higher w7y, had only one significant resonance that red-
shifted as wyy, increased. For lower wyy,, there were several
resonances at higher wy;z. Figure 5(a) plots the peak of each
sideband resonance scan as a function of wgy,, showing the
resonance at the ISB absorption frequency as well as a sig-
nificant low frequency response. A similar behavior was seen
in undoped square QWs but was due to purely IB processes.*

Sideband generation is a measure of the coherent response
of the QW, but we have also probed the incoherent response
by measuring the change in PL when the THz field is
present. The electron gas is heated up by the THz beam,
quenching the PL and shifting the Fermi distribution as seen
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in similar systems.'>!'# Figure 5(b) displays the percent
change in the integrated PL as a function of the THz fre-
quency. A single resonance near the ISB absorption is vis-
ible, as would be expected when the dominant heating
mechanism is ISB absorption.

A qualitative understanding of THz-optical mixing in the
doped sample can be obtained from a y® model. We will
only consider three subbands: heavy hole 1 (hh1), electron 1

[

(2) x oz X
X0y + O7p.) © Wy 4 1 > kdk ’ ;
Tt VIR e o [Enlk) - ogp—iyllE, (k) — oyg =iyl

n,v=2,3
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(el), and electron 2 (e2). This approximation makes sense as
the sideband resonance spectra with w7y, >5.5 meV have
one dominant resonance near the el-hhl transition. This
model has been applied to doped GaAs QWs previously."
Taking an expression for x® from Ref. 16 and applying it to
this system, the result after eliminating nonresonant and di-
pole forbidden terms is

p11(k) = p,,(k)

pvv(k) - pnn(k)

- [Enl(k) — Wgp— i’}/nl][Env(k) — Wry; — i’ynv] '

The indices 1, 2, and 3 represent the hhl, el, and €2 sub-
bands, respectively, and k is the in-plane wave vector. E;,,(k)
is the energy of the /th subband minus the mth subband, both
at wave vector k, and u* (u°) is an IB (ISB) dipole matrix
element. p,,,(k) is the equilibrium occupation function of the
mth subband, and v, represents the dephasing rate between
subbands / and m.

The first term contains IB population differences and IB
resonant denominators, and will be nonzero even without
doping. A similar term was used in modelling sidebands in
undoped QWs.* When n# v, the first term is in resonance
when wy;r and ®gg,pqq Match up with IB transitions, giving
an indirect ISB resonance. When n= v, the first term can only
be in resonance for wgy,<7,;, and it only involves one 1B
matrix element and the asymmetry, u’, . For these reasons,
the n=v first term is interpreted as resulting from the quasi-
static modulation of the IB absorption, and gives rise to the
low wyy, sidebands. The second term in Eq. (1) requires an
ISB population difference and has one ISB resonant denomi-
nator, so it represents sidebands due to ISB excitations. Near
the ISB transition, this second term is significantly larger
than the others for a Fermi energy of several milli-electron-
volts, as in these experiments. Thus, as wzy, is varied, there
is an interplay between sidebands due to excitations of the
electron gas, and those due to IB processes.

A complication when evaluating Eq. (1) is that the Cou-
lomb interaction strongly modifies the potential well and the
subband energies.'” The Schrodinger equation must be satis-
fied with Poisson’s equation self-consistently in order to cor-
rectly include the Coulomb interaction. The ISB spacing (or
bare ISB frequency) was calculated by such a self-consistent
program as a function of the dc electric field and is plotted in
the inset of Fig. 1(b).'® However, the Coulomb interaction
also modifies the dynamics of the QW, such that a driving
field induces collective excitations of the electron gas called
“intersubband plasmons”!? [“charge density excitations” in
the literature on Raman spectroscopy of two-dimensional
electron gases (2DEGs)].!” The frequency of this collective
excitation, called the dressed frequency, along with the mea-
sured absorption, is also plotted in the inset of Fig. 1(b). The
disagreement between the two at positive voltages is not well
understood.

(1)

A simple way to correct the y® model is to use the
dressed frequency, 8.3 meV, for the ISB term while using the
bare ISB frequency, ~5.2 meV, for the IB terms [see inset of
Fig. 1(b)]. Using this correction, Eq. (1) was evaluated using
dipole matrix elements calculated for an empty well and with
vip=2 meV and ;=1 meV, values which gave the best fit.
The 2D band gap was also adjusted to fit the lower edge of
the measured PL at 1.532 eV. The subband occupation func-
tion of el was approximated as a step function while hhl
and e2 were treated as full and empty, respectively. The in-
tensity of the n=+1 sideband is proportional to |x®|?, which
is plotted next to the experimental data in Fig. 4. The
maxima of |y?|? are plotted as a function of wyy, in Fig.
5(a).

The model accurately predicts the strong resonance near
the dressed ISB frequency and the significant signal at low
frequencies. It also predicts the redshift of the NIR resonance
as wry, increases. However, the signal at wgy,=2.7 meV is
significantly stronger than predicted, and the signal above
w7y, =10.4 meV is much weaker than predicted. It may be
that comparing the spectra with the same intensity outside
the sample introduces this type of error as the intensity
coupled to the QW layers may depend on the wzy,. The extra
resonances at low wyy, are likely due to higher states similar
to those in Fig. 3(a), which are not considered in the model.
Finally, the widths and positions of the NIR resonances near
wry,=8.3 meV are quite different from the model and cannot
be improved by adjusting the y’s. A challenge remains to
fully explain the experimental results, perhaps using a theory
which includes the electron-electron and electron-hole inter-
actions ab initio.

THz-optical mixing has been measured for the first time
in doped QWs, showing strikingly different resonant behav-
ior than in undoped QWs. The most important distinction is
that sidebands in doped QWs are primarily sensitive to the
collective excitations of the electron gas, as demonstrated by
the large resonance at the dressed ISB frequency. This fact
allows the use of THz-optical mixing to probe ISB dynamics,
providing a useful diagnostic for ISB devices such as THz
quantum cascade lasers.”® The THz fields in these devices are
comparable to those used in these experiments.?! Using NIR
light as opposed to FIR light has the advantage of being able
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to probe very small areas, to use mature NIR optics, detec-
tors, spectrometers, and to target specific QWs based on their
IB transitions. These benefits are similar to those of Raman
scattering,'® but sideband generation is uniquely suited to
probe the coherent response of electrons to THz driving. Ad-
ditionally, exciting effects have been predicted for doped
QWs in strong THz fields, such as period-doubling bifurca-
tions to chaos,?> which may be more easily observed using

PHYSICAL REVIEW B 72, 155309 (2005)

THz-optical mixing. The x'* model provides a good quali-
tative understanding of THz-optical mixing and reproduces
many of the experimental trends.
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