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Introduction:

Conference and Journal papers published by Prof. Coldren, together with his students,
post docs, and other collaborators in 2007, are contained in this edition of Research in
Optoelectornics (A). 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 three areas: 1. Photonic IC Technology & Devices;
1l. Vertical-Cavity Surface-Emitting Lasers; and 111. Cavity QED, Single-Photon
Emitters, and Spin Physics. The majority of the work is in the first area, which has
been further subdivided into A. PIC Transmitters, Receivers, and Sensor Technology; B.
Analog PICs and RF-Photonics, and C. Photocurrent-Driven Wavelength Converter
PICs. All of the epitaxial wafers for this work except for the MBE group is grown on InP
by MOCVD. 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 gifts funds from industry, and support from the Kavli Endowed Chair
in Optoelectronics and Sensors. Specific projects included one on wavelength converters
and photonic networks under the DARPA DoDN program (Prof. Blumenthal, PI); an
analog receiver project sponsored by DARPA Phorfront (Prof. Bowers, Pl); 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 a UC-MICRO with
IBM).

The first group of reprints (IA.) summarizes efforts to make highly-functional and
efficient widely-tunable transmitters, receivers and sensors using the integration
platforms developed at UCSB over the past several years. Figure 1 illustrates an
integrated widely-tunable transmitter that incorporates a sampled-grating distributed-
Bragg-reflector (SG-DBR) laser with a traveling-wave electro-absorption modulator
(TW-EAM) on InP. In this case the both the load resistor and the rf-bypass capacitor are
also integrated on the PIC. The traveling-wave effect is illustrated by the wider
bandwidth observed for co-propagating optical and electrical waves. This work provides
a prototype universal (any wavelength) transmitter for 40 Gb/s wavelength-division
multiplexed (WDM) optical communication systems. It was also integrated with a SOA-
PIN receiver for a single-chip wavelength converter, but only the transmitter stage is
reviewed here. The current work was done in support of all-optical networking
experiments.
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Figure 1. Widely-tunable transmitter incorporating a traveling wave EAM following an SGDBR laser.
Inset shows integrated loads and by-pass capacitors. Frequency response verifies traveling wave effect.
Transmitter shown integrated with SOA-PIN receiver for wavelength conversion.

Figure 2 shows an integrated short-cavity DBR laser with an EAM on GaAs. Error-free
data links were demonstrated at 35 Gb/s. With a wider bandwidth receiver it is
anticipated that data rates up to 40 Gb/s would be viable. The overall length of the DBR-
EAM was < 300 um, but additional absorber and output coupling regions were included
for testing convenience. Strained-layer InGaAs quantum-wells provide for very high
efficiency operation. These were partially intermixed for the modulator and passive
regions. The objective of this work was to provide a small-footprint, highly-efficient, and
high-data-rate transmitter for short-reach data communications, perhaps for board-to-
board or chip-to-chip optical links within computers. Higher output powers and data
rates than the alternative directly-modulated VCSELSs should be possible.
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Figure 2. Small footprint GaAs-based DBR laser-EAM PIC schematic, BER and eye-diagrams @ 980 nm.
Work in the Analog PICs and RF-Photonics area (IB) has continued to focus on an

integrated phase demodulator that consists of closely integrated PIC and EIC chips as
illustrated in Fig. 3. The close integration is necessary to limit loop delay and increase



the stable bandwidth of the feedback loop from the balanced photodetector pair to the
tracking balanced phase modulator pair. The feedback loop limits the magnitude of the
detector output to avoid nonlinearities, even with phase modulation depths of many
radians in the input signal. For good balance the MMI coupler should have a 50 : 50
splitting ratio, so it was desirable to incorporate a tuning electrode to trim the coupling to
precisely this level. Photodetector saturation currents > 60 mA, and an output third-
order intercept point (OIP3) of about 35 dBm was observed at 40 mA, very good results
for such waveguide photodetectors.
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Figure 3. Coherent receiver for phase modulated signals. (top) Schematic and SEM of EIC-PIC
combination; (bottom-left) schematic of current-controlled MMI and results; (bottom-right) photodetector
saturation characteristics for unitraveling-carrier (UTC) and charge-compensated UTC designs.

To further reduce loop delay in the phase demodulators introduced above, we have
explored the use of optical beam splitters in place of the 350 um long MMI directional
coupler. Figure 4 shows a schematic of a phase demodulator with a grating beam splitter
in which the grating is etched entirely through the waveguide. As illustrated, splitting
ratios ~ 50 : 50 result for grating lengths a little longer than 10 um.

Recent efforts on photocurrent-driven wavelength-converter PICs are described in
Section IC. Figure 5 gives an example of a design that incorporates a high-gain, high-
saturation-power SOA pre-amplifier before a PIN detector in a receiver section that
directly drives the EAM of an SGDBR-EAM transmitter, all integrated on the same InP
chip without any additional regrowths beyond the one “blanket’ growth necessary for the
SGDBR gratings. Overall wavelength-conversion gain was demonstrated at 10 Gb/s in a
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Figure 4. Heterodyne receiver using a grating beam splitter to combine two input signals on a pair of
detectors. SEM show deep grating etch; transmitted & reflected power for 10 um long grating.

relatively low-power dissipation, small footprint PIC. Typical wavelength converters,
which use cross-phase modulation in saturated SOAs for wavelength conversion together
with a widely tunable SGDBR and pre-amp SOAs, require about twice the power and
footprint. Also, conversion losses > 10 dB are typical and a filter is needed to remove the
input at its original wavelength. Such is not the case here.
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Figure 5. Photocurrent-driven wavelength converter schematic (top-left); fiber-coupled output and
extinction ratio vs. input power showing conversion gain (top-right); filterless BER (bottom-left); and
extinction ratio and power penality for BER data without any AGC (bottom-right).



Work on vertical-cavity surface-emitting lasers (VCSELS) during this year has led to a
new record in the data-rate/power dissipation figure-of-merit as reported in Section 11.
Figure 6 summarizes our recent GaAs-based 980 nm VCSEL results. Error-free data
transmission at 35 Gb/s was obtained with a power dissipation of 10 mW. The data rate
of 35 Gb/s was also a new record for directly modulated VCSELs when it was first
published. Work continues to improve upon these record performance levels.
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Figure 6. 980 nm VCSEL results. (top-left) Schematic; (top-right) Power-out, temperature rise, and
voltage vs dc current; (bottom-left) Eye-diagram @ 35 Gb/s; (bottom-right) BER @ 35 Gb/s.

The final group of papers on Cavity QED, Single-Photon Emitters, and Spin Physics is
reported in Section I11. It lists four papers that utilized GaAs-based MBE material and
devices formed in our group. This work was led by other faculty members both at UCSB
and elsewhere. Thus, we will not highlight it to a larger extent in this reprint collection.
We continue to be receptive to outside collaborations that can use our expertise to some
advantage.

Vi
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Abstract

Band-edge absorption spectra from bulk, quantum-well, and quantum-well-intermixed InGaAsP material are collected and compared
using photocurrent spectroscopy. The expected performances of ideal electroabsorption modulators fabricated from these materials are
predicted and compared using the band-edge absorption data. A graphical method for simultaneously considering chirp, insertion-loss,
extinction-ratio, and tuning range is presented, and is used to compare the suitability of the various materials for electroabsorption mod-
ulator applications. The quantum-well material is shown to be superior to bulk material for most EAM applications. Quantum wells with
85 meV conduction band depth and 80 A width are shown to be superior to quantum wells with 120 meV conduction band depth and
65 A width. Both well designs exhibit strong excitons. Finally, the effect of quantum-well intermixing is considered, and the expected

performances of quantum-well-intermixed electroabsorption modulators are presented.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Photocurrent spectroscopy; Electroabsorption; Modulator; Quantum confined Stark effect; Franz—Keldysh effect; Chirp; Exciton; Bandwidth;

Quantum well; Bulk material; Tunable

1. Introduction

Electroabsorption modulators (EAM) are key compo-
nents in modern fiber-optic communication systems. Dis-
crete EAMs can be co-packaged with lasers to form
integrated transmitter modules, but EAMs monolithically
integrated with semiconductor lasers are now commercially
available at both 1550 nm and 1310 nm. A wide variety of
methods have been used for monolithic integration of

" Corresponding author. Tel.: +1 610 706-0282.
E-mail address: gordon.morrison@apogeephotonics.com (G.B. Morri-
son).

0038-1101/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.sse.2006.10.013

lasers with EAMs on InP, including asymmetric twin wave-
guides (ATGQG) [1,2], quantum well intermixing (QWI) [3,4],
identical active layers [5], offset quantum wells [6], dual
quantum wells [7,8], butt-coupling regrowth [9,10] and
selective area regrowth (SAG) [11]. With growing demand
for bandwidth, increasingly complex photonic integrated
circuits (PICs) that include EAMs are under development
[6].

Regardless of the integration platform, the optimal per-
formance of the modulator is ultimately limited by the
band-edge absorption characteristics of the material from
which it is fabricated. Therefore, a comprehensive knowl-
edge of the band-edge absorption characteristics of various
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EAM materials is mandatory. Insights into the relationship
between band-edge absorption spectra and EAM perfor-
mance are also vital for optimal EAM design.

The fundamental property requisite in an EAM material
is that an applied bias will change the band-edge absorp-
tion spectrum. This property can be induced in InGaAsP
by two distinct mechanisms. One of these mechanisms is
the Franz—Keldysh effect, and occurs in bulk material.
An electric field is applied to the bulk material so that
the electron and valence energy bands are tilted. The
carrier wavefunctions can tunnel into the tilted bands
so that lower energy photons can excite an electron into
the conduction band [12]. Thus, under a reverse bias, the
absorption spectrum of the bulk material shifts to
longer wavelengths. The electroabsorption coefficient of
this Franz—Keldysh mechanism can be approximated for
weak fields using Airy functions [13]. The other mechanism
commonly used for InP EAM modulators is the quantum
confined Stark effect (QCSE), which occurs in quantum
well structures. Carriers are confined to the quantum wells,
and the electron—hole pairs form excitons at room temper-
ature, even in the presence of electric fields. The exciton
binding energy manifests itself in the QW band-edge
absorption spectrum as an absorption-peak (exciton peak).
When an electric field is applied, the conduction and
valence bands are tilted, altering the shape of the potential
well. The altered well potential results in a reduced overlap
of electron and hole wavefunctions, and the magnitude of
the exciton peak is reduced. The energy levels of the elec-
tron and hole are also reduced, and lower energy photons
can be absorbed [14]. Therefore, under a reverse bias, the
absorption spectrum of the QW structure shifts to longer
wavelengths.

In this work, the band-edge absorption spectra of bulk,
quantum-well (QW), and QWI InGaAsP materials grown
on InP are obtained by a photocurrent spectroscopy tech-
nique [15-19]. The band-edge absorption characteristics of
these structures are compared and contrasted, and are
related to the predicted performances of ideal EAMs fabri-
cated from similar epitaxial structures. An ideal EAM is
assumed to operate without undesirable second order
effects such as saturation, or heating. Photocurrent spec-
troscopy data does not yield insight into the effects of heat-
ing or saturation because the photodiodes are
characterized using very low light intensity. The photocur-
rent is less than 1 pA, and neither heating nor saturation is
present. In general, small amounts of heating are expected
to red-shift the modulator band-edge. Saturation is unde-
sirable in EAMSs because the build up of carriers reduces
both extinction and RF performance. A well-designed
EAM should be free from saturation in its operating
regime (carriers are easily swept out of the active region
by the electic field), and therefore predictions made from
band-edge absorption data are expected to be accurate.

The validity of using photocurrent spectroscopy data to
predict modulator characteristics such as extinction and
chirp has been demonstrated previously [18,19]. Kim

et. al. have also demonstrated the use of electroabsorption
spectroscopy for accurate prediction of various modulator
characteristics [20].

To correctly describe EAM performance, many charac-
teristics must be simultaneously examined. The insertion-
loss of an EAM should be as low as possible to avoid optical
power attenuation. The extinction-ratio should be large, to
keep the bit-error-rate (BER) low, and to reduce power pen-
alty. For many telecommunications applications, the large
signal chirp should be low, or preferably negative, to com-
pensate for the dispersive properties of the optical fiber. A
large wavelength tuning range is also desirable for applica-
tions such as uncooled (i.e., wavelength variable) transmit-
ters [21], or broadly tunable transmitters [22]. In this paper,
we combine photocurrent spectroscopy predictions with
novel graphical analysis to simultaneously consider EAM
tuning range, chirp, extinction, and insertion-loss. A com-
prehensive comparison of the suitability of various different
materials to EAM applications is thereby enabled.
Although the data presented in this paper are for a finite
number of epitaxial structures, the results and trends from
these structures offer insights into a wider range of possible
designs.

2. Experiment
2.1. Photocurrent spectroscopy

In this work we employ a Varian Cary 500 spectro-
photometer as the wavelength-tunable light source. The
Cary 500 has a wide UV/Vis/NIR bandwidth ranging
from 175 nm to 3000 nm. The photodiode is connected to
a Keithly 2400 L-V source meter that scans across a range
of reverse biases. A 3 kHz chopper samples the spectropho-
tometer optical source and an EG&G 5210 lock-in ampli-
fier is used to reject leakage current and other noise. A
1 mm diameter aperture samples light from the spectropho-
tometer beam, and input light is calibrated using a New-
port1835 C optical power meter. The entire system is
automated. A basic diagram of the apparatus is shown in
Fig. 1.

The photocurrent data is converted to a measure of elec-
trons per second or equivalently the number of photons
absorbed per second. The incident optical power is known,

Voltage
sample holder Source
aperture \
optical input \A
P ! E- I
Chopper
Lock-in
Amplifier

Fig. 1. Block diagram of the photocurrent spectroscopy test bench.
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and is scaled down appropriately to account for absorption
in the contact layer and reflection from the air/semiconduc-
tor surface. Weak optical interference between the contact
layer and underlying semiconductor was noted during
transmission and reflection measurements using the Cary
500 spectrophotometer, and these weak interference effects
were taken into consideration during calibration of the
optical input. Calculation of absorption is performed using

Oabs = — In (PmP_ PL) /L (1)

where o, is the power absorption per unit length of mate-
rial, Py, is the number of photons entering the photodiode
per second, P, is the number of photons per second ab-
sorbed and measured as photocurrent, and L is the length
of the absorbing material.

2.2. Epitaxial structures

The band-edge absorption spectra of three distinct epi-
taxy layer structures are considered in this paper. Each
structure contains a slab-waveguide suitable for fabrication
of ridge-waveguide components. The first structure employs
a 3500 A (i.e., bulk) InGaAsP absorbing layer with a band-
edge of 1.395 um (1.395Q). Due to the thick nature of the
absorbing material, this structure exhibits the Franz—
Keldysh effect, and is therefore useful for EAM applica-
tions.

The second structure considered in this paper consists of
15 compressively strained 80 A wells and 16, 80 A barriers
centered in a 1.1Q waveguide. The conduction band depth
in the wells is approximately 85 meV. These wells exhibit a
photoluminescence peak (2-PL) of 1554 nm. There are
650 A of unintentionally doped material on either side of
the wells. Quantum well structures exhibit the Quantum
Confined Stark Effect and are therefore useful for EAM
applications.

The final distinct structure contains 10 compressively
strained 65 A wells and 11, 80 A barriers all centered within
a 1.3Q waveguide. The conduction band depth in these
wells is approximately 120 meV. These wells exhibit a
J-PL of 1556 nm. There are 1050 A of unintentionally
doped material on either side of these wells. The net width
of unintentionally doped material in each QW structure is
similar, thus the two structures exhibit similar electric fields
across their wells.

Each of the QW structures has been subjected to various
degrees of QWI. The characteristics of these QWI struc-
tures are also considered in this paper.

2.3. Photodiode fabrication

Prior to the fabrication process, parts of the QW sam-
ples are blue-shifted by QWI. Initially, each structure con-
sists of the waveguide beneath a 15 nm InP layer, 20 nm
1.3Q etch stop, and a 450 nm InP implant buffer layer. A
5000 A SixNy mask layer is deposited on the samples,

and is selectively removed to define areas for QWI. A
100 keV, 5e14 cm-2 dose of P+ is implanted into the buffer
layer. Regions protected by the 5000 A of SixNy remain
implant-free, and therefore do not experience QWI. Rapid
thermal annealing at 675 °C is performed to drive point
defects from the implant buffer layer through the quantum
wells [3]. The magnitude of the blue-shift is controlled by
the anneal time. Multiple band-edges are obtained on a sin-
gle sample by annealing to the desired blue-shift, selectively
removing the ion implant buffer layer, and then further
annealing the sample. Areas that have had the buffer layer
removed remain at a fixed wavelength throughout subse-
quent annealing, whereas areas retaining the implant buffer
layer are blue-shifted further.

The fabrication process for each material is identical.
Circular photodiodes ranging from 50 pm to 400 um in
radius are patterned on each sample (the data presented
in this paper were obtained using 250 um photodiodes).
A reactive-ion etch process is used to etch through the
waveguide and active region of the material. A 2000 A
SixNy layer is deposited over the sample, and circular vias
are etched into the SixNy to expose the mesa contact lay-
ers. Ti/Pt/Au ring contacts are deposited on top of the
mesas. The photodiodes are designed for operation with
very small (often less than 1 pA) photocurrent, therefore
resistance caused by the ring contact does not constitute
a significant voltage drop. Finally, the samples are thinned
and back-side metalized. A 30 s contact anneal at 420 °C is
performed to reduce ohmic resistance and avoid schottky
barriers. The photodiodes are mounted and wire bonded
on AIN carriers. The fabrication process for these absorp-
tion-edge spectroscopy photodiodes can be completed very
rapidly with minimal effort, making absorption-edge spec-
troscopy a useful and realistic tool for assisting in the
design of optimized photonic integrated circuits. Fig. 2
shows a side-view of a typical photodiode for photocurrent
spectroscopy.

Some samples were grown on Fe-doped substrates
rather than n-type substrates. For samples on Fe-doped
substrates, vias are opened on the top side for the n-con-
tacts. These Fe-doped samples do not require back-side
metallization for the n-contact, and heating is not an issue

1. Fe: InP Substrate

2. Si: InP Epilayer

3. Si: InGaAs Epilayer
4. N-Contact 8
5. Si: InP Epilayer 7
6. MQW/QWIL/Bulk
7. Zn: InP Epilayer 6
8. Zn: InGaAs Epilayer
9. SiNx 5
10. P- Ring Contact

—
4 3—3

1

Fig. 2. Cross sectional view of a simple photodiode used for photocurrent
spectroscopy.
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with such very small photocurrents. Interestingly, samples
without back-side metallization produce about 35% more
photocurrent than their back-side metalized counterparts,
and did not result in predictions consistent with modula-
tors fabricated from the same material. Furthermore,
back-side metal deposition reduces the photocurrent in pre-
viously unmetalized devices by 35%. The explanation for
this phenomenon is that without back-side metallization,
a fraction of light is scattered from the back-side of the
sample and is able to pass through the absorbing region
of the photodiode a second time. The back-side metalliza-
tion and annealing process eliminates the back-scattering
effect, and the subsequent photocurrent data has been
shown to agree well with actual modulator performance
[18,19].

2.4. Data and observations

Figs. 3-5 show the band-edge absorption spectra for
bulk material, 80 A wells, and 65 A wells, respectively. In
Figs. 4 and 5, the band-edge absorption spectra of the
QWI materials are also presented. An exciton peak is
clearly visible in QW structures. In contrast, there is no
exciton peak in the bulk absorption-edge. The Stark shift
in the 80 A wells is much larger than that in the 65 A wells,
and the excitons in the 80 A wells decay much faster than
the excitons in the 65 A wells. These simple observations
are in excellent agreement with previous experiments and
well-known absorption-edge theory [23].

The blue-shift associated with QWI occurs when group
V atoms diffuse across the as-grown QW compositional
boundaries, causing the QWs to develop rounded edges
and become wider, shallower, and more parabolic. The
exciton peaks in Figs. 4 and 5 decay more rapidly in the
intermixed QWs than in the as-grown QWs. This weaken-
ing of the exciton is consistent with decreased carrier con-
finement in the intermixed wells.
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Fig. 3. Absorption-edge in bulk material. Data is shown ranging from 0 to
—6Vin —0.5V steps.
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Fig. 4. Band-edge absorption spectra for the 80 A QW structure at
various applied biases. Also shown are the blue-shifted band-edge
absorption spectra obtained from the same structure after different

amounts of QWI. Each absorption-edge has been measured with biases
ranging from 0 V to —6 V in —0.5V steps.
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Fig. 5. Band-edge absorption spectra in the 65 A quantum-well structure
at various applied biases. Also shown are the blue-shifted band-edge
absorption spectra obtained from the same structure after different
amounts of QWI. Each absorption-edge is shown for a range of different
bias voltages separated by 0.5 V steps.

The data in Figs. 4 and 5 provide a unique opportunity
for simple observations comparing the effect of QWI on the
band-edge absorption spectra of different QW structures.
The maximum QWI blue-shift that was obtainable in the
shallower 80 A wells of Fig. 4 was only 70 nm, compared
to the 108 nm shift of the narrower, deeper wells in
Fig. 5. It is evident that the structure and eigenenergies
of the deeper, narrower wells of Fig. 5 are more susceptible
to QWI than the shallower, wider wells of Fig. 4. This dif-
ference in response to the intermixing process occurs for
two reasons. First, the deeper wells have a larger composi-
tional difference at the well boundary, which enhances dif-
fusion of group V atoms between the well and the barrier,
resulting in a larger perturbation to the well structure. Sec-
ondly, the diffusion process originates from the material
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composition interface at the edges of the well, so that the
diffusion process has greater influence throughout the nar-
row well. The center of the wider well is further from the
material interface, and thus less susceptible to the diffusion
process.

The optical loss in intermixed material has been shown
previously [24] to depend exponentially on how far the
material is intermixed from operation wavelength. This
phenomenon is clearly observable in Figs. 4 and 5. The
degree of absorption at 1550 nm for the passive (1436 nm)
material in Fig. 5 will be less than the absorption of the pas-
sive (1472 nm) material in Fig. 4. Furthermore, the 0 V
absorption for the deeper, narrower well approaches zero
as a function of wavelength faster than the 0 V absorption
of the wider, shallower well. Thus, from a passive material
insertion-loss perspective, the deeper wells of Fig. 5 may
have a significant advantage.

3. Analysis and results
3.1. Calculations

In this paper, scattering losses and other process-depen-
dent insertion-losses are not included in the analysis. The
insertion-loss considered in this paper is simply the loss
due to absorption when the modulator is at its smallest bias
(i.e., the optical power “on” state). The extinction is the
ratio, in dB, between the “off”” state and ‘““on’ state of
the modulator. The chirp parameter measures the relation-
ship between change in signal amplitude and change in car-
rier frequency. Low or negative chirp values are desirable
as they are necessary to counter the dispersion inherent
to optical fiber [25].

The absorption-edge data in Figs. 3-5, are easily manip-
ulated to predict EAM extinction. The low input optical
power used in the photocurrent spectroscopy experiments
makes the predictions valid for optimally designed, ideal
devices, in which second order effects such as heating, con-
tact resistance, saturation and optical scattering are pre-
sumed negligible. The extinction (dB) as a function of
wavelength and voltage is determined by

z = 10log e er) (2)

where I' is the overlap integral between the optical mode
and the absorbing material, L is the effective length of
the device, and a,,s is the material absorption, which is a
function of wavelength and voltage. In previous work
[18,20], DC extinction predictions have been shown to
agree well with data from real EAM devices fabricated
from the same material. Any wavelength-independent er-
rors (e.g., scattering, measurement of optical input) in
determination of « in Eq. (1) would simply mean that pre-
dictions from Eq. (2). are correct but for a slightly different
modulator length. For example, a 10% overestimation of
®.ps Would mean that extinction predictions are actually
for a modulator 10% shorter in length than the one consid-
ered. Similarly, errors in estimation of optical confinement

(I') would result only in an inversely proportional error in
the stated modulator length. The sum of measurement er-
rors and errors in estimation of optical confinement are
estimated to be less than 10%.

Starting with a change in absorption as a function of
bias and wavelength, changes in index of refraction as a
function of bias and wavelength are easily obtained using
the Kramers—Kronig transform,

ph % Adtaps (A, AV
0 L

where An is the change in index of refraction at wavelength
Ao due to a bias change AV, and P indicates the principle
value of the integral. Of course, Eq. (2). is also a function
of Vy, the bias point at which AV is centered. The singular-
ity at 1 = 4y is avoided using the transformation described
by Henry et al. in [26]. Note that the denominator in the
Kramers—Kronig transform acts somewhat as a filter, so
that the absorption near 1o make the greatest contribution
to the index of refraction near Ay, whereas the absorption
values further from Ay make much smaller contributions.
Data used in Eq. (3) covered the entire range over which
significant changes in absorption were measured as a func-
tion of voltage (i.e., Ao =~ 0 outside the data range). With
knowledge of An and Auw,ys the large signal chirp is calcu-
lated as

_4n An

= 4
A AO‘abs ( )

ﬂE
where it is understood that the change in absorption and
index are a function of wavelength, bias voltage, and mag-
nitude of voltage change. The absolute magnitude of
absorption, as obtained in Eq. (1) is not necessary to accu-
rately determine the chirp using Eq. (4); thus any wave-
length and voltage independent errors in determining o
have no effect on calculated f.. In previous work [19], we
have demonstrated that chirp predicted from photocurrent
spectroscopy measurements agrees with measured chirp in
devices fabricated from identical material.

3.2. Presentation of EAM characteristics

In order to compare the suitability of various materials
for EAM device performance, one must simultaneously
consider chirp parameter, insertion-loss, and extinction, as
well as the wavelength range over which these parameters
are satisfactory. Figs. 6-8 present large signal (AV =2V)
chirp (f.) as a function of bias (V) for four different wave-
lengths (4o) spanning a range of 30 nm. In Figs. 6-8, two
separate low or negative chirp operating points are clearly
marked for each wavelength (e.g., in Fig. 6, for each wave-
length (o), f.=0.4 and fp.=0.85 operating points are
marked with stars on the chirp (f.) vs. voltage (V) line).
The insertion-losses and extinction-ratios, in dB, at each
of the marked operating points, are plotted against a
secondary y-axis on the same graph. The extinction and
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Fig. 6. Projected large signal chirp for a 125 pm modulator using 1.385Q
bulk material having a 60% overlap with the optical mode. The lines
curving downwards to the left are chirp as a function of voltage for four
different wavelengths spanning 30 nm. Operating points for . = 0.85 and
p.=0.4 are marked on each of these wavelength lines. Insertion-losses
and extinction-ratios at these same operating points of f.=0.85 and
f.=0.4 are also marked. Operation with negative chirp and acceptable
insertion-loss and extinction is clearly not possible with this device.
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Fig. 7. Projected large signal chirp for a 125 um modulator using 80 A
85 meV wells having a 9% overlap with the optical mode. The lines curving
downwards to the left are chirp as a function of voltage for four different
wavelengths spanning 30 nm. Operating points for . = 0.0 and . = —0.7
are marked on each wavelength line. Insertion-losses and extinction-ratios
at the f. = 0.0 and . = —0.7 operating points are also marked. Clearly,
negative chirp is readily available over a full 30 nm tuning range.

insertion-loss markers are connected by lines to highlight
the trend in extinction and insertion-loss as a function of
wavelength for a given chirp. With these graphs, one can
simultaneously examine chirp, extinction, and insertion-
loss as a function of wavelength and voltage. These novel
figures simplify the evaluation of predicted EAM device
performance.

Fig. 6 shows the predicted performance of the 1.385Q
bulk material. Fig. 7 shows the predicted performance of
the as-grown (i.e., not intermixed) 80 A wells, and Fig. 8
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Fig. 8. Projected large signal chirp for a 125 um modulator using 65 A
120 meV wells having a 9% overlap with the optical mode. The lines
curving downwards to the left are chirp as a function of voltage for four
different wavelengths spanning 30 nm. Operating points for . = 0.0 and
p.=—0.7 are marked on each wavelength line. Insertion-loss and
extinction-ratios at the . = 0.0 and f. = —0.7 operating points are also
marked. This device suffers from larger insertion-loss, smaller wavelength
tuning range, and higher operating biases than the device in Fig. 7.

shows predicted performance for the as-grown 65 A wells.
The calculations for each of Figs. 6-8 assumed a modulator
length of 125 pm. The confinement factor I" was set at 9%
for the QW structures, whereas I' for the bulk material
(Fig. 6) was set at 60%. These parameters reflect realistic
values of actual devices, i.e., bulk materials have much lar-
ger overlaps [6] with the optical mode than QW material
[27]. The overlap integral, I', scales the insertion-loss and
extinction (Eq. (2)), but it does not affect the chirp param-
eter. Thus, for a given material, larger values of I' will
allow design of shorter EAMs. Shorter devices are prefera-
ble for high speed modulation in lumped element designs.
Bulk material, however, has much lower absorption than
QW material, so the higher value of I' in bulk EAMs does
not automatically allow shorter device length or higher
extinction than in QW EAMs.

In each of Figs. 6-8, the detuning of the operating wave-
lengths from the modulator absorption-edge was chosen to
allow maximum wavelength range with low or negative
chirp. In Figs. 7 and 8, trends of insertion-loss and extinc-
tion as a function of wavelength clearly infer that moving
to longer or shorter wavelengths will not improve perfor-
mance. Longer wavelengths require much higher bias
voltages, and shorter wavelengths introduce prohibitive
insertion-loss. The wavelengths examined in Fig. 6 are
unusually close to the modulator absorption-edge com-
pared to bulk EAMs that are integrated with lasers using
offset quantum-well technology [28]. The operating wave-
lengths in Fig. 6, do, however, highlight the difficulty of
obtaining low chirp in a bulk device, regardless of integra-
tion platform (chirp is lower nearer the absorption-edge).

When interpreting Figs. 6-8, it is important to recall
that for consistency and ease of comparison, all three
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simulated devices have lengths of 125 pm. Naturally, differ-
ent epitaxy layer structures will be better suited to longer or
shorter modulator lengths. Insertion-loss, for instance, can
be greatly reduced by shortening the length of the device.
Unfortunately, shortening the device also scales the extinc-
tion-ratio by the same amount as the insertion-loss. It is
therefore important to consider the ratio between inser-
tion-loss and extinction. Ideally, the insertion-loss should
be much smaller than the extinction.

Figs. 6-8 compare values assuming a 2 V p—p drive sig-
nal. Depending on the application, larger or smaller drive
signals could be used; the intent here is to demonstrate
trends that offer insight into a broader spectrum of possible
modulator designs and operating points.

The QW structures discussed in this paper were grown
for use in integrated laser/EAMs, where the EAM portion
is blue shifted by QWI. Thus the wavelengths considered
for modulators fabricated from the as-grown wells are rel-
atively long. Similar wells with the same characteristics
could easily be grown for operation at shorter wavelengths.
The effects of QWI on modulator performance are consid-
ered later in this paper.

3.3. Analysis and explanation of EAM performance

Comparison of Figs. 6-8 highlight the importance of
choosing a suitable material structure when designing an
EAM. The device fabricated from bulk material, shown
in Fig. 6, exhibits relatively high (~10 dB) insertion-losses,
even at a positive chirp of 0.4. The insertion-losses for
.= 0.4 operating points in Fig. 6. are as large, or larger,
than the available extinction-ratios, making operation at
p.= 0.4 difficult. At a chirp of .= 0.85, operation with
extinction that is significantly larger than insertion-loss is
possible, but only at the longer wavelengths. Operation at
even longer wavelengths would decrease insertion-loss,
but would increase chirp and decrease extinction (although
the decreased extinction can be countered with greater
modulator length). The wavelength range in Fig. 6 was
chosen to demonstrate the futility of trying to obtain neg-
ative chirp in a simple bulk device. Larger extinction with
lower insertion-loss is obtainable with bulk material in
longer devices operated at wavelengths that are further
from the modulator absorption-edge [6,28]. These longer
devices suffer from large positive chirp parameters. Nega-
tive chirp with acceptable insertion-loss and extinction is
unattainable with bulk material in a simple EAM. A rela-
tively complex dual modulator configuration has been pro-
posed to reduce chirp in bulk EAMs [29].

Fig. 7 demonstrates that an 80 A QW structure will out-
perform bulk material. Chirp of 0 to —0.7 is available
across a full 30 nm range, with much higher extinction-
ratios and acceptable insertion-losses (<10 dB). Operating
points for 0 to —0.7 chirp exhibit much larger extinction
ratios than insertion-losses for the full 30 nm range. Excel-
lent performance similar to that predicted in Fig. 7 has

recently been reported in an EAM modulator designed
using the same QWs [19].

Given that the 80 A QWs of Figs. 4 and 7 are more
suitable for EAM design than the bulk material of Figs.
3 and 6, one might assume that higher confinement and
stronger excitons (i.e., more “quantum-well like” quantum
wells) would lead to even better performance. Such an
assumption is shown to be false in Fig. 8. The operating
points in Fig. 8 have unacceptably high insertion-losses,
especially for the .= —0.7 operating points. A shorter
device would reduce insertion-loss, but would also reduce
extinction. A reduced extinction is unacceptable because
the ratios of insertion-loss to extinction in Fig. 8 are much
less favorable than those in Fig. 7. In Fig. 8, much higher
bias voltages, V), are required for low or negative chirp
operation. As demonstrated by the wide spread of opera-
tion points relative to the x-axis, larger biases are also nec-
essary to operate at longer wavelengths. Operation with
—0.7 chirp is not possible at the longest (1611 nm) wave-
length, even with a bias of —6 V. High voltages cause
power inefficiency and heating and should be avoided.

Although modulator of Fig. 8 is difficult to operate at
negative chirp, the 65 A QW material from which it is fab-
ricated exhibits a very pronounced exciton peak (Fig. 5).
Thus, for applications tolerating positive chirp at a fixed
wavelength, high extinction efficiencies in a relatively short
device are feasible with large drive signals.

For the bulk material modulator of Fig. 6, increased
voltages do not lower chirp beyond a certain bias point.
In contrast, higher bias voltages, V), always result in lower,
or more negative chirp for the QW materials of Figs. 7 and
8. The change in absorption-edge in these materials is actu-
ally a function of electric field rather than applied voltage.
The electric field across the bulk material or quantum wells
depends on the doping scheme in and around the wave-
guide. It is therefore highly desirable to design a structure
that allows strong electric fields across the wells as a func-
tion of voltage, provided that the fields are less than break-
down strength. By increasing the available range of electric
field in the wells, the bias voltage is reduced, and extinction
efficiency is increased. Furthermore, negative chirp at
longer wavelengths becomes attainable with more accept-
able bias. In overly wide or shallow wells, however, high
fields will destroy the exciton, and the structure will begin
to exhibit less desirable properties similar to that of bulk
material [30].

Our experimental results, which indicate that an 80 A
well has better negative chirp characteristics than a
65 A well, are in keeping with purely theoretical calcula-
tions [31]. Slightly wider wells could further improve per-
formance, but as demonstrated in Figs. 4 and 5, excitons
are more easily quenched in wider wells, and in a well
that is too wide the material properties will become
bulk-like.

Deeper wells will have greater exciton strength, and
might allow for shorter devices, but deeper wells are also
more likely to suffer from saturation or poor RF perfor-
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mance due to increased carrier escape times. The times for
carrier escape by thermionic and tunneling mechanisms
increase with increased well depth. Various mechanisms
[5,32] have been proposed in order to maximize carrier
sweep out time with minimal electric field, but such design
considerations are beyond the scope of this paper.

The fact that negative chirp can be obtained in QW
modulators, but not in bulk material modulators, stems
from the presence of an exciton peak in the QW band-edge
absorption spectra. The Kramers—Kronig integral (Eq. (3))
can be broken into a sum of two parts [31,33]: wavelengths
longer than the operating wavelength (1), and wavelengths
shorter than the operating wavelength (/o). The part that is
longer than the operating wavelength has a negative
numerator and contributes negative values to the calcu-
lated change in index (ideal for negative chirp). The part
that is at wavelengths shorter than the operating wave-
length has a positive numerator, and contributes to positive
index change (for positive absorption change). The numer-
ator in the Kramers—Kronig transform of Eq. (3) also acts
as a sampling window so that Ao near the wavelength in
question make the most significant contributions to An.
In bulk material, the large positive contribution from the
short wavelength part of the Kramers—Kronig integral gen-
erally results in an overall net positive index change and
hence a positive chirp, even in regions very close to the
band-edge where insertion-loss is prohibitively high. In
contrast, the QW band-edge absorption spectra have exci-
ton peaks governed by the QCSE so that Ao, of Eq. (3)
changes sign as a function of wavelength. This change in
sign results in a short wavelength part of the Kramers—
Kronig integral for An that is relatively small in magnitude
compared to the negative, long wavelength part of the inte-
gral. Thus, with proper design, negative chirp is attainable
with low insertion-loss, at lower voltages (V) [5], and over
broad tuning ranges [34].

3.4. Quantum-well-intermixed material performance

The QWs discussed in this paper were also blue-shifted
by QWI, as shown in Figs. 4 and 5. The QWI process is
an ideal approach for monolithically integrated laser-
EAM modulators [24,35]. The effect of QWI on modula-
tor characteristics such as chirp, extinction, and insertion-
loss, has not previously been investigated in depth. In
Figs. 3 and 4, QWI reduces the magnitude of the exciton
peak, and increases the decay of the exciton as a function
of applied bias. It is therefore important to consider the
effect that QWI will have on the performance of a QWI
modulator. . .

In the case of both the 65 A and 80 A wells, the effect of
QWI on modulator performance was detrimental, but in
no way prohibitive. Figs. 9 and 10 show chirp, extinction,
and insertion-loss for the 80 A wells intermixed by 40
and 76 nm, respectively. The range of biases (V) necessary
to obtain negative chirp across a 30 nm range do not signif-
icantly change in the QWI wells. Intermixing by an amount
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Fig. 9. Projected large signal chirp on a 2V p-p signal for the 80 A
material after intermixing by 40 nm from 1548 nm to 1508 nm. The
performance at O chirp is not significantly different from the as-grown
material. Chirp of —0.7 is also available across the full range of
wavelengths but the extinction vs insertion-loss ratio for f.= —0.7 is
not as favorable as it was for the as-grown material (Fig. 7).
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Fig. 10. Projected large signal chirp on a 2V p-p signal for the 80 A
material after intermixing by 76 nm from 1548 nm to 1472 nm. The
p. = —0.7 ratio of extinction to insertion-loss is poor for the entire range
of wavelengths, and both the extinction-ratio and insertion-loss have
significantly decreased.

suitable for a modulator, e.g., 40 nm, results in no real
change in expected modulator performance at 0 chirp.
For f. = —0.7, however, the insertion-loss increases notice-
ably, and the ratio of extinction to insertion-loss is less
favorable, especially at longer wavelengths. Intermixing
to the maximum extent possible (76 nm) results in very sig-
nificant reduction of the exciton peak (Fig. 4) and as a
result both the extinction and insertion-loss are signifi-
cantly reduced. In the highly intermixed material,
(Fig. 10) the p.= —0.7 insertion-loss is approximately
equal to the extinction-ratio across the entire range of
wavelengths. This degradation in performance is due to
the weakening of the exciton peak by the QWI process.
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One possible method for improving the characteristics
of the intermixed material would be to slightly increase
the depth of the 80 A wells. A deeper well would have bet-
ter carrier confinement, and the intermixed material should
then have an absorption-edge more similar to the as-grown
material of Fig. 5.

4. Conclusion

The band-edge absorption spectra intrinsic to several
different epitaxial layer structures have been collected by
photocurrent spectroscopy. These band-edge absorption
spectra have been used to predict the optimal conceivable
performance of modulators fabricated from similar materi-
als. Negative chirp appears unattainable in bulk EAMs
that rely on the Franz-Keldysh effect. Negative chirp is
attainable in QW structures, but 80 A wells exhibit negative
chirp over a wider tuning range and at lower biases
than 65 A wells, which is in keeping with theoretical predic-
tions. The wider 80 A wells were also shallower than the
65 A wells, but the exciton peak was nonetheless resolvable
at high biases, so that operation with negative chirp is
attainable over a wide range (30 nm) of wavelengths. Wells
that are much wider than 80 A, or wells that are too
shallow, will become increasingly “bulk-like”, and will be
poor candidates for EAM design. The optimum band-edge
absorption spectra for an EAM modulator has maximum
Stark shift with minimum exciton decay, thereby enabling
high extinction as well as negative chirp over a wide tuning
range. For optimal performance, the material should be
incorporated into an EAM waveguide so as to maximize
overlap with the optical mode and maximize the bias
induced electric field.

QWI lowers carrier confinement and reduces the exciton
peak, and therefore reduces modulator performance. The
degree of quantum QWTI necessary for optimal modulator
absorption-edge placement, however, is small enough that
the performance of QWI EAMs is acceptable. For QWI
applications requiring passive material, the shallower
80 A wells discussed in this paper may be less suitable than
the 65 A wells because the band-edge of the 85 A wells can-
not be blue-shifted as far as the narrower, deeper, 65 A
wells.

For fabrication of PICs in which passive waveguide
regions are necessary, QWI has one significant advantage
over other integration platforms. QWI PICs can be
designed with EAMs having band-edges with relatively
small blue-shifting from the lasing wavelength. The passive
regions of the PIC can then be intermixed further [3] to
minimize loss outside the modulator. In contrast, integra-
tion platforms that allow only two band-edges may need
to compromise with EAM material that is detuned further
from the lasing wavelength, thereby minimizing loss in
“passive” waveguide regions. A modulator with larger
detuning will, in general, result in higher biases, lower
extinction, and larger chirp.
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Abstract—We present the first 40-Gb/s widely tunable electro-
absorption modulator (EAM)-based transmitters. The sampled-
grating Distributed Bragg Reflector (SG-DBR) laser/EAM devices
were fabricated using a multiple-band-edge-quantum-well-
intermixing (QWI) technique, which requires only simple blanket
regrowth and avoids disruption of the axial waveguide. Devices
were fabricated from two different multiple quantum well
(MQW) active-region designs for direct comparison. The SG-DBR
lasers demonstrated 30 nm of tuning with output powers up
to 35 mW. The integrated QW EAMs provided 3-dB optical
modulation bandwidths in the 35-39 GHz range, low-drive
voltage (1.0-1.5 Vpiop), and low/negative-chirp operation. Bit-
error-rate measurements at 40 Gb/s demonstrated 0.2-1.1 dB of
power penalty for transmission through 2.3 km of standard fiber.

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

I. INTRODUCTION

LECTROABSORPTION-MODULATED lasers are can-

didate sources for 40-Gb/s very-short-reach (VSR) router-
to-router interconnect applications, as they are compact,
potentially low-cost, and can facilitate low-drive voltages with
high-modulation bandwidth [1]. The monolithic integration
of electroabsorption modulators (EAMs) with widely tunable
lasers allows for inventory reduction and wavelength agile
functionality in communication systems based on wavelength-
division multiplexing (WDM). An EAM making use of a
quantum-well (QW) absorber region exploits the quantum-
confined Stark effect offering increased efficiency over bulk
Franz—Kelydsh-type EAMs [2]. Additionally, QW-EAMs can
enable negative-chirp operation for efficient transmission at
high bit-rates, where fiber dispersion is increasingly important.

Manuscript received June 14, 2006; revised September 28, 2006.

J. W. Raring, L. A. Johansson, E. J. Skogen, M. N. Sysak, H. N. Poulsen,
and L. A. Coldren are with the Electrical and Computer Engineering Depart-
ment, University of California, Santa Barbara, CA 93106-2030 USA (e-mail:
jraring@engineering.ucsb.edu; leif@ece.ucsb.edu; skogen@engineering.ucsb.
edu; mnsysak@engineering.ucsb.edu; henrik@ece.ucsb.edu; coldren@ece.
ucsb.edu).

S. P. DenBaars is with the Materials Department, University of California,
Santa Barbara, CA 93106-2030 USA (e-mail: denbaars@engineering.
ucsb.edu).

Digital Object Identifier 10.1109/JLT.2006.886722

We present the first QW-EAM-based 40-Gb/s widely tunable
transmitter devices. Previous reports of 40-Gb/s QW-EAMs
either did not include an integrated laser or included a single-
frequency distributed-feedback laser [1], [3], [4]. In this paper,
we demonstrate widely tunable transmitters fabricated using a
simple and robust quantum-well-intermixing (QWI) processing
platform to avoid the traditional fabrication complexity nec-
essary for the integration of negative-chirp EAMs with diode
lasers.

The conventional method for the realization of a single-
chip-diode laser/QW-EAM transmitter involves the selective
removal of the as-grown multiple quantum well (MQW) for
use in laser gain regions followed by the regrowth of an MQW
with a higher band edge for use in the EAMs. This method is
commonly referred to as butt-joint regrowth [1], [5]. Although
the butt-joint regrowth process does facilitate high flexibility,
it requires etching and defining a regrowth interface in the
core of the optical waveguide. The difficulty associated with
matching the thickness and achieving the desired composition
to avoid reflection and loss at the interface is great [5]. Another
technique used to realize multiple band edges across a wafer is
selective-area growth. However, the abruptness of the transition
region is limited by the surface diffusion of the growth con-
stituents, which may be on the order of tens of micrometers.
Additionally, 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 work enables
the precise placement of the band edge of each component
within the device, allowing for blue-shifted QWs to remain in
the modulator while leaving the axial waveguide undisturbed.

The widely tunable transmitters presented in this paper con-
sists of an EAM with partially intermixed QWs and a sampled-
grating DBR (SG-DBR) laser with as-grown QWs in the gain
region and severely intermixed QWs in the passive and tun-
ing sections. We explore two different centered-multiple QW
(c-MQW) active-region designs. The first design uses ten
6.5-nm wells to yield a confinement factor of 12.6% while the
second design makes used of fifteen 8.0-nm wells to yield a
confinement factor of 25.0%. The increased number of wells in
the 15 MQW is expected to result in improved EAM efficiency
at the expense of somewhat degraded laser performance.

The 10- and 15-MQW transmitters exhibit 30 nm of tuning
with high output power. The 10-MQW EAMs demonstrated

0733-8724/$25.00 © 2007 IEEE
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Fig. 1. Step-by-step schematic of the intermixing process. From left to right:
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3-dB optical modulation bandwidths of up to 39 GHz,
1.5-Vpiop drive voltages, power penalties of 0.2-0.5 dB for
40-Gb/s transmission through 2.3 km of fiber across the tuning
range of the laser. The 15-MQW EAMs demonstrated 3-dB op-
tical modulation bandwidths of up to 35 GHz, 1.0-Vp,p drive
voltages, power penalties of 0.7—1.1 dB for 40-Gb/s transmis-
sion through 2.3 km of fiber across the tuning range of the laser.

II. BACKGROUND
A. QWI Integration Platform

QW intermixing allows for the strategic postgrowth tuning
of the QW band edge using a relatively simple procedure.
Since this technique enables the employment of c-MQW ac-
tive regions for maximized modal gain lasers and blue-shifted
QWs for use in EAMs, QWI breaks the complexity tradeoff
associated with the flexible butt-joint regrowth and SAG in-
tegration schemes. QWI makes use of the metastable nature
of the compositional gradient found at heterointerfaces. The
natural tendency for materials to interdiffuse is the basis for
the intermixing process. Since QWI does not change the av-
erage composition but only slightly changes the compositional
profile, there is a negligible index discontinuity at the interface
between adjacent sections. This eliminates parasitic reflections
that can degrade performance.

In this paper, we employ the implant-enhanced interdiffusion
QWI technique illustrated in the step-by-step diagram of Fig. 1.
This method has been shown to have good spatial resolution
and is controllable using anneal time, temperature, and implant
dose [6]. Furthermore, we can achieve any number of QW band
edges in the structure using selective removal of the catalyst. In
the first step of Fig. 1, a selective P implantation is performed
to introduce point defects in an unintentionally doped sacrificial
InP implant buffer layer grown above the MQW active region.
Next, a rapid-thermal-anneal (RTA) step is performed to shift
the MQW band edge to that desired in the EAM regions. Once
the EAM band edge is reached, the point defects are removed
in the EAM region by selective removal of the InP implant
buffer layer. The anneal is then continued until the desired band
edge is reached for the passive and tuning sections. Once all
the desired band edges have been defined, the remaining buffer
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Fig. 3. Material-absorption coefficient versus wavelength for photodiodes
fabricated from as-grown material and material intermixed to two different
levels.

layer is removed and the p-cladding regrowth is performed. The
buffer-layer etch and RTA sequence can be repeated to achieve
any number of band edges across the wafer. This capability
is demonstrated in Fig. 2 with a plot of photoluminescence
(PL) peak versus anneal time for samples with and without
implantation and samples with the implant buffer layer removed
at intermediate anneal steps.

To realize an optimized QW-EAM, it is crucial that the
QWI process does not significantly degrade the absorption
characteristics of the as-grown MQW. This effect was stud-
ied using photocurrent spectroscopy on photodiodes fabricated
with as-grown material (Apr, = 1545 nm) and material inter-
mixed to two different levels, QWI 1 (Apr, = 1500 nm) and
QWI 2 (Apr, = 1430 nm). The absorption coefficient contours
versus wavelength for photodiodes biased from 0 to —6 V
in —0.5-V increments are shown in Fig. 3. The photodiode
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of modulator sections.

devices contained seven 6.5-nm compressively strained QWs
and eight 8.0-nm barriers sandwiched between two 120-nm
waveguide layers. As expected, the exciton peak shifts to
shorter wavelengths as the degree of intermixing is increased
and the quantized energy levels are separated. The exciton
strength is somewhat decreased with intermixing due to the
wider/shallower nature of the intermixed well, which reduces
the exciton confinement. However, the exciton remains as a
dominant characteristic in the absorption spectra, especially in
the material shifted by only ~45 nm (QWI 1), which represents
a band-edge detuning in the vicinity required for optimal EAM
performance.

B. Device Architecture

The transmitters reported here were part of integrated-
transceiver devices. A top-view scanning-electron-micrograph
(SEM) image of the parallel-surface-ridge waveguide architec-
ture is shown in Fig. 4(a). The optical receiver [upper ridge
in Fig. 4(a)] consists of a low-confinement factor semicon-
ductor optical amplifier (SOA) followed by a unitraveling-
carrier (UTC) photodiode. In this paper, we focus on the
optical transmitter [lower ridge in Fig. 4(a)] consisting of a
five-section SG-DBR laser followed by a 250-um-long out-
put SOA and a 125-um-long EAM. The five sections of the
SG-DBR laser are, from left to right in Fig. 4(a): backside
absorber; rear mirror; phase; gain; and front mirror. The output
waveguide is simultaneously flared from 3 to 5.5 ym in width
and curved to reach a final facet angle of 6.5° to minimize
reflections.

(a) Top-view SEM of the device architecture, where the SG-DBR/EAM transmitter device is positioned on the lower ridge. (b) Cross-sectional schematic

C. SG-DBR Laser

The SG-DBR miirror is a special form of the DBR mirror,
where the gratings are periodically blanked in order to create a
comblike reflectivity spectrum [7]. The lithographically defined
SG mirrors make this laser ideal for monolithic integration. By
differing the sampling periods in the front and back mirrors, the
peak reflectivity spacing of the mirrors will differ 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 allows wave-
length 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.

D. EAM

In an EAM, a reverse bias is used to shift the band edge
of the modulator section to a lower energy, thereby increasing
the absorption of that region. In our case, QWI only smears
the interfaces between the QWs and barriers, such that the
QWs still remain intact after the intermixing, although slightly
shallower and rounded. To achieve high-speed operation, we
minimize the capacitance associated with the EAM. The low-k
dielectric benzocyclobutene (BCB) is defined underneath the
p-electrode, a short dry etch is performed adjacent to the ridge
to eliminate a thin diffused Zn layer, and the diode length and
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p-electrode area are minimized. A cross-sectional schematic of
the EAM is shown in Fig. 4(b).

III. PROCESS

Two different epitaxial-base-structure MQW designs were
explored in this paper. The first consisted of 10 InGaAsP
6.5-nm compressively strained (0.9%) QWs and 11 8.0-nm
tensile-strained (0.3%) InGaAsP barriers yielding a
conduction-band offset of 115 meV. The 10 MQW was
centered within two 105-nm 1.3Q waveguide layers designed
for maximum modal confinement (12.6%). The second MQW
design consisted of 15 InGaAsP 8.0-nm compressively strained
(0.6%) QWs and 16 8.0-nm tensile-strained (0.3%) InGaAsP
barriers yielding a conduction-band offset of 85 meV. The lower
band offset of the 15-MQW design was intended to promote
the uniform filling of carriers in the wells under forward bias.
The 15 wells were centered within two 60-nm 1.3Q waveguide
layers designed for maximum modal confinement (25.0%).
The metal-organic chemical-vapor-deposition grown epitaxial
base structures initiated on a conducting InP substrate. The
growth sequence began with 1.8 pum of InP:Si, followed by the
c-MQW active region, a 25-nm InP regrowth layer, a 20-nm
1.3Q stop etch, and a 450-nm InP implant buffer layer.

A 500-nm Si;N, mask layer was deposited using plasma-
enhanced chemical vapor deposition and lithographically pat-
terned such that it remained only over the active regions of
the samples. Next, ion implantation was performed using P
at an energy of 100 keV, with a dose of 5SE14 cm~2, yielding a
damage range of 90 nm, at a substrate temperature of 200 °C.
The point defects created during the P™ implant were then
partially diffused through the structure using a 675-°C RTA step
to shift the as-grown MQW band edge (Apr, = 1540 nm) to
the desired EAM band edge (Ap;, = 1505 nm). The implant
buffer layer above the EAM sections was removed using a
wet-etching process designed to terminate on the 1.3Q stop-
etch layer. The samples were then subjected to an additional
RTA step to severely blue-shift the passive and tuning sections,
where the implant buffer layer remained. The resulting peak
PL wavelength of these passive sections was 1440 nm in the
10-MQW sample and 1460 nm in the 15-MQW sample. Upon
completion of the QWI process, the PL spectra of the three
different bandgap regions was characterized from the actual
10-MQW and 15-MQW device samples. As shown in Fig. 5(a)
and (b), the as-grown and EAM PL peaks are nearly identical
in the 10- and 15-MQW devices.

Following the QWI process, two blanket regrowth and
etch sequences were performed for the definition of the low-
confinement SOA and UTC photodiode-receiver structures.
Details of these structures can be found elsewhere [8], [9].
Finally, the InP:Zn cladding and the InGaAs:Zn contact layers
were grown. Standard lithography and etch techniques were
carried out for the definition 3-pm-wide surface-ridge devices.
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 characteri-
zation. A scanning electron micrograph (SEM) image of the
completed devices mounted on a carrier is shown in Fig. 6.
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Fig. 6. SEM image of transmitter device mounted on a carrier.

IV. DEVICE RESULTS

To extract the laser parameters and determine the material/
processing quality, 3-um-wide Fabry—Pérot (FP) active and
active/passive ridge lasers were fabricated on the same chip
as the transmitters and subjected to pulsed testing. The inverse
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differential efficiency is plotted versus active FP laser length
in Fig. 7. As shown in the figure, the 10-MQW device demon-
strated an injection efficiency (ni) of 76% with a modal loss
(ai) of 18.9 cm™! while the 15-MQW device demonstrated an
injection efficiency of 69% with a modal loss of 25.0 cm™!.
The higher confinement factor of the 15 MQW will lead to
an increased modal loss and the greater number of wells will
likely reduce the injection efficiency. However, the higher con-
finement factor of the 15-MQW device will increase the modal
gain and somewhat compensate the degraded loss and injection
efficiency.

The cleave-back method described in [10] was used to char-
acterize the passive and EAM loss in both MQW designs at a
wavelength of 1550 nm. The passive loss was extracted to be
1.8 cm™! and the EAM loss was found to be 13 cm™! in the
10-MQW design. This corresponds to a passive propagation
loss of under 1 dB/mm and an unbiased insertion loss of under
1 dB for a 125-um-long EAM at 1550 nm. The passive propaga-
tion loss can largely be attributed to the free-carrier absorption
in the p-cladding and waveguide scattering. However, the stated
loss value is very acceptable in these devices as the total passive
waveguide length is less than 0.5 mm. In the 15-MQW design,
the passive loss was extracted to be 4.0 cm™! and the EAM
loss was found to be 24.5 cm~'. This corresponds to a passive
propagation loss of under 2 dB/mm and an unbiased insertion
loss of under 1.5 dB for a 125-pum-long EAM. The increased
losses associated with the 15-MQW design is likely caused
by the increased band-tail absorption, which results from the
~ 2x higher confinement within the wells and the slightly lower
band-gap energy in the passive sections.

The continuous wave performance of the transmitters was
characterized at a stage temperature of 18 °C. The surface-ridge
SG-DBR lasers fabricated from the 10-MQW and 15-MQW
active-region designs both demonstrated over 30 nm of continu-
ous tuning from wavelengths of 1536-1569 nm. Superimposed
output spectrums for lasing wavelengths across the SG-DBR
tuning band are shown in Fig. 8 for a 10-MQW device with
the laser-gain section and a 250-pm-long output SOA biased at
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Fig. 8. Superimposed output spectrums tuned to different lasing wavelengths
for SG-DBR lasers fabricated from 10-MQW base structure.
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Fig. 9. Wavelength shift versus applied current to front mirror in SG-DBR
laser fabricated from 10-MQW and 15-MQW base-structure designs.

100 mA. The laser/SOA output light passed through the unbi-
ased EAM and curved/flared waveguide before being coupled
into a conical-tipped lensed fiber, with an estimated coupling
loss of 4.5 dB. As shown in Fig. 8, the device demonstrated
fiber-coupled output powers of up to 10 dBm with a side-mode
suppression ratio of over 35 dB for wavelengths from 1542 to
1569 nm. By design, a wavelength shift of over 5.4 nm must be
achieved through current injection to tune between the adjacent
reflectivity peaks for continuous tuning across the entire super-
mode spectrum. To characterize the tuning efficiency of both
active-region types, the wavelength shift was characterized as a
function of current injected into the front mirror. As shown in
Fig. 9, both MQW designs easily provide the required 5.4 nm of
shift for continuous tuning. However, the 15-MQW design fa-
cilitates increased efficiency requiring only ~10 mA to achieve
such a value while the 10-MQW design requires ~20 mA
for an equivalent shift. The increased tuning efficiency of the
15-MQW device can be explained by the ~2x greater modal
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overlap with the lower bandgap QW material than that of the
10-MQW device [11].

By reverse biasing the SOA placed directly after the front
mirror of the SG-DBR laser, the on-chip light out versus applied
gain current can be measured. This is an excellent means to
evaluate the SG-DBR laser performance without the influence
of the EAM insertion loss, passive propagation loss, or fiber-
coupling loss, since the SOA is positioned immediately follow-
ing the laser in a continuous waveguide. In Fig. 10, the on-chip
light versus current is plotted for SG-DBR lasers fabricated
from the 10- and 15-MQW base structures. The 10-MQW
device demonstrated a threshold current of ~30 mA while the
15-MQW SG-DBR laser required ~55 mA to reach threshold.
The increased threshold current in the 15-MQW device scales
closely with the increase in active-region volume over the
10-MQW device indicating that nonuniform pumping of the
15 wells is not significantly degrading the device performance.

The on-chip light versus current measurement does not ac-
count for the EAM insertion loss or passive waveguide loss
that occurs before the light exits the chip and becomes useful
to the external world. To determine the net device output
power, the light is detected in an integrating sphere. In this
configuration, the light exits the laser or laser/SOA and is
then passed through the unbiased EAM, curved/flared output
waveguide, and captured into an integrating sphere. Fig. 11
plots the output power and voltage versus gain current (LIV)
for SG-DBR lasers fabricated from the 10-MQW active-region
design for a device with no output SOA and for a laser with a
250-pum-long SOA positioned after the front mirror. At a gain
current of 150 mA, the 10-MQW device demonstrates over
16 mW of output power with no output SOA and over 35 mW
of output power with an output SOA biased at 150 mA. At the
same gain current, the 15-MQW device produces 12 mW with
no output SOA and over 18 mW with an output SOA biased
at 150 mA. The lower output power of the 15-MQW device
with no SOA is a result of higher modal loss, reduced injection
efficiency, and the increased threshold current coupled with the
increased passive waveguide loss and EAM insertion loss. The
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~2x greater confinement factor of the 15-MQW active-region
design results in a reduced SOA saturation power, and hence,
further limits the output power of the 15-MQW SG-DBR/SOA
device. Thus, the 10-MQW device employing an output SOA
demonstrates a significantly higher output power than the
15-MQW device.

The dc extinction from 125-um-long EAMs in both the 10-
and 15-MQW transmitters are shown in Fig. 12(a) and (b),
respectively. The 10-MQW device provides 20-30 dB of total
extinction with slope efficiencies of 14-16 dB/V for wave-
lengths from 1536 to 1560 nm. The 15-MQW device pro-
vides 25-33 dB of total extinction with slope efficiencies of
19-23 dB/V for wavelengths from 1542 to 1565 nm. The
efficient EAM extinction properties are due to the combination
of the high confinement factors associated with the c-MQW
designs and the intermixing process that allows for precise
placement of the modulator band edge.

The small signal-frequency response of the EAMs was mea-
sured using a 50-GHz network analyzer. The EAM electrodes
were directly probed using ground-signal probes with a 50-)
termination load. The stage temperature was again maintained
at 18 °C. The electrical to optical response of the 10- and
15-MQW 125-pm-long modulators is shown in Fig. 13. The
optical 3-dB modulation bandwidth was measured to be 39 GHz
in the 10-MQW EAM and 35 GHz in the 15-MQW EAM. The
slightly higher modulation bandwidth of the 10-MQW device is
a result of a thicker BCB layer used underneath the p-electrode.

The large signal chirp was measured for both device types at
10 Gb/s for wavelengths from 1541 to 1564 nm using Agilent’s
Time Resolved Chirp software. The chirp parameter was mea-
sured as a function of the dc bias applied to the EAM with a
1.5-Vpy,p drive applied to the 10-MQW device and 1.0-Vp¢op
drive applied to the 15-MQW device. As shown in Fig. 14,
the chirp parameter is reduced with increasing reverse bias
and decreasing wavelength. The measurement demonstrates
negative-chirp values for the 15-MQW device at reverse-bias
levels ranging from 1.5 to 2.8 V. An issue with the test set
limited the measurement range in the 10-MQW device such
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that the lowest measured chirp value was 0.15. However, the
chirp parameter approaches negative values in the reverse bias
range of 4.5-5.0 V. The lower required bias for negative chirp in
the 15-MQW design is a result of the wider/shallower wells al-
lowing for a greater Stark shift. The increased required reverse
bias with increasing wavelength correlates with that reported in
[12] and is perfectly reasonable when considering the proximity
of the modulator band edge to the laser-operating wavelength.
While the general shape of the absorption curves remain the
same, the onset of absorption with reverse voltage increases and
the absorption efficiency decreases somewhat with increasing
wavelength.

Nonreturn-to-zero eye diagrams were taken at 40 Gb/s with
a pseudorandom bit sequence (PRBS) of 23! —1 over the
tuning range of the SG-DBR lasers for both MQW designs. In
Fig. 15(a), the back-to-back input eye along with device output
eyes are shown for the 10-MQW EAM with a 1.5-Vp¢.p drive.
As depicted in the figure, extinction ratios (ER) greater than
8.7 dB are demonstrated for wavelengths up to 1560 nm with
dc-bias levels ranging from 3.4 to 5.2 V. The average fiber-
coupled output power of this device ranged from —5 to 0 dBm.
In Fig. 15(b), the back-to-back input eye along with device
output eyes are shown for the 15-MQW EAM. Due to the in-
creased efficiency offered by the 15-MQW device, a 1.0-Vpiop
drive was used. As depicted in the figure, the ERs ranged from
6.8 to 7.8 dB for wavelengths from 1542 to 1559 nm with dc-
bias levels ranging from 1.6 to 2.6 V. The average fiber-coupled
output power of this device ranged from —10 to —5 dBm. The
dc bias points for the eye diagrams from both the 10- and
15-MQW EAMs in Fig. 15 are indicated with arrows in Fig. 14
to demonstrate the expected chirp at these operating points. As
shown, the predicted chirp for the 10-MQW EAMs range from
—0.1 to 0.3, and for the 15 MQW, the chirp parameter is neg-
ative in all cases. The discrepancy between the RF ERs shown
in Fig. 15 and the dc-extinction-efficiency data of Fig. 12 pre-
dicting 14-16 dB/V for the 10-MQW device and 19-23 dB/V
for the 15-MQW device indicates the presence of RF losses.
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This is most likely a result of the impedance mismatch between
the source and device causing significant electrical reflections.
This problem could be corrected with an impedance-matched-
electrode design to yield improved RF efficiency.

Bit-error-rate (BER) measurements were made for 40-Gb/s
transmission through 2.3 and 5 km of standard Corning SMF-
28 fiber. A PRBS of 27 — 1 was used due to a noise floor in the
BER test setup that manifested itself at longer word lengths. In
Fig. 16, the BER results and the respective eye diagrams are
shown for the 10-MQW device at a wavelength of 1553 nm
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using a 1.5-Vpiop drive and a dc bias of 4.9 V. As shown in
the figure, the transmitter demonstrated only 0.2 dB of power
penalty through 2.3 km and 2.3 dB of penalty through 5.0 km
at a BER of 1E-9. Fig. 17 plots the 40-Gb/s power penalty at a
BER of 1E-9 for transmission through 2.3 km of fiber across the
tuning band of both the 10- and 15-MQW transmitters. The dc
operating points are depicted in the figure. The 10-MQW device
demonstrates between 0.2 and 0.5 dB of power penalty for
transmission through 2.3 km of fiber at wavelengths spanning
from 1543 to 1565 nm, while the 15-MQW device demonstrates
between 0.7 and 1.1 dB of penalty. According to Fig. 14, the dc
operating points are expected to provide slightly negative chirp.

V. CONCLUSION

We have demonstrated the first widely tunable EAM-based
transmitters operating at 40 Gb/s. This paper was made possible
by a robust QWI technique for the precise placement of multi-
ple band edges to achieve high-modulation efficiency from rel-
atively short EAMs. Two different active-region designs were
explored. The 10-MQW SG-DBR lasers demonstrated thresh-
old currents of ~30 mA, output powers up to 35 mW, and over
30 nm of tuning. The 15-MQW SG-DBR laser demonstrated
threshold currents of ~55 mA, output powers up to 18 mW,
and over 30 nm of tuning. The 3-dB optical modulation band-
width of the 125-pm-long EAMs was 39 and 35 GHz for the
10- and 15-MQW devices, respectively. Although the addi-
tional wells of the 15-MQW design slightly degraded the laser
performance, the dc extinction efficiency was increased from
16 dB/V in the 10-MQW EAM to 23 dB/V in the 15-MQW
EAM. This allowed for slightly lower drive voltage at 40 Gb/s
with the 10-MQW EAM requiring 1.5 V to achieve a ~9-dB ER
and 1.0V for the 15-MQW EAM to achieve an ~8-dB ER. Both
EAMs demonstrated low- to negative-chirp operation. Fiber-
transmission experiments demonstrated low-power penalties of
0.2-1.1 dB for 40-Gb/s transmission through 2.3 km of fiber
across the tuning range of the lasers.
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Abstract—We present the first monolithic widely tunable
40-Gb/s transceivers. The devices integrate sampled grating
distributed Bragg reflector (SG-DBR) lasers, quantum-well
electroabsorption modulators (EAM), low-confinement semicon-
ductor optical amplifiers (SOA), and uni-traveling carrier (UTC)
photodiodes for state-of-the-art light generation, modulation,
amplification, and detection. A relatively simple high-flexibility
fabrication scheme combining quantum-well intermixing (QWI)
and blanket metal-organic chemical vapor deposition (MOCVD)
regrowth was used to integrate components with performance ri-
valing optimized discrete devices. The SG-DBR/EAM transmitters
demonstrate 30 nm of tuning, 39-GHz bandwidth, low-drive volt-
age, and low power penalty 40-Gb/s transmission through 2.3 km
of fiber. The SOA/UTC photodetector receivers provide 23-28 dB
of gain, saturation powers up to 18.6 dBm, and —20.2 dBm of chip-
coupled sensitivity at 40 Gb/s. By connecting the transmitters and
receivers off-chip, we demonstrate 40-Gb/s wavelength conversion.

Index Terms—Electroabsorption modulators, photodetec-
tors, semiconductor lasers, semiconductor optical amplifiers,
transceivers, wavelength converters.

1. INTRODUCTION AND MOTIVATION

HE monolithic integration of highly optimized photonic
devices onto a single chip could revolutionize lightwave
communications as it is perhaps the only way to truly revital-
ize the optical component industry. The generation, detection,
modulation, amplification, switching, and transport of light on
a single chip allows for a new generation of high-functionality
photonic integrated circuits (PICs) with reduced cost, size, and
power dissipation. Since fiber is not required for light transfer
between components, PICs do not suffer from the device-to-
device coupling problem of systems comprised of discrete com-
ponents. The removal of the coupling loss allows for a reduction
in power dissipation because lower drive currents will be re-
quired to achieve equivalent power levels to and from the device.
Fewer packages are necessary since multiple components can
be housed within a single enclosure. Device reliability is im-
proved from the elimination of possible mechanical movements
among the optical elements and from the reduced drive current
requirements.
The potential benefits of monolithic integration fueled the
pioneering efforts of the late 1980s and early 1990s to develop
increased functionality chips [1]. During this time, researchers
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made great advances with the demonstration of distributed
feedback (DFB) laser/modulators, highly functional balanced
heterodyne receivers, and integrated mode converters [2]—[4].
Despite this early progress, the PIC has failed to scale at the
same Moore’s Law rate of the integrated circuit (IC) [5]. This
can be largely attributed to the difficulty associated with opti-
mizing the diverse components required in high-functionality
photonic chips. Ever-increasing bit rate demands amplify this
challenge since the individual components will necessitate more
exotic structures for efficient, high-speed operation.

Low-threshold current, high-output power diode lasers ben-
efit from maximized modal gain within the active section. By
placing quantum wells (QWs) in the center of a symmetric
waveguide, the optical confinement factor and hence the modal
gain can be maximized within the laser [6]. The electroabsorp-
tion modulator (EAM) is an attractive modulator due to its com-
pact size, simple fabrication, high modulation bandwidth, and
high efficiency. To achieve negative chirp along with high mod-
ulation efficiency from relatively short devices for 40-Gb/s oper-
ation, QW absorber regions are required to exploit the quantum
confined Stark effect (QCSE) [7]. Low optical confinement QW
active regions are a popular choice for use in semiconductor op-
tical amplifiers (SOAs) requiring high-saturation powers since
the photon density within the QWs can be kept relatively low.
Using this scheme, impressive saturation powers of +23 dBm
have been demonstrated [8]. The uni-traveling carrier (UTC)
photodiode has been developed specifically to eliminate the in-
fluence of hole transport on the operation of the photodetector
such that the classic space charge effect plaguing the perfor-
mance of conventional p-i-n detectors can be avoided. Since
the carrier transport properties are dominated by electrons, sat-
uration current densities, 4—6 times higher than that in p-i-n
photodiodes, are theoretically possible, enabling high-power,
high-speed operation [9].

Defining these unique components on a single chip to realize
a high-performance transceiver is a demanding task due to the
common two-dimensional (2-D) growth and processing plat-
forms used for device fabrication. Simple integration schemes
limit design flexibility, imposing a performance penalty within
the PIC. Complex schemes with increased flexibility can lead
to decreased yield, driving the device cost upwards. For the
potential benefits of PICs to win out over discrete devices, the
integration must be accomplished in a manner as to provide high
device yield and repeatability at low cost.

II. BACKGROUND: METHODS OF MONOLITHIC INTEGRATION

In Fig. 1, we present several integration platforms used
for high-functionality PIC fabrication. The butt-joint regrowth

1077-260X/$25.00 © 2007 IEEE



4 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 13, NO. 1, JANUARY/FEBRUARY 2007

Active

l Passive
Butt-Joint Selective-Area
Regrowth Growth

(a) (b)
ACtivePassive AchePassive
|
Offset Dual
Quantum Well Qualltggl Well
(©

Passive Active

I

Active

Passive

Asymmetric Quantum Well
Twin Waveguide Intermixing
© ®

Fig.1. Various techniques for achieving active and passive sections orthogonal
to the growth direction.

(BJR) method in Fig. 1(a) offers a high degree of versatility. This
method involves the selective removal of the base structure, as-
grown multiple-quantum-well (MQW) active region followed
by the nonplanar selective regrowth of an alternative material
structure with the desired band-edge in the core of the waveg-
uide. The BJR process enables the use of a centered MQW (c-
MQW) active region for maximized modal gain in the laser, and
allows each integrated component to possess a unique band-edge

and/or epitaxial structure. The drawback to this method is the
difficulty associated with achieving high-quality butt-joint inter-
faces across the chip to avoid reflections and losses in the core
of the optical waveguide [10], [11]. Furthermore, this method
relies on a dielectric mask to prevent deposition in specified
areas during growth. As the PIC functionality is increased to the
transceiver level where more active architectures are required,
the complexity of BJR process is compounded with additional
BIJR steps.

Selective area growth (SAG), as shown in Fig. 1(b), has
proven to be useful in providing multiple band-edges across a
single wafer in one growth step [12]. In this method a dielectric
mask is patterned on the wafer, which is then subjected to metal-
organic chemical vapor deposition (MOCVD) growth. Growth is
limited to regions between the dielectric mask, where the thick-
ness and the composition of the growing layers are modified
based on the mask pattern. This technique allows for the defini-
tion of c-MQW active regions on the same chip as blue-shifted
MQW regions for use in EAMs and passive sections. Beyond
this, SAG does not afford much flexibility since the epitaxial
architecture is fixed in all components. The SOA and photode-
tector are forced to employ the same high-confinement MQW
structure as used in the laser, resulting in low-saturation power
in both receiver components. Since SAG exploits the contrast in
surface kinetics of the growth constituents on the semiconductor
and dielectric, a high degree of calibration/optimization must be
performed to tightly control the MOCVD reactor conditions.

An established and simple integration platform is based on
the use of offset QWSs, where the MQW active region is grown
above a passive bulk waveguide. The MQW is selectively etched
in regions where gain is not required, leaving the nonabsorbing
waveguide as shown in Fig. 1(c). Although this process only
requires a single, blanket-type regrowth, it allows for only two
band-edges on a single-chip. The modal gain in the offset QW
design is less than optimal since the peak of the optical mode
is offset from the MQW. This scheme forces the use of bulk
Franz—Keldysh (FK) type EAMs, which are not as efficient as
QW-EAMs utilizing the QCSE [7], [13].

In the dual QW platform, as shown in Fig. 1(d), an MQW
is grown in the center of the bulk waveguide below the offset
MQW, such that a second QW band-edge is defined on the
single-chip [14]. The dual QW platform does not provide
optimal modal gain to the laser active region since the peak of
the mode is offset from the wells. Additionally, this scheme
imposes a passive loss versus EAM efficiency tradeoff. The
EAM efficiency will increase as the waveguide MQW bandgap
energy is decreased, however, this will also increase the passive
loss since the waveguide wells are present throughout the
device. To manage this tradeoff, longer EAM lengths are used at
the expense of bandwidth [14]. In the dual QW and offset QW
platforms, SOAs are forced to employ the same MQW structure
as the laser, and the photodetector must use either the MQW or
the waveguide material as the absorber [15]. The relatively high
confinement factor in the active MQW will result in low-SOA
saturation power. The high-confinement factor p-i-n structure
is not an optimal architecture for high-power, high-speed
photodiodes [9].
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In the asymmetric twin waveguide (ATG) integration scheme
shown in Fig. 1(e), multiple waveguides are grown on top
of each other with a transparent InP layer separating them.
Active/passive integration is realized by selective removal of
the upper “active” waveguide such that only the lower “passive”
waveguide remains in regions where active functions are not re-
quired. The optical power is coupled between the even and odd
modes supported by the waveguide using carefully designed
taper couplers [16]. This technique eliminates the need for
regrowth only in applications where vertical current injection is
not required in grating regions for high-efficiency tuning, which
are not applicable to wavelength-agile PICs. Although this plat-
form can enable multiple functions on a single chip, the nature
of the vertical coupling into different epitaxial layers would
create great difficulty when defining additional active compo-
nent architectures beyond the two found in the laser/modulator
transmitters or the SOA/photodetector receivers devices re-
ported in [17]. That is, the ATG platform does not appear fit for
the simultaneous integration of high-confinement MQW active
regions for high-gain, low-confinement MQW active regions
for high-saturation power, a high-confinement blue-shifted
MQW for high-efficiency EAMs, and high-saturation current
photodetector structures such as the UTC.

Quantum-well intermixing (QWI), as shown in Fig. 1(f),
allows for the strategic, post-growth tuning of multiple QW
band-edges without introducing difficult growth steps or dis-
continuities in the axial waveguide. QWI has been used in
the past to fabricate a multitude of devices and there are a
number of techniques that have evolved over the years to ac-
complish selective intermixing, such as impurity-induced disor-
dering (IID) [18], impurity-free vacancy-enhanced disordering
(IFVD) [19], photoabsorption-induced disordering (PAID) [20],
and implantation-enhanced interdiffusion [21].

QWI enables the use of ac-MQW active region for maximized
modal gain in lasers and blue-shifted QWs in the EAMs, and
thus breaks the tradeoff of the simplicity offered by the offset
QW method and the flexibility offered by BJR and SAG. Since
multiple QW band-edges can be defined on a single chip, the
passive and EAM band-edges can be independently optimized to
avoid the passive loss versus EAM efficiency tradeoff of the dual
QW platform. QWI does not change the average composition of
the MQW such that there is a negligible index discontinuity at
the interface between adjacent sections. This eliminates parasitic
reflections that can degrade performance.

III. NOVEL HIGH-FLEXIBILITY INTEGRATION PLATFORM

Here, we employ a high-flexibility integration method com-
bining an impurity-free implant-enhanced QWI technique with
simple blanket MOCVD regrowth. The QWI process uses a sin-
gle implant to introduce point defects in an undoped InP buffer
layer grown above the QWs [22], [23]. Thermal propagation
steps are used to diffuse the point defects through the MQW
to shift the band-edge. Selective removal of the buffer layer is
used to halt the intermixing process in regions where the de-
sired band-edge has been achieved. This process allows for the
realization of any number of band-edges on a single-chip, as
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Fig. 2. Peak PL 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 (diamonds), implanted (circles), and samples with partial anneal
followed by the removal of the implant buffer layer (squares).

the number is determined only by the number of times the ther-
mal processing is interrupted such that the buffer layer can be
selectively removed in specified regions. In Fig. 2, the character-
istic band-edge shift versus anneal time is shown for implanted
regions with and without the buffer layer and for regions not
subjected to the implant. A thorough description of the QWI
process along with an overview of the PICs fabricated using
this technique can be found in [23].

Although QWI provides a simple method to achieve multiple
QW band-edges on a single chip for high-performance lasers
and QW-EAMs, alone it does not provide the capability to inte-
grate optimal architectures for high-saturation power SOAs and
specialized photodetectors. By combining blanket MOCVD re-
growth steps with the multiple band-edge QWI process, we
present a method to define state-of-the-art lasers, modulators,
SOAs, and photodetectors on a single chip without BJR or SAG.
The PIC designer is not only free to control the MQW band-edge
in the growth plane, but now has the flexibility to control the
MQW band-edge in the direction normal to the growth plane and
to define unique architectures in the SOAs and photodetectors.

First, QWI is used to define three unique QW bandgaps
in the high-confinement base structure c-MQW for use in
the laser, EAM, and passive sections. Next, simple blanket
MOCVD regrowth and wet etch steps are carried out to define
a low-confinement offset MQW (o-MQW) for use in SOAs
and UTC photodiode structures. A side-view schematic of a
single-chip possessing the four state-of-the-art architectures is
shown in Fig. 3.

The key attribute of this high-flexibility scheme is that it
requires only simple blanket regrowth steps for the added func-
tionality. The platform does not require the disruption of the
waveguide core with regrowth interfaces as does the butt-joint
method. The slight discontinuities created in this scheme reside
above the intermixed c-MQW waveguide core such that only the
tail of the propagating mode encounters them. Furthermore, our
process requires no complicating dielectric patterns to remain on
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Fig. 3. Schematic side-view of various component architectures that can be
defined on a single chip using the QWI and MOCVD regrowth high-flexibility
integration scheme.

the semiconductor surface to prevent deposition during growth
as in the BJR or SAG methods.

Using the high-flexibility integration scheme, we demon-
strate single-chip widely tunable 40-Gb/s transceivers. The
widely tunable transmitters demonstrate over 30 nm of tuning
with 3-dB optical bandwidths up to 39 GHz and low-drive
voltages at 40 Gb/s. The power penalty for 40-Gb/s trans-
mission through 2.3 km of fiber was less than 0.5 dB across
the device tuning range. These transmitters represent the
first widely tunable EAM-based 40-Gb/s devices and achieve
performance levels rivaling state-of-the-art single frequency
transmitters requiring BJR [24]. The receiver SOAs provide
23-28 dB of gain with saturation powers in the 18.5-dBm
range while the UTC photodiodes exhibit 40-Gb/s operation
under high photocurrent conditions. The 40-Gb/s chip-coupled
sensitivity of better than —20 dBm is competitive with discrete
SOA/photodiode receivers requiring BJR [25]. By connecting
the receiver and the transmitter off-chip, we demonstrate low
power-penalty widely tunable 40-Gb/s wavelength conversion.

IV. 40-Gb/s TRANSCEIVER ARCHITECTURE

The 40-Gb/s transceiver devices employed a parallel surface
ridge waveguide architecture with one ridge functioning as
the transmitter and the adjacent ridge functioning as the
receiver. The 3-um-wide surface ridge transmitter consisted of
a five-section widely tunable sampled grating distributed Bragg
reflector (SG-DBR) laser as described in [26] and a QW-EAM
with a length of 125 or 175 pm. Select transmitters made use of a
high-gain c-MQW output SOA positioned before the EAM or a
high-saturation power o-MQW output SOA positioned after the
EAM. Two different receiver designs were explored, both con-
sisted of a 5-pum-wide dual section SOA and a 3 by 30 yzm or 3 by
40-pm UTC photodiode. The SOAs contained a short high-gain
c-MQW front-end followed by a long high-saturation power
0-MQW section. Curved and flared input/output waveguides
were used to reduce the demands on the antireflection coating.
A labeled top-view scanning electron micrograph (SEM) image
of a transceiver containing the high-saturation power output
SOA with a footprint of 0.5 by 3.5 mm is shown in Fig. 4.

V. 40-Gb/s TRANSCEIVER FABRICATION SEQUENCE

Device fabrication begins with the MOCVD growth of a
c-MQW base structure (Fig. 5) on a sulfur doped InP substrate.

High Gain
c-MQW SOA

High Saturation Power
0-MQW SOA

UTC
Photodiode

Widely-Tunable QW
SG-DBR Laser EAM

High Saturation Power
Output 0-MQW SOA

Fig.4. Top-view SEM image of single-chip 40-Gb/s transceiver with a 0.5 by
3.5 mm footprint.
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Fig. 5. Epitaxial base structure employing c-MQW active region.

The base structure consists of ten 6.5-nm quantum wells and
eight 8.0-nm barriers sandwiched between two 105-nm-thick
1.3Q waveguide layers designed for a maximized optical
confinement of 12.6%. The as-grown c-MQW had a peak
photoluminescence (PL) emission wavelength of 1540 nm. A
25-nm InP regrowth layer, a 20-nm 1.3Q stop etch layer, and
a 450-nm InP layer were grown above the upper waveguide.
The top most InP layer, called the implant buffer layer, was
designed to capture a low-energy ion implant.

A complete step-by-step schematic illustrating the high-
flexibility integration scheme is presented in Fig. 6. After
growth of the base structure, a 500-nm Si;N,, mask layer is
deposited using plasma enhanced chemical vapor deposition
and lithographically patterned such that it remains only in
regions where high-gain c-MQW active regions are desired on
the chip. In step 2, an ion implantation is performed using P at
an energy of 100 keV, with a dose of 5SE14 cm~2, and a substrate
temperature of 200 °C to yield a damage range of 90 nm [22].
The point defects created during the P implant are then
partially diffused through the c-MQW structure during a ~30-s
rapid thermal anneal (RTA) at 675 °C, yielding the desired peak
PL wavelength of 1505 nm in the EAM sections. The point de-
fects promote the interdiffusion of the well/barrier constituents,
reshaping the MQW profile by distorting the well/barrier
interface. The result is a shift in the quantized energy levels in
the well, and hence a shift in the band-edge energy.

In step 4, the implant buffer layer above the EAM sections is
removed using a wet etching process, terminating on the 1.3Q
stop etch layer. The sample is then subjected to an additional
~180-s RTA step to further blue-shift the regions where the
implant buffer layer remains. In step 5, the remaining buffer
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Fig. 6. Step-by-step illustration of high-flexibility integration scheme.
layer and the 1.3Q stop etch layers are removed using wet
etching.

A blanket MOCVD regrowth is performed in step 6 for
the growth of a thin InP:Si layer, followed by a 1.3Q:Si stop
etch layer, an InP:Si confinement tuning layer (CTL), a low-
confinement o-MQW active region with similar compositions
and thicknesses to that of the base structure c-MQW design,
50 nm of InP, and a 200-nm InP:Zn cap layer. The CTL layer
functions to offset the active wells from the peak of the optical
mode influencing the confinement factor. Therefore, the choice
of the CTL thickness is a key aspect in the SOA design. In this
paper, we use five offset wells and choose the CTL thickness
to yield a confinement factor of ~1.4%. Further details of the
regrowth aspects and the influence of the CTL thickness can be
found in [27].

Following the regrowth, the sample is patterned with Si;N,
and a wet chemical selective etch sequence is carried out
such that the 0o-MQW structures remain in regions where low
confinement SOAs are desired, as shown in step 7. In step
8, a second blanket MOCVD regrowth is performed for the
definition of the UTC photodiode structure. Again, the regrowth
initiates with a thin InP:Si regrowth layer and a 1.3Q:Si stop
etch layer, but is then followed by the growth of a thin InP:Si
layer, a 200-nm unintentionally doped InP collector layer,
conduction band smoothing layers based on those given in [9],
a 50-nm InGaAs:Zn absorber layer, and a 150-nm InP:Zn
cap layer. The thickness and doping of both the collector and
absorber layers have a great impact on the expected device
performance. Further details of the offset UTC structure can
be found in [28]. The sample is patterned with SizN, and a
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Fig. 7. PL spectra of c-MQW active, EAM, and passive sections along with
the regrown o-MQW gain region (dashed).

wet etch is performed to define the UTC structure only where
detectors are desired as shown in step 9.

In step 10, a final blanket MOCVD regrowth is performed
to grow the p-type InP:Zn cladding and p-contact InGaAs:Zn
layers such that four distinct regions remain on a single chip: the
as-grown c-MQW active regions to be used for high-gain lasers
and SOA sections, the partially intermixed c-MQW regions for
use in high-efficiency QW-EAMs, low-confinement o-MQW
regions grown above intermixed wells for high-saturation power
SOAs, and finally UTC structures grown over intermixed wells
for high-saturation power high-bandwidth photodiodes. The PL
spectra from the four unique QW band-edges on the single-chip
are shown in Fig. 7.

Following the growth sequence, standard lithography and
etch techniques were carried out for the definition surface ridge
devices. The wafers were thinned, the devices were cleaved
into bars and anti-reflection coated. The die were separated,
soldered to aluminum nitride carriers, and wire bonded for
characterization.

VI. DEVICE RESULTS
A. Material Efficiency and Loss Characterization

It is good practice to test diagnostic structures to determine
the basic quality of the epitaxial material before examining the
high-level PICs. The cleave-back method was used to measure
the differential efficiency versus length of 3-ym-wide c-MQW
and 5-um-wide o-MQW surface ridge Fabry—Perot (FP) active
lasers identical to the gain region of the lasers and SOAs. With
this data, the injection efficiency and modal loss within the gain
regions of the PICs was extracted.

A plot of inverse differential efficiency versus FP laser
length is presented in Fig. 8 for both the c-MQW and o-MQW
devices. The injection efficiency was extracted to be 76% and
74% and the modal loss was extracted to be 18.9 and 3.0 cm ™!
in the c-MQW and o-MQW gain regions, respectively. The low
modal loss in the o-MQW gain region is essential for high-
performance SOA operation since the low optical confinement
will result in low incremental modal gain. Therefore, small
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Fig. 8. Plot of inverse differential efficiency versus active FP laser length for
lasers fabricated from c-MQW and o-MQW gain sections.

changes in the propagation losses will greatly influence the
large signal gain. Future work could focus on reducing this loss
value for improved performance.

It is important that the propagation loss in the passive
waveguide, mirror, phase, and EAM sections of the device are
kept low such that high output powers can be achieved. To
study this characteristic we fabricated active/passive FP lasers,
where the passive regions are composed of an intermixed MQW.
The propagation loss in the passive and EAM sections was ex-
tracted at a wavelength of 1550 nm by successively cleaving
back the passive/EAM portions of the active/passive lasers and
then measuring the differential efficiency when subjecting the
active region to pulsed current injection. By constructing a plot
of the differential efficiency versus passive/EAM region length,
theoretical curves can be fit to the experimental data to extract
the loss as described in [6].

Fig. 9 plots the experimental differential efficiency versus
passive region length along with theoretical fits for the passive
and EAM c¢-MQW regions on the chip. The passive loss was
extracted to be 1.8 cm™! and the EAM loss was found to be
13 cm™! at a wavelength of 1550 nm. This corresponds to a
passive propagation loss of 1 dB/mm and an unbiased insertion
loss of ~1 dB for a 175-pum-long EAM.

B. 40-Gb/s SG-DBR/EAM Transmitter Performance

The continuous wave performance of the transmitters was
characterized at a stage temperature of 18 °C. The surface ridge
SG-DBR lasers demonstrated over 30 nm of continuous tun-
ing from wavelengths of 1536-1569 nm. In Fig. 10, we present
superimposed output spectrums for lasing wavelengths across
the SG-DBR tuning band using front mirror bias currents up
to 25 mA (5 kA/cm?) with a back mirror current of 5 mA
(0.3 kA/cm?). The lasers achieved threshold currents of
~35 mA, fiber-coupled powers up to 10 dBm, and a side-mode
suppression ratio (SMSR) of over 35 dB for wavelengths from
1542 to 1569 nm.
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Fig. 9. Differential efficiency of active/passive lasers versus passive length

used to extract modal propagation loss for passive and EAM regions at a wave-
length of 1550 nm.
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Fig. 10.  Superimposed output spectrums tuned to different lasing wavelengths
from SG-DBR laser with high gain output SOA.
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the case with no output SOA and with a 250-pum-long SOA. The gain section
voltage is indicated with the right-hand y-axis.



RARING AND COLDREN: 40-GB/S WIDELY TUNABLE TRANSCEIVERS

5
@
=
c
F=SNT,Y) ORI - S * 20N < SN = [ I
£ 4
£
x
w
b
S
®
E
2 —0—1542nm
—0—1548nm
——1653nm [
—>—1559nm
35 ;
5 4 3 2 A 0
Bias (V)
Fig. 12. Broadband DC extinction of a 125-um-long EAM.

The output power captured into an integrating sphere and
voltage versus gain current (LIV) for SG-DBR lasers with no
output SOA and for a device with a 250-pm-long c-MQW SOA
positioned after the front mirror are shown in Fig. 11. At a gain
current of 150 mA, the device demonstrates over 16 mW of
output power with no output SOA and over 35 mW of output
power with an output SOA biased at 150 mA.

The broadband dc extinction characteristics from a 125-um-
long EAM are shown in Fig. 12. The EAM provides 20-30 dB
of total extinction with slope efficiencies of 14-16 dB/V for
wavelengths from 1536 to 1560 nm. The 175-um-long EAMs
provide 34-38 dB of total extinction with efficiencies over 20
dB/V. The efficient dc extinction properties are due to the com-
bination of the high confinement factor provided by the c-MQW
and the intermixing process that allows for precise placement
of the modulator band-edge.

The small signal electrical to optical frequency response char-
acteristics of 125-and 175-um-long EAMs were measured using
a 50-GHz network analyzer and are shown in Fig. 13. The EAM
electrodes were directly probed using ground-signal probes with
a 50-(2 termination load. The stage temperature was again main-
tained at 18 °C. The optical 3-dB bandwidth was measured to
be 39 GHz in the 125-pym-long EAM and 32 GHz in the 175-
pm-long EAM.

Nonreturn to zero (NRZ) eye diagrams were taken at 40 Gb/s
with a pseudorandom bit sequence (PRBS) of 231 — 1 over the
tuning range of a transmitter with a 125-pm-long modulator.
Fig. 14, presents the back-to-back input eye along with the
output eyes from the device with a 1.5-Vpy,p drive applied to
the EAM. The eye diagrams are open and clear with extinction
ratios (ER) over 8.7 dB for wavelengths up to 1560 nm at dc
bias levels from 3.4 to 5.2 V. The average fiber-coupled output
power under these conditions ranged from —5 to O dBm. The
1.5-Vpiop drive required in these devices approach the state-
of-the-art discrete EAMs reported in [29], which required 0.79
Vpiop to drive over 10-dB ER.

The large signal chirp of the EAMs was measured at 10 Gb/s
for wavelengths from 1541 to 1564 nm using Agilent’s time
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Electrical-to-optical small signal response of EAMs.

Fig. 13.

Fig. 14.

Alpha Parameter with 1.5 Vp-p

Fig. 15.

25

‘ ' i
. ' ' '
4 i i i i i

1.5 V., Input Eye 1542nm: V.= 3.4: 8.9dB
i3 ily:“('}k";”:«”:y s ¢ .‘ :

W N RN

A A 2L L

L e T

1548nm: V, =3.7: 8.8dB  1554nm: V, =4.2: 8.8dB

(o TS ey

1565nm: V,, =5.2: 7.5dB

P s

A -

40 Gb/s eye diagrams from 125-pum-long EAM.
X L T ! 1
¢ 1541nm :
2l o 1883nm | o T R |
o 1564nm : : :

DC Bias (V)

Large signal chirp parameter of EAM with a 1.5-Vpyp drive.



10 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 13, NO. 1, JANUARY/FEBRUARY 2007

Ul Fver |

EDFA gpr \\
$G-DBR/EAM o=
_’ TRANSMITTER >
VOA
BERT/ %
PG - Pattern Generator | Scope

BPF - Band Pass Filter
VOA - Variable Optical Attenuator
PD - Photodiode Receiver

BERT - Bit Error Rate Tester
Scope - Oscilloscope

Fig. 16.  Test set used for 40-Gb/s transmission measurements.
1E3 T T
| B BacktoBack
| & 23km
LLE ) NS | & 50km
AE B |--mvmmommndeenens
p TEG6ME o - IRe-oo--
L
m
1E7}
1E 8
1E9Q}
1E-10 |
1E-11 :
-28 26 24 22 -20 -18
Receiver Power {dBm)
Fig. 17. BER measurements from 125-pym-long EAM at 40 Gb/s with a

1.5-Vp¢op drive and a wavelength of 1553 nm. The corresponding eye dia-
grams before and after transmission are shown as insets.

resolved chirp (TRC) software. The chirp parameter was mea-
sured as a function of the dc bias applied to the EAM with a
1.5-Vpiop drive applied to the device. As shown in Fig. 15,
the chirp parameter is reduced with increasing reverse bias and
decreasing wavelength. The measurement bias range was lim-
ited such that the lowest TRC measured chirp value was 0.15.
However, the chirp parameter is expected to reach zero in the
reverse bias range of 4.5-5.0 V.

Bit-error-rate (BER) measurements were made for 40-Gb/s
transmission through 2.3 and 5 km of standard Corning SMF-28
fiber. A PRBS of 2 7 — 1 was used due to a noise floor resulting
from a calibration issue in the BER tester (BERT) that man-
ifested itself at longer word lengths. A schematic illustrating
the BER test setup is shown in Fig. 16. In Fig. 17, the BER
results and the respective eye diagrams are shown for a device
employing a 125-pym-long EAM at a wavelength of 1553 nm,
a 1.5-Vpyop drive, and a dc bias of 4.9 V. As seen in the fig-
ure, the transmitter demonstrated only 0.2 dB of power penalty
through 2.3 km and under 3 dB of penalty through 5.0 km.
The BER was measured for a transmission through 2.3 km of
fiber at wavelengths of 1542, 1553, and 1565 nm with the EAM
biased in the 4.3-5.2-V range. Using the measured dispersion
penalties of 0.4, 0.2, and 0.5 dB at the respective wavelengths
and assuming a fiber dispersion of 16.45 ps/nm/km, the chirp
parameters were calculated to be —0.15, —0.25, and —0.1, re-

PASSIVE  HicH ['SOA Low ['SOA utc

WAVEGUIDE HIGH GAIN HIGH SATURATION POWER PHOTODIODE

Fig. 18.  Side-view schematic of receiver structure showing the high confine-
ment c-MQW gain region (/eft), low-confinement o-MQW gain region (middle),
and the UTC photodiode structure (right).

spectively. The lower chirp values than those shown in Fig. 15
are likely the result of the higher reverse biases used in the BER
measurements.

The transmitter reported here is the first widely tunable
EAM-based transmitter operating at 40 Gb/s. Previous EAM-
based 40-Gb/s transmitter devices used single-frequency DFB
lasers and typically relied on BJR [24]. The device reported
in [24], demonstrated under 0.5-dB power penalty through
2.6 km of fiber at 1552 nm, required 2.5V py,p drive voltage, and
provided 1.3 dBm of output power. Our transmitter offers lower
drive voltage over a wide wavelength range and is integrated
with a 40-Gb/s receiver.

C. 40-Gb/s SOA/UTC Photodiode Receiver Performance

Waveguide receivers consisting of dual section SOAs and
UTC photodiodes were placed on ridges parallel to the trans-
mitters as depicted in the labeled SEM image of Fig. 4. Two
different receiver designs were explored. The first made use of
a 250-pm-long high-gain c-MQW SOA section followed by a
1650-um high-saturation power o-MQW SOA section and a
30-pum-long UTC photodiode. The second design made use of
a 400-pm long high-gain ¢c-MQW SOA section followed by
a 1500-pm high-saturation power o-MQW SOA section and a
40-pum-long UTC photodiode. A side-view schematic illustrat-
ing the receiver architecture is given in Fig. 18.

The continuous-wave (CW) gain properties of the dual section
SOAs were characterized at an input wavelength of 1550 nm and
are presented in Fig. 19 with the operation currents listed in the
caption. The CW light was fed through a polarization controller
and coupled into the input waveguide using a conical-shaped
lensed fiber. The compressively strained QWs in the SOAs re-
sult in polarization sensitive performance. For maximum gain,
the polarization controllers were used to couple only the trans-
verse electric (TE) polarization mode into the device. Since the
offset MQW used in the SOAs is independent of the laser gain
region and is realized during regrowth, the SOA MQW could
be redesigned for a polarization insensitive receiver.

As shown in Fig. 19, the design making use of a 250-pm-long
c-MQW section provides a peak gain of ~23 dB and a saturation
power of 18.6 dBm while the design using a 400-pum-long
¢-MQW section provides a peak gain of ~28 dB and a saturation
output power of 18.2 dBm. These devices demonstrated only
~0.5-dB gain rolloff for wavelengths ranging from 1535 to
1565 nm. For increased saturation power, the CTL thickness
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Fig. 20. Small signal response of 30- and 40-pum UTC photodiodes with

20 mA of average photocurrent, a 3-V reverse bias, and a 25-(2 termination.

could be increased as we have demonstrated 19.5-20.2-dBm sat-
uration output power with slightly different SOA designs [30].

The frequency response of the 30- and 40-um-long UTC
photodiodes was measured using a 20-GHz Agilent lightwave
component analyzer (LCA). A 50-) load was used on the RF
probes for impedance matching the device to the test-set to
avoid electrical reflections within the RF cables. The result of
this matching load is an effective termination load of 25 €2 on the
photodiode. Fig. 20 presents the response of the detectors with
a 3-V reverse bias and an average photocurrent level of 20 mA.
As can be seen in the figure, the photodetectors demonstrate
only 1-1.5 dB of rolloff at 20 GHz.

The internal quantum efficiency of the UTC photodiodes was
measured to be between 30%—35%. An error in the absorption
coefficient used in the design simulations led to the choice of
a nonoptimal absorber thickness. By increasing the thickness
from 50 to 100 nm or above, the optical confinement in the

250 m c-MQW/1650 um o-MQW SOA: 30uum UTC

\ \

\
(b)

Fig. 21. 40 Gb/s eye diagrams. (a) Receiver design 1 at a c-MQW current
density of 12 kA/cm?. (b) Receiver design 2 at a c-MQW current density of
8 kA/cm?. In both cases, the 0-MQW sections were operated at 5 kA/cm? and
the detectors were biased at 3 V.

absorber would be increased such that the quantum efficiencies
would reach the 80%—90% range.

To demonstrate high-speed receiver functionality, eye
diagrams and BER measurements were taken from the two
different receiver designs at 40 Gb/s. A PRBS of 27 — 1 was
used due to the noise floor in the BERT at longer word lengths.
A 40-Gb/s NRZ signal was fed through a band-pass filter,
optical attenuator, and polarization controller before entering
the input waveguide where it was then amplified in the SOA
and detected in the UTC photodiode. Again the input signal was
set to the TE polarization state for optimum performance. The
output signal from the UTC passed through a bias tee that was
connected directly to the oscilloscope or BERT. The optimal
bias points of the receiver employing a 250-pm-long c-MQW
gain section followed by a 1650-pm o-MQW gain section and
a 30-um-long UTC photodiode were found to be 12 kA/cm?
in the c-MQW SOA section, 5 kA/cm? in the o-MQW SOA
section, and a reverse bias of 3.3V on the detector. The receiver
output eye diagrams presented in Fig. 21(a) are clear and open
demonstrating up to a 320-mV amplitude. If the sensitivity
is defined as the power to achieve a BER of 1E-9, the same
receiver demonstrated a chip-coupled sensitivity of —16.8 dBm,
as shown in the 40-Gb/s BER results of Fig. 22.

The optimal bias points for the receiver using a 400-um-long
c-MQW gain section followed by a 1500-ym o-MQW gain
section and a 40-um-long UTC photodiode were found to be
8 kA/cm? in the c-MQW SOA section, 5 kA/cm? in the o-MQW
SOA section, and a reverse bias of 3.0 V on the detector. The
lower optimal current density on the longer c-MQW section
of this SOA design was a result of the increasing amplified
spontaneous emission (ASE) with current density. The receiver
output eye diagrams presented in Fig. 21(b) are clear and open
demonstrating up to 500-mV amplitude over the 25-Q) termi-
nation. The chip-coupled sensitivity of this receiver design was
—20.2 dBm, as shown in Fig. 22. The improved sensitivity of



12 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 13, NO. 1, JANUARY/FEBRUARY 2007

1E 6 = T T T . w— T T
A O 250pm ¢-MQW/1650pm o-MQW SOA: 30um UTC
©  400pm ¢-MQWI/1500pum o-MQW SOA: 40pum UTC
1E -7 .\, : 3, T L
1E8
4
i}
o 1E-9
1E-10
1E-11
Eag——— L i i
22 =21 -20 -19 -18 -7 -16 -15
Receiver Power (dBm)
Fig. 22. 40 Gb/s BER versus received power for the two dual section

SOA/UTC photodiode receiver designs with inset eye diagrams. The SOA op-
erating conditions are identical to those stated in Fig. 21.

this receiver is due to the increased gain and quantum efficiency
of the longer c-MQW SOA and photodetector, respectively.
State-of-the-art SOA preamplified receivers were reported
in [25]. These impressive devices demonstrated a 40-Gb/s sensi-
tivity of —17 dBm, a maximum output amplitude of 250 mV, and
required BJR. If an estimated 4-dB coupling loss is subtracted
from the chip-coupled sensitivity for the receivers reported here,
we arrive at a sensitivity of —16.2 dBm, only slightly lower than
that in [25]. However, the devices reported here can provide a
2x greater output amplitude of 500 mV and are integrated with
widely tunable 40-Gb/s transmitters. With an expected 4-5-dB
increase in the UTC photodiode quantum efficiency by using a
100-nm absorber, the sensitivity will be significantly improved.

D. 40-Gbl/s Wavelength Conversion

With the ability to transmit and receive data at 40 Gb/s, the
single-chip transceivers were tested as wavelength converters. A
40-Gb/s NRZ input signal with a PRBS of 27 — 1 was coupled
into the SOA/UTC receiver for amplification and photodetec-
tion. The generated photocurrent was extracted from the UTC
with a 50-2 terminated probe, and then fed through a bias tee,
a 26-dB gain RF amplifier, a 6- or 10-dB electrical attenuator,
a second bias tee, and into the EAM using a 50-() probe. The
EAM modulated the output wavelength from the widely tunable
SG-DBR laser, resulting in wavelength conversion. The output
optical signal was then fed through a variable optical attenuator
and into a preamplified receiver before entering the BERT or
oscilloscope. The complete test setup is shown in Fig. 23.

Back-to-back and wavelength converted 40-Gb/s eye dia-
grams are shown in Fig. 24 for a device making use of the
dual section SOA design with a 400-pm-long c-MQW section
followed by a 1500-um-long o-MQW section and a 40-um-
long photodiode in the receiver, and a 175-um-long EAM in the
transmitter. The wavelength converted extinction ratios ranged
from 10.6 to 11.8 dB for conversion from 1552 to 1542, 1553,
and 1564 nm.

Transmitter
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BERT |[—— - TX: SG-DBR/EAM
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. PD ! SOA/UTC: RX
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Bias Bi.as

Fig. 23. Test setup used for 40-Gb/s wavelength converter testing. Schematic
illustrates the monolithic transceiver from which the detected signal in the
receiver is fed off-chip through an amplifier and then back into the EAM.
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Fig. 24.  40-Gb/s back-to-back and wavelength converted eye diagrams from
1552 to 1542, 1553, and 1564 nm.
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Fig. 25. 40-Gb/s wavelength conversion BER measurements from a
transceiver device.

The back-to-back and wavelength converted BER measure-
ments for the same device are shown in Fig. 25. As shown
in the figure, error-free 40-Gb/s wavelength conversion is
achieved. The device demonstrates between 2-3 dB of power
penalty for conversion from 1552 nm to wavelengths of
1542-1564 nm. The optimal bias points for the wavelength
conversion experiments were as follows: 1) chip-coupled
input powers of —3 to 1 dBm; 2) the 400-pm-long high-gain
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c-MQW section biased at 10 kA/cm?; 3) the 1500-um-long
high-saturation power o-MQW section biased at 5 kA/cm?; 4)
the 500-pm-long laser gain section biased at 6-7 kA/cm?; 5)
the output SOA biased at 1-2 kA/cm?; 6) the EAM reverse
biased between 3—4.5 V; and 7) the photodiode reverse biased
at 3—4 V. These operating conditions resulted in a fiber-coupled
output power of between —0.5 and 0.5 dBm. Assuming a 4 dB
per facet coupling loss, the device provided 3—7 dB of optical
chip gain. The low optimal current density applied to the output
SOA was a result of increased noise with increased bias level.
With an estimated electrical loss of 4-5 dB in the two bias
tees and two RF cables, the total off-chip electrical gain is
estimated to be 15-16 dB when a 6-dB attenuator was used and
11-12 dB when a 10-dB attenuator was used. This gain is in the
vicinity of the loss associated with the low quantum efficiency
of the UTC photodiodes since a 30%—-35% internal quantum
efficiency yields 9-10 dB of electrical loss over the case of
100% internal quantum efficiency. By modifying the UTC layer
structure design the off-chip amplifier can be eliminated.

VII. CONCLUSION

We demonstrate the first single-chip 40-Gb/s transceivers.
The devices integrate SG-DBR lasers, QW-EAMs, low-
confinement SOAs, and UTC photodiodes. These unique com-
ponent structures represent extremely advanced technologies
for their respective functions. A high-flexibility integration plat-
form combining QWI and MOCVD regrowth was used for de-
vice fabrication. The relatively simple method relies on blanket
MOCVD regrowth to avoid regrowth interfaces in the core of
the optical waveguide and the use of a dielectric mask pattern
on the growth surface.

The SG-DBR lasers demonstrate a tuning range of over
30 nm and an output power of 35 mW. The EAMs provided up to
39-GHz optical bandwidth and required only a 1.5-Vp,p drive
to achieve nearly 9 dB of extinction. The low-drive-voltage
widely tunable 40-Gb/s SG-DBR/EAM transmitters exhibit
performance competitive with discrete single-frequency EAM
based devices requiring BJR. The receiver SOAs achieved
23-28 dB of gain and saturation output powers up to 18.6 dBm,
while the UTC photodiodes demonstrated 40-Gb/s operation.
The —20.2-dBm chip-coupled SOA/UTC receiver sensitivity
rivals state-of-the-art preamplified receivers requiring BJR.
By using an off-chip electrical amplifier, we demonstrate
low-power-penalty 40-Gb/s wavelength conversion.
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Abstract—This letter presents highly polarized edge light-
emitting diodes with high-confinement, strained, multiple
quantum-well active regions. We demonstrate +40 dB of po-
larization extinction along with 16 dBm of output power from an
800-;:m-long centered quantum-well device. By characterizing the
polarization extinction and gain of devices with different lengths
and optical confinement, we show that the polarization extinction
is dominated by the polarization sensitivity of the gain.

Index Terms—Edge light-emitting diode (ELED), photonic
integrated circuits, polarization.

S photonic devices evolve towards highly integrated archi-

tectures, polarization control of the optical signal becomes
increasingly difficult. This results from a lack of chip-level po-
larization management components that can provide very high
extinction between the transverse-electric (TE) and transverse-
magnetic (TM) polarization modes. Most available on-chip po-
larization solutions utilize either interference effects or mode
sorting effects to split polarization modes [1]. However, to the
best of our knowledge, these devices have not demonstrated po-
larization extinctions in excess of about 20 dB in InP [1], [2].

In devices that require very high polarization extinction, such
as a fiber-optic gyroscope (FOG), greater polarization extinc-
tion is needed. The FOG operates based on the Sagnac effect and
thus requires high sensitivity to accurately sense small rotations
[3]. Even with 30 dB of polarization extinction, the root-mean-
square noise from polarization-induced signal drift approaches
10° /h [4]. Considering that a quality FOG should sense rota-
tions on the order of 1072° /h, the need for a highly polarized
optical signal is clear [3].

The use of a highly polarized on-chip light source such as a
strained multiple-quantum-well (MQW) laser is another option
for achieving high polarization extinction. The addition of strain
modifies the band structure, offering reduced threshold currents,
higher output powers, and higher polarization sensitivity over
unstrained lasers. Polarization extinctions of ~25 dB have been
reported from a compressively strained MQW laser [5]. How-
ever, due to the fact that it has a spectrally narrow output, a
strained MQW laser would not suffice in applications where a
broadband source is required, as in the Sagnac-loop based FOG

[6].
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Fig. 1. Side-view schematic of MQWs used for ELED fabrication. The
0-MQW (left) has a 6% confinement factor and the c-MQW (right) has a 13%
confinement factor.

In this letter, we demonstrate high-optical-confinement, com-
pressively strained MQW gain regions in edge light-emitting
diodes (ELED) for the generation of high power, broadband
light with over 40 dB of polarization extinction, and 16 dBm of
amplified spontaneous emission (ASE) output power. We char-
acterize InGaAsP MQW ELED devices with different lengths
and optical confinement factors and show that the polarization
extinction is dictated by the incremental gain of the ELED.
The polarization extinction increases exponentially with device
length and is roughly equal to the large signal gain of the device.

When strain is incorporated in the gain material, the light
hole (LH)/heavy hole (HH) degeneracy in the valence band is
lifted at the I" point. The transition matrix element dictates that
transitions involving the HH band provide gain/absorption to
TE polarized light and those involving the LH band provide
gain/absorption mostly to TM polarized light, and to a lesser
extent to TE light [7]. Under compressive strain, the conduc-
tion band (CB)-HH bandgap shifts to a lower energy than the
CB-LH bandgap and the spontaneous emission spectrum gener-
ated under forward bias will be heavily TE polarized [5]. As the
spontaneously emitted light propagates through the ELED, the
polarization extinction of the TE to the TM mode will increase
since the incremental gain provided by the strained MQW is
highly polarization-dependent.

Two different strained MQW epitaxial designs grown by
metal-organic chemical vapor deposition were examined
(Fig. 1). The first MQW consisted of ten 6.5-nm compressively
strained (0.9%) InGaAsP QWs and 11 8.0-nm tensile strained
(—0.3%) InGaAsP barriers centered within two 105-nm 1.3Q
waveguide layers. This centered MQW (c-MQW) active re-
gion is designed to align the peak of the optical field with

1041-1135/$25.00 © 2007 IEEE
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Fig. 2. Schematic of ELED device illustrating the integrated photodetector and
angled output facet.

the MQW such that the modal confinement is maximized at
~13%. The second MQW design made use of seven wells and
eight barriers of similar composition and thickness to the first
design. However, in this structure the MQW was placed above
a single 350-nm-thick 1.3Q waveguide layer. This offset MQW
(0-MQW) active region provides an optical confinement of
only ~6%.

For active—passive definition, a quantum-well intermixing
method described in [8] was used to shift the as-grown c-MQW
bandedge from a photoluminescence wavelength of 1520 nm
to 1400 nm in the passive sections. The o-MQW device used
selective removal of the offset wells as described in [8] to define
passive regions. Using standard InP processing techniques, we
fabricated 3-pm-wide surface ridge devices. The devices con-
sisted of an ELED and an integrated photodetector separated
by a short passive section (Fig. 2). The reverse biased photode-
tector was used to measure the ASE power generated in the
forward biased ELED. The passive output waveguide employed
a curved—flared design along with an antireflective coating to
reduce reflections and improve fiber coupling efficiency.

We characterized the ELEDs in terms of polarization ex-
tinction, gain, detected output power in the photodetector,
and the full-width at half-maximum (FWHM) of the output
spectrum. Fig. 3 shows the TE and TM polarization-resolved
ASE spectrums from two c-MQW ELEDs at 1.7 kA/cm?/well.
The output of the ELED was collimated through an objective
lens into a Glan Thompson prism to split the polarization states,
and then coupled into a multimode fiber. Because the CB-LH
transition occurs at a higher energy than the CB-HH transition,
the peak of the TM spectrum is shifted to a shorter wave-
length (~1450 nm) than that of the TE peak (~1520 nm). The
200-pm-long device [Fig. 3(a)] demonstrates a TE peak power
of —67.5 dBm while the TM mode demonstrates a peak of
—79 dB, indicating 11.5 dB of polarization extinction. Fig. 3(b)
shows the ASE spectrum from an 800-pm-long c-MQW ELED
device exhibiting 440 dB of polarization extinction with the
peak of the TE mode at —38 dBm and the TM at —80 dBm.
The longer wavelength peak appearing in the TM resolved plot
is an artifact of our polarizing prism, which itself was only
capable of providing ~27 dB of polarization extinction. Also
shown in the figures are ASE spectrums measured without the
polarizer. The TM mode appears as a well-aligned shoulder
in the nonresolved spectrum demonstrating that the coupling
efficiency was not affecting our extinction values.

The polarization extinction for c-MQW devices with lengths
of 200, 400 , 600, and 800 pm are plotted in Fig. 4. As seen in
the figure, the extinction is increased by ~10 dB per 200 pm of
ELED length. The TM power remained constant at ~ —80 dBm
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Fig. 3. Output ASE spectrum from (a) 200-gzm-long device and (b) 800-zm
-long c-MQW device biased at 1.7 Ka/cm?/well. The figures show spectra for
the TE resolved state (solid line), TM resolved state (dashed line), and nonre-
solved state (dotted line).

in all cases, indicating that the compressively strained MQW es-
sentially provided no incremental gain to the TM mode. Fig. 4
also shows the polarization characteristics of o-MQW devices
with lengths 400, 600, and 1000 pym at a current density of
1.4 kA/cm?/well. These devices clearly do not provide the same
degree of polarization extinction as the c-MQW devices, with a
slope of only 10 dB per 500 um of ELED length. In fact, the
1000-pm-long o-MQW device provides the same extinction as
the 400-pm-long c-MQW device. Since the c-MQW device pos-
sesses an optical confinement factor (and hence an incremental
gain) of over 2x that of the o-MQW device, the extinction im-
provement scales closely with the higher gain offered by the
¢-MQW ELED. The slightly higher current density per well on
the c-MQW ELEDs likely adds to this effect.

A 1548-nm continuous-wave (CW) TE signal was coupled
into the ELEDs from lensed fiber to characterize the TE gain
of the devices. The chip-coupled input power was first deter-
mined by reverse biasing the ELED. Then, with the photode-
tector under reverse bias, a forward bias of the same current
density used in the polarization experiment was applied to the
ELED. The gain was calculated by comparing the input power to
the photodetected power with the forward biased ELED (Fig. 4).
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for various length ELEDs using a ¢-MQW biased at 1.7 kA/cm?/well and an
0-MQW biased at 1.4 kA/cm?/well.

Clearly, there exists a strong correlation between the gain and
the polarization extinction, with the c-MQW device providing
~10 dB of gain per 200 ym and the o-MQW device providing
10 dB of gain per 500 pum of length. This indicates that the po-
larization extinction in the ELED is dictated by the polariza-
tion-dependent gain and not by the polarization of the initial
spontaneous emission.

The ASE power collected in the reverse biased (—3 V) pho-
todetector is plotted in Fig. 5 for both ELED types. The c-MQW
device generates orders of magnitude more ASE power than
the o-MQW device at a fixed length due to the higher incre-
mental gain. The output ASE power increases from —8 dBm in
a200-pm-long device to 14 dBm in a 600-pm-long c-MQW de-
vice with a slope of ~ 11 dBm/200 pm, but then only increases
to 16 dBm for an 800-um-long device. The rolloff in output
ASE power is a result of gain saturation in the ELED. The 3-dB
output saturation power was measured to be ~15 and 14 dBm in
the c-MQW and o-MQW ELEDs, respectively. Since the gener-
ated ASE power in the 600- and 800-xm-long c-MQW ELEDs
surpasses the saturation power, the large signal gain to the input
signal was compressed, explaining the use of only two points in
the c-MQW device gain plot of Fig. 4. Beyond a c-MQW de-
vice length of 800 um, we would expect to see a compression
in the polarization extinction as the gain provided to the ASE is
compressed due to the ASE itself. By employing a wider wave-
guide, the saturation power and the ASE output power could be
improved [9].

The tapered superluminescent diode reported in [10] had a
maximum ASE power of ~23 dBm under quasi-pulse testing
at an applied current of ~6 A. Our ridge device demonstrates a
CW output power of 16 dBm at a current of 410 mA, which is
6x lower than the drive current required by the tapered device
(2.5 A) for the same output power. Furthermore, our 3-ym-wide
ridge ELED tapers to only 5.6 m, enabling a higher fiber cou-
pling efficiency than the 130-um tapered output in [10].

In Fig. 5, we also show how the FWHM of the output spec-
trum decreases with ELED length. This is a result of the wave-
length-dependent gain properties of the MQW. However, the
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Fig. 5. ASE power (dashed line) and FWHM (solid line) for various length
ELEDs using a c-MQW biased at 1.7 kA/cm?/well and an o-MQW biased at
1.4 kA/cm?/well.

c-MQW ELED offering ~40 dB of polarization extinction still
provides more than 30 nm of bandwidth. This could be increased
with an alternate quantum-well design.

We have demonstrated strained MQW ELEDs for a high-
power broadband light source offering +40 dB of polarization
extinction. Since the polarization extinction and output power of
the ELEDs scale with incremental gain, we confirm that using a
maximum confinement c-MQW active region provides superior
ELED performance over that of an o-MQW device.
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Abstract
A widely tunable transmitter integrating a sampled grating DBR laser and traveling wave

EAM with on-chi
greater than 1 m

I. INTRODUCTION

RAVELING wave electro-absorption modulators (TW-

EAMs) are attractive solutions for high-bandwidth optical
modulators in InP. These types of modulators are advantageous
due to their small footprint, low drive voltage, and high
speed operation. Although many discrete TW-EAMs have
been reported [1]-[5] exhibiting 3-dB bandwidths as high
as 90 GHz, very few devices have been integrated with
semiconductor lasers [6]. In this work we demonstrate the
first widely tunable transmitter based on a traveling wave
electro-absorption modulator (TW-EAM) integrated with a
sampled grating DBR (SG-DBR) laser. The EAM is designed
with a transmission line electrode and integrated impedance
matched termination, such that the response exceeds the RC
time constant limitation of traditional lumped element devices.
The 3-dB bandwidth is greater than 23 GHz and the frequency
response roll-off is improved by 10 dB/decade due to traveling
wave effects. The transmitter is capable of high output powers
(>2 mW) with extinction ratios ranging from 8 to 12 dB for
wavelengths between 1524 and 1555 nm at data rates of 10
Gbps.

II. DESIGN AND FABRICATION

The transmitter consists of a five stage SG-DBR laser
followed by an output semiconductor optical amplifier (SOA)
and TW-EAM shown in Fig. 1. The device was fabricated
using a dual quantum well (DQW) base structure similar
to that in [7]. A diagram of the epitaxial layer structure is
shown in Fig. 2. A quantum well (QW) stack grown above the
waveguide with a photo luminescence peak (Apy) of 1540 nm
provides the gain for laser and SOA. These upper QWs are
selectively removed from all regions of the device except the
500 pm long laser gain section and 400 pm long SOA before
the p-type cladding is grown. A second set of QWs centered
in the waveguide provide modulation efficiency by utilizing
the quantum confined stark effect (QCSE). However, the
centered wells are detuned (Apy = 1455 nm) from the lasing
wavelength to maintain low passive waveguide loss under no

termination is presented. The transmitter exhibits a 23 GHz bandwidth,
output power, and wavelength tuning over 30 nm.

= InP/nGadsP

Fig. 1. Circuit diagram of fabricated TW-EAM transmitter with integrated
load resistor and capacitor

applied bias. The TW-EAM was designed with microstrip
line geometry such that the electrical signal propagates in
the same direction as the optical signal along the 400 pm
long modulator ridge. The ridge of the TW-EAM is 2.5 pym
wide supported on a 6 pm wide deeply etched mesa to reduce
capacitance and allow for the incorporation of a AuGe ground
plane close to the ridge for low RF loss. The ground plane and
ridge are buried in a photo-defined benzocyclobutene (BCB)
as a low-k dielectric. The microstrip electrode contacts the
ridge through a via in the BCB as depicted in the schematic
cross section in Fig. 3. High speed pads on the input side of
the modulator allow for wirebonding or directly driving the
TW-EAM with a signal-ground (SG) probe. The electrode is
terminated by an impedance matched thin-film NiCr resistor
deposited by electron-beam evaporation. In series with the
resistor is a 30 pF on-chip capacitor formed by sandwiching
250 nm of silicon nitride between a top Au plate and the
AuGe ground plane. The capacitor is designed to eliminate
DC power dissipation in the resistor while still providing an
effective RF ground path. Additionally, the on-chip capacitor
is wire bonded to a larger capacitor (220 nF) mounted on the
carrier in parallel to improve the low frequency response. This
is especially important for achieving low pattern dependence
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Fig. 3. Schematic cross section and dimensions of fabricated TW-EAM.

during transmission of digital data with long word lengths.

III. TRAVELING WAVE EXPERIMENTS

Two-port electrical S-parameter measurements have been
performed on the TW-EAM to determine its transmission
line behavior. The characteristic impedance, electrical effective
index, and microwave loss versus frequency were determined
using the ABCD method described in [8] and are shown in
Fig. 4 & 5. The characteristic impedance (Zj) is 22 €2 and the
electrical index is about 6.5 demonstrating a 62% mismatch
between the optical and electrical traveling waves. These
values are typical of such capacitively loaded microstrip lines
and we have observed good agreement with simulations using
the method described in [9] based on the device geometry. The
microwave loss is highly frequency dependant and increases as
0.55 em™/GHz (or 0.24 dB/(mm - GHz)). Measurements
of both loaded and unloaded transmission lines show that over
80% of this loss is due to the series resistance of the reverse
biased TW-EAM diode. The remainder can be attributed to the
microwave losses of the metal electrode at high frequencies.

Due to the integration of the laser and electrical terminations
on this device, it is not possible to directly measure the
traveling wave benefit in the frequency response. Instead,
discrete TW-EAMs were fabricated on the same wafer so that
light could be coupled in from either facet to compare the co-
and counter-propagating electrical-to-optical (EO) response.

EAM Characteristic Impedance
60 T T

Impedance ()
o

0 5 10 15 20
Frequency (GHz)

Fig. 4. Characteristic impedance (Zg) vs. frequency of TW-EAM extracted
from two-port S-parameters. The DC bias was -2 V.

EAM Index and Loss

i i i
0 5 10 15 28
Frequency (GHz)

Fig. 5. Electrical effective index (n.) compared with optical group index
(n,) and microwave loss coefficient ().

The integrated resistor value used for this experiment was
20 €2 to be matched to Z; of the TW-EAM. The small signal
frequency responses for the modulator are shown in Fig. 5.
The response of the co-propagating measurement has a 3-dB
bandwidth of 23 GHz and rolls off by 10 dB/decade compared
to 20 GHz and 20 dB/decade when the optical and electrical
signals travel in opposite directions.

IV. TRANSMITTER PERFORMANCE

The SG-DBR with post-amplifier is capable of producing up
to 10 dBm of fiber coupled output power over the continuous
tuning range of 1524 nm to 1565 nm (Fig. 8). The TW-
EAM efficiency has been measured over the tuning range of
SG-DBR laser. Figure 7 shows the measured DC extinction
characteristics of the integrated modulator. The extinction
curve is highly dependent on the lasing wavelength and shows
significant improvement in efficiency as the detuning from
the centered QW band edge is reduced. The maximum slope
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Fig. 6. Small signal EO measurement comparing co- and counter-propagating
traveling wave response for -1.5 V bias.

efficiency ranges from 10 dB/V for 1559 nm to as high as
25 dB/V for 1522 nm.

Transmission of digital data has been performed at 10 Gbps
non-return to zero (NRZ). DC bias currents for the laser and
SOA were 120 mA and 100 mA, respectively. The modulator
was directly driven using a SG coplanar probe and biased
across the on-chip capacitor as shown in Fig 1. An on-
chip termination resistance of 35 €2 was used to reduce the
mismatch between the EAM and the 50 ) electrical driver
circuit. Open eye diagrams were observed over a 30 nm range
of wavelengths and are shown in Fig. 8. The TW-EAM DC
bias for the 1524 nm, 1539 nm, and 1555 nm transmission
were -2.1 V, -2.7 V, and -3.5 V to to take advantage of
the steepest part of the modulator extinction curves for each
respective wavelength. Extinction ratios (E.R.) as high as
12 dB and eye amplitudes (FP,,:) as high as 2 mW, fiber
coupled, were achieved for an electrical drive voltage of 2 V
peak-to-peak.

V. CONCLUSION

We have demonstrated a traveling wave electro-absorption
modulator based transmitter tunable over 30 nm. The de-
vice includes an integrated matched electrical termination to
simplyfy biasing and reduce microwave loss. The TW-EAM
design exhibits a 2x improvement in the response slope due
to the traveling wave enhancement. Tranmission of digital
data at 10 Gbps NRZ has been acheived with greater than
8 dB extinction and 1 mW output power over the laser
tuning range. Future work will focus on improving device
performance to accommodate much higher data rates. This
will be accomplished by raising the characteristic impedance
of the TW-EAM to reduce the mismatch and improve the series
resistance for lower microwave loss.
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Increased Modal Overlap for Improved Sensitivity in
a Monolithic Intracavity Chemical Sensor
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Abstract—We discuss the design and fabrication of an InP-based
single-chip chemical sensor with increased modal overlap with
a chemical analyte. The fabricated devices use a sensor design
with frequency tunable lasers and heterodyne spectrometers. By
reducing the waveguide ridge width in one section of the laser, the
transverse modal overlap with the analyte increases by 17 times,
increasing the sensitivity by the same ratio. A frequency shift of
72 GHz/refractive index unit was measured with temperature
effects removed. The frequency stability of this sensor is as low
as 436 kHz leading to a minimum detectable index difference of
6 x 1078,

Index Terms—Distributed Bragg reflector (DBR) lasers, in-
tegrated optoelectronics, semiconductor lasers, transducers,
waveguide couplers.

1. INTRODUCTION

APID and reliable identification of a foreign substance
has always been desirable, but events of recent years have
heightened public interest. Many of the most established tech-
nologies and processes for identifying a substance require treat-
ment of the sample with fluorescent markers before testing;
therefore, these methods have a slow response time, are unable
to test for several analytes in parallel through multiplexing, and
are inconvenient outside of a laboratory. Even the available di-
rect assay optical techniques require the use of external light
sources, optics, and detectors, eliminating the portability of the
device. With partial or hybrid integration of the optics, such as
through the use of planar waveguides, the sensing system would
still require careful packaging in order to move the light on- or
off-chip—packaging which can represent more than half of the
device cost [1]. By integrating all of the functionality onto a
single chip, a portable, inexpensive system, which allows simple
multiplexing to detect several analytes, is possible.
Refractometric techniques—based on surface plasmon reso-
nance (SPR), interferometry, and intracavity resonances—have
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Fig. 1. Schematic of the intracavity sensor composed of two SG-DBR lasers
and a heterodyne spectrometer utilizing a 2 X 2 combiner and quantum-well
photodetectors. The interaction region of the sensing laser, shown in the inset,
has no dielectric layer on the ridge and is narrowed to increase the modal overlap
with the cladding index.

yielded some of the most promising results, in terms of integra-
tion and sensitivity. Portable sensors using SPR have demon-
strated high enough sensitivities to allow commercialization [2].
An interferometric sensor has produced a high sensitivity ap-
proaching 5 x 10~® with a long interaction length of 4 mm and
an off-chip laser [3]. Another interferometry-based sensor using
an on-chip diode laser reached a sensitivity of 1 x 10~ [4]. Fi-
nally, approaches using intracavity resonance have been demon-
strated using an external cavity laser [5] as well as a monolithi-
cally integrated laser [6], with promising results.

In this letter, we demonstrate a chemical sensor which mea-
sures changes in the lasing frequency resulting from the vari-
ation of the cladding material. The evanescent portion of the
propagating mode overlaps the analyte, causing a variation in
the effective index, and, in turn, the lasing wavelength. This fre-
quency change is then measured through a heterodyne signal,
which can be theoretically measured to within 1 Hz on a spec-
trum analyzer. In addition to this extreme resolution, the sub-
tractive nature of heterodyning reduces the noise on the signal
caused by temperature variation or caused, in biosensing, by
nonspecific binding.

II. DEVICE OVERVIEW

As shown in Fig. 1, this sensor is composed of two widely
tunable, sampled-grating distributed Bragg reflector (SG-DBR)
lasers, a multimode interference (MMI) combiner, and two
quantum-well photodetectors. The reference laser is a common
telecommunications design that can be continuously tuned
from 1530 to 1570 nm via current injection. The sensing laser
is similarly designed and tunes discontinuously over the same
range. In order to be sensitive to the chemical analyte, the
phase section of this laser is changed by reducing the ridge
width. When the outputs of these two lasers are combined and

1041-1135/$25.00 © 2007 IEEE
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Fig. 2. Normalized modal overlap for narrowed ridge structures. The overlap
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The device with the highest overlap, the 0-um ridge width structure, has the
p-InP upper cladding completely removed in the sensing region.

absorbed, the resulting photocurrent has a frequency compo-
nent equal to the difference in the output frequencies of the
individual lasers. As the analyte index changes, the heterodyne
frequency shifts according to

Ananalyte _

1A0_1(af
1M1

n I A M

where f is the lasing frequency, 7 is the effective modal index
of the entire cavity, Ananalyte is the change in the cladding or
analyte index, A f is the shift in heterodyne frequency, and T"
is the optical confinement factor between the optical mode and
the analyte. The frequency shift can be directly measured as an
analyte indicator. Alternatively, since both lasers are tunable,
the photocurrent can be fed back into the reference laser in a
closed-loop manner, in order to maintain a constant heterodyne
frequency. This functionality reduces the dynamic range of the
output.

Given a device structure with a specific effective index and
wavelength, the modal overlap is the only adjustable param-
eter to increase the sensitivity (A f/An). This is done by nar-
rowing the laser ridge in the sensing region with the use of
processing techniques and materials from established optoelec-
tronics technologies. Except for the sensing region, the nominal
ridge width is 3 pm throughout the device. From the simulation
shown in Fig. 2, the ridge width must be reduced below 1 pum
in order to achieve the desired order of magnitude improvement
in sensitivity. Since the sensing region is within the laser cavity,
the transition between ridge widths is accomplished through a
gradual taper to avoid reflections. By using an angled abrupt
transition with slightly modified processing, the tuning and con-
trol of the 0-pm device can be maintained without sacrificing
extra chip length, at the cost of increased loss. Finally, the lon-
gitudinal fill factor I",—the ratio of the sensing region length
to the cavity length—is kept constant at 0.25 by adjusting the
sensing region length.

The epitaxial structure and fabrication of these devices fol-
lows that of [7] and can be used to fabricate several photonic
integrated circuits, producing ridges down to 0.5 pm wide. For
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Fig. 3. Temperature sensitivity of heterodyne signal for devices with different
ridge widths. This data was obtained by varying the heatsink temperature while
continuously measuring the heterodyne frequency. The reference device has nei-
ther 3-pum ridge laser sensitized.

the sensing region of the 0-pm structure, the ridge is removed
and a rib is etched into the waveguide layer. The abrupt transi-
tion to the ribbed region is self-aligned to the ridge using the dry
etch selectivity of SiN,, and SiOs.

After fabrication and cleaving, each device was mounted on
an AIN carrier; gold wirebonds connect all of the device contacts
to the carrier. Then, each device was placed into a fluid reservoir
made from a 12-pin butterfly package. Wirebonds were made
between the carrier and the package pins. To eliminate evapora-
tive cooling as well as liquid loss through evaporation, a lid for
the package was used, with silicone adhesive sealing the edges.
Solvents were added to the package using a pipette. Exchanges
were performed by draining the solvent from a hole drilled in
the bottom and flushing the package at least three times with
the new solvent. Four solvents and the associated mixtures were
tested: methanol, ethanol, 1-propanol, and 2-propanol. The tem-
perature of the butterfly package device was controlled using
a thermoelectric cooler and a thermistor on the outside of the
package.

III. SENSING RESULTS

A major concern of any sensor using semiconductor ma-
terials is the effect of temperature on the effective index
and wavelength of the device. Like any single-frequency
laser, the SG-DBR output wavelength will vary by approx-
imately 1 A/OC. This corresponds to a frequency shift of
13-15 GHz/°C. This level of sensitivity to temperature is
unacceptable for chemical sensing. Through heterodyning, this
effect will, at least partially, cancel. As can be seen in Fig. 3,
all six device variations have a temperature sensitivity of less
than 380 MHz/°C. Additionally, the reference pair, in which
neither laser is sensitized, can be used as a temperature monitor.
Since this latter device should show no chemical sensitivity,
frequency changes will signal the current temperature of the
system.

The data of Fig. 3 was measured with the mounted device in
air; therefore, negligible heat dissipation occurred upward from
the device. However, when the devices are tested in solvents
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spectively, and 3 mA on the reference laser phase section. Standard deviation of
signal is 5.9, 1.5, and 0.4 MHz for 20-, 10-, and 1-min intervals, respectively.

of varying indices, heat will conduct into the liquids, varying
the internal temperature of the active region, proportional to the
thermal conductivity of the solvents. To verify the temperature
shift as a function of index, a 2-D steady state analysis based on
heat conduction was performed.

To remove the temperature effect from each data point, the
response of the reference device—a measure of temperature
change only—is scaled by the ratio of the temperature sensi-
tivity (shown in Fig. 3) of the sensing device to the reference
device. Then, this value is multiplied by the temperature shift
for each solvent from the heat transfer simulation. Finally, this
heterodyne shift value is subtracted from the raw data to yield
the shift due solely to index. The results are shown in Fig. 4.

For each ridge width, a line is fit through the data points to
provide an estimate of sensitivity. From (1), the modal overlap I'
for each device can be calculated. This value can then be multi-
plied by I, to determine the modal overlap I';.,,. The values for
the cross-sectional overlap are 0.027%, 0.28%, and 0.47% for
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the 3-, 1-, and O0-pum devices, respectively. This increase over
the simulated values can be explained either by the fill factor
approximation for the longitudinal intensity distribution or by
ridge width variation in processing.

From the measurements of sensitivity above, the minimum
detectable index change can be derived by dividing the sensi-
tivity values by the full-width at half-maximum (FWHM) of the
signal being measured. For this device, the limiting value of the
FWHM can be measured in terms of the fundamental linewidth
and the thermal drift. From the inset of Fig. 4, the linewidth
is 3.6 MHz, leading to a sensitivity limit of 5 x 107°. Fig. 5
shows the stability of the heterodyne signal when held with a
constant bias. The standard deviation of the signal is 1.5 MHz
for a 10-min period corresponding to an index sensitivity of
2.1 x 1075, The short-term standard deviation and sensitivity
are 436 kHz and 6.1 x 10~° for a 1-min measurement. Even
without including a reference device inside the sensor package,
the residual temperature sensitivity for the 0-um device can
be kept to 312 kHz using active temperature control (stability
<2 mK possible), validating these estimates of sensitivity.

IV. CONCLUSION

In summary, we have demonstrated a method of increasing
the index sensitivity of a refractometric transducer, in a way
which is compatible with typical laser processing for telecom-
munications devices. By narrowing the ridge in the sensing
region, we have increased the modal overlap with an analyte
by 17 x over the standard 3-um ridge device. The single-chip
sensor demonstrated a sensitivity of 6 x 1076, which is com-
parable to other technologies that use interaction lengths 15 to
37 times larger.
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Short-Cavity 980 nm DBR Lasers
With Quantum Well Intermixed Integrated
High-Speed EA Modulators

Chad S. Wang, Member, IEEE, Yu-Chia Chang, Uppili Krishnamachari, James W. Raring, Member, IEEE,
and Larry A. Coldren, Fellow, IEEE

Abstract—Short-cavity, 980 nm distributed Bragg reflector
(DBR) lasers with integrated electroabsorption modulators
(EAMs) were designed and fabricated using a quantum-well in-
termixing (QWI) processing platform. Design curves are discussed
and the QWI fabrication details are presented. The transmitters
exhibited RF bandwidths of 20 GHz and demonstrated error-free
operation at 10 Gb/s.

Index Terms—Electroabsorption modulators, photonic inte-
grated circuits, quantum well intermixing, semiconductor lasers.

1. INTRODUCTION

OR PHOTONICS to replace copper-based electronics in
F applications such as board-to-board and chip-to-chip level
interconnects, there is a clear need for increased speed and
efficiency. Traditionally, vertical-cavity surface-emitting lasers
(VCSELSs) have been the technology of choice for deployment
in short-reach data link interconnect applications [1] because of
their low power dissipation, ease of coupling, and ability to be
integrated into arrays. However, in these traditional intercon-
nect systems, most of the power consumption occurs over the
receiver electronics, namely over transimpedance amplifiers. An
alternative method to reduce the overall power consumption of
the link is to use a “receiver”-less architecture to eliminate the
receiver electronics. This requires high-output power transmit-
ters to directly drive detectors controlling the decision circuits.

In order to achieve a high-power, high-speed, and low-power
dissipation single-mode transmitter, we propose a short-cavity
distributed Bragg reflector (DBR) laser structure with an in-
tegrated electroabsorption modular (EAM) to meet these re-
quirements. This design crosses the advantages of VCSELs and
edge-emitters. By reducing the active volume of the laser cavity,
the efficiency of the device is improved, to a point where the mir-
ror reflectivity must be increased. VCSELs have demonstrated
high efficiencies, but operation to higher data rates is challeng-
ing. For VCSELSs, the highest data rate reported is 25 Gb/s [2].
Edge-emitters with integrated EAMs have shown operation at 40
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Fig. 1. Schematic cross section of DBR laser device with integrated EAM.
Indicated are the sections of the DBR laser-EAM transmitter.

Gb/s. We have previously demonstrated high efficiency, short-
cavity DBR lasers at 1.55 ym with integrated, high-bandwidth
(25 GHz) EAMs [3]. By using a quantum-well intermixing
(QWI) integration platform, the laser and modulator can be
simultaneously optimized for high performance. Recently, 980
nm DBR lasers with quantum well intermixed passive sections
have been demonstrated with output powers up to 400 mW [4].
Moreover, intermixed quantum well (QW) EAMs have also
shown promise to extend data rates up to 40 Gb/s and beyond [5].
Here, we present a short-cavity, 980 nm, DBR laser using a QWI
platform in the InGaAs/GaAs/AlGaAs material system, mono-
lithically integrated with a high-speed EAM demonstrating 20
GHz of 3 dB bandwidth. Design curves are discussed and the
QWI fabrication details are presented.

II. EXPERIMENT
A. Short-Cavity DBR Laser Design

We propose a short-cavity DBR laser with integrated EAM
designed with three sections: gain, front DBR mirror, and EAM,
with a high reflectivity (HR) coating applied to the rear facet
of the DBR, as shown in the side-view schematic of Fig. 1.
In designing a short-cavity laser, tradeoffs exist between the
operating current as a function of mirror reflectivity and active
region length. We can begin by simulating the operating current
I as a function of front mirror reflectivity 12, or equivalently,
mirror length, as described by

Pn i m
r— oleitan) oo 0

Flnihyam

1077-260X/$25.00 © 2007 IEEE
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Fig.2. Design curve of operating current (solid lines) and on-chip temperature

rise (dotted lines) vs. front mirror grating length for a family of output powers at
1 mW (triangles), 10 mW (diamonds), 20 mW (squares), and 25 mW (circles).
The active region length was set at 110 zm and & of 650 cm™?.

where P, is the output power, «; is the internal loss, v, is the
mirror loss, F is the fractional power out the front mirror, 7); is
the injection efficiency, and Iy, is the threshold current [6]. i},
can be solved using the gain equation,

(aj + )L
Fg()Lllr

where w is the ridge width, L, is the active region length, L
is the total cavity length, N is the number of quantum wells,
Jiy 18 the transparency current density, I' is the confinement
factor, and g, is the material gain. Values of 15 cm~t, 90%,
70 A/em?, 50 cm™ !, and 80% were used for ay,n;, Jir, g,
and the rear HR mirror, Ry, respectively. As shown in Fig. 2,
I can be plotted as a function of front mirror grating length for
a fixed active region length. The on-chip temperature rise, AT,
can also be simulated as given in (3) and iterated with (4) to find
the equilibrium operating current [6].

Iiy = wLy NJy, exp 2)

AT:(I‘/d—’_IQRS_PO)Zf (3)
T

I=1Iy+I,pexp () . 4)
Ty

Assuming the light output power increases linearly with
injection current above threshold, (4) is a modified form of
the traditional temperature dependence equation for differen-
tial quantum efficiency, 1y (T') = 14, exp(s — T'/T}), obtained
by substituting the equation for output power, P, = n; (h v/q)
(I-Ltn). Itn can be represented by the threshold temperature
dependence, 1, (T) = Iy exp(T/Tp). Ty is the characteristic
temperature, 77 is the characteristic temperature for the above-
threshold current increment, Iy and Iy, are constants, and
Z; is the thermal impedance, which we have assumed to be
3.46/L, - °C/W, using a thermal conductivity of 0.45 W/cm-°C
[6]. We have assumed T and 77 to be 100 K and 200 K, re-
spectively. As can be seen from Fig. 2, there lies an ideal front
mirror length that gives the lowest operating current for a given
active region length. Solving for the ideal front mirror length of
each active region length, we can then solve (1) as a function
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of active region length, as shown in Fig. 3. This shows that the
active region length for a short-cavity DBR laser can be reduced
to as low as 50 pum before the operating current and on-chip
temperature rise begins to increase sharply.

From these simulations we have designed the gain section
of the device at 110 ym. A front DBR of 20 pym length was
chosen, making use of deep gratings aimed at 40 nm etch depth,
and targeting a coupling coefficient x of 650 cm~!. This DBR
length is chosen to be slightly larger than the optimum minimum
shown in Fig. 2 in order to compensate for fabrication and
regrowth error [7]. Lastly, the transmitters were fabricated with
125 pm long EAMs. Passive waveguides were also included to
facilitate postprocess cleaving and coating.

B. Quantum Well Intermixing Background

There are several main techniques used to accomplish
QWTI: ion-implantation enhanced interdiffusion (IIEI), impurity-
induced disordering (IID), and impurity-free vacancy-enhanced
disordering (IFVD). All are based on the generation of vacan-
cies and its diffusion through the QW active region by a rapid
thermal anneal (RTA). The IIEI method relies on the diffusion
of point defects created during an ion implantation. This method
can utilize implant energies ranging from tens of kiloelectron-
volts up to megaelectronvolts, and has been shown to have good
spatial resolution. The range of intermixing is also very control-
lable using anneal time, temperature, and implant dose [8], [9].
This process has been used with great success in developing
high functionality wavelength-agile PICs on InP [3]. Moreover,
impurity-free IIEI processes have also been translated to GaAs
with some success [10], [11].

The IID method uses impurities, commonly dopants, to
change the equilibrium defect concentration, which is dependent
on the Fermi level, to enhance the group III or group V self-
diffusion in the crystal, thereby promoting the intermixing [12].
Recently, IID has been applied to 980 nm VCSELSs with modest
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Fig. 4. Epitaxial base structure with three-QW active region.

success; however, the introduction of dopants used to promote
intermixing could have adverse effects on the electrical nature
of the devices structure [13], [14].

In this paper, we employ an impurity-free vacancy-enhanced
disordering method, using a SiO , dielectric cap. Previous litera-
ture has shown intermixing to occur with a variety of deposition
techniques, such as plasma-enhanced chemical vapor deposi-
tion (PECVD) or sputter deposition [12], [15]. All approaches
use the concept of Ga outdiffusion into the SiO » capping layer,
which creates vacancies in the group III sublattice which can
then diffuse down to the QW region. Similar to the other inter-
mixing techniques, IFVD can be performed on full laser struc-
tures, where the vacancies must diffuse long distances through
the entire upper p-cladding before reaching the quantum wells.
Although this is not detrimental to the intermixing itself, the
device performance may be hindered by the redistribution of
precisely placed doping interfaces. We have taken an approach
which uses a partially grown laser structure and a sacrificial
cap layer, which can be subsequently removed and the upper
cladding regrown [9]. This approach is also advantageous for
integrating gratings within the laser to precisely control the cou-
pling and reflectivity. Recent work has demonstrated high power
DBR lasers with intermixed passive sections [4].

We will show that by using a selective IFVD QWI process-
ing platform, a DBR laser with EAM can be monolithically
integrated into a single transmitter device.

III. PROCESS

The epitaxial base structure, as shown in Fig. 4, was grown
on a silicon doped GaAs substrate by molecular beam epi-
taxy (MBE). The active region consists of three 8 nm thick
Ing.18Gag g2 As quantum wells with 8 nm GaAs barriers centered
between Aly 3Gag 7As waveguide layers. The upper waveg-
uide also includes a 65 nm GaAs layer used as a gratings and
aluminum-free regrowth layer, followed by a 300 nm undoped
sacrificial InGaP layer.
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The intermixing process began by first subjecting the sample
to a blanket surface fluorination treatment. This was done in a
reactive ion etching plasma with SF ¢ gas to create In-F and Ga-F
bonds on the sample surface without etching the semiconductor
[16], [17]. Next, SiO2 was deposited by PECVD and used as a
hard mask. In the passive regions, or areas of the sample to be
intermixed, the SiO2 was etched off using BHF and a developer
(basic) solution was used to remove the fluorine bonds. Lastly,
another layer of SiO; was deposited by PECVD. Intermixing
then occurred during the RTA, whereby areas of the sample that
were in direct contact with the SiO5 yielded a blue-shift in the
photoluminescence spectra. The areas of the sample that still
possessed the fluorine bonds remained at the as-grown band-
edge because it prevented group-III outdiffusion into the SiOs.
The reason for covering the entire sample with SiOy was to
prevent arsenic decomposition from the sample during the high-
temperature RTA. Additional details of the intermixing process
can be found in [18].

Following QWI of the passive waveguide, DBR, and EAM
sections, the sacrificial InGaP layer is removed by wet selec-
tive etching, and first order gratings are patterned using an im-
mersion holography technique and dry etched into the GaAs
regrowth layer [7]. A 2 pum regrowth of the upper p-cladding
and p-contact was performed by MBE [7]. Ridge waveguides
3 pm wide were patterned, benzocyclobutene (BCB) was de-
fined beneath the EAM contacts for low capacitance, and iso-
lation was accomplished by proton implantation. The wafers
were thinned, backside metalized, and cleaved into bars. Subse-
quently, the front and rear facets of cleaved bars were AR and
HR-coated, respectively. Finally, the devices were mounted onto
AIN carriers and wire-bonded to RF pads for high-speed test-
ing. Including passive waveguides, the entire transmitter totaled
around 425 pm in length.

IV. EXPERIMENTAL RESULTS
A. OWI

The intermixing process was calibrated using several samples
cleaved from the base structure, as described in the previous sec-
tion. These samples were annealed at 800 and 850 °C for various
times ranging from 10 to 180 s and the extent of the intermix-
ing was measured by room-temperature photoluminescence. As
can be seen in Fig. 5, the intermixing occurs rapidly within the
first 30 s, then begins to saturate with increasing time. With
greater anneal temperatures, intermixing occurs at a faster rate;
greater overall amount of intermixing is obtainable due to an
increased diffusion coefficient and Ga outdiffusion in the SiO,.
Assuming intermixing occurs only on the group III sublattice
for InGaAs/GaAs QWs, we calculate the maximum obtainable
amount of intermixing to be 40 nm [19].

The DBR lasers with integrated EAMs fabricated using this
selective intermixing process had an active band-edge at A, =
977 nm and a passive band-edge at A, = 949 nm. The EAMs
used the same band-edge as the passive section. While this
process can be used to selectively achieve two band-edges on
chip, repeating the process to achieve multiple or intermediate
band-edges have not been successful as in [11].
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Fig. 5. Photoluminescence peak shift as a function of anneal temperature and
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Fig. 6. Room temperature CW light (solid) and voltage (dashed) character-
istics of the integrated DBR laser-modulator. The inset shows the single mode
lasing spectrum at 35 mA bias.

B. DBR Laser

Operating in continuous wave (CW) mode, the DBR laser
exhibited single mode lasing at 975 nm with greater than 30 dB
side-mode suppression ratio, as targeted from the design. The
mode spacing of ~6 A is slightly lower than the estimated
mode spacing of ~7 A, indicating weaker reflection from the
DBR section resulting in a longer cavity length. The additional
spurious modes are due to reflections from the front fact.

The lasers also exhibited a threshold current of 5 mA and
demonstrated output powers up to 6 mW at a gain section current
of 50 mA, as shown in Fig. 6. We believe the low output powers
of these devices are due to nonoptimal regrowth conditions,
where both interface cleanliness and gratings overgrowth can be
improved. Furthermore, we expect to see higher output powers
upon improving the low injection efficiency of these devices,
currently down at around 50%, which were measured from test
ridge laser structures fabricated on the same chip. The higher
voltage turn-on was due to high contact resistance resulting from
damage to the contact layer during processing.
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long EAM. The inset shows the corresponding DC extinction curve.

The kinks in the output power were due to mode hopping.
This was observed in the lasing spectrum, and can be explained
from red shifting of the reflection spectrum with on-chip tem-
perature rise. Using (3), the kinks occurring at 22 and 38 mA
correspond to a 17 and 33 °C on-chip temperature rise, respec-
tively. Assuming the refractive index changes with temperature
by 1.2e-4/°C for AlGaAs, then the change in center wavelength
of the grating with change in the index is 6.1 and 11.8 A, re-
spectively, equal to the mode spacing of the laser. With future
improvement on the material quality, as well as reducing the ex-
cess voltage drop, less power would be dissipated in the device,
leading to lower on-chip temperature rise and fewer kinks in the
output power.

C. EA Modulator

As can be seen in the inset in Fig. 7, the 125 pym long in-
tegrated EAMs exhibited over 10 dB of optical extinction at
—5 V with a peak extinction efficiency of 5 dB/V at —3.5 V.
Fig. 7 also shows the small signal 3dB modulation bandwidth
measured to be 20 GHz. Large signal digital modulation ex-
periments were performed at 10 Gb/s using a nonreturn to zero
pattern and a pseudorandom-bit-sequence of 23! —1. Open eye
diagrams were achieved with 7.7 dB dynamic extinction at a DC
bias of —2.5 V and a 3 V peak-to-peak swing. Corresponding
bit error rate (BER) curve is plotted in Fig. 8, demonstrating
error-free operation down to 10710, Higher data rates were not
able to be tested due to equipment limitations; however, we ex-
pect data rates up to 30 Gb/s possible with the demonstrated
bandwidths. Extinction ratios and extinction efficiency can also
be improved with less intermixing of the EAM band-edge, re-
sulting in bringing the exciton peak and absorption edge closer
to the lasing wavelength [20], [21].

V. CONCLUSION

We have demonstrated short-cavity DBR lasers emitting at
980 nm with integrated QW-EA modulators fabricated using a
QWI platform. Short-cavity DBR lasers present a solution for
achieving higher power lasers for use in “receiver”-less data link
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interconnect architectures. A QWI processing platform is used
for integration and is capable of achieving greater than 30 nm
of shift between the active and passive band-edges on a chip.
The integrated QWI EAMs demonstrated 20 GHz bandwidth
and error-free operation at 10 Gb/s, with further optimization
possible for increased high-speed performance. With QWI, the
band-edge of each section of the device can be individually
optimized, resulting in monolithic integration of lasers with
high-performance QW-EAM:s.
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Abstract: Short-cavity, 980nm DBR lasers with integrated EAMs were designed and fabricated
using a quantum well intermixing processing platform. Open eyes at 40Gb/s and preliminary error
free operation at 25Gb/s were achieved, suitable for optical interconnect applications.

1. INTRODUCTION

As photonics continue to push towards faster bit-rates, they become more attractive in replacing electronics for
use in interconnect applications [1]. Currently, the fastest vertical cavity lasers have shown 30 Gb/s operation and 3
dB bandwidths of 24 GHz at 1.1 um [2]. Direct modulation of vertical cavity laser suffers from relaxation
oscillation effects, resulting in distorted eyes that require preemphasis to reshape [3]. Using an integrated modulator
outside of the laser cavity, such as an electroabsorption modulator (EAM), produces cleaner eyes without difficult
driver circuitry. This approach has demonstrated efficient transmitters at 1.55 um operating at 40 Gb/s [4]. Here we
present high-speed performance of a distributed Bragg reflector (DBR) laser integrated with an EAM operating at
980 nm. Open eyes at 40 Gb/s and preliminary error free operation at 25 Gb/s were achieved.

2. DEVICE

We have previously demonstrated short-cavity DBR lasers integrated with EAMs [5,6]. The integrated DBR
laser-EAM consists of 5 sections: rear absorber, rear DBR mirror, gain section, front DBR mirror, and EAM,
followed by a curved output waveguide for low back reflection, as shown in the side-view schematic of Fig. 1a. The
gain section of the device is 110 um long designed for low thresholds and high slope efficiency, and the integrated
EAM is 125 um long. An impurity-free quantum well intermixing process was used to monolithically integrate
high-speed QW-EAMs with the DBR laser. The passive and EAM band-edge was detuned from the active and
lasing band-edge by ~25 nm. Details of the device structure and process can be found in [5,6].

3. RESULTS

The DBR laser had a threshold current of 11 mA and demonstrated output powers up to 2.5 mW at a gain
section current of 50 mA. The 125 pm long integrated EAM exhibited slightly greater than 15 dB of optical
extinction at -6 V with greater than 7 dB/V peak extinction efficiency at -2.8V. Small-signal modulation of the
integrated EAM exceeded 20 GHz of 3 dB bandwidth, as shown in Fig. 1b. Fig. 2b shows the setup used for various
large-signal modulation experiments. The NRZ signal from the pattern generator was amplified using a 38 GHz
SHF 806E amplifier and fed into an Anritsu V255 65 GHz bias tee. This was used to drive the integrated EAM
which was terminated with a 50 Q load mounted directly on ground-signal probes. Approximately -1 dBm of power
was coupled into a single mode lensed fiber at a 50 mA laser bias. The optical signal was first measured using an
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FIGURE 1. (a) Side view schematic of the integrated short-cavity DBR laser-modulator, illustrating the Absorber, Rear DBR, Gain, Front
DBR, and EAM sections. (b) 3 dB modulation bandwidth of 125 um EAM at various biases. The noise at high frequency was due to
equipment limitations; the bandwidth was measured using a calibrated 6 GHz New Focus photodiode and two 20 GHz New Focus
amplifiers.



PG - Pattern Generator
BT - Bias Tee .
VOA - Variable Optical Attenuato
PM - Power Meter

PD - Photodiode

BERT - Bit Error Rate Testor

PM Scope - Oscilloscope
Amp
DBR Laser/EAM | BERT/
Transmitter Scope — e ik
@ ®)

FIGURE 2. (a) Test-set used to obtain BER and eye-diagrams. Dashed lines denote optical connections made with optical fibers. Also
shown is the 40 Gb/s input eye from the bias tee to the EAM. (b) Optical eye diagrams at 25, 30, 35, and 40 Gb/s were measured using the
oscilloscope optical port.

Agilent 86109A oscilloscope which contains a 30 GHz internal photodiode. Fig. 2b shows open optical eye
diagrams measured using this oscilloscope optical port, taken at 25, 30, 35, and 40 Gb/s. They demonstrate RF
extinction ratios ranging from 5 down to 3.8 dB using a DC drive voltage of -2.8 V with peak-to-peak drive swings
ranging from 1.8 V, at 20 Gb/s down to 1.6 V,, at 40 Gb/s. Electrical eye diagrams were measured using a 25 GHz
New Focus 1434 IR external photodetector followed by a 25 GHz SHF 100CP amplifier, producing ~50 mV
amplitude eyes. Corresponding electrical eyes measured using the New Focus detector and SHF amplifier are
shown in Fig. 3a, taken at 20 and 25 Gb/s. Higher data rates at 30 Gb/s and beyond could not be taken due to the
limited performance of the receiver photodetector and amplifier. Using an SHF 50 Gb/s BERT, Fig. 3b shows error-
free bit error rate measurements (BER) at 2’-1 word lengths achieved at 20 and 25 Gb/s using the current receiver
electronics.

4. CONCLUSION

Short-cavity DBR lasers emitting at 980 were integrated with high-speed QW-EA modulators using a QWI
platform. Open eyes diagrams were achieved at 40 Gb/s, and error-free BER were performed at 25 Gb/s. To the
best of our knowledge, these results represent the fastest integrated EAMs at the datacom wavelengths. Higher-
speed BER measurements plan to be performed with faster receiver electronics.
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35 Gbit/s error-free operation of 980 nm
DBR laser with integrated electroabsorption
modulator

C.S. Wang, Y.-C. Chang and L.A. Coldren

High-speed, single-frequency transmitters at 980 nm are reported, with
open eye diagrams up to 40 Gbit/s and error-free operation up to
35 Gbit/s. The transmitters consist of a short-cavity, distributed Bragg
reflector (DBR) laser with an integrated electro absorption modulator
fabricated using a quantum well intermixing processing platform. This
represents the fastest bit-rate operation to date from a single transmit-
ter in the 830-1100 nm datacom wavelength range.

Introduction: Parallel optical interconnects are becoming increasingly
cost-beneficial over copper-based electronics for board and chip-level
interconnect applications as their bandwidth—path-length product
continues to increase [1]. Current efforts are aimed towards extending
the bit-rate operation of vertical cavity lasers, and presently the fastest
vertical cavity lasers have shown 30 Gbit/s operation and 3 dB band-
widths of 24 GHz at 1.1 um [2]. However, direct modulation of vertical
cavity lasers suffers from relaxation oscillation effects, resulting in
distorted eyes that require pre-emphasis to reshape [3]. Using an inte-
grated modulator outside of the laser cavity, such as an electroabsorption
modulator (EAM), produces cleaner eyes without difficult driver circuitry.
This approach has demonstrated efficient transmitters at 1.55 pm operat-
ing at 40 Gbit/s [4]. In this Letter, we report high-speed performance of a
small-footprint distributed Bragg reflector (DBR) laser integrated with an
EAM operating at 980 nm. Open eye diagrams at 40 Gbit/s and error-free
operation at 35 Gbit/s were achieved. To the best of the our knowledge,
this represents the fastest demonstrated bit-rate operation of a single
transmitter at the 830—1100 nm datacom wavelengths.

Device structure: We have previously demonstrated short-cavity
DBR lasers integrated with EAMs that can be formed in dense
arrays [5, 6]. The integrated DBR-laser/EAM-transmitter consists
of five sections: rear absorber, rear DBR mirror, gain section, front
DBR mirror and EAM, followed by a curved output waveguide for
low back reflection, as shown in the schematic diagram in Fig. 1. The
gain section of the device is 110 pm long designed for low thresholds
and high slope efficiency, and the integrated EAM is 125 um long.
The entire transmitter totalled 465 pm in length without the curved
output waveguide. The active region contains three 8 nm-wide
Ing 13Gag goAs quantum wells (QWs) with 8 nm GaAs barriers. An
impurity-free quantum well intermixing process was used to blue-shift
the absorption edge to monolithically integrate high-speed QW-EAMs
with the DBR laser. The passive and EAM band-edge was detuned
from the active and lasing band-edge by ~25nm. Details of the
device structure and process can be found in [5, 6].

Fig. 1 Schematic diagram of integrated short-cavity DBR laser-modulator,
illustrating absorber, rear DBR, gain, front DBR and EAM sections

Results: The DBR laser had a threshold current of 11 mA and
demonstrated output powers up to 2.5 mW. The 125 pm-long inte-
grated EAM exhibited slightly greater than 15 dB of optical extinction
at —6 V with greater than 7 dB/V peak extinction efficiency at
—2.8 V. More efficient EAMs have been demonstrated with less
band-edge shift [5]. Small-signal modulation of the integrated EAM
exceeded 20 GHz of 3 dB bandwidth [6].

Fig. 2 shows the test setup used for the large-signal modulation
experiments. The NRZ signal from the pattern generator was amplified

using a 38 GHz SHF 806E amplifier and fed into an Anritsu V255
65 GHz bias tee. This was used to drive the integrated EAM which was
terminated with a 50 Q load mounted directly on the ground-signal probe.
Approximately —1 dBm of power was coupled into a 1 m-long single-
mode lensed fibre. The optical signal was first measured using an Agilent
86109A oscilloscope, which contains a 30 GHz internal photodiode.
Fig. 3a shows open optical eye diagrams measured using the oscilloscope
optical port, taken at 25, 30, 35 and 40 Gbit/s. They demonstrate RF
extinction ratios ranging from 5 down to 3.8 dB using a DC drive voltage
of —2.8 V with peak-to-peak drive swings ranging from 1.75V,,, at
25 Gbit/s down to 1.6 V,, at 40 Gbit/s. Electrical eye diagrams were
measured using a 25 GHz New Focus 1414 IR external photodetector
followed by a 40 GHz SHF 810 amplifier, producing ~150 mV ampli-
tude eyes. Corresponding electrical eyes measured using the New Focus
photodetector and SHF amplifier are shown in Fig. 3b, taken at 25, 30, 35
and 40 Gbit/s. The noise in the electrical eyes is due to the receiver
electronics, and the 40 Gbit/s eye diagram begins to suffer slight
degradation owing to bandwidth limitations of the New Focus photo-
detector. Using an SHF 12100A/11100A 50 Gbit/s bit error rate (BER)
tester and an Ando AQ-3105 calibrated variable optical attenuator, error-
free BER measurements at 2’ — 1 word lengths were achieved at 30 and
35 Gbit/s, as shown in Fig. 4. 40 Gbit/s operation possessed an error
floor of 5 x 10~% BER at —1 dBm fibre coupled power.

PG: pattern generator

BT: bias tee

VOA: variable optical attenuator
PM: power meter

PD: photodiode

BERT: bit error rate tester
| F:‘Ml scope: oscilloscope
amp

L HeH >

Fig. 2 Test setup used to obtain BER and eye diagrams

DBR laser/EAM
transmitter

Dashed lines denote optical connections made with optical fibres. Also shown is
40 Gbit/s input eye diagram from bias tee to EAM

Fig. 3 Optical eye diagrams at 25, 30, 35 and 40 Gbit/s measured using
oscilloscope optical port: extinction ratios range from 5 dB at 25 Gbit/s
down to 3.8 dB at 40 Gbit/s; and corresponding electrical eye diagrams
at 25, 30, 35 and 40 Gbit/s measured using external photodetector and
amplifier

a Optical eye diagrams

b Corresponding electrical eye diagrams
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Fig. 4 Bit error rate measurements at 30 (squares) and 35 (circles) Gbit/s

Conclusion: Short-cavity DBR lasers emitting at 980 were integrated
with high-speed QW-EA modulators using a quantum well intermix-
ing platform. Open eye diagrams at 40 Gbit/s and error-free BER at
35 Gbit/s were achieved. To the best of our knowledge, these results
represent the fastest bit-rate operation from a single transmitter at the
datacom wavelength range.
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Abstract—Waveguide uni-traveling-carrier photodiodes
(UTC-PDs) have been fabricated and tested. Output satura-
tion currents greater than 40 mA at 1 GHz are demonstrated for a
10 pm X 150 pom photodiode (PD). The third-order intermodula-
tion distortion is also measured and exhibits a third-order output
intercept point of 43 dBm at 20 mA and 34 dBm at 40 mA for
this same PD. UTC-PDs with geometries of 5 yum X 100 m and
10 pm X 100 xm are also compared and it is shown that a wider
waveguide PD has improved saturation characteristics due to the
lower optical power density which reduces the saturation at the
front end of the device.

Index Terms—Fiber-optic link, linearity, photodiode (PD), sat-
uration current, third-order intermodulation distortion (IMD3),
third-order output intercept point (OIP3), uni-traveling-carrier
photodiode (UTC-PD).

1. INTRODUCTION

IGH-POWER photodetectors are required for high-per-

formance analog fiber-optic links. To increase the spur-
free dynamic range (SFDR), high transmitted optical power can
be used in conjunction with high saturation power and high-lin-
earity photodetectors [1]. Coherent fiber-optic links have the po-
tential to further improve SFDR, however, the limiting factor to
achieving high linearity is the optical receiver. In [2], a coherent
receiver with feedback to a local tracking phase modulator has
been proposed to significantly enhance the linearity of the phase
demodulator and in turn the SFDR of the link. For successful
operation at high frequency, the delay of this feedback must be
kept short. With a monolithically integrated receiver, operation
at 1 GHz is feasible. For such a coherent receiver, a balanced
photodiode (PD) configuration can be utilized for shot noise
limited operation, and this balanced PD should be integrated
with a coupler for mixing the received radio-frequency (RF)
signal with a local oscillator wave, and a local tracking phase
modulator. Therefore, it is desirable to fabricate high-power and
high-linearity photodetectors that can operate at 1 GHz and can
be monolithically integrated with other optical components such
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Fig. 1. Device schematic of UTC-PD.

as couplers and phase modulators. It is imperative that a wave-
guide PD is employed. Waveguide p-i-n photodetectors have
been reported with an OIP3 of 27 dBm at 20 mA of photocur-
rent and a frequency of 20 GHz [3]. Uni-traveling-carrier pho-
todiodes (UTC-PDs) have the potential for improved saturation
current and linearity because of reduced space charge effects [4].
UTC-PDs have demonstrated an OIP3 of 37.5 dBm at 22 mA
and around 5.8 GHz [5] and 30 dBm at 21.3 mA and 40 GHz
[6]. Because the RC requirements are relaxed for operation at 1
GHz, the PD can be designed for higher saturation current and
higher linearity.

An advanced device architecture has recently been developed
allowing for the monolithic integration of UTC-PDs with low
loss passive waveguides and quantum-well (QW)-based com-
ponents [7]. In this letter, we report waveguide UTC-PDs that
demonstrate both high saturation current and high linearity at a
frequency of 1 GHz. To the best of our knowledge, the OIP3
values obtained for these PDs are the highest reported for a
waveguide PD at comparable frequencies. These UTC-PDs are
fabricated on a platform that readily allows for the integration of
other optical components such as optical phase modulators and
multimode interference couplers. The saturation current was
characterized by measuring the optical-to-electrical frequency
response of the PDs at varying photocurrent levels, and the third-
order intermodulation distortion (IMD3) was measured using a
two-tone setup [8].

II. DEVICE DESIGN

A schematic of the UTC-PD structure is shown in Fig. 1.
The structure is grown on a semi-insulating InP substrate by
MOCVD. The optical waveguide consists of unintentionally
doped (uid) InGaAsP QWs and barriers sandwiched between

1041-1135/$25.00 © 2007 IEEE
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Fig. 2. Normalized response of a 10 pm X 150 gm UTC-PD at various pho-
tocurrent levels. The bias voltage is —5 V.

two lightly n-doped InGaAsP waveguide layers. The UTC-PD
structure grown above the optical waveguide consists of a highly
n-doped InP layer, a uid InP collector, some band smoothing
layers, and a highly p-doped InGaAs absorber. Photodetection
regions are formed by selectively removing these UTC-PD
layers. The highly n-doped InP layer serves to terminate the
field on the n-side of the InP collector in the photodetection
regions and prevents the applied field from depleting the optical
waveguide below. After forming these regions, a p-cladding re-
growth is performed. Fabricated PDs consist of a short passive
region, where the UTC layers have been removed, followed by
a photodetection region. Light is coupled from an optical fiber
to the waveguide in the short passive region. Because the device
area can be made larger, the overlap of the optical mode in the
absorber is lower than that in [7] resulting in a longer absorption
profile and in turn a more uniform distribution of carriers. The
PDs are made longer to compensate for any potential loss in
quantum efficiency. Although the regions with UTC layers
removed serve as passive regions in these experiments, they can
also be used as modulation regions. With this single regrowth
process, several components can be monolithically integrated
to form more highly functional photonic circuits such as the
coherent receiver described in the introduction.

Following regrowth, ridges are formed. Topside n- and
p-contacts are then deposited and annealed. Benzocyclobutene
dielectric is used for reducing parasitic pad capacitance.
UTC-PDs were fabricated with width by length geometries of
5 pm x 100 pm, 10 gm x 100 pm, and 10 gm x 150 pm.

III. EXPERIMENT AND RESULTS

Optical-to-electrical frequency response measurements were
performed with a lightwave component analyzer. The optical
output of the lightwave component analyzer was amplified with
an erbium-doped fiber amplifier (EDFA) and then coupled to
the PDs using single-mode lensed fiber. The frequency response
was measured at various bias voltages and photocurrent levels.
The normalized response for a 10 ym X 150 pm PD is shown in
Fig. 2 for up to 40 mA of photocurrent. The bias voltage for these

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 19, NO. 3, FEBRUARY 1, 2007
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for a 10 gm x 100 gm and a 5 gm X 100 gm UTC-PD. The bias voltage is
—6 V for both devices.

measurements was set to —5 V. The response does not appear
to degrade for the measured levels of photocurrent. Fig. 3 shows
the normalized RF power as a function of average photocurrent
along with a line fit through the first few points. For this de-
vice, the saturation current is greater than 40 mA. Fig. 4 shows
a plot of the normalized RF power as a function of average gen-
erated photocurrent at 1 GHz for both a 10 gm x 100 gm and a
5 pm X 100 gm UTC-PD. In both cases, the bias voltage was set
to —6 V. These devices are compared because they have equal
length and subsequently the same quantum efficiency of around
94%. From this measurement, it is clear that the output satura-
tion current level is significantly higher for the wider device.
To measure the IMD3 of the UTC-PDs, a two-tone setup was
used similar to that in [8]. Two distributed feedback lasers were
externally modulated; one at a frequency of 0.8 GHz and the
other at 1.0 GHz. The signals were combined, and an EDFA was
used to vary the optical power input to the PD. The IMD3 mea-
surements for the 10 ym x 150 pm PD are shown in Fig. 5. The
input electrical modulation power was varied and the data points



KLAMKIN et al.: HIGH OUTPUT SATURATION AND HIGH-LINEARITY UTC WAVEGUIDE PDs 151

100 v

O 20mA I/'
A 40mA /

50 v e,

Fundamental

Output Power (dBm)
n
o

-100 ol
150 K /
20 0 20 40 60 80

Input Modulation Power (dBm)

Fig. 5. IMD3 measurements for a 10 gm X 150 gm UTC-PD. At 20 mA, the
bias voltage is —8 V and at 40 mA the bias voltage is —5.8 V.

100 7
O W=10pm, L =100um %
A W=5pum,L=100 pm
50 Ao /
Fundamental Vags ”

-
- .
-’ 4
gt /'

[~ ’’

Output Power (dBm)

o
o
2N
[w]
w

-100 3"
t/ /

-150
-20 0 20 40 60 80

Input Modulation Power (dBm)

Fig. 6. IMD3 measurements for a 10 #zm X 100 gm and a 5 gm X 100 pm
UTC-PD. The bias voltage is —6 V and the photocurrent level is 20 mA.

shown correspond to a range of around 40%—75% modulation
index. These measurements are for a bias of —8 V and a pho-
tocurrent level of 20 mA, and a bias of —5.8 V and a photocur-
rent level of 40 mA. The OIP3 for these settings was measured
to be 43 and 34 dBm, respectively. To the best of our knowledge,
these are the highest OIP3 values reported for a waveguide PD.
Fig. 6 shows the IMD3 measurements for the 10 ym x 100 pum
and the 5 um x 100 pm PDs. For these measurements, the bias
voltage was —6 V and the photocurrent level was 20 mA. The
OIP3 for the 10 ym X 100 pm PD is 42 dBm and that for the
5 pm x 100 pm PD is 22 dBm. The OIP3 for the wider PD is

much higher than that for the narrower PD, which is consistent
with the saturation currents observed for these devices. This en-
hancement is due in part to the reduced power density in the
wider PDs, which spreads the generation at the front end of the
device. According to simulation, nearly 50% of the light is ab-
sorbed in the first 25 pum of length, therefore it is advantageous
to reduce the power density at the front end in order to reduce
space charge saturation in this region of the device.

IV. CONCLUSION

We have fabricated and tested waveguide UTC-PDs that
demonstrate high-saturation currents and high linearity. A
10 pm x 150 pm UTC-PD has a saturation current greater than
40 mA and OIP3 values of 43 and 34 dBm at photocurrent
levels of 20 and 40 mA, respectively. Comparing devices of
different widths, a 10 um x 100 gm UTC-PD has a saturation
current near 40 mA and an OIP3 of 42 dBm at 20 mA and
—6V, whereas a 5 ym x 100 gm UTC-PD has a much lower
saturation current and an OIP3 of 22 dBm at the same operating
conditions. This difference is believed to be due in part to the
reduced power density at the front end of the device for the
wider PD.
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A Dynamic Measurement Technique for Third-Order
Distortion 1in Optical Phase Modulators
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Abstract—A novel two-tone measurement technique for char-
acterizing distortion in optical phase modulators is proposed
and demonstrated. The technique is used to characterize an
InGaAsP-InP modulator in a monolithically integrated receiver.
Results for forward and reverse bias conditions in the modulator
show a phase IP3 of 7.2 and 0.977 rad, respectively.

Index Terms—Carrier injection, phase distortion, phase modu-
lators, quantum confined stark effect.

I. INTRODUCTION

RANSMISSION systems that utilize optical phase mod-
T ulation are attractive for both analog and digital commu-
nication links. In analog transmission applications, phase mod-
ulation is attractive since it is not limited by the zero and full
rail levels in standard intensity modulated systems. For digital
transmission links, phase modulated systems provide tolerance
to fiber dispersion effects and wide wavelength transparency.

To evaluate the performance of various phase modulators,
several characterization techniques have been employed. For
static characterization, phase efficiency experiments can be
performed using shifts in a Fabry—Pérot cavity or by utilizing
a Mach—Zehnder interferometer (MZI) [1], [2]. However, dy-
namic distortion characterization of phase modulators has been
limited to single tone measurements because nonlinearities in
the phase detection process are difficult to separate from the
nonlinearities produced by the modulator [3].

In this work, we propose and demonstrate a two-tone mea-
surement technique for characterizing the distortion generated
by optical phase modulators that is not limited by the distor-
tion in the phase recovery process. The technique relies on a
linear external LiNbOg3 phase modulator to cancel the funda-
mental response of the test modulator, keeping the phase to am-
plitude phase recovery process within the linear regime of an
optical MZI. Cancellation of the fundamental response does not
effect the third-order distortion terms. Using this technique, we
have compared the linearity of an InGaAsP phase modulator
under forward and reverse bias conditions that is part of an in-
tegrated InGaAsP-InP photonic receiver chip. The comparisons
are based on a modulator phase third-order intercept point (IP3),
where the distortion and fundamental phase response of the test
device are equivalent.
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Fig. 1. Experimental setup for the dynamic characterization of third-order dis-
tortion products in InGaAsP phase modulators. Optical paths are denoted by
dashed lines and electrical paths are show as solid lines.

II. EXPERIMENTAL SETUP

The experimental setup used in these measurements is shown
in Fig. 1. The setup is divided into electrical and optical sec-
tions. The optical portion consists of an optical transmitter, in-
cluding a laser source at 1550 nm, an erbium-doped fiber am-
plifier, and an optical filter, that is split into two arms of an
MZI and then recombined in a balanced photodetector (PD).
Both arms of the MZI contain an external LiNbO3 modulator
and a 500-pm-long InGaAsP phase modulator that is part of the
photonic receiver chip. Polarization controllers are utilized be-
fore and after each LiNbO3 modulator. The photonic chip con-
tains two parallel waveguides, each with an integrated InGaAsP
phase modulator, a 2 x 2 multimode interference combiner, and
a set of 100-pm-long uni-traveling-carrier (UTC)-PDs placed in
a balanced configuration [4]. The InGaAsP phase modulator (¢
mod ) in the lower arm of the MZI is used to bias the interfer-
ometer. The InGaAsP modulators utilize 7 X 6.5 nm quantum
wells and 6 X 5 nm barriers with a photoluminescence peak
of 1465 nm centered in an optical waveguide layer for phase
efficiency.

The electrical portion of the test setup consists of two signal
generators and a series of electrical splitters and combiners. The
individual tones from each function generator are combined in
a2 :1 combiner, then split into two electrical paths usinga 1:2
splitter. The outputs from the splitter contain signal tones from
both function generators. One of the outputs from the splitter
is routed to the LiNbO3 modulator, while the second output is
routed to the test modulator (¢ mod 1). A set of attenuators are
used to control the electrical power delivered to the modulators.
A portion of the signal from the balanced detector is routed to
a low frequency feedback circuit. The output from the circuit
is connected to a second LiNbO3 modulator, which compen-
sates low frequency drift in the test bed and forces the power
difference at the output of the balanced detector to zero [5]. To

1041-1135/$25.00 © 2007 IEEE



SYSAK et al.: DYNAMIC MEASUREMENT TECHNIQUE FOR THIRD-ORDER DISTORTION 171

-10

Response (dB)
A
o
I

-70
180 200 220 240 260

Frequency (MHz)

Fig. 2. Frequency response measurements between the 1:2 splitter and the
balanced UTC-PD. Nulls correspond to frequencies where the path length mis-
matches between the LiNbO3; and InGaAsP modulators are separated by an odd
multiple of 7 radians.

ensure that the nonlinearities associated with the test equipment
and the various splitters and combiners in the test bed are min-
imized, the two-tone electrical signal used to drive the LiNbO3
and InGaAsP modulators was examined over a range of elec-
trical powers. The drive signals contained no observable dis-
tortion for power levels up to and exceeding the levels utilized
in our experiments. To eliminate the possibility that distortion
might be generated in the UTC-PDs, two-tone measurements
were performed on a set of test devices with the same dimen-
sions as the photodiodes in the receiver chip. Results showed an
output power IP3 of > +30 dBm for the 100x 10 ym? UTC-PD
at a bias of —5 V [4].

The center frequency of the two-tone signal is chosen so that
the path length difference between the 1:2 electrical splitter
and the InGaAsP or LiNbO3 modulator corresponds to a phase
delay of an odd multiple of 7 radians. To investigate the elec-
trical delay between the two paths, the function generators and
the 2 : 1 combiner were removed and a frequency response mea-
surement was performed between the 1:2 splitter and the bal-
anced UTC-PD. Results from this measurement are shown in
Fig. 2 when the InGaAsP modulator is forward biased. Dips
in the response correspond to frequencies where the electrical
path lengths are mismatched by an odd multiple of 7 radians.
Under these conditions, the 180° phase lag between the signals
to each modulator cause the phase response of the two devices
to cancel. The roll off of the response in this measurement is a
result of a low (~150 MHz) 3-dB bandwidth of the forward bi-
ased InGaAsP modulator [2].

III. MEASUREMENT TECHNIQUE

Characterization of the reverse and forward bias InGaAsP
phase modulator requires a set of two experiments. All mea-
surements are performed at an MZI bias where the average pho-
tocurrent in both UTC-PDs is 1.7 mA.

The first set of experiments examines the fundamental re-
sponse of the test modulator. This experiment uses only the
test InGaAsP modulator and does not utilize the LiNbO3z mod-
ulator. The bias-T in the electrical path sets either forward or
reverse bias conditions in the device. In this experiment, the
power from the two electrical signal generators that is routed
to the test device is varied and the fundamental and third-order
signal tones from the balanced UTC-PD are measured in a 50-(2
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Fig. 3. Compensated and uncompensated spectra for forward biased InGaAsP
phase modulator. Electrical drive power is —15 and 0 dBm to the InGaAsP
and LiNbO; modulators, respectively. The compensated spectra has not been
optimized for maximum distortion suppression.

terminated electrical spectrum analyzer (ESA). Although the
distortion measured at the output of the balanced detector has
components associated with both the modulator and the optical
MZI, the fundamental phase response of the InGaAsP modu-
lator remains proportional to the fundamental tone produced in
the balanced detector. An output spectrum from these experi-
ments with the forward biased modulator is shown in Fig. 3.
The spectrum is labeled “Uncompensated Response.”

The second set of experiments utilizes both modulators and is
used to extract the InGaAsP modulator distortion. In these mea-
surements, the electrical power to the test and reference modu-
lators is varied and the output from the balanced UTC-PD is ex-
amined in an ESA. The phase difference between the electrical
signals to the two modulators causes the phase response of the
LiNbO3; modulator to compensate the phase response of the In-
GaAsP device. Since the LiNbO3 modulator relies on the linear
electrooptic effect and the forward or reverse biased InGaAsP
modulator relies on the highly nonlinear quantum confined stark
effect and plasma effect, the phase cancellation between these
modulators affects primarily the fundamental response of the In-
GaAsP device while the preserving modulator distortion prod-
ucts. The reduced fundamental permits the phase-to-amplitude
conversion to remain in the linear regime of the MZI, preserving
the distortion produced in the test modulator without adding
distortion from the phase recovery process. A sample spectrum
from the UTC-PDs in these experiments is shown in Fig. 3 and
labeled “Compensated Response.”

IV. RESULTS

Results for characterization of the forward biased InGaAsP
modulator with a 10-mA DC bias are shown in Fig. 4.

In the uncompensated measurements, Fig. 4 shows an input
power IP3 of +7.6 dBm. Using a modulator V. of 0.5 V, this
translates into a peak phase IP3 of 1.57 rad. The phase IP3 can
also be calculated based on the output power IP3 in Fig. 4. Based
on the phase efficiency of 3.4 mA/rad in the balanced detector,
this translates into a peak phase IP3 of 0.457 rad. Both results
are in relatively good agreement with the 0.9 peak phase limit
that is associated with an optical MZI [6]. It should be noted that
any RF losses at the detector or any deviation from the quadra-
ture point in the test setup caused by imbalance coupler splitting
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forward biased InGaAsP phase modulator.

reduces the output power IP3 in these measurements and would
cause an artificially low phase IP3.

For the compensated measurements, the cancellation of the
InGaAsP fundamental by ~33 dB leads to a suppression of
the MZI nonlinearities and isolation of the modulator distor-
tion. The corresponding reduction of the measured distortion
is ~33 dB. It is important that although the fundamental phase
response is reduced, it is not eliminated, and the compensated
measurements are still limited by the theoretical phase IP3 of
0.97 associated with the MZI. The theoretical distortion gener-
ated by the test setup is included in Fig. 4 and labeled “com-
pensated MZI distortion.” The experimental data in these mea-
surements is >20 dB above the theoretical MZI distortion, in-
dicating that the test bed nonlinearities have been sufficiently
removed to expose the modulator distortion.

Combining the fundamental response in the uncompensated
measurements with the third-order response in the compensated
measurements allows extraction of the forward biased modu-
lator phase characteristics. From Fig. 4, the input power IP3
is +20.9 dBm, which corresponds to a phase IP3 of 7.27. As
mentioned previously, the output power IP3 can also be used
to calculate phase IP3. The +10.85-dBm output power IP3 in
Fig. 4 corresponds to a phase IP3 of 2.17 rad. However, the
most accurate measure of the modulator performance is most
likely the calculation of phase IP3 based on the input power.
This is because the UTC-PD losses and MZI imbalance or bias
offsets from quadrature reduce the RF power from the detector
and make the phase IP3 appear artificially small.

Results for the reverse biased modulator characterization are
shown in Fig. 5. The applied DC bias is —2 V. Examining the
distortion and fundamental tones in the uncompensated mea-
surements shows an output and input power IP3 of —7.2 and
+24.7 dBm, respectively. Converting this to an output phase
change gives 0.87 rad based input power IP3 (V is 6.8 V) and
0.257 rad based on the output power IP3. The phase IP3 based
on the input power IP3 is in good agreement with the 0.97 that
should limit the MZI, and indicates that the modulator distortion
is roughly equal to the distortion generated by the test setup.

In the compensated measurements when the test bed nonlin-
earities are reduced, the very small (~3—4 dB) reduction in the
distortion data supports the conclusion that the modulator and
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Fig.5. Uncompensated and compensated experimental results generated by the
reverse biased InGaAsP phase modulator.

test bed distortion are roughly equivalent. As in Fig. 4, the dis-
tortion associated with the MZI in the compensated measure-
ments is included in Fig. 5, and is labeled “compensated MZI
distortion.”

Extrapolating the fundamental response from the uncom-
pensated measurements and the distortion in the compensated
measurements gives input and output power IP3s 426.4 and
—5.65 dBm, respectively. Converting the input power power
IP3s to phase gives a phase IP3 for the reverse biased modulator
of 0.977 rad.

V. CONCLUSION

We have proposed and demonstrated a dynamic measurement
technique for characterizing distortion products in optical phase
modulators. The technique has been used to characterize the
nonlinearities in an InGaAsP phase modulator under forward
and reverse bias conditions. Measurements of the test modulator
under forward and reverse bias conditions showed a phase 1P3
of ~7.27 and 0.97x, respectively.
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Abstract: We propose and demonstrate a 1.45GHz bandwidth optical phase-lock loop receiver
for linear optical phase demodulation. Using the receiver in a link application, a spurious free
dynamic range of 125 dBHz*” is measured at 300MHz.
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1. Introduction

Optical phase-locked loops have found renewed interest with the reemergence of coherent optical link technologies.
For data transmission, a homodyne optical phase-lock loop can generate the highest sensitivity when sufficient loop
bandwidth can be maintained [1]. This technique becomes particularly attractive at high bit-rates when alternative
DSP-based solutions are not yet mature, or when low receiver power consumption is desirable. Alternative phase-
lock loop applications are coherent synchronization of laser arrays [2] or frequency synthesis by offset locking [3].

In this work, a broadband optical phase-lock loop is demonstrated for demodulation of analog phase-modulated
optical links. Phase modulation has attracted interest for application in linear optical links with the existence of very
linear optical LiNOb; phase modulation as an alternative to non-linear intensity modulators. The challenge is now
transferred to the receiver side. In a standard optical interferometer based phase demodulation, there is a sinusoidal
relation between the optical phase and the detected photocurrent. This nonlinearity limits the available link dynamic
range. In contrast, a high-gain optical phase-lock loop will provide linear demodulation provided phase feedback is
supplied to a linear optical phase modulator.

Figure 1 shows a schematic of the receiver architecture, previously demonstrated in a low-frequency proof-of-
principle experiment [4]. Here, a common source is split in two paths, each containing an optical phase modulator.
The input signal is applied to the first modulator. Upon recombination with the second part, the detected optical
signal has a sinusoidal dependence on the optical phase. The photocurrent is then measured, amplified and provided
as negative feedback to the second reference modulator. The detected net phase is now reduced by a factor 1/(1+T)
where T is the loop roundtrip phase gain, such that the interferometer is now operating within its linear range. It
should be noted that the feedback cannot separate detector shot-noise from signal so that the shot-noise limited SNR
remains unchanged despite the reduction in net received phase.

|OpticaISource: )

Feedback
y = _
Phase b= Zle Input
(pLO( Modulator LO gzg
Qutput« FC_EI?in_& (pSignal J
iltering Signal
Optical Mixer
Receiver Transmitter

Fig. 1. Concept schematic of the demonstrated coherent receiver with feedback. Thick
lines: optical link; thin lines: electrical link.
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2. Integrated Receiver

The optical phase demodulator consists of two integrated chips — one photonic, one electronic — mounted on a
common microwave carrier. Figure 2a) shows the photonic integrated circuit consisting of a balanced UTC
photodetector [5], tracking phase modulators and a 2x2 waveguide MMI coupler. The wirebonds connecting to the
hybrid integrated electronic IC (not shown) can be seen in the upper part of the figure. In quadrature, this type of
balanced receiver discriminates against common-mode and second-order nonlinearities. The tracking optical phase
modulators are driven differentially so as to add opposite-sign phase shifts to the incoming signal and LO resulting
in a cancellation of even-order nonlinearities and common-mode noise. Additionally, driving the modulators in a
differential fashion doubles the drive voltage presented to the modulator thereby reducing the maximum voltage
required. The capacitances of the photodiodes and modulators are exploited as circuit elements rather than being
parasitics that need to be eliminated. They perform the desired loop integrations and hence, can be much larger. The
electronic chip that interfaces with the PIC is primarily a trans-conductance amplifier that converts the voltage
generated by photodiode integration into a modulator drive current. The modulator integrates this current to produce
the required phase shift. It also has a pair of buffer amplifier capable of driving 50 ohms. The electronic chip
improves the phase margin and thereby provides stability to the system.

3. Analog Link Experiment

A schematic of the experimental setup is shown in Figure 2 a). The CW optical source consists of an Orbits low
noise, high power, frequency stabilized laser at 1537.40nm. The output of the laser is amplified using a high power
EDFA. The polarization controller prior to the EDFA is used to adjust the splitting ratio of the power in the two
branches emerging from the PM Coupler. After the coupler, polarization maintaining fibers and components are
used for managing polarization and maintaining stability.

To ensure no mixing products are generated in the two-tone drive signal, separate LiNbO; phase modulators
were used to combine the two closely spaced RF tones (Af=2MHz) in the optical domain. The phase modulators
have V,‘s of 4.4V and 5.5V respectively. At the output of the receiver the differential signal is tapped into a slow
feedback loop which generates a low frequency drive signal to one of the phase modulators as seen in Figure 2 b).
This stabilizes the system against environmental drifts and maintains the bias of the phase demodulator at
quadrature. The RF outputs are 180° out of phase and are differentially combined.

Due to the feedback architecture of the system, the effective swing across the phase demodulator is suppressed
by a factor of 1/(1+T) where T is the loop transmission gain. The frequency response of the device for varying
values of photocurrent is shown in Figure 3 a). At high photocurrent and lower frequencies, the loop gain is
sufficiently high such that the reference phase modulator is able to closely track the received signal phase. The
optical link gain (G) is here dependent on the ratio of drive voltage between source and reference modulator and is
in this link -5dB. At high frequencies or at low photocurrent values, the loop transmission gain is low and hence,
the link gain is proportional to the photocurrent and the loop filter transfer function as expected. The loop
bandwidth, here defined by the 3-dB point, approximately where the loop transmission |T| crosses unity, reaches
1.45 GHz at 12 mA. The delay-limited bandwidth, within where the loop remains stable, is on the order of 4 GHz.
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Figure 3 b) shows SFDR data taken at three different frequencies with 12mA of photocurrent in each detector. Due
to the imperfect optical source used, the spontaneous emission noise from the EDFA has been removed from the
noise level to reflect shot-noise limited receiver performance. With detector balance and a low-RIN source, this
should be readily available. It was verified that the receiver noise was well below the calculated shot noise level. An
SFDR of 125dB.Hz** was measured at 300 MHz. At higher frequencies with reduced feedback, the SFDR degrades
as can be seen in Figure 3b) to the point where there is no reduction in the net received phase (1 GHz). At 12 mA,
the shot noise limited SFDR can be calculated at 116 dBHz>*.

4. Summary

In this paper we have described and experimentally demonstrated a novel coherent integrated receiver based on a
broadband optical phase locked loop. At 12mA of average photocurrent per photodiode the loop bandwidth is 1.45
GHz and the shot noise limited SFDR is 125dB.Hz** at 300 MHz. Going to higher photocurrent values will
increase the feedback effect, resulting in an enhanced dynamic range and high linearity over a wide band. The
integration of the photonics and electronics in this receiver allows for the feedback delay to be short enough to
sustain large amounts of loop gain at high frequencies. Thus it is successful in reducing the distortion due to a
normal phase demodulator without any penalty in SNR.
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Abstract—We propose and demonstrate a novel coherent re-
ceiver with feedback for high-linearity analog photonic links. In
the proposed feedback receiver, a local phase modulator tracks the
phase change of the signal and reduces the effective swing across
the phase demodulator without reducing the transmitted signal.
The signal-to-noise-ratio is thus maintained while linearity is
improved. Up to 20-dB improvement in spur-free dynamic range
(SFDR) is achieved experimentally. At 3.13 mA of average pho-
tocurrent per photodiode, the measured SFDR is 124.3 dB - Hz?/?,
which corresponds to an SFDR of 131.5 dB - Hz*>/* when the link
is shot-noise-limited.

Index Terms—Analog links, coherent communication, feedback,
microwave photonics, phase-modulation.

I. INTRODUCTION

ROM residential CATV broadcasting to demanding mil-
F itary communications, analog photonic links have found
a broad range of applications. In terms of linearity, the perfor-
mance of an intensity-modulated analog link is mainly deter-
mined by the intensity modulator in the transmitter [1]. Interfer-
ometer-based intensity modulators have a sinusoidal response
while absorption-based ones are typically exponential. In gen-
eral, the modulation depth must be restrained and the bias point
properly tuned to obtain a high degree of linearity [2]. On the
other hand, electrooptic phase modulators can be quite linear
compared to intensity modulators. The modulation depth is no
longer hard-limited by the optical power to 100% as in an inten-
sity-modulated link but by the range in which the phase modu-
lator is linear. However, the challenge in constructing a high-lin-
earity link is now moved to the receiver side. A traditional phase
demodulator based on optical interference has a sinusoidal re-
sponse and thus limits the linearity of a coherent link [3]. In
other words, the same (sinusoidal) distortion remains in the link.
Reducing the strength of the transmitted signal may reduce the
distortion but the spur-free dynamic range (SFDR) remains un-
changed.

To overcome this problem, we recently proposed a novel co-
herent receiver with a feedback design that is capable of reducing
the distortion and improving the SFDR [4]. SFDR of 103.5
dB - Hz?/? was demonstrated, showing a 15-dB improvement
from a traditional receiver. In this letter, we further improve the
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Fig. 1. (a) Concept of the proposed coherent receiver with feedback. Thick
lines: optical link; thin lines: electrical link. (b) Transfer function of an inter-
ferometer-based phase demodulator (optical mixer). After closing the loop, the
swing of the phase difference is reduced, resulting in a more linear output.

work in [4] using an all-optical construction and achieve SFDRs
as high as 131.5 dB - Hz?/? in the shot-noise-limited scenario
and a 20-dB improvement from a traditional receiver.

II. PRINCIPLE OF OPERATION

The proposed receiver in a coherent link is illustrated in
Fig. 1(a). The optical source is first split into two branches:
one goes directly to the “LO” input of the receiver while the
other is phase modulated by the transmitter and then fed into
the “signal” input of the receiver. The phase demodulator (an
optical mixer) compares the phase of the two inputs and gener-
ates a differential signal. Fig. 1(b) shows the transfer function
of an interferometer-based optical mixer, which possesses a
sinusoidal response. The bias point is set to the quadrature point
to eliminate the even-order distortions and obtain the highest
slope efficiency. The modulation depth can be larger than 7
rad (equivalent to 100% in an intensity-modulated link) but the
distortion in the demodulated signal increases with modulation
depth. However, in the proposed feedback receiver, as shown
in Fig. 1(a), the output from the optical mixer is fed back to a
local phase modulator in the LO branch after amplification and
filtering. The effect of such feedback is to reduce the difference

1041-1135/$25.00 © 2007 IEEE
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in phase between the LO and the signal branches. The effective
swing across the phase demodulator is thus reduced, leading
to a more linear output [Fig. 1(b)]. Note that this reduction
in swing is not achieved by decreasing the strength of the
transmitted signal and the signal-to-noise ratio (SNR) of the
transmitter remains the same. On the receiver end, the SNR of
the output signal is also preserved after closing the loop since
both the signal and the noise are reduced by the same factor.
The benefit of such reduction in swing is the improvement in
receiver linearity without decreasing the transmitted power and
degrading the SNR, which leads to an effective improvement
in SFDR.

III. EXPERIMENT

The experimental setup is schematically shown in Fig. 2. The
bandwidth of this particular setup is limited to a few mega-
hertz due to the loop delay caused by fiber patch cords of the
discrete components used in the receiver. Therefore, 140 and
160 kHz are chosen for the two-tone SFDR measurements. The
delay of an integrated receiver should be three orders of magni-
tude smaller. An external cavity tunable semiconductor laser is
used as the CW optical source at 1550 nm whose output is am-
plified by a high-power erbium-doped fiber amplifier (EDFA).
This interferometer-like coherent link is constructed with po-
larization-maintaining fibers and components for polarization
management and stability. The lengths of the two interferom-
eter branches are matched with an optical delay line to mini-
mize the impact of laser noise. The polarization controller after
the EDFA is used to adjust the power ratio between the two
branches through the polarization beam splitter. The transmitter
is composed of two sets of electrical synthesizer, bandpass filter,
and LiNbO3 phase modulator. This arrangement decouples the
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driving electronics at respective tones to ensure spectral purity.
The harmonic distortions are suppressed to better than —80 dBc.
The nominal V' of the phase modulators is 4.4 V.

On the receiver side, two phase modulators, PM3 and PM4,
are placed on the LO branch. Both have open termination
(very high impedance). The optical mixer is composed of a
single-polarization optical coupler and a balanced photode-
tector with 0.9-A/W responsivity and biased at £12 V. The
saturation power of the photodetector is over 12 dBm. Not
shown in Fig. 2 are two 10-uF polypropylene capacitors that
bypass the RF signal from the power supplies to the ground.
In contrast to our previous work in [4], the feedback loop does
not contain active amplifiers to provide loop gain. Instead,
the passive load of the balanced photodetector is designed
to provide gain and filtering. The balanced photodetector is
thus directly driving the local phase modulator without using
electrical amplifiers. This “all-optical” construction reduces
the extra delay, noise, as well as distortion associated with
the electrical amplifiers. More significantly, this direct-drive
architecture makes it easier to integrate the feedback receiver
monolithically on a single chip [5] in order to minimize the
loop delay for higher operation speed, without resorting to
hybrid packaging.

PM4 is the local phase modulator that provides feedback.
The load of the balanced photodetector is 100 pF // 2.96 k2
/I 20 k€. Since the electrical spectrum analyzer has 50-(2
input impedance, an electrical buffer (LMH6703, nominal
third-harmonic distortion < —103 dBc) is used to match the
impedance. To prevent the feedback loop from oscillation,
it is critical that unity gain of the loop is reached before the
phase shifts by —180°. The capacitance of the load governs
the roll-off of the loop gain and inevitably consumes —90° of
phase margin. As a result, the loop delay is the main bottleneck
that limits the bandwidth. The shorter the delay, the higher
frequency the receiver can operate at without oscillation. The
loop delay in the current setup is approximately 3 m. PM3 is
driven by a slow feedback loop to stabilize the interferometer
against environmental drifts and maintains the bias of the phase
demodulator to the quadrature point. A first-order RC filter is
added to the output stage to suppress the noise that is generated
by the stabilization electronics from entering the signal loop.
The DC drift from the quadrature point is less than +0.04%.

The open loop transmission of the LO phase 7' is defined as
the open-loop round-trip gain in the feedback path. It can be
expressed as

T=2<Ipp>-Z 7|V, (1)

where < Ipp > is the average photocurrent per photodiode and
Z is the load impedance. Fig. 3 shows the SFDR measurements
at < Ipp >= 3.13 mA (T = 11.24), where the LO optical
power is 3.5 mW. By equating the optical phase of the feedback
loop, it can be derived that the effective swing across the phase
demodulator can be suppressed by a factor of 1/(1+T") from its
original strength after closing the loop. In the case of 7' = 11.24,
the effective swing is suppressed to 8%. As a result, SFDR is
improved from 104.5 dB - Hz%/3 to 124.3 dB - Hz/?, showing a
19.8-dB improvement by using the feedback receiver. The noise
levels are measured by switching the buffer input to point B in
Fig. 2.
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Theoretically, the RF gain of the link is given by [T'/(1+T)]?,
which approaches unity when 7' is high. The SNR is dominated
by the shot-noise in the receiver and the phase noise of the laser.
Itis preserved after closing the loop as can be observed in Fig. 3.
On the other hand, the intermodulation distortion is suppressed
at the same output level after closing the loop, resulting in the
increase of linearity. The SFDR can be improved by (1 + 7)*
compared to a traditional receiver but is subject to the linearity
of all the components used in the receiver.

Fig. 4(a) shows the dependence of SFDR on the average pho-
tocurrent per photodiode for the open loop and the closed loop
cases. For the open loop (a traditional receiver), increased pho-
tocurrent does change the maximum swing of the phase demod-
ulator but it cannot improve linearity. Therefore, the measured
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SFDR shows little dependence on average photocurrent. On the
other hand, for the closed loop, the loop transmission increases
with average photocurrent [as expressed in (1)], which leads to
a smaller effective swing across the phase demodulator and thus
better linearity and SFDR. Nevertheless, the SFDR starts to roll
off beyond 3.13 mA of average photocurrent and becomes un-
stable (even before the loop oscillates). This is believed to be
caused by the degradation of photodetector linearity at high pho-
tocurrent levels.

The currently measured noise levels are approximately
10 dB above the theoretical shot noise level, leading to about
6.7-dB penalty in SFDR, as indicated in Fig. 4(b). At sev-
eral milliamperes of photocurrent, shot-noise dominates over
thermal noise, representing the theoretical limit of noise level.
If the shot noise limit can be achieved, up to 131.5 dB - Hz2/3
of SFDR can be obtained. The excess noise is believed to be
caused by the finite linewidth of the laser source (50 kHz) [3]
and the noise from the high-power EDFA.

Ideally, the achievable SFDR of the proposed feedback re-
ceiver does not have fundamental limitations as long as the loop
delay is short enough to sustain a desirable amount of loop gain
at the bandwidth of interest. The practical challenge for extreme
linearity lies on the linearity of the components in the link (phase
modulators, photodetectors, and loop amplifiers if utilized). To
scale the bandwidth to the gigahertz range, hybrid or monolithic
integration of the receiver is necessary to keep the loop delay
down to ~10-ps level.

IV. CONCLUSION

A novel all-optical receiver with feedback is proposed and ex-
perimentally demonstrated to improve the SFDR of a coherent
analog photonic link. The feedback design is successful in re-
ducing the distortion due to the sinusoidal response of a tra-
ditional phase demodulator without degrading the SNR. SFDR
improvement of 20 dB is demonstrated at the highest measured
SFDR of 124.3 dB - Hz%/3, which corresponds to a shot-noise-
limited SFDR of 131.5 dB - Hz?/3.
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Abstract — A novel optical coherent receiver architecture
for linear optical phase modulation is presented. A proof-of-
concept demonstration has been performed using discrete
components and at low frequency. High dynamic range has
been confirmed at 3.13mA average photocurrent; 124.3
dBHz?®, corresponding to a 131.5 dBHz?® if a shot-noise
limited noise floor were achieved (here limited by low-
frequency 1/f-type noise). Further, efforts to increase the
operating frequency to the GHz region and beyond has been
outlined in the efforts to develop compact, low latency
integrated chip technology and the development of novel
sampling downconversion receiver architectures.

Index Terms — Optical phase locked loops, Optical
communication, Integrated optoelectronics, Optical receivers.

I. INTRODUCTION

Optical modulator-based analog optical links has the
potential for high performance. The combination of a high
power, low noise optical source and a low Vm modulator
results in a link with gain and low noise figure [1,2]. The
linearity of an intensity modulated, direct detection (IMDD)
link has been limited by full and zero transmission, between
which a linear transfer function is difficult to fit. At best the
transfer function can be linearized. This can result in a large
SFDR in 1 Hz bandwidth [3], however the high order
dependence of intermodulation terms still limits the
available linear modulation depth.

Up to date, most analog links have used IMDD. This
despite the fact that other modulation formats may be more
suited for high performance analog transmission. Phase
modulation is not limited in modulation depth in the same
way as intensity modulation, it is in practice limited by the
drive signal that can be applied to the modulator. This leads
to the availability of highly linear modulators such as
LiNbO3 phase modulators, which predominantly relies on
the linear electro-optic effect. Further, a higher signal-to-
noise ratio (SNR) can be supported in a phase modulated
link than is possible using intensity modulation. This can be
understood in terms of a tradeoff between SNR and spectral
width of modulated optical signal.

The main challenge in constructing a linear phase
modulated optical link is the problem of how to linearly
convert the optical phase into an electrical current. The
conventional phase receiver mixes the phase modulated

optical signal with an optical reference, producing a
sinusoidal relation between photocurrent and optical phase,
resulting in a link performance similar to that of a Mach-
Zehnder modulated link [4]. In this work, we will show how
a linear optical phase receiver can be built.
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Fig. 1. Concept schematic of the proposed coherent
receiver with feedback. Thick lines: optical link; thing
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II. APPROACH

We are proposing a feedback receiver concept. The base
function of the receiver is illustrated in Fig.1, above. Like in
a conventional PM receiver, the received optical phase is
mixed with an optical reference, producing a sinusoidal
response to optical phase. The detected photocurrent is now
amplified and fed back to a reference phase modulator. The
received phase is now given by standard control theory:
Ps
- =— 1
$s =P =171 (1)
Where ¢g and ¢, are signal and reference optical phase,
and 7 is the loop transmission gain. It can be observed that
for high loop gain, the reference phase will closely track the
received signal phase. Linear operation can be understood in
two ways, the net detected phase gain will fall within the
linear range of the sine transfer function of the optical
mixing process, or using a linear reference phase modulator,
or the driving signal must be linearly related to the received
optical phase. It should be noted that the feedback reduces
receiver noise sources just as much as net detected signal,
such that the SNR remains unchanged when the loop is
closed.
A common limitation in any feedback system is
bandwidth limitations due to latency in the loop. The delay



will subtract a frequency dependent phase, and the loop
bandwidth is limited by the requirement to keep the
feedback phase away from —180° at unity loop gain to retain
stability. To reach linear operation at 1 GHz, the loop
bandwidth must approach 10 GHz, which require the loop
delay to be in the 10-20ps range. This corresponds to only
3-6mm roundtrip path length in vacuum. For this reason
fiber coupled components, or even LiNbO; based optics
cannot be used. Only a very compact optical components
material base, such as InP, can deliver this short latency.

Even using compact InP based technology, the high gain
operating frequency of the receiver is limited to frequencies
below 2GHz. To access higher RF frequencies, photonic RF
downconversion is required. Simple photonic mixing,
applying a sinusoidal modulation on the optical carrier
converting the received RF signal to a detected IF signal,
falling within the bandwidth of the loop, is a nonlinear
process when closing the feedback loop. Instead, a pulsed
optical source can be used where the pulse duration is short
compared to the RF period, approximating an ideal
sampling process. The baseband signal is then recovered by
the integration in the loop.

III. PROOF-OF-CONCEPT DEMONSTRATION

To demonstrate the feasibility and validity of the concept, a
proof-of-principle demonstrator experiment has been built.
This is built using fiber-coupled optical components with up
to four order of magnitude longer path-length than the
equivalent integrated parts. For this reason, the operating
frequency is limited to the 100 kHz range. The experimental
arrangement used is outlined in Fig. 2. A more detailed
description of the experiment can be found in [5]. The
output from the optical source is split into a signal and
reference path using a polarization beam splitter and
polarization maintaining fiber. A two-tone RF probe signal
(140 and 160 kHz) is applied to the signal path using
separate phase modulators. In the receiver signal and
reference is mixed and photodetected. The output from the
balanced detector pair is then directly connected to the
reference modulator to provide the feedback path. The
feedback gain and filter function is regulated by the detector
load, converting photocurrent to modulator drive voltage.

The power of detected fundamental and intermodulation
terms from the buffer output is plotted in Fig. 3 against the
link input power. With the feedback path disabled, a SFDR
of 104.5 dBHz™” is obtained, limited by the sine response of
the optical mixing. Closing the loop, a number of effects can
be observed. First, we see that the detected power at the
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Fig. 2. Experimental setup. PC: polarization controller;
SMF: single-mode fiber; PBS: polarization beam splitter;
PM#: phase modulator; PD: photodetector; ESA:
electrical spectrum analyzer

signal frequency is reduced as a result of the reduced net
phase difference between signal and LO. However, as
predicted the SNR remains unchanged as the noise floor is
suppressed as much. The second effect is a dramatic
reduction in intermodulation terms, appearing at 120 and
180 kHz. In fact, more than 20 dB increase in input drive
power is required to generate detectable intermodulation
terms. All in all, this translates in an improvement in SFDR
of about 20 dB to 124.3 dBHz™.
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The improvement is SFDR is dependent of the available
loop transmission gain, 7, and is proportional to I/(T+1)’.
Therefore, increasing the loop gain by increasing the optical
power should show a strong effect on the dynamic range.
This is also observed in Fig. 4, where the dynamic range
increases to a peak value at 3.13mA of received
photocurrent, after which the dynamic range degrades. This
degradation can in part be attributed to nonlinearities of the
photodetectors. These are terminated by a high impedance
to provide the full voltage swing to the reference modulator
(4.4V V).

At several mA of photocurrent, shot-noise dominates over
thermal noise, representing the theoretical limit of noise
level. As a consequence of operating at these low
frequencies, shot noise limited operation has not been
reached due to //f~type noise contributions from the optical
source, etc. The currently measured noise levels are
approximately 10 dB above the theoretical shot noise level,
leading to about 6.7 dB penalty in SFDR, as indicated in
Fig. 4. In a system operating at higher frequencies, shot
noise limited operation should be available, particularly in
this configuration where both laser intensity and phase noise
is being cancelled when the signal and reference paths are
matched. The projected shot noise limited performance
corresponds to 131.5 dB-Hz** at 3.13 mA.

1359 131.5 AdB-Hzm
SN 1304 / \”‘A
T Shot Noise Limited 4 .. 2
2 125 /A 1243 dB-Hz
'mm .
z A e
& ./ Measured

15 o—"

118

L L A 13 13 L3 LS
18 18 28 25 E§ &5  An
Average Phoipourrant (ma)

Fig. 4. SFDR with measured and shot-noise-limited
noise levels for the closed loop case.

The sampling downconversion receiver approach has been
demonstrated using the proof-of-principle demonstration
outlined above in section III. For this demonstration, the
received IF signal remained 140 and 160 kHz, while the
received RF frequency was 110 MHz. Similar effects can be
observed as for the baseband loop; closing the loop
simultaneously reduces the noise floor, the signal and the
intermodulation terms in a manner that increases the SDFR
by 14 dB, from 85.9 dBHz** to 100 dBHz>”. The reduced
dynamic range can mainly be attributed to increased noise of
the amplified Mach-Zehnder based pulsed source used.

~2mm

Photonic IC
Balanced phase Balanced|
modulators Detecto -

v

Optical
Input

Complementary output

Fig. 5. Low-latency feedback receiver arrangement for
linear demodulation of microwave phase-modulated
optical links, showing electronic and photonic ICs.

IV. INTEGRATED RECEIVER DEVELOPMENT

The proof-of concept demonstration was performed at
frequencies in the 100 kHz region, limited by the delay of
the discrete components used in the feedback receiver. To
reach an operating frequency of 1-2GHz, a low latency (10-
25ps) receiver must be built. Figure 5 shows a current effort
to realize this, based on close integration of an electronic
integrated circuit, shown in schematic form and a photonic
integrated circuit shown as a photograph. The photonic IC
consists of a balanced detector pair, a coupler and optical
phase modulators in a balanced configuration. The
electronic chip is fundamentally a transimpedance amplifier,
converting the differential output current from the detectors
to modulator drive voltage. Additionally, it provides
stability adding loop filtering and a buffer function for the
output signal.

As the received photocurrent increases, lower amplifier
transimpedance is required to provide feedback in the phase-
lock loop. In fact, for sufficiently high photocurrent the
modulator impedance can be tailored to provide adequate
filtering and stable phase feedback, forming a feedback path
on a single chip. The electronic IC is still needed to provide
a buffered output.

To fully take advantage of the potential performance of a
phase-modulated optical link, stringent performance
requirements for modulator and detector performance must
be met. In the proof-of-concept demonstration above, the
obtained dynamic range was limited by the amount of
photocurrent that could be detected without degradation,
3.13mA per detector at peak dynamic range. It is predicted
that if this number can be increased to 100mA, potentially
90dB SFDR in 500MHz noise bandwidth should be
available. Although, to support this performance, the output
IP3 of a single detector must be higher than 50 dBm at this
photocurrent.



A second critical performance requirement is the linearity
of the phase modulators. While the closed-loop operation
suppresses nonlinearities from the optical interferometer as
well as of the amplifier, any nonlinear response of the phase
modulator will remain. Since the feedback loop will force
the reference phase to closely track the signal phase, a
nonlinear phase modulator will consequently be modulated
by a nonlinear drive signal. Using LiNbO3 modulators, this
is not a limiting problem. However, Stark effect InP phase
modulators predominantly rely on the more efficient
quadratic electro-optic effect. The high efficiency leads to
very short modulator structures and low latency, but the
linearity of a single modulator will limit the available
receiver performance.

An improved modulator configuration is obtained by
placing two phase modulators, one in the signal arm and one
in the LO arm, in a push-pull configuration. These are now
driven in antiphase. The compound response is now given
by:

0, =0.0v,)-0,(-v,)=2ay,->a,v,) =

. 2n'+1
- Z 2aZn'+lvm
i

Where ¢,, and v,, is the modulation phase and drive voltage
and a, are the Taylor expansion terms around the modulator
bias point. It is seen that the quadratic term along with any
higher even order terms are cancelled using this
configuration. A second beneficial effect is that the
amplitude modulation from the phase modulators is to a first
order approximation cancelled using the balanced modulator
approach.

(@)

VII. SUMMARY

The continuing work to realize a linear optical phase
demodulating receiver has been summarized. It is shown
that the feedback receiver concept not only allows the
analog link designer to take advantage of the existence of
linear optical phase modulators to generate highly linear
optical links, it also supports optical links where the

available signal to noise ratio exceeds what is possible using
standard intensity modulation links.

A proof-of-concept demonstration has been performed
using discrete components and at low frequency. High
dynamic range has been confirmed at 3.13mA average
photocurrent; 124.3 dBHz>®, corresponding to a 131.5
dBHz>” if a shot-noise limited noise floor were achieved
(here limited by low-frequency 1/f-type noise).

Further, efforts to increase the operating frequency to the
GHz region and beyond has been outlined in the efforts to
develop compact, low latency integrated chip technology
and the development of novel sampling downconversion
receiver architectures.
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Abstract—Sampled optical phase-lock loops are analyzed using
the Z-transform. It is found that the finite sampling rate will
result in an effective delay limiting the available stable gain of
the loop. The analysis is applied to three example applications,
optical wavelength synthesis from a pulsed reference, linear
phase-tracking receivers and coherent optical receivers.

I. INTRODUCTION

Optical Phase-Lock Loops (OPLLs) are used in a range of
applications including carrier recovery in coherent optical
receivers [1], wavelength synthesis from an optical frequency
comb reference [2], offset locking for RF or THz frequency
synthesis [3], synchronization of laser arrays [4] or linear
phase demodulation in analog optical links [5]. For many of
these applications, standard PLL control theories using the
Laplace-transform to evaluate closed-loop behavior provide an
accurate description of loop stability and performance [6].

In a sampled OPLL the phase information is obtained in
discrete measurements. It is difficult to generate a rigorous
analysis including the effect of sampling rate using standard
Laplace-transform PLL theory. Instead the Z-transform,
commonly used for analysis of sampled data systems [7]
generates a much fuller model of these systems. In this paper
the Z-transform is applied to sampled OPLLs and the relation
between laser linewidth, loop delay and sampling rate are
derived. Applications where this analysis apply include comb
line selection by locking to a pulsed reference, phase locking
in sampling downconversion optical systems and coherent
phase-locked receivers where phase marker bits are used for
LO laser synchronization.

—> Oo(t)

Figure 1. Basic operational schematic of the optical phase-lock loop.

This research is supported by the DARPA PHOR-FRONT program under
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II. THEORY

The basic operation of an optical phase-lock loop is illustrated
by the schematic in Fig. 1. This illustrates a loop in which the
LO laser phase forms the output signal. The open-loop
transmission, G(s), is given by the phase detection gain, the
loop filter function and the LO laser tuning efficiency. A first
order loop gain function contains one integration, typically
within the frequency tuning of the LO laser. The loop
transmission can be reduced to:

G(s) =1is, -e_”/s 1)

where s, represents to the unity-gain frequency. The ™" term
accounts for the feedback group delay, t. A second order loop
contains a second integration and the loop transfer function
can be expressed by:

o2 1_2 L ,7ST
sn( zsfzs/sn) e °

G(s)=

s, corresponds here to the natural frequency and & is the loop
damping factor. In standard OPLL theory, no sampling occurs,
as represented by a closed gate in Fig. 1. The output phase,
(@10 1s then related to the input phase, @ as:

0=,
146G
Loop stability is ensured by keeping open loop gain below

unity at the frequency where the phase crosses -180° due to
the delay term.

3)

We can use the modified Z-transform of eq. 1 and eq. 2 to
evaluate a sampled loop with delay [7]. The first order loop
transmission is then expressed as:

—iS,T

— “
z"(z-1)

G(Z)=
and the second order loop:
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Z is the Z-transform variable given by Z(f) = exp(2zifT) where
T is the sampling period. It can be observed that the effect of
delay in the loop is expressed differently than for a standard
OPLL. The delay is here expressed in the form t=nT+t,
where the integer number of periods in the loop have the
largest impact on loop behavior. Again, the output phase, ¢;o
is then related to the input phase, @ as:

G(Z)
1+G(Z) s

The validity of the sampled model is confirmed by increasing
the sampling rate and a convergence between the sampled and
baseband OPLL performance is observed (Fig. 2). At higher
sampling rates, a close correlation to the continuous loop
response is seen at lower frequencies. As the frequency
increases, the sampled loop gain finds a minimum at f=1/2T
before it starts to increase to reach a maximum at f=1/T. This
can be understood in terms of Nyquist sampling where the
relation G(f) = G(f+1/T) should be valid.

(6)

Lo =

First Order Loop

Second Order Loop
0.5

-0.5

Figure 2. Nyquist diagram for first and second order loop gain
function for non-sampled operation (dotted line), pulse period; T =
21 (dash-dot line), T = 21/3 (dashed line) and T = 21/5 (solid line).

III. APPLICATION EXAMPLES

The above analysis can be applied to a number of applications
for a sampled OPLL for analysis not readily available using
standard Laplace theory. Examples include phase-locking to a
pulsed reference, sampling downconversion systems and
coherent receivers utilizing phase marker bits. In the
following, a second order loop with critical loop damping (§ =
1N2) and 10 dB loop gain margin for stability will be
assumed.

A. Phase Locking to a Pulsed Reference

Carrier-envelope locked femtosecond frequency combs
provide a highly stable optical frequency reference [2]. By
phase-locking a laser to any of the comb lines, a stable optical
frequency synthesis system is formed. The accuracy to which
this can be achieved is dependent on the pulse repetition rate.
The phase information obtained from comparing the local
oscillator (LO) laser phase to that of a first pulse is used to
tune the LO phase to match the phase of a second pulse. This
generates an effective delay in the loop corresponding to the
pulse period, with the attributed feedback gain restrictions to
maintain stability.

The total phase error variance is calculated by:

|2

Sy oA (M
21f° |1+G(Z(f))|

where dv is the linewidth of the beat term between reference
and LO laser, here equal to that of the LO laser assuming that
the phase jitter of the pulsed laser is negligible. For clarity, a
Lorentzian linewidth has been assumed here. More elaborate
linewidth models can also be used in the above formula.
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Figure 3. Integrated phase error variance versus loop delay for
standard (dotted line) and sampled (solid line) OPLL. 1kHz laser
linewidth and 1 MHz sampling rate is assumed.

Figure 3 shows the integrated phase error variance for a 1-kHz
linewidth laser versus delay in the feedback loop, both for a
standard OPLL and with 1 MHz sampling rate. At long delays
the sampled loop performance approaches that of the standard
loop. At very low delays, the sampled loop performance is
determined by the effective delay introduced by the sampling
rate, where further decrease in physical loop delay does not
translate into improved performance. Figure 4 illustrates this
point by showing the integrated phase noise as a function of
the ratio of pulse frequency and LO laser linewidth. If a 1-
MHz repetition rate is assumed, it 1s seen that a 1-kHz
linewidth laser will result in a 0.01 rad” integrated phase error
variance, even a hlgh quahty 1-Hz linewidth will generate a
modest 107 rad”® variance. This illustrates a difficulty in
transferring a highly stable pulsed optical reference to a highly
stable CW optical frequency.
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Figure 4. Integrated phase error variance versus laser linewidth
normalized by pulse repetition rate for phase locking to a pulsed
reference.



B. Downsampling OPLL receiver

Optical phase-tracking loops can be used to generate linear
optical phase demodulation, as outlined in Fig. 5 [5]. The
tracking phase is related to input phase by the loop gain in eq.
3. If a linear reference modulator is used to track the phase of
an incoming optical signal, the reference drive voltage is also
linearly related to the input phase if the gain is high. The delay
in the tracking loop will limit the stable loop gain as the signal
frequency increases, as shown by the baseband trace in Fig. 4.
A compact tracking loop with 20 ps latency is assumed,

similar to [8]. A
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Figure 5. Concept schematic of linear coherent receiver with
feedback [5]. Thick lines: optical link; thin lines: electrical link.

One method to extend the frequency range of this receiver is
to use optical downconversion of a received RF signal to IF
within the bandwidth of the tracking loop. It has been shown
that to preserve linearity in the tracking loop, a pulsed optical
signal must be used [9]. The reference modulator now tracks
the downsampled received signal with a phase given by eq. 6.
The available loop gain as a function of input signal frequency
is shown in Fig. 6 assuming downsampling to 500 MHz. It is
found that this type of receiver has the highest performance in
baseband operation below 1 GHz or sampled above 10 GHz.
The flattening in the frequency dependence of the sampled
gain at higher frequencies represents the transition between
latency limited by pulse rate and limited by physical delay in
the loop.
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Figure 6. Available feedback gain in a linear tracking optical phase
lock loop demodulator. The dashed line represents available stable
feedback gain versus frequency of baseband tracking using a CW
optical carrier. The solid line represents available stable feedback
gain using a pulsed optical carrier and downconverting to 500
MHz.

C. Coherent Receiver

This analysis is well suited for the analysis of certain types of
optical phase-lock loop receivers. The phase error variance of
the LO laser can be expressed by:

0_2:J‘ dV| 1 |2+q(PS+PL0)| G(f)
242 [1+G(f)|  2RP, P, [1+G(f)|

|2

df ()

The second term in the integration is the phase noise resulting
from conversion of receiver shot-noise which can be
significant at low power. It has been shown that the loop
bandwidth is in fact a tradeoff between the need for phase
tracking and the requirement to filter shot-noise [10]. Figure 7,
thin solid line shows an example where this is observed. Even
though here the loop delay is assumed to be negligible, the
optimum natural frequency, f, of the loop is limited to ~100
MHz assuming a 100 kHz beat linewidth and 100 photons per
bit at 10 Gbps. In a sampled loop, where the phase sample
from one bit is integrated and used to track the phase of the
following bit, as shown by the thick solid trace in Fig. 7, the
loop becomes unstable at f, > 2.2 GHz due to the added
effective delay.

For more complex modulation formats such as n-QAM,
the carrier phase is not easily recovered. One option is to use
designated phase marker bits for LO laser synchronization, in
effect representing a sampled feedback loop with reduced
sampling rate. The dot-dash, dashed and dotted thick traces in
Fig. 7 shows a sampling rate of every 3", 10" and 30™ bit,
respectively. Two effects are observed from the reduced
sampling rate: the loop oscillation is pushed to lower
frequencies and the signal-to-noise ratio is reduced, as less
received power is used to synchronize the phase. The penalty
is higher than predicted from the equivalent reduction in SNR
using standard non-sampled theory (thin lines) as a result of
instabilities introduced in the loop.
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Figure 7. Integrated phase error variance versus laser linewidth
normalized by pulse repetition rate for phase locking to a pulsed
reference (thick lines). The solid line represents sampling every
bit, dot-dash every 3", dashed every 10" and dotted every 30".
Comparative curves using standard Laplace theory are also
included (thin lines).



Taking these plots as an illustrative example, we see that we
require every 3" bit to carry the phase information to reach a
phase-noise limited BER of 10 for 16-QAM modulation (¢
~ 2.7e-3 rad®). To require every 10" bit to carry the phase
information while retaining the same phase error, we will need
to reduce the linewidth from 100 kHz to 10 kHz.

IV. CONCLUSION

With the application of the Z-transform to optical phase-lock
loop a range of applications with a sampled discrete feedback
signal can be analyzed. It is found that the sampled feedback
signal is attributed with an effective delay term that limits the
available stable gain in such system. Examples include phase
locking to a pulsed reference where the finite pulse rate
fundamentally limits the ability to correlate the locked phase
to that of the pulsed reference. A second example is in linear
optical phase demodulation where a feedback receiver
structure is used. Using a pulsed optical carrier, the received
RF is downconverted to fall in the loop bandwidth. It is found
that the best performance is obtained at a high RF to IF ratio.
The last example involves a phase-locked coherent receiver
where the phase of received signal and LO laser are
synchronized using phase marker bits at regular intervals. It is
found that instabilities introduced in the loop from reduced
sampling rate degrade performance more than a simple SNR
analysis would suggest.
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Abstract—A novel coherent receiver for linear optical phase
demodulation is proposed. The receiver, based on a broadband
optical phase-lock loop is demonstrated to have a bandwidth of
1.45 GHz. Using the receiver in an analog link experiment, a
spurious free dynamic range of 125dBHz** is measured at 300
MHz. Further, theoretical investigations are presented
demonstrating receiver operation at high frequencies (>2GHz)
using a sampling phase —locked loop.

L INTRODUCTION

Optical Phase-Lock Loops (OPLL) have diverse
applications in future communication systems. They can be
used in high sensitivity homodyne PSK receivers for phase
noise reduction, provided sufficient loop bandwidth is
maintained. Alternate phase lock loop applications include
coherent synchronization of laser arrays [1] and frequency
synthesis by offset locking [2].

In this work, a broadband optical phase lock loop is utilized
in a coherent receiver for the linear demodulation of analog-
phase modulated optical links. Demanding military
communications require linear links with high dynamic range.
Traditionally, linearity improvements in analog optical links
have been focused on intensity modulated / direct detection
(IMDD) links, with the addition of coherent and incoherent
optical FM techniques. However, the performance of such
links is constrained by the modulation depth (between 0 and
100%) and non-linear response of intensity modulators. Phase
modulators, on the other hand, have no inherent limitation to
their modulation depth and can be swung over many n. Hence,
they result in improved SNR and have the potential to be
utilized in high performance analog links. However, the
challenge of constructing such a high linearity link resides in
the receiver architecture. In standard interferometer based
phase demodulation, a sinusoidal relation exists between the
phase and detected current. This inherent non-linearity in the
phase recovery process limits the available link dynamic range
and consequently, the benefits of phase modulation are lost.

To overcome this problem, we proposed and demonstrated
at low frequency, a novel coherent receiver with

This material is based upon work supported by the DARPA-PHOR-FRONT
program under United States Air Force contract number FA8750-05-C-0265

feedback that is capable of distortion suppression [3].
Subsequently, an integrated version of the receiver has been
developed for operation at close to GHz frequencies [4].

In order to operate the receiver at frequencies greater than 2
GHz the baseband loop bandwidth has to be very large. For
example, a loop operating at 20GHz requires a loop bandwidth
>100 GHz [5]. This is impractical from the standpoint of
overcoming physical delays in the feedback path as well as the
challenge of designing electronics that operates beyond 100
GHz. Instead we have chosen to explore optical sampling as
an alternate to baseband operation [6, 7]. The basic idea is to
use a pulsed laser source at the receiver to down convert the
received high frequency input RF signal to within the
operating bandwidth of the receiver by sampling at a rate close
to the pulse repetition rate of the laser source. Detailed
numerical models that explore the feasibility of such systems
have been developed [8].
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Figure 1. Concept of demonstrated coherent receiver with feedback. Thick

lines: optical link; thin lines: electrical link

II. SYSTEM ARCHITECTURE

Figure 1 shows a schematic of the base receiver
architecture. The received optical phase is mixed with an
optical reference, producing a sinusoidal response to optical
phase. The detected photocurrent is amplified and fed back to



a reference phase modulator. The received phase is now
given by standard control theory:

s
_ —__rs 1
Ps —Pro 1+G ey

Where ¢y and ¢, are signal and reference optical phase,
and G is the loop transmission gain. The reduction in the net
detected phase results in the demodulator operating within its
linear regime. Further, it should be noted that the feedback
cannot discriminate between the detector shot noise and
signal. As a consequence, the shot noise limited SNR remains
unchanged despite the reduction in net phase.

The architecture of the receiver for sampled operation
remains relatively unchanged. The only difference is that the
c.w. optical source is replaced with a singled pulsed optical
source in order to obtain an intermediate frequency (IF)
component that falls within the bandwidth of the baseband
phase demodulator.

III. INTEGRATED RECEIVER

To scale the operation of the receiver to microwave
frequencies compact monolithic or hybrid integration of
receiver elements is necessary for low loop latency. Our
receiver consists of two integrated chips-one photonic and
other electronic — mounted on a common microwave carrier.
Figure 2 shows the photonic integrated circuit consisting of a
balanced UTC photodetector [9], tracking phase modulators
and a 2x2 MMI coupler. The receiver has the following
features:

e Balanced (i.e. push-pull) modulator design that
results in the cancellation of even order non-
linearities and common-mode noise

e Exploitation of capacitances of photodiodes and
modulators as circuit elements to perform the desired
loop integrations in the feedback path.

e Electronic chip that enhances the phase margin of the
system and also provides transconductance
amplification to drive the modulators.

" Balanced detector

Optical !npuis %

Figure 2. SEM of integrated Optoelectronic Receiver

IV. LINK DEMONSTRATION
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Figure 3. Schematic of Experimental Setup

The experimental setup is shown in Figure 3. The output
of the optical source block is a high-power, amplified laser
signal at 1537.40nm. The power emerging from the
polarization maintaining (PM) coupler into the individual
branches of the interferometer can be adjusted using the
polarization controller. After the coupler, PM fiber and
components are used for polarization management and
stability.

Separate LiNBO; modulators are used in the transmitter
block, in order to ensure that no mixing products are generated
from the two-tone RF drive signal. A portion of the output
signal from the receiver is tapped into a ‘slow’ feedback loop
that generates a low frequency drive signal to one of the phase
modulators for system stability against environmental drifts.

A. Link Response

The frequency response of the device for varying values of
photocurrent is shown in Figure 4. The combination of high
photocurrent and lower frequencies results in a sufficiently
high loop transmission gain (G) such that the reference
modulator is able to closely track the received signal phase.
The optical link gain is now dependent on the ratio of drive
voltage between source and reference modulator and in this
link is -5dB.
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Figure 4. Link gain at different detected photocurrent values



At high frequencies or at low photocurrent values, loop
transmission gain is low and hence, link gain is proportional to
the photocurrent and loop filter transfer function as expected.
The loop bandwidth, here defined by the 3dB point and
approximately where the unity gain crosses over, is 1.45GHz
at 12mA. The delay-limited bandwidth, within which the loop
remains stable, is on the order of 4GHz.

B.  Spurious Free Dynamic Range (SFDR)
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Figure 5. SFDR at different frequencies

Figure 5 shows SFDR data taken at 300 MHz, 500 MHz and
1 GHz. At 300 MHz, the high gain in the feedback loop
results in enhanced linearity and consequently, an SFDR of
125dB.Hz”” was measured. At higher frequencies, with
reduced feedback (as seen in Figure 4), the SFDR degrades to
the point where is there no reduction in net received phase.
Consequently, the SFDR measured at 1GHz (113dB. Hz™?)
with 12mA of photocurrent is close to the calculated shot
noise limited SFDR at that frequency (116dB. Hz*?)

This is a fundamentally linear technique. However, further
improvements in SFDR performance would require short
feedback delay in order to sustain high, yet, stable loop gain at
high frequency. Additionally, higher photocurrent in the
detectors coupled with efficient, linear phase modulators will
improve linearity performance of the receiver.

V. SAMPLING

In order to extend the frequency range of the receiver, the
input RF signal has to be optically downconverted in order to
fall within the bandwidth of the PLL. Standard optical
downconversion for a balanced receiver involves using a
frequency shifted optical reference tone, such that the
frequency difference between one of the modulation
sidebands and the RF signal is detected. However, in a phase
modulated link, the signal, as obtained from the Bessel
expansion, consists of several frequency components.
Frequency shifting can access the information of only one of
the tones and thus a severe limitation is placed on the
linearity of the downconverted signal.

Optical sampling does not have this limitation. Using a
pulsed laser source for signal and reference path, the input RF
signal is sampled at a rate close to the RF period, and after
detection, the resulting downconverted signal is obtained.

A. Time Domain Analysis

Previously, we reported a detailed time domain analysis of
the baseband receiver operation [8]. The model has now been
expanded to include sampled receiver operation as well [5].
The model suggests that to preserve linearity, a pulsed optical
signal needs to be used. Moreover, by showing that the
signal-to-intermodulation ratio (SIR) degrades with increased
pulse width of the assumed Gaussian shape pulsed optical
source, as shown in Fig. 6, it confirms that sampling induces
extra non-linearities in the loop response. Further, by
modeling the effect of loop gain on pulse width and taking
into account the effective feedback delay of the sampled loop,
it is found that for most efficient operation, very short pulses
(<2ps) and high input signal frequencies are required [5].
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Figure 6. Signal to IR as a function of FWHM of the pulsed laser signal for
selected values of the loop gain (K)

B. Analysis Using Z-Transform Theory

An elegant alternative to the computationally intense time
domain model is to use Z transform theory for the analysis of
sampled optical phase-lock loops [10]. In standard OPLL
theory, the output phase and input phase are related thru
equation 1. The Z-transform of the open loop transmission,
G(2), for a second order loop, taking into account delay is
given as follows:

22 :

Lz 1+(z-1 7, 2 2
z"(z-1) T ST

Here, Z is the Z transform variable and is given by Z(f) =
exp(2rifT) where T is the sampling period. The delay, is
expressed in the form t=nT+t, where the integer number of
periods in the loop have the largest impact on loop behavior.
The second term in the square bracket determines loop
stability. It can be seen that increasing pulse period will
decrease stability. Assuming a second order loop, a critical
loop damping factor (§ = 1/v2) and a loop natural frequency, f,
(=s,/2xi) adjusted to 10 dB loop gain margin for stability, we
apply the Z-transform technique to the sampled receiver.
Figure 7 shows the available stable loop gain as a function of
input signal frequency assuming downsampling to 500 MHz.
It is interesting to note that model predicts superior baseband

performance below 1 GHz or sampled performance above
10GHz. The sampled gain does not vary with frequency at

G(Z)=



high frequencies and is a consequence of a transition from
latency limited by pulse repetition rate to latency limited by
physical delay in the feedback path.
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Figure 7. Available feedback gain in a linear tracking optical phase
lock loop demodulator. The dashed line represents available stable
feedback gain versus frequency of baseband tracking using a CW
optical carrier. The solid line represents available stable feedback
gain using a pulsed optical carrier and downconverting to 500
MHz.

VI. CONCLUSION

In this paper we have described and experimentally
demonstrated the baseband operation of a novel coherent
integrated receiver that is based on a broadband optical phase
lock loop. We have shown that the receiver concept is a true
linear technique, not realized by linearization or distortion
cancellation and as such has the potential for high dynamic
range. A loop bandwidth of 1.45 GHz and SFDR of
125dB.Hz*” corresponding to 66dB in 500 MHz is reported.
Additionally, we report an extremely low link loss: -5dB at
low frequencies, when the loop is closed and the reference
phase modulator is closely tracking the input signal phase.

We also explore the idea of porting the link to a much
higher carrier frequency by using optical sampling. Two
techniques 1) Time domain large signal model based on
nonlinear differential equations and 2) Z transform theory;
have been utilized to develop a comprehensive theoretical
model of optical sampling in the context of the balanced
receiver architecture. The results suggest that best
performance is obtained at high RF to IF ratio. Put in another
way, if the pulse widths of the pulsed optical source are
shorter than 2ps and high input signal frequencies are used, the
concept of optical sampling could become a practical reality
for high-frequency analog optical links.
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Abstract— Waveguide uni-traveling-carrier photodiodes have
been fabricated and tested to investigate the influence of the
doping profile in several of the device layers on saturation
characteristics and linearity. Two particular photodiode (PD)
structures are discussed. Compared to PD A, PD B has a lower
and more graded p-doping profile in the absorber layer and
also a higher n-doping level in the collector layer. For PD B
a higher field is induced in the absorber layer and the higher
doping in the collector layer provides charge compensation. An
enhancement in the response for PD B is observed with increasing
photocurrent. At a frequency of 1 GHz the saturation current
for PD A is 65 mA and that for PD B is 63 mA. The third-
order intermodulation distortion was also measured at various
photocurrent levels. For PD A, the third-order output intercept
point (OIP3) for photocurrent levels of 10 mA, 20 mA, and 30
mA is 34.7 dBm, 38.6 dBm, and 35.8 dBm respectively. Those
for PD B are 28.1 dBm, 41.0 dBm, and 37.2 dBm. These are
all for a bias of -5 V. While PD A has a higher OIP3 at lower
photocurrent levels, PD B is favorable for high current operation.

I. INTRODUCTION

To improve signal-to-noise ratio and spur-free dynamic
range in analog fiber-optic links, a novel coherent receiver
architecture has been proposed requiring photodetectors that
have high saturation current and high linearity at GHz fre-
quencies [1]. The uni-traveling-carrier photodiode (UTC-PD)
demonstrates both high speed and high current operation [2].
In a UTC-PD light is absorbed in an undepleted p-type
narrow bandgap layer (absorber) and photogenerated electrons
subsequently diffuse to a wide bandgap drift layer (collector).
Because electrons are the only active carriers and electrons
have a higher drift velocity than holes, space charge saturation
effects should be reduced when compared to a traditional
PIN photodiode (PD). Several techniques for improving the
performance of UTC-PDs have been demonstrated. Charge
compensation was used to improve the saturation current
by intentionally n-doping the collector layer [3]. By doing
so, the electric field is preconditioned to be higher in the
presence of a large mobile space charge density. Others have
reported an enhancement in the response of UTC-PDs that
have a graded doping profile in the p-type absorber [4].
This grade results in a potential profile that can aid electron

transport. This same effect was also observed for UTC-PDs
with uniform but relatively lower absorber doping [5]. We
previously reported waveguide UTC-PDs that demonstrated
output saturation currents greater than 40 mA at 1 GHz and a
third-order output intercept point (OIP3) of 43 dBm at 20 mA
and 34 dBm at 40 mA [6]. Here we have closely investigated
the effects of the doping profile in several layers of UTC-
PDs on the output response, saturation current, and third-order
intermodulation distortion (IMD?3). In particular, two different
waveguide UTC-PDs were fabricated and characterized. The
most significant differences in these devices are the doping
profiles within the absorber and collector layers. The devices
are referred to as PD A and PD B. For PD A, the p-doping in
the absorber layer is not only higher, but also more uniform.
The n-doping in the collector layer is lower in PD A at around
7E15 cm~? whereas for PD B it is around 6E16 cm~3. For
PD B an enhancement in the output response is observed at
high current. This is believed to be due to the combination of
the lower and more graded absorber doping profile as well as
the higher collector doping level. The lower and more graded
doping level in the absorber results in a small field induced
at high current levels, and the higher collector doping level
provides charge compensation. Both PDs exhibit very high
saturation current levels that, to the best of our knowledge,
are some of the highest reported for waveguide photodiodes
at comparable frequencies. Due to the response enhancement
with increasing photocurrent for PD B, the OIP3 increases
with photocurrent more so than for PD A. Therefore PD B
exhibits higher linearity at high photocurrent levels.

II. DEVICE DESIGN AND FABRICATION

The PD structures are grown directly above an InGaAsP
optical waveguide. Passive regions are formed by selectively
removing the PD layers. This is followed by a blanket InP
cladding and InGaAs contact layer regrowth. The layer struc-
ture following regrowth is shown in Table 1. The p-doping
level in the absorber and the n-doping level in the collector
are denoted P and N respectively. The doping levels for those
layers which are unintentionally doped are denoted UID. The
n-InP field termination layer terminates the applied field across



TABLE I
UTC-PD LAYER STRUCTURE

Layer Thickness (nm)  Doping (cm™3)
p-InGaAs contact 150 2E19
p-InP cladding 2,000 1E18
p-InGaAs absorber 75 P
InGaAs 8 UID
InGaAsP 16 UID
InP 6 UID
n-InP 7 1E18
n-InP collector 200 N
n-InP field termination 25 2E18

the collector layer of the PD in the photodetection regions
and prevents depletion of the optical waveguide below. Light
is coupled into the optical waveguide in a passive region and
then absorbed as it passes through a photodetection region.
Because of the spatial separation of the absorber layer in the
UTC-PD structure and the peak of the incoming optical mode,
carrier generation is distributed more uniformly along the
length of the device. This as well as a wide input waveguide
help to reduce front-end saturation. Of particular interest are
the doping profiles in the absorber layer and collector layer.
The absorber p-doping level was intended to be greater than
2E18 cm™3. Zn, which is used as the p-dopant, diffuses readily
during growth therefore the grading in the doping profile can
vary. For PD B, the absorber peak doping level is around 25%
lower than that for PD A, and the profile is more graded (high
to low) toward the absorber/collector interface. The n-doping
in the collector layer is also nearly an order of magnitude
higher for PD B at around 6E16 cm~3. This doping level
is adequate for providing charge compensation. Devices were
fabricated with various geometries. The results that follow are
for devices that are 10 ym wide and 150 pm long.

III. RESULTS AND DISCUSSION

The electrical frequency response of the UTC-PDs was
measured at various biases for photocurrent levels up to around
70 mA. Fig. 1 shows the normalized RF power as a function
of DC photocurrent at 1 GHz for both devices. For PD A, the
response is fairly constant with photocurrent until the onset
of saturation. For PD B, there is a significant enhancement in
the response with increasing photocurrent. This enhancement
is due in part to a small field induced in the absorber at high
photocurrent levels. The p-doping in the absorber of PD B is
lower and more graded so this field should be greater in this
device. The enhancement could also be due to the higher n-
doping in the collector of PD B. This doping provides some
charge compensation and preconditions the electric field for
operation at high photocurrent levels. The saturation current,
defined here as the photocurrent level where the RF response
decreases by 1 dB, is around 65 mA for PD A and around 63
mA for PD B for biases of around -3.5 V. Because the device
areas are large, the 3-dB bandwidth is RC-limited. Therefore
any enhancement in the response should be attributed more so
to improvements in the field distribution in the depletion region
or the capacitance of the device rather than improvements
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Fig. 1. Normalized RF power as a function of DC photocurrent at 1 GHz
for (a) PD A and for (b) PD B.

in carrier transit time. The change in 3-dB bandwidth as a
function of DC photocurrent level is shown in Fig. 2 for both
PDs. At 1 mA the 3-dB bandwidth of PD A is 2.2 GHz
and that for PD B is 1.6 GHz. As expected, there is a larger
enhancement with increasing photocurrent for PD B. For this
PD the 3-dB bandwidth is enhanced by as much as 40-50%
whereas for PD A it is enhanced by at most around 30%.
The saturation current was also extracted at 0.5 GHz and 2
GHz. For PD A, the saturation current at these frequencies
is 67 mA and 62 mA respectively. For PD B it is 60 mA
and 62 mA. To characterize the linearity of the PDs, a two-
tone setup was used. Tones were generated at 1 GHz and
0.8 GHz. The output fundamental and IMD3 power were
measured as a function of input modulation power at various
photocurrent levels and biases. Fig. 3 shows the results of the
IMD3 measurements at 10 mA and 20 mA for both UTC-PDs.
For these measurements the bias for both devices was -5 V.
For PD A, the measured OIP3 was 34.7 dBm and 38.6 dBm
for photocurrent levels of 10 mA and 20 mA respectively.
For PD B the OIP3 was 28.1 dBm and 41.0 dBm at the
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Fig. 2. Change in 3-dB bandwidth as a function of DC photocurrent for (a)
PD A and for (b) PD B. The bias is -3.5 V for both devices.

same photocurrent levels. Although the OIP3 improves with
increasing photocurrent for both devices, this improvement is
far greater for PD B. Fig. 4 shows the IMD3 measurements
for both devices at a photocurrent level of 30 mA and a bias
of -5 V. The OIP3 at these conditions for PD A is 35.8 dBm
and that for PD B is 37.2 dBm. The bias was kept constant
at -5 V for these measurements to make a fair comparison.
Increasing the bias improves the OIP3 for both PDs, however
the maximum achievable OIP3 for photocurrent levels higher
than 10 mA is greater for PD B. It appears that because of
its enhanced response, this PD exhibits lower IMD3 at high
photocurrent levels.

IV. CONCLUSIONS

We have fabricated and tested UTC-PDs with different ab-
sorber and collector layer doping profiles. An enhancement in
the response is observed for PD B which has a lower and more
graded absorber doping as well as a higher collector doping.
These result in a higher induced field in the absorber layer
and charge compensation respectively. Saturation currents of
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65 mA for PD A and 63 mA for PD B are demonstrated.
To the best of our knowledge these represent some of the
highest saturation currents reported for waveguide PDs. IMD3
measurements were also performed to investigate the effects
of the response enhancement observed for PD B on linearity.
The OIP3 at photocurrent levels of 10 mA, 20 mA, and 30
mA was measured to be 34.7 dBm, 38.6 dBm, and 35.8 dBm
for PD A and 28.1 dBm, 41.0 dBm, and 37.2 dBm for PD
B. The linearity is better at high photocurrent levels for PD B
therefore this PD is preferable for high current operation.

ACKNOWLEDGMENT

This research was supported by the DARPA PHOR-FRONT
program under United States Air Force contract number
FA8750-05-C-0265.

REFERENCES

[1] A. Ramaswamy, L. A. Johansson, J. Klamkin, C. Sheldon, H.-F. Chou,
M. J. Rodwell, L. A. Coldren, and J. E. Bowers, “Coherent receiver based
on a broadband optical phase-lock loop,” in OFC Postdeadline Papers,
2007.

[2] T. Ishibashi, T. Furuta, H. Fushimi, S. Kodama, H. Ito, T. Nagatsuma,
N. Shimizu, and Y. Miyamoto, “InP/InGaAs uni-traveling-carrier photodi-
odes,” IEICE Transactions on Electronics, vol. E83-C, no. 6, pp. 938-949,
June 2000.

[3] N. Li, X. Li, S. Demiguel, X. Zheng, J. C. Campbell, D. A. Tulchinsky,
K. J. Williams, T. D. Isshiki, G. S. Kinsey, and R. Sudharsansan, “High-
saturation-current charge-compensated InGaAs-InP uni-traveling-carrier
photodiode,” IEEE Photonics Technology Letters, vol. 16, no. 3, pp. 864—
866, March 2004.

[4] N. Shimizu, N. Watanabe, T. Furuta, and T. Ishibashi, “InP-InGaAs uni-
traveling-carrier photodiode with improved 3-db bandwidth of over 150
ghz,” IEEE Photonics Technology Letters, vol. 10, no. 3, pp. 412-414,
March 1998.

[S] N. Shimizu, N. Wantanabe, T. Furuta, and T. Ishibashi, “Improved re-
sponse of uni-traveling-carrier photodiodes by carrier injection,” Japanese
Journal of Applied Physics, vol. 37, pp. 1424-1426, 1998.

[6] J. Klamkin, A. Ramaswamy, L. A. Johansson, H.-F. Chou, M. N. Sysak,
J. W. Raring, N. Parthasarathy, S. P. DenBaars, J. E. Bowers, and L. A.
Coldren, “High output saturation and high-linearity uni-traveling-carrier
waveguide photodiodes,” IEEE Photonics Technology Letters, vol. 19,
no. 3, pp. 149-151, February 2007.



Monolithically Integrated Coherent Receiver for
Highly Linear Microwave Photonic Links

Jonathan Klamkin!, Leif A. Johansson?, Anand Ramaswamy?, John E. Bowers?,

2

Steven P. DenBaars'2, Larry A. Coldren'-
1. Materials Department, University of California, Santa Barbara, CA 93106 USA
2. Electrical and Computer Engineering Department, University of California, Santa Barbara, CA 93106 USA
Email: klamkin@engineering.ucsb.edu

Abstract— A compact monolithically integrated coherent re-
ceiver with feedback has been fabricated for linear optical phase
demodulation. The photodiodes demonstrate a saturation current
greater than 60 mA and an OIP3 of 35 dBm at 40 mA.

I. INTRODUCTION

Phase modulation can be used to improve the signal-to-
noise ratio (SNR) and spur-free dynamic range in microwave
photonic links as long as the signal phase can be linearly
demodulated. Traditional interferometer based demodulators
have a sinusoidal response therefore a novel approach is
required to build a linear phase demodulator. We have demon-
strated a coherent receiver with feedback to a reference phase
modulator [1], [2]. For high loop gain the received signal
phase is closely tracked and the phase detection falls within
the linear regime of the sinusoidal response. In order to
operate at high frequency, the delay of the feedback loop
must be kept short to prevent instability. A monolithically
integrated receiver is therefore required to realize high fre-
quency operation. Here we present a compact monolithic
coherent receiver that consists of MQW phase modulators, a
2x2 multimode interference (MMI) coupler, and a high power
balanced uni-traveling-carrier photodiode (UTC-PD) as shown
in Fig. 1. This photonic integrated circuit is designed for
hybrid integration with an electronic integrated circuit that can
provide transconducance amplification of the feedback signal.

II. DEVICE DESIGN AND RESULTS

The device structure is designed to incorporate the following
optical functions: phase modulation, low loss propagation, and
photodetection. The structure is grown on a semi-insulating
InP substrate by MOCVD. The optical waveguide consists of
a MQW stack for efficient phase modulation. The UTC-PD
structure is grown directly above the waveguide. The layers of
the photodiode (PD) structure are selectively removed prior to
the pT-InP cladding and pT™+-InGaAs contact layer regrowth
in order to form the photodetection regions. The 2x2 MMI
coupler is fabricated in a surface ridge and is 350 pm in
length. A metal pad is integrated in a section in the center
of the MMI for current injection tuning. In order to build a
balanced UTC-PD, adjacent PDs are electrically isolated with
high energy Helium implantation and then connected in series
with a monolithic metal interconnect.
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Fig. 1. Integrated coherent receiver device schematic.

Although the feedback loop suppresses nonlinearities in the
interferometer, the linearity of the reference phase modula-
tor needs to be addressed. Phase modulation in InP QCSE
modulators is dominated by the quadratic electro-optic effect.
By incorporating phase modulators into both input arms and
driving them differentially, the linear term is doubled while
the second order term as well as higher even order terms
are canceled. With this push-pull configuration, the efficiency
is therefore doubled and the third-order nonlinearities can
be suppressed by adjusting the bias. The absorption spectra
of the phase modulator structure were measured and from
these measurements the efficiency of a single modulator
was extracted using a Kramers-Kronig transformation. For a
modulator length of 560 pm, V,,; is 5.0 V at 1540 nm. The
efficiency can be improved simply by increasing the modulator
length. With a more efficient modulator, the feedback loop
gain requirements are less stringent, however with a longer
modulator the loop delay increases. Therefore it is desirable
to use very efficient modulator structures so that the modulator
length can be kept short.

The design of the MMI is important in that the excess loss
should be kept low so that maximum transmission of optical
power to the PDs is allowed. The tuning of the splitting in a
MMI relies on a refractive index change in one interval where
the field is imaged in order to produce new phase relations in
the next interval. Fig. 2 shows the splitting properties of the
MMI coupler. With low levels of injected current the splitting
ratio can be fine tuned. The effect of the tuning section length
on the tuning efficiency is shown in Fig. 3. As shown, a 100
pm long tuning section is more efficient than a 300 pum long
tuning section.

It is important that the PDs can operate under high current,
for high SNR, and that they are linear. UTC-PDs are used
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because they are designed for high current operation. We
previosly reported UTC-PDs with 40 mA saturation current
and an OIP3 of 34 dBm at 40 mA [3]. We have since improved
the design of the UTC-PD structure to increase the output
saturation current. Fig. 4 shows the normalized RF power
as a function of DC photocurrent at several frequencies. The
saturation current is greater than 60 mA in all cases. This is
among the highest reported saturation current for a waveguide
PD at comparable frequencies. Fig. 5 shows the results of
third-order intermodulation distortion measurements at a DC
photocurrent level of 40 mA. The measured OIP3 is 31 dBm
for a bias of -5 V and 35 dBm for a bias of -5.8 V.

III. CONCLUSIONS

We have demonstrated a monolithic coherent integrated re-
ceiver for a novel feedback loop architecture. The performance
of the optical phase modulators, the 2x2 MMI coupler, and the
balanced UTC-PD as well as their impact on the operation of
the feedback system have been discussed.
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Abstract: A novel, InGaAsP/InP ultra-compact grating-based beam splitter that has less than
1.8dB of loss has been fabricated. The beam splitter exhibits 50/50 splitting with a length of
less than 25pm for 1555nm wavelength

1. INTRODUCTION

Compact beam splitters have attracted considerable interests during the last few decades. There has been an
ever-increasing demand for photonic integrated circuits, analogous to their electronic counterparts, to be small in
size and also achieve high data rates and low losses. Moreover, in some applications with optical feedback circuits,
such as the optical phase-locked loops in [1], the system stability greatly relies on ultra-short loop delays.
Conventional directional couplers and MMI-based beam splitters, usually a few hundred microns or even
millimeters in length, cannot meet the compactness requirements. Other advanced technologies such as photonic
crystals [2] and air trenches [3] can be used to construct beam splitters with ultra compactness within submicron
order; however, their performance is sensitive to the processing, and they are usually hard to fabricate with large
throughput.

A grating-based beam splitter proposed in this paper has the advantage of (1) meeting the short delay
requirement with a length less than 25 pm, (2) having well-established processes for robust fabrication and large
throughput, and (3) being compatible with existing integrated platforms. Another point worth mentioning is that the
total footprint of a splitter includes not only the central splitting region but also connecting waveguides between the
splitter and other components e.g. phase modulators and photo detectors in our case. As is typically the case with
these devices, the final footprint of our compact beam splitter is limited by the pad layout and beam separation
issues, hence is usually dominated by the connecting lengths. Therefore, the grating-based beam splitter is a very
desirable solution for circuits that require compactness without a trade-off in the fabrication complexity.

2. DESIGN

The splitter is designed by using the 2-D, quasi-free space, and two-wave interference method. The schematic
diagram and FDTD simulations [4] are shown in Figure 1. The incoming guided light from each side first diverges
out in the quasi-free space region without reaching its waveguide boundary, and is divided by a Bragg grating
section into transmitted and reflected waves. Here, a grating period of 245 nm for the Bragg condition has been used.
The goal for our grating-based beam splitter is to have an equal splitting ratio, low loss, and high degree of
interference between the two waves.

In the case of large incident angles and wide grating regions, signal distortions and resulting degradation of
interference are typically observed due to the oblique incidence and the finite widths of both gratings and input
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FIGURE 1. (a) Schematic diagram of grating-based beam splitter. Waveguide boundary is far away from the diverged beams in quasi-free
space region. Green and red colors represent two input signals from modulators. (b) FDTD simulation shows 50% splitting ratio.



beams. Therefore, a small angle of 10° and a large coupling coefficient achieved by deep etching, which allows a
short grating length, are desirable. However, perturbation theories cannot be applied to splitters using deeply etched
gratings. The possibility of low scattering loss with high reflectivity has been theoretically proven in [5]. In order to
minimize the scattering loss and to provide more uniform interference, a grating depth which extends completely
through the slab waveguide layer is required.

3. DEEP GRATING FABRICATION

The gratings are first patterned with holographic exposure, and then transferred to an 800A SiO, hard mask
layer using ICP CHFj; etching. Methane/hydrogen/argon (MHA)-based reactive ion etching (RIE) is generally used
in InP-based materials. However, deeply etched profiles with high aspect ratios usually suffer from polymer
deposition and methyl radical undercut. It is known that the presence of oxygen within the MHA RIE process is
beneficial for preserving the etch profile and enabling sufficient etch depth. In this work, we adopt a hybrid
fabrication method [6] in which the continuous addition of oxygen is present during the etching steps
(0.5/4/20/10sccm O:MHA, 60mTorr, -450V), and also in which oxygen ashing steps (40sccm, 125mTorr, -200V)
are cyclically applied until the desired etch depth is reached. The small amounts of continuous oxygen prevent
lateral overgrowth, and cyclic oxygen plasma helps clean up any polymer accumulated during etching. Subsequently
a cladding layer of 2 um InP is regrown on top of the etched grating grooves. As shown in Figure 2 (a), the gratings
are almost completely etched through the slab waveguide layer to achieve high index contrast and the absence of
apparent air vacancies implies a low void-stimulated scattering loss.

4. RESULTS AND CONCLUSIONS

The grating-based beam splitter performance is characterized by measuring the photocurrents of the two photo
detectors for transmitted and reflected. Two examples are shown in Figure 2 (b) and (c). These splitters have grating
lengths of 10 um and 25 pm and the peak reflections at Bragg wavelength of 47% and 66% respectively. As
expected, the peak reflections are larger for longer gratings. The total measured insertion loss for the devices is
between 1 and 1.8 dB for the wavelength range shown in Fig 2 (b) and (c). It includes the propagation loss in the
quasi-free space region and the grating scattering loss.

In this paper, we have fabricated a novel, ultra-compact grating-based beam splitter with low scattering loss and
splitting ratio close to and greater than 50%. The physical dimensions of our ultra-compact beam splitter, including
two 350 um phase modulators, two 100 pm photo detectors, 90 um splitter regions (grating and connection
waveguides) and all the electrical pads for wire-bonding, are less than 850 um x 350 pm.
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An integrated all-photonic coherent receiver is presented for linear optical demodulation of
phase modulated analog signals. The output of a balanced detector pair is directly
connected to a tracking phase modulator to provide feedback phase tracking. The resulting
measured link SFDR is 110dBHz>".

High-performance analog optical links require high linearity in the optical transmitter and receiver. Phase modulation
has emerged as a viable alternative to standard intensity modulation with the prevalence of lineal optical phase
modulators (e.g. LiNbO3). The main source of nonlinearity then resides in the receiver architecture due to the inherent
non-linearity associated with any interferometer based phase detection process. By using a feedback loop in an
optical interferometer receiver we have demonstrated that the net phase swing across the demodulator can be
reduced without any penalty in SNR with a resulting improvement in receiver SFDR [1]. An integrated, optoelectronic
version of the receiver, with a 3dB bandwidth of 1.45GHz, was demonstrated to have an SFDR of 125dB.Hz?* at 300
MHz [2]. In this work we present link experiment results from an all-photonic version of the receiver. Figure 1 shows a
schematic of the receiver architecture in which the output of a balanced receiver pair is directly interconnected to a
balanced optical phase modulator with a 2x2 MMI coupler located between modulator and detector. Figure 2 shows a
scanning electron micrograph (SEM) of the integrated device.

Detector
Optical signal pair
and LO input
. Ps >
— = ¢—mod _><_>
PLo is|Zp
1 Vin, Zu
Electrical
output
Fig. 1. Schematic of the receiver architecture. Fig. 2. SEM of Integrated All-photonic receiver

Unlike the optoelectronic receiver, the all photonic receiver has no electronic amplifiers in the feedback path. Instead,
there is a direct interconnect between the detector and modulator. When the detected photocurrent is sufficiently high,
it drives the sum of the photodiode and modulator capacitance, generating a voltage across the reference modulator
that's proportional to the photocurrent. The modulator response is tailored to provide adequate filtering and stable
phase feedback [3].

Figure 3a) shows the frequency response of the device with the modulators in this experiment is forward biased for
greater efficiency. At lower frequencies and higher photocurrents, the link gain is determined by the ratio of the drive
signals to the source and reference modulator. We can consequently observe that the response does not vary with
received photocurrent. This suggests that the loop gain is sufficiently high for the reference modulator to closely track
the incoming phase so. Figure 3b) shows the open-loop gain that is extracted from the response. It confirms that at
higher photocurrent and low frequencies the link gain is proportionally higher. The increased loop gain at low
frequency is attributed to higher phase modulation efficiency of the forward biased reference modulator. This is also
mirrored in the reduction in loop gain at lower frequencies, as a lower drive voltage is required for phase tracking in
the integrated receiver.
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Figure 4 shows SFDR data taken at 500 MHz with 15mA of photocurrent in the detectors. The experimental setup
used for this measurement is discussed in [2]. The noise floor is calculated from receiver and shot noise contributions
where the ASE noise contribution of the amplified optical source has been compensated for. Ideally, with detector
balance, a low RIN source and higher photocurrent, shot noise limited receiver performance should be achievable. It
was verified that receiver noise was well below the calculated shot noise level. An SFDR of 110dB.Hz*® was
measured. The detectors themselves have saturation current greater than 40 mA and OIP3 values of 43 dBm and 34
dBm at photocurrent levels of 20 mA and 40 mA respectively [4] and hence, can handle high optical powers. Efforts
are being made to realize lower loss through the device so that the link gain can be increased. This is a
fundamentally linear technique and with improved modulator efficiency, lower loss and shorter feedback delay the
linearity performance of the receiver can be enhanced over a wide frequency range.
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Fig. 4. SFDR at 500MHz with 15mA of detected photocurrent
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Abstract—This work describes the factors that influence the
digital system performance of a monolithically integrated pho-
tocurrent driven wavelength converter. For an optimized input
power to the receiver section of the device, experiments show
<1-dB power penalty for conversion between 1548 and 1563 nm
at 10 Gb/s. Under optimized conditions, performance is limited by
the output extinction ratio of the converted signals.

Index Terms—Monolithic integration, photonic integrated
circuits, wavelength converters.

1. INTRODUCTION

HOTONIC integrated circuits that are capable of wave-

length switching and signal regeneration are critical
components for extending the reach of present day optical net-
works. Several devices are currently available that can perform
these functions. These include semiconductor optical ampli-
fiers (SOAs) that utilize cross-gain modulation or cross-phase
modulation, electroabsorption modulators (EAMs) based on
photocurrent effects, and fiber-based wavelength converters
that employ wave mixing [1]. Of these approaches, small
form factor wavelength switching elements that are compatible
with monolithic integration offer additional benefits, such as
low optical coupling losses between components and reduced
packaging costs.

Recently, we have demonstrated a monolithically integrated
photocurrent driven wavelength converter (PD-WC) that can
perform signal regeneration. The device is compatible with a
range of input and output wavelengths, and does not require op-
tical filtering to separate input and converted signals [2]. The
wavelength converter is based on the dual-quantum-well (QW)
integration platform where fabrication requires a single blanket
InP regrowth in combination with simple selective wet etching
steps to form optical gain and passive routing/EAM regions [3].
The device utilizes photocurrent driven technology where an op-
tically preamplified receiver drives an EAM that is part of a tun-
able optical transmitter. Similar devices based on this principle
have been demonstrated at bit rates of 500 Gb/s [4].
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Fig. 1. (a) Scanning electron micrograph (SEM) of the PD-WC. (b) Circuit
schematic for PD-WC operation.

In this work, we use bit-error-rate (BER) measurements to op-
timize the digital system power penalty through the wavelength
converter. Under optimum conditions, the PD-WC does not in-
troduce significant noise or jitter onto the wavelength-converted
signals. Furthermore, when optimized, the power penalty
through the wavelength converter is limited by the converted
signal extinction ratio (ER).

II. DEVICE OVERVIEW

A schematic of the PD-WC along with an equivalent cir-
cuit for device operation is shown in Fig. 1. The device con-
sists of a monolithically integrated optical receiver section and
widely tunable transmitter section. The receiver is comprised of
a 600-pm-long straight waveguide SOA that is 3-pm-wide (re-
ceiver amplifier 1) and a 400-pm-long flared waveguide SOA
(receiver amplifier 2). The second SOA waveguide width is ex-
ponentially flared from 3 to 12 pm along the length of the de-
vice. A linearly tapered (12 — 3 pm) waveguide QW-PIN pho-
todetector follows the flared SOA [5].

The transmitter section of the PD-WC consists of a four-sec-
tion sampled-grating distributed Bragg reflector (SGDBR) laser,
a550-pum-long postamplifier SOA, and a 400-pm-long EAM. A
voltage source and a bias tee are used to simultaneously reverse
bias both the QW-PIN and the EAM, and a 50-€) load resistor
is used to enhance the bandwidth. An equivalent circuit for the
device is shown in Fig. 1(b). A 35-um-long metal interconnect
routes the photocurrent generated in the QW-PIN to the EAM
and the load resistor, where the resulting voltage drop changes

1041-1135/$25.00 © 2007 IEEE
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Fig. 2. DC extinction (solid line) and slope efficiency (dashed line) results for
a 400-pum EAM at output wavelengths of 1557 and 1566 nm.

the transmission properties of the EAM. This writes the signal
from the receiver to the output wavelength of the transmitter. For
transverse electric (TE) polarized signals, the receiver gain is
20 dB with a current density of 6 kA/cm? applied to both SOAs.
The receiver exhibits a 1-dB gain compression at —7-dBm input
power, and has a sensitivity (BER = 107%) of —18.5 dBm at
10 Gb/s for an input wavelength of 1548 nm.

III. EXPERIMENT

To optimize the performance of the PD-WC, a set of two BER
measurements were performed using nonreturn-to-zero (NRZ)
data at 10 Gb/s. The NRZ data contained a 23! — 1 pseudo-
random bit sequence. The experimental setup was the same as
in [2], where an optical signal at 1548 nm with a 15-dB ER was
fed to the PD-WC receiver. The polarization of the input signal
was optimized using a polarization controller, and was selected
for maximum gain in the integrated receiver. The compressively
strained QWs used for optical gain in the PD-WC render the
receiver SOAs highly polarization-sensitive, with preferential
gain for TE guided modes. This issue could be circumvented
by including an additional regrowth in the fabrication process,
where an optimized bulk active region could be grown and sub-
sequently removed for the receiver amplifiers similar to that em-
ployed for high-speed photodetectors in [6].

The first set of BER measurements was used to determine
an optimum input power level for the PD-WC. BER curves
were generated for back-to-back (without the device) and wave-
length-converted signals for a range of input powers to the inte-
grated PD-WC receiver. The optimum input power was defined
as where the power penalty, measured as the difference in re-
ceiver power (the receiver in the test setup) between back-to-
back and converted signals at a BER of 107, was minimized.
In these experiments, the output wavelength from the PD-WC
was fixed at 1563 nm and the reverse bias conditions were set
to —3 V to achieve maximum EAM slope efficiency. The DC
extinction and slope efficiency of the EAM for wavelengths of
1566 and 1557 nm are shown in Fig. 2. The receiver SOAs are
biased at 6 kA/cm? and the SGDBR gain and postamplifier SOA
are biased at 100 mA.

To further optimize the PD-WC performance, a second set of
BER measurements was performed for various QW-PIN/EAM
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reverse bias conditions. The input power to the device was fixed
based on the results from the first set of BER measurements and
the output wavelength from the PD-WC was again 1563 nm. The
bias conditions for the receiver SOAs, transmitter SOA, and the
SGDBR are identical to that in the first set of measurements.

IV. RESULTS

Results from the first set of BER measurements are shown
in Fig. 3 along with wavelength-converted eye diagrams for
fiber coupled receiver input powers of —12.8, —11.2, —10.5,
and —7.5 dBm. All eye diagrams are clear and open indicating
that jitter through the PD-WC is not significant. The input and
output optical signal-to-noise ratios (OSNRs) in these experi-
ments was >30 dB, which is well above the region where OSNR
limits BER. For increasing optical power to the PD-WC, Fig. 3
shows that the power penalty initially decreases, then increases.
The power penalty through the device as a function of input
power and output ER from the wavelength converter are shown
in Fig. 4. At low input powers (—12.8 dBm), increasing op-
tical power to the integrated receiver increases the photocurrent
from the QW-PIN, which generates a larger voltage across the
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load resistor. The larger voltage swing drives the EAM through
greater changes in transmission, improving the output extinc-
tion of the device. However, as the input power to the receiver
increases beyond —11.2 dBm, the power penalty begins to in-
crease despite improvements in output ER. This increase origi-
nates from a change in slope in the BER curves shown in Fig. 3,
and is indicative of modified noise statistics in the wavelength-
converted signals. The changing noise distribution most likely
results from pattern-dependent gain overshoot and recovery in
the receiver SOAs [8], which can be seen as “one” noise in the
eye diagrams in Fig. 3 for power levels > —10.2 dBm. Based
on minimizing the power penalty through the device, the op-
timal input power to the PD-WC is —11.2 dBm. Under these
conditions, the clear eye diagrams and the parallel BER slopes
between back-to-back and converted data indicates that device
performance is not limited by jitter or pattern dependence gen-
erated in the PD-WC receiver.

Results from the second set of BER measurements, which in-
vestigates how changing the wavelength converter bias effects

digital system performance, are shown in Fig. 5. For reverse bi-
ases of —2.0, —2.3, —2.7, and —3 V, wavelength-converted sig-
nals show ERs of 4, 5.5, 7, and 9 dB, respectively. Eye diagrams
are included for the wavelength-converted signals at each of the
examined bias conditions. The increase in ER as a function of
bias comes from the increasing EAM slope efficiency shown
in Fig. 2. From Fig. 5, as the ER improves, there is a clear re-
duction of the power penalty between back-to-back and con-
verted signals. To determine if the output ER from the PD-WC
limits BER performance, the extracted power penalty through
the wavelength converter is compared with theory from [7] in
Fig. 6. The theoretical predictions are based on the increase in
receiver power (the receiver used to measure BER) that would
be required to achieve a BER of 109 given a range of signal
ERs. To convert the increased receiver power to a power penalty
through the device, a constant is subtracted from the theoretical
predictions to account for the 15-dB ER in the input signal to
the PD-WC. The excellent agreement between the predictions
and data indicates that under these optimized input power con-
ditions, converted signal ER limits device performance.

V. CONCLUSION

‘We have demonstrated that the digital system performance of
the PD-WC can be limited by the ER of the converted signals at
10 Gb/s. Under optimized input conditions, the bias across the
EAM and QW-PIN can be changed to achieve less than 1-dB
power penalty through the device. By improving receiver satu-
ration or EAM efficiency in the PD-WC, the converted ER could
be improved, leading to lower power penalties and a larger dy-
namic range.
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Abstract: The first 40 Gbps monolithic SAM Mach-Zehnder wavelength converter is demonstrated.
The device exhibits a bandwidth is in excess of 20 GHz and power penalties less than 2.5 dB at
40 Gbps using NRZ data.
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1. Introduction

Wavelength converters are an important part of the next generation of optical networks to provide dynamic wave-
length management within WDM systems. Monolithic approaches are able to reduce packaging costs and increase
scalability. A popular approach to this problem is to utilize cross-gain or cross-phase modulation in semiconduc-
tor optical amplifiers (SOAs) [1, 2], however these devices are inherently limited by carrier lifetime. Recently, there
has been success with the separate absorption and modulation region (SAM) approach to wavelength conversion in
which input signal photocurrent generated by an on-chip photodiode is used to drive an optical modulator [3, 4]. This
approach offers a number of advantages over SOA based approaches including conversion between identical input
and output wavelengths, bit-rate transparency, and no optical filtering requirements.

In this paper we report the first monolithic Mach-Zehnder modulator (MZM) based SAM wavelength converter
operating at 40 Gbps. The device implements a linear SOA, a quantum-well absorber, a widely tunable sampled-
grating DBR (SGDBR) laser and a series-push-pull Mach-Zehnder modulator. Additionally, a capacitor and resistor
are integrated on chip eliminating the need for bias tees, thus reducing microwave losses and simplifying biasing.

2. Device

A diagram of the Mach-Zehnder wavelength converter is shown in Fig. 1.

Fig. 1. Diagram of the wavelength converter

The SGDBR laser consists of five sections — an active absorber, a rear mirror, a phase section, a 500 pm long
gain section, and a front mirror. A 500 um SOA follows the SGDBR to increase the output power of the device and
compensate for propagation losses. A phase section within the interferometer is implemented to allow for biasing



to m-phase-shift. A flared and curved output waveguide combined with an AR coating was used to reduce optical
reflections and to aid in fiber coupling.

The modulator utilizes a traveling wave electrode segmented into 6-50 um long T-sections to capacitively load
the transmission line allowing for better impedance matching. To reduce the capacitance BCB is deposited under
the modulator electrodes and the ridge width is reduced from 3 um in the laser and SOA regions to 2 ym within the
modulators. On chip termination is formed from an integrated 25 €2 semiconductor resistor fabricated out of the n-
contact layer. The 300 um long MZM is operated in a series-push-pull fashion with the photocurrent signal applied
across the tops of the Mach-Zehnder arms. This configuration allows for improved bandwidth, reduced power con-
sumption and small chirp values [5, 6].

The receiver section consists of a 500 um long straight SOA, a 550 um long linearly flared SOA and a 35 um
long tapered quantum well detector [7]. The flared pre-amplifier employs lateral flaring from 3 ym to 12 pm in order
to increase the output saturation power. The absorber makes use of the offset quantum wells to obtain a high absorp-
tion coefficient. The detector is tapered from 9 yum to 2 um to prevent saturation at the front end and uses BCB to
reduce pad capacitance. A parallel-plate capacitor is formed by sandwiching SiN, between the n-contact layer and
p-metal is fabricated on-chip for biasing purposes.

The wavelength converter’s dual-quantum-well epitaxial structure is comprised of two sets of quantum-wells as
described in [8]. A set of offset quantum-wells (Apz, = 1542 nm) are used in the gain section of the SGDBR and the
SOAs. A separate set of seven quantum-wells (Apy, = 1455 nm) centered in the InGaAsP waveguide are used for
efficient modulation. Both sets of wells are used in the absorbing region. The fabrication of this device requires a
single InP/InGaAs blanket regrowth following the selective removal of the offset quantum-wells from the passive
sections and the etching of holographically defined gratings. Following fabrication, the devices were thinned, cleaved
and mounted onto an aluminum nitride carrier for testing.

3. Experiments

All contacts were wirebonded to the carrier and contacted via a probe card. An on-carrier capacitor and 2 €2 damping
resistor were wirebonded in parallel to the on-chip capacitor to provide a path for low frequency signal components.
No bias tees were used, and all biases were applied with a DC probe card. The wavelength converter biasing configu-
ration is shown in Fig. 2.
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Fig. 2.

The small signal response of the device was measured using a HP§703 A network analyzer. The wavelength con-
verter demonstrated greater then 20 GHz bandwidth as shown in Fig. 2. A slight bandwidth enhancement is seen due
to the mismatched impedances of the termination (25 €2) and the MZM coplanar stripline (53 ).

An SHF 40 Gbps Bit Error Rate Tester (BERT) was used to take bit error rate measurements at 40 Gb/s with a
27-1 pseudo-random bit sequence (the word length was limited by the BERT). The NRZ output signal from the SHF



BERT was amplified with a high power Erbium Doped Fiber Amplifier (EDFA). The signal traveled through a po-
larizer and optical filter before being coupled into the wavelength converter. The output of the wavelength converter
was fed directly to the BERT’s preamplified receiver. A high-speed probe with a 50 €2 load was placed in parallel

to the on-chip termination to reduce the effective termination to 17 2 to enhance the bandwidth. In future devices a
smaller resistor can be fabricated on chip removing the need for the high-speed probe. Fiber coupled input power of
0.4 mW produced 28 mA of photocurrent used to drive the modulator. Data was converted from 1550 nm to output
wavelengths of 1529 nm, 1545 nm and 1561 nm. The conversion range is limited by the tuning range of the SGDBR.
Error free operation was observed for all wavelengths with power penalties of 1.5 dB — 2.5 dB.
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Fig. 3. 40 Gbps measurement results. (Igqin = 130 mA; I7, soa = 110 mA; Ir, 5041 = 185 mA; I, 5042 =250 mA; Vpcoa-Vpe1=2V
and VDCQ =-5.6 V)

4. Conclusion

For the first time a widely tunable SAM Mach-Zehnder based wavelength converter operating at 40 Gbps has been
fabricated. The device exhibits greater then 20 GHz bandwidth and error free operation at 40 Gbps with power penal-
ties less than 2.5 dB.
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Widely Tunable 10 Gbps Separate Absorption
and Modulation Mach-Zehnder Wavelength
Converter

A. Tauke-Pedretti, M. Dummer, J. S. Barton, M. N. Sysak, J. W. Rar-
ing, J. Klamkin and L. A. Coldren

A fully monolithic separate absorption and modulation region wavelength
converter requiring no bias tees has been fabricated. The device consists of a
transmitter comprised of a sampled-grating DBR laser and series-push-pull
Mach-Zehnder modulator, and a receiver composed of a linear semiconductor
optical amplifier and a quantum well pin photodetector. The wavelength
converter has a 13 GHz bandwidth and demonstrates error-free operation
at 10 Gbps with unity gain.

Introduction: Wavelength converters will be an important part of the next
generation of optical networks, allowing for dynamic wavelength management
and enabling all-optical routers. Devices with bit-rate transparency, small
form factors and low power consumption will best meet the demands of
these networks. Monolithic devices lend themselves particularly well to
these challenges. Semiconductor optical amplifier (SOA) based devices have
been extensively studied, however these devices are inherently limited by
carrier lifetime. Efforts in overcoming the carrier lifetime limitation with
delayed interference have been successful, however these devices still have
optical filtering requirements and are limited to return-to-zero (RZ) data
formats [1], [2]. Recently there has been success with the separate absorption
and modulation (SAM) approaches to wavelength conversion [3], [4] with
electroabsorption modulators (EAM). Due to the spatial separation of the
input and output waveguide, these devices have the advantage of no optical
filtering requirement and are capable of converting to the input wavelength.
Replacing the EAM with a Mach-Zehnder modulator (MZM) will allow for
high extinction ratios and zero or negative chirp.

This paper presents a fully monolithic SAM wavelength converter utilizing
a series-push-pull MZM. The wavelength converter is composed of a linearly
flared SOA pre-amplifier, a tapered quantum well photodiode, a five section
widely tunable laser and a series-push-pull MZM. External bias tees were not
used; instead a capacitor and resistor were monolithically integrated on the
wavelength converter chip to reduce signal attenuation and simplify biasing.

Device: The device was fabricated on an offset quantum well integration
platform using ridge waveguides [5]. The epitaxial structure consists of an
InGaAs n-contact layer, n-InP cladding, InGaAsP waveguide and a set of seven
quantum wells all grown on a semi-insulating InP substrate. The use of a semi-
insulating substrate is essential in order to isolate the semiconductor resistor as
well as the receiver and transmitter grounds as required for biasing; an added
benefit is a capacitance reduction for high-speed pads. The offset quantum
wells (Apz, = 1540 nm) provide gain for the SGDBR and SOAs when forward
biased and absorption for the photodetector when reverse biased. The selective
removal of the offset quantum wells from the passive sections and the etching
of holographically defined sampled gratings is followed by a blanket regrowth
of the p-InP cladding and p-InGaAs contact layer.

The SGDBR laser consists of five sections — an active absorber, a rear
mirror, a phase section, a gain section, and a front mirror. A 500 pm-long SOA
following the laser increases the output power of the device and compensates
for propagation losses. A flared and curved output waveguide combined with
an AR coating is used to reduce optical reflections and to enhance coupling
efficiency.

The 300 pm-long MZM is operated in a series-push-pull fashion with
the photocurrent signal applied across tops of the Mach-Zehnder arms. The
capacitance associated with the two MZM arms are in series effectively halv-
ing the device capacitance and increasing the bandwidth. This configuration
also provides small chirp values since the push-pull modulation cancels the
modulation induced chirp [6]. An integrated 32  semiconductor resistor
fabricated from the n-contact layer provides on chip termination. The MZM
was designed to operate as a traveling-wave device in order to achieve the
bandwidth necessary for high speed operation. Due to the capacitance and
resistance associated with the modulator ridge, the MZM coplanar striplines
were periodically capacitively loaded using six 50 pm long T-electrodes in
order to achieve a characteristic impedance close to 40 €2 [6], [7]. To further
reduce the capacitance photo-bis-benzocylcocutene (BCB) is used as a low-k
dielectric under the high-speed electrodes and the ridge width is reduced from
3 pm in the laser and SOA regions to 2 pm within the modulators. A forward
biased phase section tunes the Mach-Zehnder interferometer to maximize the
extinction ratio.

The receiver section consists of a 500 um long straight SOA, a 550 um
long high-saturation power SOA and a 35 pm long tapered quantum well

Res';stoi

Trav

Fig. 1.  Close-up of the modulator and photodiode section of the SAM
wavelength converter. The schematic of the biasing scheme is shown in the
lower right.

Normalized Response, dB

Frequency, GHz

Fig. 2. Small signal response of the wavelength converter for sweeping
Vpco with the voltage across the MZM arm held at V71 =1 V.

detector [8]. The high-saturation power amplifier employs lateral flaring from
3 pum to 12 pm in order to increase the output saturation power. Both SOAs
are operated below their 1 dB saturation point to prevent signal distortion.
The photodetector makes use of the offset quantum wells to obtain a high
absorption coefficient. The 9 um wide front end prevents saturation due
to high photocurrent levels and lateral tapering down to 2 um reduces
capacitance. An on-chip parallel plate capacitor has been fabricated to provide
an on-chip path to ground for the microwave signal components. This 20 pF
capacitor is formed by sandwiching 300 nm of SiN, between the n-contact
layer and p-metal.

Experiments: Following fabrication, the device was mounted on an AIN
carrier, all contacts were wirebonded to the carrier and a DC probe card
was used to apply all biases. An on-carrier chip capacitor was wirebonded in
series with the on chip capacitor to act as a low frequency bypass capacitor.
Additionally, a small (2 €2) resistor was placed in series with the carrier
capacitor to dampen LC resonances from the wirebonds. This simple biasing
configuration keeps the microwave signal components on chip and increases
scalability. The wavelength converter biasing configuration is shown in Fig. 1.
All measurements were taken at a stage temperature of 15° C.

Small signal measurements of the wavelength converter showed a 3-dB
bandwidth of 13 GHz (Fig. 2). The voltage across the photodiode was
swept for this measurement. There is a bandwidth improvement with voltage
due to the depletion of the waveguide which decreases the capacitance.
Characterization of discrete 300 pm MZMs demonstrated a 3-dB bandwidth
greater than 20 GHz when terminated in 25 € and a V-pi of 2.25 V from
single-sided DC extinction measurements. The detectors require reverse bias
voltages of -5 V to prevent trapping the photo-generated carriers in the
quantum wells which would create space charge effects that degrade the
device bandwidth. When operated at this bias point discrete 50 pum long
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photodetectors displayed no saturation characteristics for photocurrent levels
as high as 40 mA and 3-dB bandwidths of 20 GHz when terminated in 25 2.

Bit-error-rate (BER) measurements at 10 Gbps were taken with a non-
return-to-zero (NRZ) 231-1 pseudo-random bit stream (PRBS). The mea-
surement setup consisted of a commercial transmitter which was amplified
by an erbium-doped fiber amplifier (EDFA). The signal then passed through
an optical filter and polarization controller before being fiber coupled into
the device. The output of the wavelength converter was attenuated and then
detected by a commercial lightwave receiver.

Error-free operation (BER of 1x1072) was demonstrated across the
SGDBR tuning range with power penalties less than 3.5 dB (Fig. 3). Eye
diagrams exhibited extinction ratios of 11.6 dB, 11.3 dB and 11.5 dB for
conversion from 1548 nm to 1543 nm, 1558 nm and 1575 nm respectively.
The device achieved facet-to-facet unity gain with input and output powers
of 0.5 mW. The bias conditions for these measurements were as follows:
SGDBR gain: 95 mA, transmitter SOA: 120 mA, straight receiver SOA: 180
mA, flared SOA: 250 mA, Mach-Zehnder: -1 V, photodiode: -5 V with 22
mA of photocurrent.

Conclusion: We have demonstrated a 10 Gbps monolithic SAM Mach-
Zehnder wavelength converter. The device consists of a widely tunable laser,
a series-push-pull MZM and a high saturation power receiver. The simple
biasing configuration requires no external bias tees due to the on-chip resistor
and capacitor. Error-free operation at 10 Gbps using NRZ data was achieved
across the 32 nm tuning range of the integrated tunable laser with power
penalties less then 3.5 dB and unity gain.
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Abstract—In this letter we present the details of a
monolithically integrated, filterless, wavelength converter based
on photocurrent driven technology. The device consists of an

integrated tunable laser transmitter and optical receiver. The
transmitter includes a sampled grating DBR laser,
electroabsorption modulator, and semiconductor optical

amplifier. The optical receiver employs two semiconductor optical
amplifiers and a PIN quantum well photodetector. The
wavelength converter is characterized at 10 Gb/s over a variety of
bias conditions at various input power levels in various digital
system experiments. Bit-Error Rate measurements at 10 Gb/s
over an output tuning range of 32 nm between 1531 and 1563 nm
show power penalties less than 1 dB. Similar experiments over an
input wavelength range of 25 nm from 1535 nm to 1560 nm show
a power penalty less than 2.5 dB. For wavelength conversion
from 1548 nm to a range of output wavelengths between 1531 and
1563 nm, the facet to facet gain ranges from 9-13 dB neglecting
fiber coupling losses.

Index Terms—Monolithic integrated circuits, optoelectronic
devices, wavelength conversion, wavelength division multiplexing.

I. INTRODUCTION

As bit rates and data traffic levels scale in optical

communications systems, dynamic wavelength management is
viewed as critical to reduce blocking probabilities and provide
added flexibility to network architectures. Currently, dynamic
wavelength switching is performed with the use of optical-
electrical-optical (OEO) repeaters that are placed at high
traffic network nodes. While these repeaters have been shown
to be a viable solution at bit rates up to 10 Gb/s and are
currently moving towards 40 Gb/s, they suffer from a variety
of drawbacks. Repeaters usually consist of several discrete
components that have been co-packaged together to perform
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Corporation under grant No. TXA001630000.
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wavelength management. Though this approach does allow
for individual optimization of each discrete device, it suffers
from inherent insertion loss issues that occur when multiple
components with different optimal optical mode profiles are
connected together. The narrow alignment tolerances that are
created by these mismatched optical interfaces lead to complex
packaging requirements that add cost and production time
before the device can be brought to market. The other key
drawback to OEO repeaters is their inherent dependence on
electronic circuit components. Particularly at high data rates,
electronic circuit elements can be quite complex and require
significant amounts of power [1].

As an alternative to using these OEO repeaters for
wavelength switching functionality, several monolithically
integrated, small form factor all-optical wavelength switching
elements have been proposed and demonstrated. Integrated
devices that can combine several functionalities together on a
single photonic chip offer significantly lower packaging costs
with reduced power dissipation along with the potential for
eliminating complex electronics. Examples of these integrated
devices and the technologies that are utilized for wavelength
switching include cross gain and cross phase modulation using
optical amplifiers in interferometric structures [2], cross
absorption and photocurrent effects in electroabsorotion
modulators (EAMs) [3], photocurrent based optical gates [4],
and wave mixing approaches in fiber and optical amplifiers
[5]. In the case of photocurrent based optical gates, excellent
switching performance has been demonstrated with extinction
ratios in excess of 10 dB and bit-rates up to 500 Gb/s.

Recently, several of these wavelength switching elements
have moved towards incorporating even more functionality
onto a single small form factor device. Of particular interest
in terms of adding new capabilities is an on-chip laser source
[6]. Adding a laser to the integrated wavelength converter is
attractive since it can enable further reduction in optical loss,
and hence packaging costs and complexity. However, the
integration of an on-chip laser source presents a new set of
challenges. Previously, filterless wavelength conversion using
cross absorption, cross phase and cross gain effects simply
mandated counter-propagating optical pump and data signals.
With an integrated laser, this is more challenging since the
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stability of the optical source requires tight control of any
optical feedback. Several potential solutions to this issue have
been proposed and demonstrated that use filtered co-
propagating signals. These include cascaded wavelength
converters, Dual-Order-Mode-Operation (DOMO) approaches
and MMI based filtering [7,8]. However, it has been difficult
to demonstrate a fully transparent, single stage solution due to
optical beating effects between the on-chip pump and data
signals when wavelength switching is not desired [7].

As a solution to these filtering issues, a set of devices has
been demonstrated using a photocurrent driven approach
where an on-chip optical receiver is used to drive a
monolithically integrated electroabsorption modulator and
tunable laser [9]. Similar to the other wavelength conversion
techniques, this device does not require electronics aside from
a simple bias-tee and load resistor. However, the key benefit
to this approach is that the optical input and output signals are
physically separated from one another. This eliminates the
possibility of optical interference between common
wavelength input and converted signals and problems with
integrated laser stability. Furthermore, the integration of a
tunable source allows for broadband wavelength conversion
where switching between identical wavelengths is desired.

In this work we describe in detail the characterization and
digital switching performance of a monolithically integrated
EAM-based photocurrent driven wavelength converter (PD-
WC). The device incorporates a widely tunable laser and a
high gain broadband optical receiver, which makes it ideal for
wavelength switching with complete wavelength transparency
with no optical filtering requirements regardless of input or
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Fig. 1. (a) Scanning Electron Micrograph (SEM) of integrated photocurrent
driven wavelength converter. The receiver section contains two SOAs and
a QW-PIN photodetector. The transmitter contains a widely tunable four
section SGDBR laser, transmitter SOA and an EAM. (b) Operating
diagram of integrated PD-WC including details of the receiver
amplification process and the wavelength conversion process.

output wavelength. Although this device has been successfully
used for 2R extinction ratio (ER) regeneration and signal re-
amplification [10], and 3R regeneration including 2R
regeneration with signal retiming [11], this article focuses on
the wavelength switching aspects of the PD-WC without
regeneration.

II. DEVICE OVERVIEW

The PD-WC used in this work consists of a monolithically
integrated optical receiver and tunable transmitter in a parallel
ridge architecture. A scanning electron micrograph image
(SEM) along with a functional schematic of the device is
shown in Fig. 1. The transmitter ridge includes a widely
tunable sampled grating DBR (SGDBR) laser [12], a 550 pum
semiconductor optical amplifier (SOA) and a 400 um EAM.
The receiver ridge contains a set of two SOAs and a 50 pm
long quantum well (QW)-PIN photodetector. The
photodetector ridge width is linearly tapered from 12 pm to 3
um  for saturation current while maintaining
relatively low capacitance. The first SOA is 600 um long and
3 pm wide. The second SOA is 400 pm long and has an
exponentially flared waveguide width (3 um to 12 pm). This
geometry enhances the 1-dB output power compression of the
amplifier as described in Section IV, subsection A of this
paper. A Ti/Pt/Au metal line connects the photodetector and
EAM contacts. A common DC bias is applied to both EAM
and QW-PIN through an external bias tee. The EAM and
QW-PIN share an electrical ground. A 50 Q load resistor on
the RF port of the bias tee sets the device bandwidth.

The wavelength conversion process begins when light is
coupled into the receiver waveguide and is amplified by the
two on-chip receiver SOAs. After the receiver SOAs, the
amplified input is detected by the reverse biased QW-PIN
photodetector. The 35-um long Ti/Pt/Au interconnect routes
the amplified photocurrent signal form the photodetector to the
EAM on the transmitter ridge and through the bias tee to the
load resistor. The photocurrent drops across the load resistor,
inducing a voltage change on the EAM. This voltage
modulation changes the EAM transmission characteristics thus
transferring the input signal from the receiver to the output
wavelength of the tunable laser.

To demonstrate the filtering characteristics of this device, a
set of optical spectra from the output of the PD-WC were
collected using an optical spectrum analyzer (OSA). The
collected spectra are shown in Fig. 2. The “converted signal”
data trace shows an output spectrum from the fully operational
PD-WC tuned to an output wavelength of 1553 nm. In this
case, the receiver SOAs are biased at 6 kA/cmz, both the QW-
PIN and EAM are biased to -2V, and the SGDBR and post-
amplifier SOA are biased at 100 mA and 130 mA respectively.
For an input signal to the integrated receiver at 1548 nm with -
11 dBm of fiber coupled optical power, the output spectra
from the PD-WC shows no indication of the input signal. The
small peaks in the converted signal are a result of the mirror
reflectivity spectrum in the sampled grating DBR laser.

increased
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Fig 2. Input signal suppression ratio (ISSR) for the PD-WC operating

with an input fiber coupled power of -11 dBm and an input wavelength
of 1548 nm. The output wavelength is 1553 nm.

For the “input signal” curve, the output from the
wavelength converter is shown with the transmitter turned off,
but with the receiver amplifiers and QW-PIN biased as in the
“converted signal” case with the same input power (-11 dBm).
The “input signal” case represents the amount of light that
manages to propagate from the input to the receiver, to the
output lensed fiber that collects the wavelength converted
signal from the transmitter. Taking the ratio of the peak power
from the PD-WC in the “converted signal” case to the peak
power in “input signal” case gives the input signal suppression
ratio (ISSR). For the PD-WC, results from Fig. 2 show an
ISSR > 50 dB.

III. INTEGRATION PLATFORM

The wavelength converter is fabricated in the InP/InGaAsP
material system using a dual quantum well (DQW) integration
platform [13]. A schematic of the epitaxial layers used in
device fabrication is shown in Fig. 3. This platform is similar
to the commonly used offset quantum well (OQW) integration
approach where a set of quantum wells above an optical
waveguide region is used for optical gain and subsequently
selectively removed to form EAM and passive waveguide
routing regions. The removal step is followed by a single
MOCVD InP regrowth over the entire wafer after which
shallow ridges are patterned and etched.

In the DQW approach, the optical waveguide layer includes
a second quantum well stack that has been shown to enhance
modulation efficiency, increase device bandwidth, and reduce
chirp of the integrated EAMs compared with the Franz-
Keldysh modulators available on the OQW platform [14].

The offset quantum wells above the waveguide layer consist
of 7x6.5 nm compressively strained wells and 8x8 nm tensile
strained barriers. The photoluminescence (PL) peak is at 1550
nm. The waveguide quantum well stack consists of 7x9 nm
compressively strained wells and 6x5 nm tensile strained
barriers with a PL peak of 1480 nm. The PL of the waveguide
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Fig. 3. Dual quantum well integration platform with individual layer
structure details.

wells has been selected to minimize the added optical loss that
result from Urbach tails of the waveguide and offset quantum
well stacks. The band offsets of the waveguide quantum wells
are shallow to limit carrier screening effects in reverse biased
EAM regions, and to facilitate efficient transport of injected
carriers through the waveguide region into the offset wells
under forward bias conditions. The upper and lower most 50
nm of the waveguide layer are Si doped at 5x10'® cm™.

To measure the effect that adding the quantum wells into the
waveguide has on laser performance, pulsed measurements of
the differential efficiency and threshold current were
performed on a set of DQW and OQW broad area lasers
(BAL) and narrow active ridge lasers (RL) using a cut-back
technique. These measurements were used to extract a
material gain curve along with the laser injection efficiency.
The OQW test lasers have a waveguide layer with a 1.4 pm
bandgap and are uniformly doped 2x10'7 cm™ n-type with Si.
Results from the DQW and OQW BAL test structures are
shown in Fig. 4. Transparency current density and extracted
material gain were 269 A/cm’ and 764 cm’ for the DQW
platform. For the OQW devices, the transparency current
density was 246 A/cm® and the material gain was 826 cm’.
Using RL differential efficiency and threshold current data, the
injection efficiency was 73% and 75% for the OQW and the

70

A DQW platform
O oQw platform

60

50

|
30 7S T —

] E— =%

10

Modal Gain (I'g) cm

0

A/ -hr

- i i i

2900 400 600 800
Current Density Alem?

Fig. 4. Modal gain for OQW and DQW platforms.

pulsed measurements of 50 um wide broad area lasers.
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DQW structures respectively. The excellent agreement in the
data between the two platforms indicates minimal parasitic
effects on carrier transport properties for active laser regions
and optical amplifiers when adding the quantum wells into the
waveguide.

The propagation loss has been measured for the DQW
platform over a broad wavelength range using a long
waveguide with identical periodic photocurrent monitoring
structures.  The loss is extracted as the ratio of the
photocurrents at a fixed distance at each specific wavelength.
Results for the wavelength dependent loss are shown in Fig. 5.
The exponential increase in the loss is consistent with what is
expected from the Urbach tail of the waveguide quantum wells
[15].

IV. INTEGRATED RECEIVERS

The integrated wavelength converter receiver consists of
two SOA pre-amplifiers followed by a 50 um QW-PIN
photodetector. The amplifiers and photodetector utilize the
same offset quantum wells as in the SGDBR laser gain and are
either forward or reverse biased depending on whether gain or
absorption is desired. Since the offset wells are compressively
strained for optimal laser performance, the integrated receiver
is polarization sensitive with preferential gain for transverse
electric (TE) guided modes. This issue could be circumvented
by using a blanket growth and subsequent selective removal of
a polarization insensitive offset gain region, similar to that
employed for uni-traveling carrier photodetectors and low
confinement SOAs [16].

A. Integrated Optical Amplifiers

The two on-chip receiver SOAs are designed to amplify the
input signal to the device before the QW-PIN photodetector.
For a highly linear and efficient design, this amplification
process must be completed while simultaneously minimizing
dissipated electrical power and avoiding optical saturation

effects. To avoid optical saturation effects, the dimensions of
the amplifiers are selected to keep the optical power at any
point along each SOA at or below the 1-dB compression point.
These required SOA dimensions are kept as small as possible
to minimize electrical power dissipation. This receiver is
designed for a current density of 6 kA/cm>. A plot of
amplifier gain as a function of SOA length for 3 um wide
amplifier is shown in Fig. 6. A plot of measured and predicted
amplifier output power as a function of waveguide width and
current density is shown in Fig. 7. The amplifier gain
predictions use a many body gain model described in [17].

The first SOA in the integrated receiver is 3 um wide and
600 pum long. This amplifier width is selected to balance
waveguide propagation loss with dissipated power. If the
waveguide is too narrow, the propagation loss that results from
large modal overlap with the sidewalls becomes significant.

22

20

18

- -
L [=2]

-
}*]

Gain (dB)

10

i i i i
500 400 600 800 1000

Amplifier Length (um)

1200

Fig. 6. SOA gain for 3 pm wide ridge waveguide SOAs as a function
of device length for 1548 nm, TE polarized input light. The applied
current density is 6 kA/cm®. A trendline is added to guide the eye.
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Fig. 7. Measured and simulated 1dB gain compression output powers for
integrated receiver SOAs at an operating wavelength of 1548 nm with TE
polarized light for various ridge widths and current densities.
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The additional loss competes with the amplifier gain and an
increase in total current (and hence electrical power) is
required to compensate the waveguide sidewall effects as
shown in Fig. 7. However, if the waveguide is too wide, the
physical dimensions of the device require larger total current
to achieve the same current density as in a smaller device. The
case of wide amplifiers is particularly problematic since the
power dissipation varies as the product of the square of the
applied current and the series resistance of the diode. It should
be noted that wider amplifiers do have lower series resistance,
but the decrease in resistance counteracts only one of the
applied current terms, and the overall power dissipation still
scales linearly with amplifier width.

Measurements of the propagation loss show a sharp increase
from 6 cm” to 10 cm” at 1548 nm wavelength when the
waveguide width is reduced from 3 pm to 2.5 pm. For wider
waveguides (5 pum), the propagation loss is only decreased
from 6 cm™ to 5 cm™ at the same wavelength. To keep the
waveguide as small as possible without the introduction of
excess scattering loss, the waveguide width of the first
amplifier is fixed at 3 pum.

The second receiver amplifier is 400 um long and uses an
exponentially flared waveguide width (from 3 pm to 12 pm)
along the length of the SOA to allow the optical mode to
laterally expand. As the modal cross sectional area increases,
the photon density in the offset quantum well stack remains
fixed, delaying the amplifier saturation effects and allowing
the total waveguide power in the amplifier to increase beyond
the 1-dB gain compression of a 3 um wide SOA. For a 12 ym
wide SOA, the output 1-dB gain compression is +17 dBm.

Given that the total length of the entire pre-amplifier is 1000
pm, the estimated gain for the both integrated SOAs is 20.5
dB. It should be noted that although results from the many
body gain model shown in Fig. 7 predict further enhancements
in the output power gain compression, significant heating
issues prevented the bias conditions from exceeding 6 kA/cm’.
Improvements such as flip chip bonding the PD-WC and using
a conducting substrate for low device resistance would provide
significant improvements in terms of increasing the bias
current to the receiver amplifiers.

B. Integrated QW-PIN Photodetectors

The QW-PIN photodetector consists of a reverse biased
region that contains the offset quantum wells. The device is 50
um long with a waveguide width that is linearly tapered from
12-3 um.

Optically illuminated current-voltage (IV) characteristics for
the integrated photodetector in the PD-WC receiver are shown
in Fig. 8. For a CW signal fed into the receiver at 1548 nm
and SOAs biased at 6 kA/cmz, the QW-PIN generates a
uniform amount of photocurrent for applied reverse bias
conditions increasing beyond ~-1V. This is an important
characteristic since this allows the reverse bias applied to both
the QW-PIN and EAM to be selected independent of concerns
for improving the QW-PIN absorption efficiency. Eliminating
these concerns makes it possible to select the bias of the
wavelength converter based on EAM efficiency optimization.
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Fig. 8. Optically illuminated QW-PIN IV characteristics.
signal wavelength is 1548 nm and the polarization is TE.
input power levels are -9 and -5 dBm.
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Fig. 9. Measured network analyzer bandwidth and response of QW-
PIN photodetector test devices. Results show > 42 mA average

photocurrent without bandwidth degradation.

Though these devices can be highly absorbing at low bias,
QW-PIN structures typically suffer from front end saturation
and carrier screening effects under high optical powers [18].
To counteract these effects, wide area detectors have been
shown to be able to reduce the optical photon density at the
absorbing medium by spatially spreading the optical mode in a
similar manner to what is employed for the on-chip receiver
amplifiers.  Using this technique in the standard OQW
integration platform, QW-PIN photodetectors have previously
demonstrated 10 Gb/s operation with output voltage swings of
0.8V peak to peak across a 50 Q2 load [19].

To investigate the properties of the wide area dual quantum
well platform QW-PIN photodetectors, several test devices
have been fabricated that are 100 um long and 12 um wide.
Results of 50 Q terminated S,; optical to electrical bandwidth
as a function of applied bias and detected photocurrent are
shown in Fig. 9. Up to 42 mA of average photocurrent can be
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accommodated in the QW-PIN structures before the bandwidth
of the device is degraded at an applied bias of -3V.

C. Integrated Receiver

The fully integrated receiver DC gain, including both SOA
gain and QW-PIN quantum efficiency, is shown in Fig. 10 for
various CW input powers at a wavelength of 1548 nm. Results
show 20.1 dB of unsaturated optical gain at an applied current
density of 6 kA/cm®. The input and output power levels where
the amplifier gain rolls off by 1 dB are -4 dBm and +16.1 dBm
respectively.
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Fig. 10. Integrated wavelength converter receiver DC gain including
QW-PIN and both receiver SOAs for 1548 nm TE polarized light. The
receiver DC bias is -3 V and the receiver amplifiers were biased at 6
kA/cm®.
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Fig. 11. Overlayed SGDBR fiber coupled output spectra showing
tuning from 1532 to 1575 nm and output powers from +5 dBm to — 3
dBm. Laser gain and SOA post amplifier are biased at 100 mA
respectively. Fiber coupling loss is 4.2 dB.

V. INTEGRATED TRANSMITTERS

The transmitter section of the wavelength converter consists
of a four section, widely tunable SGDBR laser along with a
back-side absorber, a 550 pum long post-amplifier SOA to
boost the laser output power, and a 400 pum long EAM.
Overlaid transmitter output spectra with laser gain and SOA
post amplifier biased at 100 mA each are shown in Fig. 11.
Fiber coupled output power levels ranging between +5 dBm at
1560 nm to -3 dBm at 1532 nm. The fiber coupling loss was
4.2 dB. On-chip light vs. current and IV characteristics from
the SGDBR laser were measured by reverse biasing the post-
amplifier that follows the laser and are shown in Fig. 12.
SGDBR output power at 1550 nm is > 20 mW with a gain bias
on chip of 160 mA.
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ig. 12. SGDBR 1V and light vs. current characteristics measured into

1e reverse biased post-amplifier that follows the laser.
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Fig. 13. Broadband DC extinction characteristics of 400 um long
DQW EAM. Measurements are performed by tuning the SGDBR to
the indicated wavelength and fiber coupling the output to an optical
power meter.
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EAM DC extinction and slope efficiency over a range of
wavelengths is shown in Fig. 13 and Fig. 14 respectively. For
the 400 um long EAM, greater than 8 dB/V slope efficiency is
observed over a 30 nm wavelength range with absolute
extinction ranging from 25 to 45 dB at a reverse bias of -4.5V.

The 50 Q terminated S,; electrical to optical bandwidth of
the 400 um long EAM was 11 GHz and showed little variation
with up to 17 mA of average photocurrent as discussed in [13].

VI. DYNAMIC WAVELENGTH CONVERTER MEASUREMENTS

The Integrated wavelength converters described in section 11
were thinned, cleaved into bars, anti-reflection (AR) coated,
wirebonded, and mounted on copper studs for testing. For
characterization of the PD-WCs, the receiver SOAs are biased
to 6 kA/cm® and the laser gain and transmitter post amplifier
are biased to 130 mA and 100 mA, respectively.

The optical to optical 3 dB bandwidth of the 50 Q
terminated PD-WC was measured using a 20 GHz network
analyzer for conversion from 1548 to 1555 nm. Results can be
seen in Fig. 15 and show a 3-dB bandwidth of approximately 7
GHz with a reverse bias of -2.5 V. Although not included in
the plot, the bandwidth of the PD-WC is relatively insensitive
to reverse bias levels in excess of -1V. The low bias
dependence is due to the low doping levels in both the EAM
waveguide and the offsets QWs and the high doping in the InP
n-buffer layer (Fig. 3). Once the applied voltage is sufficient
to deplete the EAM and QW-PIN waveguides, the doping in
the buffer (Si 1x10'™ cm™) prevents the depletion width in
these components from increasing as the bias voltage is
increased. The fixed depletion width clamps the depletion
capacitance and preserves the RC time constant that controls
the PD-WC bandwidth.

To characterize the switching performance of the PD-WC,
the receiver input power, output wavelength, and the applied
DC bias conditions have been varied and the wavelength
converted output signal extinction ratio and output power have

Optical to Optical Response (dB)
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Fig. 15. Optical to optical S;; bandwidth measurements for the
integrated PD-WC with an external 50 €2 termination. Input and output
wavelengths are 1548 nm and 1555 nm respectively.

been measured. The converted extinction ratio is measured in
the eye diagram where the separation between the “one” and
“zero” levels is at a maximum. Characterization is performed
with a 1548 nm input signal at 10 Gb/s using a 2*'-1 psuedo
random bit stream (PRBS). Light from an optical transmitter
is fed through an EDFA, an optical filter (0.35 nm), and a
polarization controller before being launched into the device
using a lensed fiber. The output PD-WC extinction and output
power characteristics are measured by examining the fiber
coupled optical output into a component analyzer.

The effect that increasing the input power to the receiver has
on the wavelength converted extinction and average converted
fiber coupled output power is shown in Fig. 16. In this
experiment, the reverse bias is -2.2V. The input wavelength
is 1548 nm and the output of the PD-WC was 1555 nm. Eye
diagrams are included in the figure for back to
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Fig. 16. Average fiber coupled output power and ER for the integrated
PD-WC as a function of receiver input power. Applied reverse bias is -
2.2V and output wavelength is 1555 nm. Eye diagrams are for back to
back and wavelength converted signal with -7 dBm receiver input power.
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back and wavelength converted signals with an input power of
—7 dBm.

As the input power to the receiver increases, both extinction
ratio and output power improve gradually, and then level off at
12 dB and +0.5 dBm respectively.

The shape of the extinction ratio response is due to a
combination of EAM efficiency effects and receiver saturation
effects. For low input powers where the receiver SOAs can
operate in their linear regime, increases in input power create
corresponding increases in photocurrent from the QW-PIN and
hence an increasing voltage over the load resistor. This
increase in voltage generates larger swings in EAM
transmission and results in larger PD-WC extinction ratios.

However, as the input power to the receiver continues to
increase, several factors begin to limit device performance.
As voltage swings from the receiver get larger, the integrated
EAM is driven well beyond the optimal slope efficiency point
in Fig. 14. Under these conditions, even though the pre-
amplified receiver 1is continuing to generate larger
photocurrent levels, the reduced EAM efficiency leads to
smaller incremental increases in PD-WC extinction.

The other factor that plays an important role in the
wavelength converter extinction is the receiver pre-amplifier
response (Fig. 10). As input powers approach the amplifier
saturation power, the optical gain from the receiver is
degraded. Under these conditions, the shape of the amplified
signal to the photodetector becomes distorted by gain
overshoot, and the photocurrent that is used to drive the
integrated EAM adds significant noise to the converted
signals, distorting the extinction ratio from the PD-WC.

The average output power characteristics from the
wavelength converter shown in Fig. 16 are controlled by the
combination of the “off” state set by the EAM reverse bias and
by the extinction ratio at the output of the device. Since the
reverse bias in this experiment is fixed, the output power
follows the extinction ratio characteristics. For low input
powers, the output power from the PD-WC initially increases
before finally rolling over due to EAM slope efficiency
degradation and amplifier saturation. Since the extinction and
output power for the fixed bias conditions used in Fig. 16 do
not significantly improve beyond input powers of -7 dBm,
further device characterization is performed at this input
power.

In the next set of experiments, the wavelength converter
output power and extinction ratio performance is characterized
over a range of electrical bias voltages and over a range of
output wavelengths using the -7 dBm input power. Results are
shown in Fig. 17 and Fig. 18 respectively for the wavelength
converted extinction ratios and average output powers. Over
output wavelengths ranging from 1533 nm to 1564 nm, greater
than 10 dB extinction is achievable by setting the appropriate
reverse bias conditions. For a particular output wavelength, as
the reverse bias is moved toward the bias conditions that
correspond with maximum EAM slope efficiency (Fig. 14) the
output extinction is improved. However, as the bias is
increased and the output extinction improves, the output power
from the wavelength converter is reduced. For 10 dB
extinction at output wavelengths of 1533nm, 1545 nm, 1555
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Fig. 17. Average fiber coupled output power vs. wavelength and
reverse bias. 10 dB ER bias points are -1.3V, -1.7 V, -2.2V and -2.3V
for 1533 nm, 1545 nm, 1557 nm, and 1565 nm respectively. Input
wavelength is 1548 nm and input power is -7 dBm.
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Fig. 18. Wavelength converted ER from the PD-WC. Bias points for

10 dB ER are -1.2V, -1.6V, -1.9V, and -2.4V at output wavelengths of

1533 nm, 1545 nm, 1557 nm, and 1566 nm respectively. Input

wavelength is 1548 nm and input power is -7 dBm.

nm, and 1564 nm, the corresponding reverse biases required
are -1.35V, -1.6V, -1. 9V, and -2.4V, and the output powers at
these biases are -5.2 dBm, -2.6 dBm, -1 dBm, and -0.5 dBm.

VII. DIGITAL SYSTEM EXPERIMENTS

To examine the performance of the integrated wavelength
converter in a digital transmission system, a set of bit error rate
(BER) measurements were performed using the test setup
outlined in Fig. 19. In the first set of measurements, the input
power to the PD-WC receiver is identified that minimizes the
system power penalty for conversion between 1548 nm and
1563 nm. This input power is then used to perform
wavelength switching between a single input wavelength and a
range of output wavelengths, followed by switching from a
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range of input wavelengths to a single output wavelength. BER
measurements were performed using a 2*'-1 PRBS at 10 Gb/s
with non-return to zero (NRZ) data.  SGDBR bias conditions
and receiver amplifier bias conditions are the same as outlined
in Section VI.

The first set of BER measurements is used to identify the
input power to the PD-WC that will give the minimum power
penalty for wavelength switching between 1548 nm and 1563
nm. In these experiments, a fixed reverse bias is applied to the
EAM and QW-PIN for maximum EAM efficiency (-2.8V).
Results for these BER experiments are shown in Fig 20 for
input power levels of -7.5 dBm, -10.5 dBm, -11.2 dBm and -
12.8 dBm. The power penalty for each PD-WC input power is
calculated as the difference in optical power into the external
receiver that is required for a BER of 10” between the
wavelength converted signals and the signals from the
transmitter in the test setup (back to back). As the power to
the receiver increases from —12.8 dBm to -11.2 dBm, BER-
results show the power penalty decreases. However, as the
receiver power is increased from -11.2 dBm to -10.5 dBm

nnnnnnnnnnnnn
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BERT

Receiver

Back to back

Fig. 19. Test setup used for digital system experiments. For experiments
where a non-fixed wavelength input source is used, the transmitter light
source (Ain) is replaced with a tunable laser.
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Fig. 20. Wavelength converted and back to back BER measurements

for various input powers at a reverse bias of -3.1V. Input and output
wavelengths are 1548 and 1563 nm respectively.

1E-11,

then to -7.5 dBm, the power penalty actually increases, despite
an increase in the wavelength converted signal extinction ratio.
The increase in power penalty with higher input powers is
accompanied by a change in BER slope. The change in slope
of the BER curves at higher input powers indicates
redistribution of the noise statistics through the device, and
most likely comes as a result of saturation effects in the
receiver pre-amplifier. This behavior is not necessarily
unexpected as other authors have seen similar noise
redistribution for pre-amplified receivers operating below their
1 dB gain compression points [20]. The power penalty as a
function of input power and the wavelength converted signal
extinction ratio for output signals from the PD-WC are
summarized in Fig. 21. The figure also contains wavelength
converted eye diagrams corresponding to each input power
level. In the eye diagrams the additive noise on the “one”
level at the higher input powers is a result of the receiver SOA
gain overshoot, and most likely contributes to the noise
redistribution seen in the BER results in Fig 20.

Using the optimized input power level (-11.2 dBm),
wavelength conversion BER experiments were performed
using an input signal at 1548 nm and output wavelength
ranging from 1531 nm to 1564 nm. Results are shown in Fig.
22. The reverse bias points at output wavelengths of 1563,
1553, 1542 and 1531 nm were -2.9V, -2.7V, -2.0V, and -1.5 V
and were selected to achieve wavelength converted extinction
ratios between 8 and 9 dB. A summary of the output
extinction and output power of the device at each of these bias
conditions (with the 4.2 dB fiber coupling loss removed) is
shown in Fig. 23. Taking into account the input facet power of
-11 dBm, this gives gain of the wavelength converter of 9dB,
11dB, 12dB, and 13 dBm at output wavelengths of 1531, 1542
nm, 1553 nm, and 1563 nm respectively

The remaining critical factor for broadband operation of the
integrated PD-WC is the performance of the device under
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Fig. 21. Summary of wavelength converted extinction ratio and BER
power penalty along with eye diagrams from BER experiments using
various receiver input powers. Input and converted wavelengths are
1548 and 1563 nm respectively with an applied bias of -2.8V.
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Fig 22. BER measurement results for the PD-WC with an input power
of -11 dBm and various output wavelengths.  Bias conditions are
adjusted to achieve 8-9 dB ER. Input wavelength is 1548 nm.
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Fig 23. Output extinction and average output facet power (fiber coupling
loss removed) in BER measurements to achieve less than 1-dB power
penaltv for wavelength converted signals.

various input wavelength conditions. A set of BER
experiments were performed where the input wavelength was
varied between 1535 nm and 1560 nm, and the output
wavelength held fixed at 1553 nm. Results are shown in Fig.
24 along with back to back measurements at 1530 nm and
1550 nm. Less than 2.5 dB power penalty is observed when
the bias conditions on the PD-WC were set for optimal
extinction characteristics. The input power in each of these
experiments was held fixed at —11 dBm. Extinction ratios for
output wavelength of 1535 nm, 1550 nm, and 1560 nm, were
7.4 dB, 9 dB, and 6.5 dB, respectively. The lower extinction
ratios at input wavelengths of 1530 and 1560 nm are a result of
the increase in optical loss at the low end of the wavelength
spectrum shown in Fig. 5, and a decrease in optical gain as the
operating wavelength moves away from  the
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Fig 24. BER measurement results for fixed out wavelength (1553 nm)
and variable input wavelengths. Receiver power is -11 dBm for all input
wavelengths and PD-WC reverse bias is set to achieve maximum EAM
slope efficiency.

photoluminescence peak of the offset quantum well stack.

VIII. CONCLUSION

We have presented a detailed study of a monolithic 10 Gb/s
photocurrent driven wavelength converter that consists of a
widely tunable laser source and optical receiver. The device is
fabricated on a dual quantum well integration platform and
utilizes quantum wells for modulation efficiency in integrated
EAMs without incorporating multiple regrowth steps.
Dynamic measurements of the wavelength converted
extinction ratios show in excess of 10 dB over the full
wavelength tuning range. Digital system performance
measurements with a fixed wavelength input signal show less
than 1 dB power penalty for converted signals over output
wavelengths between 1533 and 1564 nm with a facet to facet
conversion gain between 9-13 dB. BER measurements with
variable input wavelengths and a fixed output wavelength
show less than 2.5 dB power penalty for input wavelengths
between 1535 and 1560 nm.
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Vertical-cavity surface-emitting lasers
with lateral carrier confinement

D.D. Lofgreen, Y.-C. Chang and L.A. Coldren

A novel method to reduce threshold currents in vertical-cavity surface-
emitting lasers (VCSELs) is proposed. By using selective quantum
well intermixing, lateral heterobarriers are created that prevent carriers
from diffusing away from the optical modes. Our devices show 40%
reduction of threshold currents with the implementation of lateral
carrier confinement.

Introduction: Optics is a viable solution to address the limitations of
copper-based electronics in short-distance interconnects [1]. In these
compact systems, devices must meet the stringent requirements
imposed by the power budget and the thermal restriction. Recently,
VCSELs have received considerable interest for board and chip level
interconnects owing to their small footprints, ease of fabrication in
arrays, and high-speed operation at low power dissipation. Smaller
VCSELs are even more favourable in terms of speed and power
consumption. However, as the dimension of VCSELs scales down,
threshold currents do not scale accordingly owing to optical diffrac-
tion loss [2], current spreading [3], and carrier diffusion [4]. Optical
diffraction loss can be reduced using tapered oxide aperture [2], and
current spreading can be eliminated by placing the aperture close to
the active region. Once carriers enter the quantum wells (QWs), the
large lateral concentration gradient drives carriers to diffuse outwards
and, consequently, a significant portion of the current does not provide
useful gain to the optical modes and is dissipated as heat. To alleviate
the problem, carriers must be confined laterally inside the QWs. In
this Letter, we report a new VCSEL-compatible quantum well inter-
mixing (QWI) process to achieve lateral carrier confinement. Using a
sacrificial silicon-doped InGaP layer, we were able to selectively
intermix InGaAs QWs for 980 nm VCSELs and our smallest 1 pm
diameter device shows 40% reduction of threshold with the
implementation of lateral carrier confinement.

Device structure and fabrication: The sample was grown on an
n-type GaAs (100) substrate by molecular beam epitaxy (MBE). The
bottom mirror consists of a 19-period silicon-doped GaAs/AlGaAs
distributed Bragg reflector (DBR), followed by a 113 nm Alj;Gag;As
separate confinement heterostructure (SCH). The active region consists of
three InGaAs/GaAs QWs. On top of the QWs is a 36 nm Aly 3Gag 7As
SCH, followed by a 50 nm GaAs layer for aluminum-free regrowth. A
300 nm sacrificial InGaP layer was then grown for intermixing purpose
with the top 200 nm heavily doped with silicon to enhance QWI [5].

The intermixing process began by depositing and patterning SiO, on
top of the sample and then subjecting the sample to reactive ion etch
(RIE) with CF4/0, gases to fluorinate the surface. It was then capped
with another layer of SiO, and annealed at 850°C for 8 min using rapid
thermal annealing (RTA). During the RTA, gallium atoms outdiffused
into the SiO, and left vacancies at the surfaces in direct contact with
SiO,. Sequentially, these vacancies diffused down into the QWs and
promoted the intermixing process [6]. On the other hand, fluorine
bound with gallium and indium atoms to create gallium and indium
fluorides during the RIE step on the surfaces without SiO,, and these
fluorides were reported to be thermally stable [7]. Because vacancies
were not created, the intermixing process was suppressed. After RTA,
the SiO, and InGaP layers were stripped off using buffered HF and
diluted HCI, respectively, and the sample was loaded into MBE for
regrowth.

A 10nm GaAs layer was grown on top of the regrowth layer,
followed by a 60 nm AlygGag,As and a 10 nm AlAs to form the
tapered oxide aperture. The top mirror consists of a 32-period carbon-
doped GaAs/AlGaAs DBR, followed by a highly doped p-contact layer.
The device fabrication began by etching cylindrical mesas and forming
the aperture using wet oxidation. Ti/Pt/Au and AuGe/Ni/Au were
evaporated for p- and n-contacts, respectively. Finally, an antireflection
coating was deposited to reduce the backside reflection.

Results and discussion: Fig. 1 shows the secondary ion mass spectro-
metry (SIMS) results for the non-intermixed and the intermixed areas
on a test sample. In Fig. 1a, three indium peaks corresponding to three
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InGaAs QWs are clearly seen, which indicates that surface fluorina-
tion did help to preserve the layer structure during the RTA. The only
noticeable difference from the as-grown sample (not shown) is that
silicon atoms on the top 200 nm InGaP layer diffuse towards the
active region. On the other hand, the indium profile of the QWs is
completely washed out for the intermixed areas, as shown in Fig. 15.
Aluminum also diffused into the QWs, which is necessary to get
enough bandgap shift for effective carrier confinement. Silicon atoms
also diffused into the QWs at the non-intermixed areas and will
introduce free carrier absorption loss, as will be seen in the device
results.
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Fig. 1 SIMS results showing aluminum, indium and silicon profiles

a On non-intermixed area
b On intermixed area

Fig. 2 shows the threshold currents and differential quantum effi-
ciencies for intermixed and non-intermixed VCSELSs. There is signifi-
cant scatter in the data owing to the roughness of the p-DBR regrowth
interface, causing random amounts of loss for each device. However,
the general trend is obvious. The devices where QWs have been
selectively intermixed clearly show reduced threshold currents
compared with the samples where QWs have not been intermixed.
The reason that the VCSELs show higher thresholds overall can be
explained by extra added loss at the regrowth interface since the
differential quantum efficiencies are also statistically lower, as seen in
Fig. 2b. For those that have been selectively intermixed, differential
quantum efficiencies drop slightly for devices smaller than 4 pm. This
indicates a size-dependent loss mechanism that is only present for the
intermixed devices. Most likely, this loss comes from silicon diffusion
into the QWs during the intermixing process and is more severe for
smaller devices. To get a better measure of the amount of intermixing,
the thresholds are fitted to a model to estimate the barrier height. The
data lies partially on the 200 meV barrier curve for larger devices and
partially on the 100 meV curve for smaller devices. Owing to the

1st February 2007 Vol. 43 No. 3



size-dependent loss, the barrier is more likely to be closer to 200 meV,
which is enough to provide lateral carrier confinement in VCSELs.
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Conclusions: We have developed a new VCSEL-compatible QWI
process to achieve lateral carrier confinement in VCSELs and our
results show that threshold currents are indeed reduced with lateral
carrier confinement.
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Small-dimension power-efficient high-speed
vertical-cavity surface-emitting lasers

Y.-C. Chang, C.S. Wang and L.A. Coldren

Small-dimension power-efficient high-speed oxide-confined 980 nm
vertical-cavity surface-emitting lasers (VCSELs) with record-high
bandwidth/power-dissipation ratio of 12.5 GHz/mW have been
demonstrated. The devices show a modulation bandwidth of 15 GHz
at a bias current 0.9 mA, corresponding to only 1.2 mW power
dissipation.

Introduction: Recently, VCSELs have received considerable interest
for short-distance optical interconnects owing to their small footprint,
natural occurrence in arrays and, most importantly, cost effectiveness.
Two of the main challenges for the devices to be used in board-to-
board and chip-to-chip interconnects are speed and power dissipation.
For directly modulated lasers, higher speed can be achieved with
higher bias current at the expense of higher power dissipation. High
power dissipation can be fatal in these compact systems with limited
power budgets and stringent thermal restrictions. Most of the high-
speed VCSELs have diameters from 6 to 8 pm and have threshold
currents of 0.3 mA or above [I-3]. For these devices, 15 GHz
bandwidth, which should enable 20 Gbit/s operation, was achieved
at a current of at least 1.5 mA, but usually a much higher current was
required owing to their high threshold currents and large mode
volumes. Smaller devices are potentially faster and require less
power, and thus are more suitable for optical interconnects. One of
the obstacles for small devices to have high speed is the parasitics. By
implementing deep oxidation layers [4] and optimising the doping
schemes, we were able to reduce the parasitics to enable high-speed
operation for smaller devices. Our 3 pm diameter device shows
15 GHz bandwidth at a bias current of 0.9 mA, corresponding to
only 1.2 mW power dissipation. A bandwidth/power-dissipation ratio
of 12.5 GHz/mW is achieved for 15 GHz, the highest ever reported.

Device structure and fabrication: Fig. 1a shows a schematic cross-
section of the VCSEL. The layer structure is similar to our previous
device [4] except that the following modifications were made to
address the issues with parasitics. First, the number of deep oxidation
layers was increased from two to five to further reduce the parasitic
capacitance. Secondly, the overall p-doping concentration was
increased to reduce the series resistance, especially in the first several
periods of the DBRs above the active region, which account for most
of the resistance. Fig. 15 shows a top view scanning electron
micrograph (SEM) of a fabricated VCSEL. The devices were fabri-
cated using the process given in [4] with the following improvements.
After the p- and n-contact metals were deposited, the n-GaAs contact
layer (RF ground) beneath the p-pad metal (RF signal) was first etched
away using citric acid/hydrogen peroxide to eliminate the pad
capacitance. The benzocyclobutene (BCB) between the n-pad metal
and the n-metal was removed for better RF grounding and heat
spreading. The dimension of the p-pad metal is also reduced to
40 x 70 pm. Before anti-reflection (AR) coating, the backside was
lapped to remove residues accumulated throughout earlier processing
steps.

Results: Figure 2 shows the voltage, output power and temperature
rise against current (L-/-V-T) curves for a 3 pm diameter device, which
is the smallest device and has the highest bandwidth/power-
dissipation ratio. The device has a differential quantum efficiency of
53%, which is slightly lower than expected. This may have resulted
from the lapping process, which roughens the output surface. The
threshold current is only 0.155 mA, less than half the values for most
high-speed VCSELSs. The threshold current does not increase consid-
erably from the higher doping concentration because the modes are
better confined in the longitudinal direction and have less overlap with
the highly doped DBRs. This is due to the increased number of the
deep oxidation layers, which have higher aluminum fraction and
larger index contrast in the region of the mode. The threshold voltage
is 1.48 V, which is very low for such a small device, and it is only
220 meV larger than the quasi-Fermi level separation. The series
resistance is ~220 Q. The peak wall-plug efficiency is 30% at a

current 1 mA. The thermal impedance of the device is 2.88°C/mW,
calculated by measuring the wavelength shift at different stage
temperature and at different bias [5]. The maximum output power is
3.6 mW at a bias current of 8.6 mA, corresponding to a temperature
rise of 77°C.
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Fig. 1 Schematic cross-section of VCSEL, and top view SEM of VCSEL
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Fig. 2 L-I-V-T curves for 3 um diameter device at stage temperature 20°C

Small-signal modulation responses were measured on-wafer using an
RF probe and a calibrated Agilent PNA network analyser E§364A.
Output power was collected by a 50/125 multimode fibre and measured
using a New Focus 25 GHz photodetector coupled to a New Focus
20 GHz amplifier. The frequency responses for the 3 pm diameter
device under different bias currents are shown in Fig. 3. An electrical
—3 dB bandwidth of 15 GHz is achieved at a bias current 0.9 mA,
corresponding to 1.6 mW input power and 1.2 mW dissipated power.
Methods have been proposed to reduce the thermal impedance
and alleviate the thermal degradation [3, 6]. With 1.2 mW power
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dissipation, the temperature rise is only 3.5°C and should have
negligible thermal impacts on the device performances. The modulation
current efficiency factor (MCEF) for the device is 16.8 GHz/+/mA,
equal to the highest previously reported value [7]. The high MCEF is
mainly due to the stronger mode confinement in both lateral and
longitudinal directions.
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0 5 10 15 20 25
frequency, GHz

Fig. 3 Small-signal modulation responses for 3 um diameter device under
different bias currents at stage temperature 20°C

The modulation responses at higher bias currents were measured, and
although they extended to higher frequencies, they also showed sharp
drops at low frequency, usually below 0.5 GHz. This may be caused by
mode partition inside the device and spatial mode filtering from our
measurement setup. This supposition is supported by the fact that the
photocurrent from the photodetector was relatively noisy at high
VCSEL bias currents. By better controlling the higher order modes
or by collecting all of the light, for example with a backside microlens
[8], a usable bandwidth >20 GHz should be attainable.

Conclusions: Small-dimension, power-efficient high-speed VCSELSs
with 12.5 GHz/mW bandwidth/power-dissipation ratio have been
demonstrated. 15 GHz bandwidth is achieved at 0.9 mA for 1.2 mW
power dissipation. This high bandwidth with reduced power dissipa-
tion makes these devices more suitable for optical interconnect
applications than previous designs.

Acknowledgments: The authors thank J.E. Bowers, L.A. Johansson
and Y.-H. Kuo at University of California, Santa Barbara, for helping
with the RF test setup.

© The Institution of Engineering and Technology 2007
20 January 2007

Electronics Letters online no: 20070195

doi: 10.1049/e1:20070195

Y.-C. Chang, C.S. Wang and L.A. Coldren (Department of Electrical
and Computer Engineering, University of California, Santa Barbara,
CA 93106-9560, USA)

E-mail: yuchia@engineering.ucsb.edu

References

1 Kuchta, D.M., Pepeljugoski, P, and Kwark, Y.: “VCSEL modulation at
20 Gbit/s over 200 m of multimode fiber using a 3.3 v SiGe laser driver
IC’. Tech. Dig. LEOS Summer Topical Meeting, 2001, pp. 49-50

2 Suzuki, N., Hatakeyama, H., Fukatsu, K., Anan, T., Yashiki, K., and
Tsuji, M.: 25-Gbps operation of 1.1-pm-range InGaAs VCSELs for
high-speed optical interconnections’. Optical Fiber Communications
Conlf., Tech. Dig, 2006, paper no. OFA4

3 AL-Omari, A.N., Carey, G.P, Hallstein, S., Watson, J.P,, Dang, G., and
Lear, K.L.: ‘Low thermal resistance, low current density, high-speed
980 and 850 nm VCSELs’. Int. Semiconductor Laser Conf., 2006,
pp. 127-128

4 Chang, Y.-C., Wang, C.S., Johansson, L.A., and Coldren, L.A.: ‘High-
efficiency, high-speed VCSELs with deep oxidation layers’, Electron.
Lett., 2006, 42, (22), pp. 1281-1282

5 Young, D.B., Scott, J.W., Peters, EH., Peters, M.G., Majewski, M.L.,
Thibeault, B.J.,, Corzine, S.W., and Coldren, L.A.: ‘Enhanced
performance of offset-gain high-barrier vertical-cavity surface-emitting
lasers’, [EEE J. Quantum Electron., 1993, 29, pp. 2013-2022

6 Mathine, D.L., Nejad, H., Allee, D.R., Droopad, R., and Maracas, G.N.:
‘Reduction of the thermal impedance of vertical-cavity surface-emitting
lasers after integration with copper substrates’, Appl. Phys. Lett., 1996,
69, pp. 463-464

7 Strzelecka, E.M., Robinson, G.D., Coldren, L.A., and Hu, E.L.:
‘Fabrication of refractive microlenses in semiconductors by mask
shape transfer in reactive ion etching’, Microelectron. Eng., 1997, 35,
pp. 385-388

8 Lear, K.L., Mar, A., Choquette, K.D., Kilcoyne, S.P,, Schneider, R.P,
C.Y.Suen, Jrand Geib, K.M.: ‘High-frequency modulation of oxide-
confined vertical cavity surface emitting lasers’, Electron. Lett., 1996, 32,
(9), pp. 457458

ELECTRONICS LETTERS 29th March 2007 Vol. 43 No. 7



High-efficiency, high-speed VCSELs with
35 Gbit/s error-free operation

Y.-C. Chang, C.S. Wang and L.A. Coldren

High-efficiency, high-speed, tapered-oxide-apertured 980 nm vertical-
cavity surface-emitting lasers (VCSELs) with 35 Gbit/s error-free
operation have been demonstrated. This is the highest data rate
reported for directly modulated VCSELs to date. The devices are
also highly efficient, showing a record-high data-rate/power-dissipa-
tion ratio of 3.5 Gps/mW.

Introduction: Recently, vertical-cavity surface-emitting lasers (VCSELSs)
have received considerable interest for their potential application in
optical interconnects [1]. VCSELs are very attractive for short-distance
optical interconnects owing to their small footprint, natural occurrence in
arrays and, most importantly, cost effectiveness. To meet the bandwidth
requirements for future datacom applications, researchers have been trying
to improve the data rate of VCSELs [2—4]. VCSELSs with data rate up to
30 Gbit/s and 3 dB bandwidth of 24 GHz at 1.1 pm have been
demonstrated [4]. However, these devices use buried tunnel junctions
and regrowth is required, which complicates the fabrication process and
adds extra costs. In this Letter, we report high-efficiency, high-speed,
tapered-oxide-apertured 980 nm VCSELs that do not require ion
implementation and/or regrowth and can be mass manufactured easily.
These devices demonstrate 35 Gbit/s error-free operation at a bias current
of 44 mA. To the best of the authors’ knowledge, this represents the
highest data rate reported for directly modulated VCSELSs to date. These
devices also show the highest data-rate/power-dissipation ratio of
3.5 Gps/mW at 35 Gbit/s operation.

Device structure: The structure used in this work is n-intracavity,
bottom-emitting, tapered-oxide-apertured 980 nm VCSELSs, as shown
in Fig. 1. Details of the device structure and fabrication process can be
found in [5]. To achieve high-speed operation at low power dissipa-
tion, the mode volume needs to be reduced. This is accomplished by:
(a) placing the n-contact layer five periods away from the active
region to reduce the loss and provide better longitudinal mode
confinement; and (b) using an optimised tapered oxide aperture
with a 4 um taper length and a thickness of (1/2)/4 to simultaneously
achieve low scattering loss and better mode confinement.

p-contact

n-pad metal
deep oxidation

layers
p-pad metal

oxide
aperture

BCB

n-contact
active region

AR coating

semi-insulating GaAs substrate

Fig. 1 Schematic cross-section of VCSEL

In addition to the improvements for the intrinsic laser properties, the
extrinsic parasitic needs to be reduced. The series resistance is lowered
by using an optimised p-doping scheme in the top mirror to balance the
loss and resistance. The thicker oxide aperture, (1/2)4 instead of the
standard (1/4)/ thick, and the employment of the deep oxidation layers
[6] help to reduce the oxide capacitance, one of the main limiting
factors of bandwidth. Another benefit of the high Al-content deep
oxidation layers is that they also provide better mode confinement
longitudinally owing to higher index contrast. The pad capacitance is
further reduced by: (a) removing the n-contact layer (RF ground)
beneath the p-pad (RF signal), (b) applying benzocyclobutene (BCB)
between these two layers, and (c) shrinking the pad dimensions to
40 x 70 pm.

ELECTRONICS LETTERS

Results: Fig. 2 shows the voltage and output power against current
(L-I-V) curves for a 3 pm-diameter device. The lasing wavelength is
around 993 nm. The device has a differential quantum efficiency of
54% and a threshold current of 0.144 mA, relatively low for high-
speed VCSELs previously reported. The threshold voltage is 1.47 V,
which is very low for such a small device, as it is only 220 meV larger
than the quasi-Fermi level separation for transparency. The series
resistance is approximately 250 Q at a bias current of 4.4 mA, where
the large-signal modulation experiments are performed. The peak
wallplug efficiency is 31%. The maximum output power is 3.1 mW at
a bias current of 7 mA.
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Fig. 2 L-I-V curves for 3 um diameter device at 20°C

Fig. 3 shows the test setup for large-signal modulation experiments.
The non-return-to-zero (NRZ) signal with 27 — 1 word length from the
pattern generator was amplified using a 38 GHz SHF 806E amplifier
with 26 dB gain and then attenuated 6 dB using a fixed attenuator to
reduce the voltage swing to ~0.84 V,,,. The RF signal was combined
with the DC bias through a 65 GHz Anritsu V255 bias tee and fed to the
device using a 67 GHz ground-signal-ground RF probe. The output
power was collected into a 9/125 singlemode fibre using a dual-lens
focuser. The eye diagrams were measured using an Agilent 86109A
oscilloscope with an internal 30 GHz photodiode. To measure the bit
error rate (BER), the optical signal was fed to a 25 GHz New Focus
1414 photodiode coupled with a 40 GHz SHF 810 amplifier and sent to
the error analyser.

DC bias  PG: pattern generator
AMP: RF amplifer
AMP ATT i"" ATT: RF attenuator
b { SCOPE: oscilloscope
-—-t-d VOA: variable optical attenuator
PD: photodiode
VGSEL EA: error analyser
focuser

P SCOPE
4
ALY

VOA Bp amP

Fig. 3 Experiment setup for BER and eye diagram measurements

Thicker lines denote the optical fibre. Eye diagram is measured through upper
path to oscilloscope and BER is measured through lower path to error analyser

Fig. 4 shows the BER curve at 35 Gbit/s for a 3 pm device at 20°C.
The bias current is 4.4 mA and the voltage swing is ~0.84 V,,,. The
3 dB bandwidth at this bias current exceeds 20 GHz. The inset of the
Figure shows the optical eye diagram at 35 Gbit/s and the eye is clearly
open with an extinction ratio of 5.4 dB. In the BER curve, all the data
points except the lowest one were taken with a variable optical
attenuator (VOA). Owing to the ~3 dB insertion loss of the VOA,
the BER in the range of 10~ to 10~ could not be measured. Thus, the
lowest data point at a received power of —4.7 dBm was taken without
the VOA. The BER is 9.2 x 102, gated for 30 min with a total of 583
errors to ensure the accuracy of the measurement. In fact, the BER was
~2x 107" for the first 10 min and increased slowly with time,
possibly owing to fibre drift. This is statistically evident of error-free
operation at 35 Gbit/s. To the best of the authors’ knowledge, this
represents the highest data rate for directly modulated VCSELs. At a
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bias current of 4.4 mA, the power consumption and dissipation,
excluding the RF driver circuitry, are only 12.5 and 10 mW, respec-
tively. This corresponds to a data-rate/power-dissipation ratio of
3.5 Gps/mW, also the highest value ever reported.
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Fig. 4 BER measurement at 35 Gbit/s at 20°C

Bias current 4.4 mA and voltage swing ~0.84 V... Lowest data point, taken
without VOA, gated for 30 min to ensure measurement accuracy.
Inset: corresponding optical eye diagram with extinction ratio of 5.4 dB

Conclusions: High-efficiency, high-speed, tapered-oxide-apertured
980 nm VCSELs with 35 Gbit/s error-free operation have been
demonstrated. This represents the highest data rate achieved for
directly modulated VCSELs. In addition, the devices show a record
high data-rate/power-dissipation ratio of 3.5 Gps/mW, making these
devices suitable for interconnect applications.

Acknowledgments: The authors thank Prof. D.J. Blumenthal, H.N.
Poulsen and L.A. Johansson at University of California, Santa

Barbara, for helping with the RF test setup. This work was supported
by a UC-MICRO with IBM and gift funds from Agilent.

© The Institution of Engineering and Technology 2007
14 July 2007

Electronics Letters online no: 20072074

doi: 10.1049/e1:20072074

Y.-C. Chang, C.S. Wang and L.A. Coldren (Department of Electrical
and Computer Engineering, University of California, Santa Barbara,
CA4 93106-9560, USA)

E-mail: yuchia@engineering.ucsb.edu

References

1 Schares, L., et al.: ‘Terabus: terabit/second-class card-level optical
interconnect technologies’, [EEE J. Sel. Top. Quantum Electron., 2006,
12, pp. 1032-1034

2 Kuchta, D.M., Pepeljugoski, P., and Kwark, Y.: “VCSEL modulation at
20 Gb/s over 200 m of multimode fiber using a 3.3 v SiGe laser driver
IC’. Tech. Dig. LEOS Summer Topical Meeting, 2001, pp. 49-50

3 Suzuki, N., Hatakeyama, H., Fukatsu, K., Anan, T., Yashiki, K., and
Tsuji, M.: “25-Gbps operation of 1.1-um-range InGaAs VCSELs for
high-speed  optical interconnections’.  Proc.  Optical  Fiber
Communications Conf., 2006, Paper OFA4

4 Yashiki, K., Suzuki, N., Fukatsu, K., Anan, T., Hatakeyama, H., and
Tsuji, M.: ‘l.l-um-range tunnel junction VCSELs with 27-GHz
relaxation oscillation frequency’. Proc. Optical Fiber Communications
Conf., 2007, Paper OMK 1

5 Chang, Y.-C., Wang, C.S., and Coldren, L.A.: ‘Small-dimension power-
efficient high-speed vertical-cavity surface-emitting lasers’, Electron.
Lett., 2007, 43, pp. 396-397

6 Chang, Y.-C., Wang, C.S., Johansson, L.A., and Coldren, L.A.: ‘High-
efficiency, high-speed VCSELs with deep oxidation layers’, Electron.
Lett., 2006, 42, pp. 1281-1282

ELECTRONICS LETTERS 13th September 2007 Vol. 43 No. 19



High-speed tapered-oxide-apertured 980 nm VCSELSs
supporting data rates up to 30 Gb/s
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Phone: (805) 893-7065, Fax: (805) 893-4500, E-mail: yuchia@engineering.ucsb.edu

Abstract: High-speed 980 nm VCSELs with tapered oxide apertures were designed and fabricated.
The devices show >20 GHz bandwidths for bias currents between 2 and 4 mA. Open eyes up to 30
Gb/s are also demonstrated.

1. INTRODUCTION

Recently, vertical-cavity surface-emitting lasers (VCSELs) have received considerable interest for their
potential applications in optical interconnects [1]. VCSELs are very attractive for short-distance interconnects due to
their small footprint, ease of fabrication in arrays, and high-speed operation at low power consumption. Although
the fastest VCSELs have shown 30 Gb/s operation and bandwidths of 24 GHz at a 1.1 pm wavelength [2], these
devices use buried tunnel-junctions and require regrowth. This not only reduces the manufacturability but also adds
extra costs. Here we report high-speed, tapered-oxide-apertured 980 nm VCSELs which can be easily fabricated.
The taper angle is increased to reduce the mode volume and improve the high-speed performance. The devices show
> 20 GHz bandwidth for bias currents between 2 and 4 mA and open eye diagrams up to 30 Gb/s.

2. DEVICE

The structure used in this work is n-intracavity, bottom-emitting, tapered-oxide-apertured 980 nm VCSEL as
shown in Fig. 1(a). The bottom mirror is an 18-period AlGaAs/GaAs distributed Bragg reflector (DBR). The
5/4) thick n-contact layer is placed at the 5" period to reduce the loss and provide better longitudinal mode
confinement. The top mirror has a 30-period AlGaAs/GaAs DBR. The Aluminum fraction of the first 5 periods
DBR is increased from 85% to 93% to form deep oxidation layers for reducing capacitance [3]. Tapered oxide
aperture with a 4 um taper length and a thickness of 1/2A is used to simultaneously achieve better mode confinement
and low optical scattering loss. The doping scheme of the p-mirror is also optimized to reduce the series resistance
without introducing too much loss. The pad capacitance is reduced by (a) removing the n-contact layer (RF ground)
beneath the p-pad metal (RF signal), (b) applying Benzpcyclobutene (BCB) between these two layers, and (c)
shrinking the pad dimension to 40x70 um as shown in Fig. 1(b). Details of the device structure and process can be
found in [4].

3. RESULTS

Figure 2(a) shows the voltage, output power against current (L-I-V) curves for a 3 uym diameter device. The
device has a very low threshold current of 0.155 mA and a differential quantum efficiency of 53 %. The threshold
voltage is only 1.48 V, 220 meV larger than the quasi-Fermi level separation. This low threshold voltage is the
consequence of the optimized doping scheme and the low threshold current. The series resistance is approximately
220 Q and the peak wall-plug efficiency is 30%. The maximum output power achieved is 3.6 mW.

The frequency responses of a 3 pm diameter device are shown in Fig. 2(b). An electrical -3 dB frequnecy of 20
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FIGURE 1. (a) Schematic cross-section of VCSEL, and (b) top view scanning electron micrograph (SEM).
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FIGURE 2. (a) L-I-V curves, and (b) frequency responses for a 3 um diameter device. The estimated Gaussian 1/e mode diameter is 2.8 pm.

GHz is achieved at a bias current of 2 mA. The maximum modulation bandwidth is ~21.5 GHz at a bias current of
3.2 mA. The modulation current effeciency factor (MCEF) of this device is 16.8 GHz/mA and ties with the highest
reported value for QW VCSELs [5]. This high MCEF is the consquence of the low threshold current and the strong
mode confinement.

Large signal modulation was also performed to evaluate the feasibility of these devices for optical interconnect
applications. The NRZ signal (PRBS 2°'-1) from the pattern generator was amplified using a SHF 806E amplifier
with 26 dB gain and combined with the DC bias through a 65 GHz bias tee. The combined signal was then
attenuated using a 6 dB attenuator and fed to the devices. The optical signals were measured using Agilent 86109A
oscilloscope with an internal 30 GHz photodiode. The measured eye diagrams at 20, 25, and 30 Gb/s are shown in
Fig. 3. The estimated bias currents for these eyes are 4~5 mA. As shown in the figures, eye diagrams at 20 and 25
Gb/s are clearly open, and eye diagram at 30 Gb/s is still open with some limitation on the time window. Bit error
rate (BER) measurement was performed and error-free operation up to 15 Gb/s was achieved, mainly limited by the
bandwidth of the photoreceiver used.

4. CONCLUSION

High-speed, tapered-oxide-apertured 980 nm VCSELs were designed and fabricated. These devices show
decent DC performance and achieve >20 GHz modulation bandwidth at bias current 2~4 mA. Open eyes up to 30
Gb/s is demonstrated and operation at this data rate can be expected with a better receiver.
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High-Speed Datacom VCSELSs at 1310 and 980 nm
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Abstract:

Recent progress on VCSELSs for datacom applications within the author’s group at UCSB will be reviewed.
Efforts on ‘all-epitaxial, long-wavelength’ InP-based devices as well as efficient, small-cavity-volume GaAs-
based VCSELs will be included. InGaAlAs/InGaAsSh/InP all-epitaxial wafers processed in a conventional
manner are found to provide viable VCSELs across the entire 1300-1600 nm wavelength band, and
InGaAs/GaAlAs/GaAs structures with low-loss tapered-oxide apertures have demonstrated low-current, high-
data-rate modulation up to 35 Gb/s.

1. Introduction

Although work on novel structures for high-efficiency, high-speed VCSELs began well over a decade ago
for such applications as chip-to-chip, board-to-board and computer interconnection[1,2], the commercial world
has largely ignored these technologies in favor of simple proton-implanted structures for such applications as
multi-mode fiber links and, more recently, mice for computers. However, in the past year or two the chip and
computer makers are now clearly acknowledging the need for a more power and space efficient way to transmit
20+ Gb/s data over relatively short distances. Thus, interconnect applications within and between high-end
computers are emerging for high-speed, high-efficiency VCSELSs. If a universal standard is not required, as in
active cables or intra-box applications, 980 nm would appear to be more attractive because of its inherent
efficiency and speed potential[3].

For somewhat more conventional data links over distances > 300 m or so, the longer wavelengths in the
1300—1600 nm band are preferred. Here manufacturable VCSELs with characteristics suitable for such
applications as FTTH or pico-cell wireless distribution are desired. Recent results show that the entire 1300 —
1600 nm wavelength range can be covered in a common InGaAlAs/InGaAsSb/InP epitaxial VCSEL
technology[4]. However, competition from edge-emitters manufactured in well-established factories can only
be overcome in very high volume applications where the VCSEL can hope to be a lower cost solution.
Obtaining edge-emitter-like characteristics is still a major concern.

2. High-speed, high-efficiency 980 nm VCSELSs

Figure 1 illustrates a cross section of the GaAs-based VCSEL design along with its small-signal frequency
response. The active region contains three strained InGaAs quantum-wells resulting in emission at 980 nm.
Substrate emission is facilitated enabling flip-chip mounting as well as backside integrated microlenses as has
been shown in prior work[5]. The strained InGaAs active region provides higher differential gain for higher
resonance frequency, higher temperature operation (due to a higher To), and potentially higher reliability.
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Figure 1. Schematic of tapered oxide VCSEL and frequency response for 3 xm aperture at various bias
currents. Maximum cw output power @ 6.8 mA = 3.1 mW; power @ 4.4 mA = 2.6 mW; 74 = 54%.



Figure 1 also illustrates the use of a tapered oxide aperture[6]. This design acts more like an ideal intra-
cavity lens and greatly reduces the optical loss, thereby enabling the use of much smaller cavity volumes. The
aperture’s tapered point also greatly reduces the stress that tends to exist at the tips of oxide apertures with blunt
ends. This also should aid in improved reliability, especially with InGaAs quantum-well actives which inhibit
defect clustering. The current VCSEL results have primarily been the result of reducing the cavity volume
without adding noticeably to the optical mode loss. Resistance and capacitance have also been improved, but
multimode operation is probably the primary limiting issue at present. Nevertheless, the frequency response
shows a low current bandwidth/root-current figure-of-merit of MCEF = 16.8 GHz/mA?, about as high as ever
obtained in larger area, higher power dissipation devices[7].

Figure 2 shows the eye diagram and Bit-Error-Rate at 35 Gb/s, which indicates error-free operation at 10™*
BER. This is the highest error-free data rate and highest data-rata per mW of power dissipation ever obtained
from any VCSEL[8]. If the issues identified above, e.g., multimode operation, can be addressed, data rates
exceeding 40 Gb/s may be possible.
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Figure 2. Eye diagram and Bit-Error-Rate at 35 Gb/s. Power dissipation @ 4.4 mA = 10 mW, or 3.5 Gbs/mW.

3. All-epitaxial 1310 nm results

Figure 3 shows a cross section of the 1310 nm InP-based device along with its cw light-current
characteristics for a 6.5 um aperture[4]. About double this cw power was obtained with larger apertures.
Similar 1550 nm devices were demonstrated several years ago using the same basic technology platform[9]. As
illustrated the device uses two n-type InP intra-cavity contacts for low thermal and electrical resistance with a
thin (35 nm) n*/p* tunnel junction placed at a null of the standing wave above the half-wavelength, 5-QW active
region. The tunnel junction layers are selectively etched to form a thin aperture for lateral current and photon
confinement. The epitaxially-grown DBR mirrors consist of undoped, lattice-matched InGaAsSb layers, which
have an index contrast comparable to the AlGaAs layers used in many 850 nm VCSELs. This configuration
provides relatively low internal optical losses (~ 7 cm™). The observed 20°C differential quantum efficiency is
higher than 60% for aperture diameters larger than 6 um. The 3dB small signal bandwidth was measured to be
4.5 GHz at 20°C, dropping to 3.5 GHz at 60°C [10].
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Figure 3. Schematic and L-I characteristics for InP-based 1310 nm VCSEL.



Figure 4 gives the eye diagrams and BER from 20 to 60°C. Open eye diagrams were obtained up to 60°C.
The extinction ratios remained > 8dB for operation up to 60°C with a peak-to-peak drive voltage of only
800mV. The results illustrate viable operation at data rates of at least 3.125 Gb/s. Relatively straight-forward
modifications to reduce parasitics and mode volume should provide ~ 10 Gh/s.
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Figure 4. Eyes and BER for 1310 nm VCSEL at 3.125 Gb/s[10].
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ABSTRACT

Cavity quantum electrodynamic (QED) effects are studied in semiconductor microcavities embedded with InGaAs
quantum dots. Evidence of weak coupling in the form of lifetime enhancement (the Purcell effect) and inhibition is
found in both oxide-apertured micropillars and photonic crystals. In addition, high-efficiency, low-threshold lasing is
observed in the photonic crystal cavities where only 2-4 quantum dots exist within the cavity mode volume and are not
in general spectrally resonant. The transition to lasing in these soft turn-on devicesis explored in a series of nanocavities
by observing the change in photon statistics of the cavity mode with increasing pump power near the threshold.

Keywords. quantum dot, photonic crystal, micropillar, microcavity, low threshold laser, cavity QED, photon statistics

1. INTRODUCTION

Many proposed implementations of quantum communication and computation in condensed matter systems rely on
having a strong interaction between a localized two-level system and a high quality cavity mode [1, 2]. If the coupling
strength (which is inversely proportional to the square root of the mode volume) between the two oscillators is weak
compared to the lifetime of either the emitter or the cavity mode, then the coupling is said to be in the weak coupling
regime. In this regime, the primary effect of the cavity mode is to enhance the lifetime of the emitter and thisis called
the Purcell effect [3]. This Purcell enhancement factor is proportional to the ratio of the quality factor (Q) of the cavity
mode to the effective mode volume (V). In addition, if the emitters can provide enough gain to compensate for the
cavity decay rate, then lasing may be observed. In the case of semiconductor microcavities embedded with quantum
dots (QDs), both of these interesting phenomena can be studied.

2. DEVICE GROWTH AND FABRICATION

2.1 InGaAs Quantum Dots embedded in Oxide-Apertured Micropillar Cavities

A low-density, single layer of InGaAs, self-assembled quantum dots is grown by molecular beam epitaxy in the
Stranski-Krastanow growth mode. InGaAsidands are partially covered with GaAs and then annealed before completely
capping with GaAs. This process shifts the emission spectrum of the QDs to the blue (near 930 nm) where Silicon-based
single photon counting detectors work more efficiently. A low density of these QDs acts as the active region between
two high quality AlGaAs/GaAs distributed Bragg reflector (DBR) mirrors. Just above the QD active region an oxide
aperture is introduced [4]. This aperture is created by oxidizing a thin layer of pure AlAs, forming AlLO,. This
oxidation is allowed to proceed until a small aperture of roughly 2 um is created in the center. The Al,O, has a lower
index of refraction than the surrounding material so the aperture acts as a lens and confines the mode to the center of the
pillar. Thishas atwo-fold effect; it keeps the field away from the sidewalls, which limits the Q of most micropillars, and
it reduces the mode volume. In total, it serves to increase the Purcell factor. The pillars are defined by optical
lithography and reactive ion etch and a SEM image of oneisshown in Fig 1. An array of devicesis created with varying
total pillar diameter to achieve the optimum Purcell factor and account for small errors in oxidation time.

*rakher@physics.ucsb.edu



2.2 InGaAs QDsembedded in Photonic Crystal Membrane Cavities

Using a similar low density QD sample, photonic crystal (PC) cavities are formed by defining a triangular lattice of air
holes by electron beam lithography. Then, holes are created along with the membrane by chemical etching in HF. Line
defect cavities are formed by selective removal of 3, 7 or 11 holes (L3, L7, and L11 cavities) to create a defect region.
An example of a SEM image of an L3 cavity isshown in Fig. 1. Strong optical confinement in the planeis provided by
the 2-D photonic crystal while out of plane confinement is provided by the GaAs air interface at the top and bottom of
the membrane. Device parameters such as hole radius, lattice spacing, and membrane thickness are optimized to provide
the highest Q while keeping the mode volume as small as possible.

Opm

Fig. 1. Scanning electron microscope (SEM) images of an oxide-apertured micropillar (left) and an L3 PC cavity (right).

3. EXPERIMENTAL SETUP

3.1 QD and Device Spectr oscopy

The QDs and the devices are primarily studied using micro-photoluminescence spectroscopy. The samples are kept in a
He-flow cryostat operated at 4.2 K with a heater capable of increasing the temperature to 300 K. Carriers are excited in
the samples by a pulsed 82 MHz Ti:Sa laser with approximately 100 fs pulse width. This laser is primarily operated at
850 nm to excite carriers resonantly into the wetting layer. Additionally, continuous wave lasers operating at 780 nm
and 632.8 nm can be used for above-bandgap excitation. These sources are focused through a 50X objective with NA =
0.55 onto the sample surface as shown in Fig. 2. Emission is imaged through the same objective where it is picked off
by a beamsplitter (BS) and directed into a 1.25 m spectrometer with a liquid nitrogen cooled CCD array, yielding a 30
peV spectral resolution at 900 nm.

3.2 Lifetimeand Hanbury-Brown and Twiss M easurements

Lifetime measurements of single QDs are performed with pulsed excitation using a single photon counting avalanche
photodiode in conjunction with a time-to-amplitude converter card. Before detection, single QD spectral lines are
chosen and spectrally filtered with a 0.5 nm bandpass filter as shown in Fig. 2. Hanbury-Brown and Twiss
measurements are performed by incorporating a beamsplitter and another single photon detector as shown in Fig 2. This
measures the second-order coherence of the emitted light and can be used to determine information about the photon
statistics of the emitted light field.
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Fig. 2. A schematic of the experimental setup. The excitation laser is directed though an objective onto the sample surface.
The collected photoluminescence can then be directed into the spectrometer, the lifetime setup, or the Hanbury-Brown
and Twiss setup.

4. RESULTS

4.1 Cavity mode spectra

As shown in Fig. 3, the fabrication processes described in the previous section display high Q cavity modes in the
spectral region of QD s-shell transitions. The spectra from the micropillar (Fig. 3) can be analyzed to determine the Q
and values greater than 30000 (the resolution limit of the spectrometer) have been measured [5]. Comparing the mode
spacing to values predicted from simulations, the mode volume can be determined to be approximately 51 (Mn)®. This
yields an expected Purcell factor of around 72. The photonic crystal spectra can be analyzed to determine the Q and
values nominally around 12000 are obtained. Mode volume calculations have been carried out by finite-difference time-
domain simulations and typical values for the lowest order mode are around 0.68 (A/n)°.
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Fig. 3. Micro-photoluminescence spectra of cavity modesin the micropillar structure (a.) and the L3 photonic crystal cavity
(b.). Both measurements were done at 4.2 K with the pump power high enough to saturate the QD transitions.



4.2 QD lifetime measurements

Measurements of single QD lifetimes on and off resonance with the cavity mode have also been carried out. Lifetimes
for dots on resonance with micropillar cavity modes have been shown to be as small as 200 ps (our measurement
resolution), corresponding to a Purcell factor of more than 6. As shown in Fig 4a, the lifetime decreases as the dot is
brought into resonance with the cavity mode as expected by the Purcell effect. Measurements of QDs in photonic crystal
cavities have shown lifetimes as long as 10 ns as shown in Fig 4b. This suggests that while the QD may be in spectral
resonance with the cavity mode, its lifetime is inhibited due to spatial displacement from the cavity field maximum.

Enhanced lifetimes are much harder to obtain experimentally due to the small probability of a dot being both spatially
and spectrally on resonance with the cavity mode.
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Fig. 4. d). A plot of thelifetime of asingle QD on resonance with a micropillar cavity mode. The lifetime measurement is
limited by the APD response (shown as the segmented line) of 200 ps. For comparison, aline showing atypical bulk
QD lifetime of 1200 psisshown. b). A plot of a QD inside a photonic crystal structure demonstrating alifetime

around 10 ns. This strong inhibition of the lifetime suggests the dot is spatially displaced from the maximum of the
field. A typica bulk QD lifetimeis shown for comparison.

4.3 Lasingin PC cavities

Analysis of the intensity and linewidth of PC cavity modes as a function of input pump power reveals lasing behavior in
these devices as shown in Figure 5. The soft-turn on and low-threshold characteristics of these cavities demonstrates a
high coupling of spontaneous emission into the mode, called the B factor, of around 0.85 [6]. Lasing was unexpected
due to the extraordinarily low QD density as well as the fact that the sharp transition lines of the QDs are not spectrally

resonant with cavity mode. Because of the high f factor, the onset of lasing action is hard to distinguish from other
sources of nonlinear output behavior.
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Fig. 5. Output count rate and linewidth of an L3 cavity mode vs. input power from a continuous wave 780 nm source.

4.4 Second-order correlation measurementsfor PC lasers

To validate the onset of lasing in the PC cavity devices, second order intensity correlation measurements were performed
a pump powers near the lasing threshold. As shown in Figure 6, g®(0) increases to a value near 2 and then
subsequently diminishes to 1 as the pump power isincreased. Theoretically, one expects the photon statistics of a cavity
mode below the laser threshold to behave like a thermal light source, corresponding to g@(0) = 2. Once lasing is
established, the photon statistics are described by a coherent state with Poissonian statistics, corresponding to g@(0) =1.
The results in Figure 6 demonstrate exactly that aside from the initial increase. This initial increase is attributed to the
transition from the uncorrelated spontaneous emission regime to the stimulated emission regime. If the mode is
comprised of uncorrelated spontaneous emission events, g”(0) =1. Once stimulated emission sets in, g®@(0) tends
toward the thermal value of 2.
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the measured pump powers.

5. CONCLUSIONS

In conclusion, a wide variety of phenomena associated with cavity QED have been investigated using InGaAs quantum
dots embedded in two different semiconductor nanocavity structures. Weak coupling in the form of the Purcell
spontaneous emission enhancement has been experimentally found for QDs interacting with oxide-apertured micropillar
cavity modes and strong inhibition has been demonstrated for QDs inside photonic crystal defect cavities. While a
strong enhancement has not been found for PC cavities, advances in active QD positioning will enable future
experiments in both the weak and strong coupling regimes[7].

Surprisingly, the photonic crystal cavities demonstrated the onset of lasing with increasing pump power. This was
unexpected considering the low QD density along with the spectral mismatch of the sharp s-shell transitions and the
cavity mode. Subsequent measurements of the photon statistics as a function of pump power near the lasing threshold
validate the claim of lasing and are an important addition to the standard input-output and linewidth measurements.
They are an essential measurement because of the soft turn-on nature of these high B, low threshold lasers, which can
make identification of lasing action difficult [6].
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Abstract: A single photon source is demonstrated using a novel oxide-apertured micropillar
cavity embedded with InGaAs quantum dots. A bright 80 MHz count rate is enabled by the Purcell
effect and charge-tuning of the quantum dots.
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Introduction

Single photon sources (SPS) are avital component in many quantum cryptography and computation
schemes[1]. To date, most SPS are limited due to small emission rates and rapid saturation. Up to date the
highest single photon rates of 0.2 MHz have been observed from self-assembled quantum dots (QDs)
embedded in etched micropillar structures [2,3], which largely outperform approaches based on photonic
crystal cavities[4]. However, submicrosecond memory effects due to trapping of individual charges and
dark excitonsinside the QDs strongly limits the efficiency of those SPS devices[3]. Here, we overcome
these difficulties by coupling a charged QD to a high quality cavity mode, enabling a single photon source
with a count rate of 80 MHz.

M ethods

The quantum dots are grown by molecular beam epitaxy in the Stranski-Krastanow growth mode using the
partially covered island technique to shift the emission to around 930nm. AlGaAs/GaAs micropillar
structures are fabricated using alow density of QDs embedded between two DBR stacks. The fifth DBR
layer from the QDs s n-doped and acts as atop contact. Electrons can tunnel into the QDsfrom a Si delta
doped layer 25 nm below the QDs. Each of these doped layers is contacted by etching down from the top
of the sample. Then, trenches are etched away as shown in Fig. 1, leaving aroughly 20 um diameter pillar
which is still connected via bridges to the surrounding material. Finally, an oxide apertureisintroduced to
decrease the mode volume while keeping the cavity mode away from the rough sidewalls, thereby
increasing the quality factor (Q) [5].

We study these systems by performing timing-resolved micro-photoluminescence spectroscopy. The
samplerestsin vacuum at 4.2 K in avariable temperature He-flow cryostat and is connected to a voltage
sourcemeter. The photoluminescence is directed into one of two measurement apparatuses; a 1.25 m
spectrometer with a nitrogen-cooled CCD camera or a Hanbury-Brown and Twiss (H-B&T) setup. The
combination of these instruments allows the determination of the electrical, spectral, and temporal
properties as well as the photon statistics of the emitted light field.

Figure 1. A SEM image of atrench micropillar cavity.



Results

We tune the QD into resonance with a cavity mode (Q ~ 40,000) and perform atime-correlated photon
counting measurement to determine the excitonic lifetime. We obtain a value of 400 ps from afit to a
single exponential, thus demonstrating a Purcell effect of 2 to 3. In addition, the single exponential
behavior of the decay signifies a reduction in the population of excitonic dark states, meaning the quantum
dot islikely charged. Also, we measure the second-order intensity correlation function using the H-B& T
setup and extract g®(0) to obtain information about the photon statistics. Thisis done asafunction of the
input pump power and is show in Fig. 2. Up to acollected count rate of 12 MHz (see Fig. 2 inset for a
spectra), g?(0) remains less than 0.5, proving the single photon nature of the emitted light field. Once
experimental losses are accounted for, 12 MHz of collected photons corresponds to an actual single photon
rate of 80 MHz, which isa400 times improvement over the best prior report [3].

1.00

2500 |-
2000 |-

1500 |-

0.75

Intensity (KHz)

1000 |-

500 -

0 . . o A "
1325 1330 1335 1.340 1.345 1350
Energy (eV)

050 B

g°(1=0)

o
12 MHz

0.25 3.4 MHz

000 — i
0.1 1 10 100

Pump Power (uW)

Figure 2. A plot of g®(0) for aquantum dot on resonance with a cavity mode as a function of pump power. Note that g®(0) <0.5,
proving the emitted field is comprised of single photons. Inset: The spectra of the dot on resonance with a cavity mode.

Conclusions

We have demonstrated the highest count rate for a single photon source and have proven it isindeed
comprised of single photons by measuring the second order intensity correlation function. The
combination of the enhanced spontaneous emission rate due to the Purcell factor as well as removal of dark
states by charge tuning enabled this drastic increase over prior reports. This combination of factors can
only be realized in anovel device structure such as our trench design where a high quality, small volume
cavity mode and electrical-gating are integrated in one device.
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Optoelectronic devices that provide non-classical light states on
demand have a broad range of applications in quantum
information science!, including quantum-key-distribution
systems?, quantum lithography® and quantum computing?.
Single-photon sources>® in particular have been demonstrated
to outperform key distribution based on attenuated classical
laser pulses’. Implementations based on individual molecules?,
nitrogen vacancy centres’ or dopant atoms!® are rather
inefficient owing to low emission rates, rapid saturation and
the lack of mature cavity technology. Promising single-photon-
source designs combine high-quality microcavities!! with
quantum dots as active emitters'?. So far, the highest measured
single-photon rates are ~200 kHz using etched micropillars'>!*.
Here, we demonstrate a quantum-dot-based single-photon
source with a measured single-photon emission rate of 4.0 MHz
(31 MHz into the first lens, with an extraction efficiency of 38%)
due to the suppression of exciton dark states. Furthermore, our
microcavity design provides mechanical stability, and voltage-
controlled tuning of the emitter/mode resonance and of the
polarization state.

Excitons inside semiconductor quantum dots (QDs) interact
efficiently with light, making them attractive as an optically active
material for single-photon sources (SPS)>*!2718, LEDs (ref. 19),
low-threshold lasers®® and solar cells?.. Under optical excitation or
electrical-carrier injection, electrons and holes are created in
higher energy states and subsequently relax into localized QD
states. Random carrier capture leads to both geminate and non-
geminate loading of the QD, causing limitations in device
efficiency??. When a QD is loaded with a neutral exciton (X0), it
can be either in a bright-state configuration with angular
momentum L, =+1 or in a dark state with L,= +2. Although
the bright-state configuration is dipole allowed with a typical
spontaneous emission (SE) lifetime of 1ns, the dark-state
configuration is dipole forbidden and thus a long-lived state. If a
QD is loaded into a dark state, a spin-flip must occur, for
example involving the Fermi sea of an adjacent back gate?, or it
can be pumped through the biexciton (XX) to the bright state.
Thus if a QD is triggered to emit single photons (SPs) at a high
repetition rate, it occupies on average more time in dark-state
configurations, which limits the maximal achievable emission rate
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Figure 1 SPS device design. a, Schematic three-dimensional view of the SPS
containing a A-cavity region embedded between a 32-period bottom AlGaAs/GaAs
DBR and a 23-period top DBR (white /blue layers). The cavity contains a single layer
of InAs QDs (grey) and a mode-confining tapered AlO, region (dark blue). Selective
countersink etching allows separate global contacting (yellow) of the n-doped top and
bottom gate layers (red). b, Scanning electron micrograph of various geometries of
the trench design (top view). The inner lateral cavity area has a diameter of

~20 m. The remaining small bars provide lateral electrical contacts.

(see Supplementary Information). Additionally, the capture of
single carriers leads to submicrosecond correlation effects!?,
which act in effect as dark states.

To eliminate dark-state configurations we aimed to load a QD
embedded in a microcavity with a single electron. Subsequent
electron—hole pair capturing owing to optical (or electrical)
excitation would create predominantly charged excitons (X-) in
a singlet configuration. In such a case, recombination is always
expected to be bright and an SPS can continuously fire SPs with
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Figure 2 Influence of gate voltage on SPS performance. a, Schematic energy
band diagram. The tunnel barrier width between the back gate and the QD is

25 nm. CB, conduction band; VB, valence band. b, Current—voltage characteristic
of the entire SPS array recorded at 4 K. ¢, Single QD intensity as a function of
gate voltage for a type B (from Fig. 1b) device under 780 nm excitation.

d, Comparison of SPS intensity as a function of QD/mode detuning energy using
the cryostat heater at zero gate voltage (7 tuning, blue circles) and for fixed
cryostat temperature (4 K) and gate voltages between 5 and 9 V (V/ tuning, red
triangles). Detuning energies are taken from lorentzian line-shape analysis.

rates approaching the SE lifetime limit. Additional electrons can
either be injected through electrical gates or provided by doping
QDs or their surroundings or both.

Although controlled loading of single QDs has been
demonstrated?*?!, implementation of electrical gates into high-Q
cavities has not yet been achieved. To this end we have developed
oxide-tapered high-Q microcavities based on a rugged trench
design. Figure la shows a device schematic. A layer of QDs inside
a wavelength-lang cavity (A-cavity) is sandwiched between two
distributed Bragg reflectors (DBR). A top electrical gate and a
tunnel back gate with 25-nm barrier are formed adjacent to the
QDs (see Methods for details). These n-doped layers provide an
embedded electrical gating structure to control the QD loading
process and local current heating within the cavity. Air-etched
GaAs micropillars are typically fabricated with submicrometre
diameters to confine the mode volume!*!3. To avoid difficulties
associated with micrometre-scale electrical contacts, we use
trenches with various geometries etched down into the bottom
DBR (Fig. 1b). These trenches are used to define an AlO,
oxidation front, providing high-quality factors up to 50,000 and
simultaneously optical-mode confinement'®. This design provides
good mechanical stability, the possibility of controlling the mode
degeneracy, and it allows global contacting by countersink
etching two contacts to an entire SPS array.

Figure 2a shows a schematic of the band structure including top
and back gates (blue areas). The bottom gate is grounded and
voltage is applied to the top gate. Optical emission is probed
under non-resonant laser excitation into the GaAs. At negative
bias voltages below —2 V the QD emission completely quenches,
in analogy to gated structures without a cavity?. For voltages
above about 5.5V, carriers overspill and create a current
breakthrough, as shown in the current—voltage (I-V) curve in
Fig. 2b. This creates two useful regimes for SPS operation. For
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Figure 3 Single QD characterizations. a, Cavity mode spectrum with a neutral
QD coupled to a second-order mode at 7.3 V bias. Inset: Second-order
correlation function g2(7) recorded with 10 nW pump power. Note that
submicrosecond correlation effects'* are absent under biased conditions for both
QD charge states even at lowest pump powers. b, Lifetime measurements for
QD loaded with X0 under off-resonance (red circles) and on-resonance (blue
circles) conditions. Black data points indicate scattered laser light corresponding
to 160-ps system resolution. ¢, Comparable lifetime measurements for a QD
loaded with X—. Note the mono-exponential decay in contrast to the
bi-exponential decay of X0.

voltages below breakthrough, one can manipulate the QD loading
process as shown in the following. Above breakthrough, the
electrical current causes localized heating (on-chip heater), which
can be used to fine-tune the QD/mode resonance (Fig. 2¢,d).
Interestingly, a strong fivefold increase in QD emission is
observed for voltages of 2—5V (Fig. 2c). In this regime, no
spectral shift of the QD exciton occurs. This excludes both QD
charging (X- formation) and spectral QD/mode detuning
(Purcell effect®) as an explanation. Controlled QD/mode tuning
can either be achieved at zero gate voltage using the cryostat
heater (method A) or at a fixed base temperature (4 K) and
increasing the gate voltage above 5V (method B), as shown in
Fig. 2d. For method A, the QD transition has a 40-fold intensity
enhancement if tuned into resonance (blue circles). Method B
creates an additional eightfold enhancement for all detuning
conditions (red triangles). Simultaneously, the X0 transition
displays a Purcell factor of two (see Fig. 3b), independent of the
tuning method. Thus the intensity enhancement is independent
of the actual SE rate, suggesting a relation to the QD loading
process®®. These findings suggest that the voltage-induced
enhancement (Fig. 2¢,d) is related to field-enhanced carrier
capture processes. Indeed, if single QDs are optically pumped
into SE saturation, the voltage-induced intensity enhancement
also saturates (not shown). However, practically, SPSs are not
operated at saturation because of degraded SP purity. Therefore,
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Figure 4 Impact of QD charging on SPS performance. a—d, QD intensity (blue squares, left y axis) and corresponding g2(r = 0) values from coincidence
measurements (open red triangles, right y axis). Intensity data are corrected for background emission (open black dots; see Methods). Two devices are compared:
one with X0 (a, b) and one with X— on resonance (¢, d). For each charging state we compare pulsed laser excitation at 780 nm (a, ¢) and c.w. laser excitation at
630 nm (b, d). Arrows indicate SP intensities at g*(r = 0) = 0.4, close to QD saturation. Note the noticeably improved count rates for charged QDs under

c.w. excitation.

the achieved voltage-controlled enhancement is of high practical
importance as it allows higher SP rates at a comparable injection
level while minimizing background contributions that otherwise
compromise the SP purity.

Single-photon sources are characterized by strong photon
antibunching signatures®®. Figure 3a shows a spectrum of a single
QD loaded with X— and tuned in resonance with a degenerate
cavity mode. The inset shows the corresponding second-order
correlation function, g2(7), displaying a zero delay time peak area
of 4%. This corresponds to a 25-fold decrease in unwanted
multiphoton emission events compared with attenuated coherent
light sources. Devices typically display a 40-fold enhanced SP
emission rate if sharp exciton lines are tuned into spectral
resonance (Fig. 2d). These results were achieved for QDs with an
SE lifetime of about 1 ns, similar to QDs in bulk GaAs. They are
thus spectrally, but not spatially, on resonance. In such a case
intensity enhancement is entirely caused by enhanced geometrical
collection efficiency and not related to the Purcell effect. In about
a third of devices, the QDs under consideration are spatially on
resonance and display a Purcell factor of from two to four if
tuned spectrally into resonance. To separate effects related to
random positioning of QDs from effects caused by charging and
applied voltages, we concentrate on devices with a Purcell factor
of approximately two (Fig. 3b,c).

To show that X— is better suited for an SPS than X0, we first
have to identify the X0 and X- transitions of individual QDs. In
high-Q cavities, clear identification based on spectral signatures,
that is, the typical 5-6 meV Coulomb charging separation®, is

706

rather difficult because spectra are largely altered by the
underlying mode distribution and stop band. However, as has
been demonstrated?’, time-resolved measurements of QDs in
gated structures display a mono-exponential decay for the
X— transition and a pronounced bi-exponential decay for XO.
Figure 3b,c shows lifetime measurements for single QDs located
in two different devices, clearly distinguishing between bi-
exponential (Fig. 3b) and mono-exponential (Fig. 3c) decay for
both off-resonance (red circles) and on-resonance (blue circles)
conditions with a degenerate mode, supporting our assignment
of X0 and X-.

We investigated the SPS device performance by recording both
intensity and antibunching signatures as a function of pump power
(Fig. 4a—d). With increasing pump power, antibunching signatures
bleach out owing to QD saturation and SE coupling from other
QDs at higher pump powers?, limiting the maximal achievable
SP rates. To compare devices pumped under pulsed and
continuous-wave (c.w.) excitation conditions we chose a working
point close to QD saturation, where g*(7=0) = 0.4, that is,
when the SPS still performs 2.5 times better than an attenuated
laser source. Before comparison, the measured intensity data had
been corrected for the multiphoton background to extract the
bare SP rate (see Methods). Two devices with degenerate modes
were chosen for comparison, one with X0 on resonance
(Fig. 4a,b) and one with X— on resonance (Fig. 4c,d). Under
pulsed excitation, measured SP rates are 2.7 MHz for the X0 and
4.0 MHz for the X— transition, respectively. If corrected for the
13% detection efficiency, these devices emit into the first lens
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with a record high SP rate of 21 MHz for X0 and 31 MHz for X-.
From these data and the given repetition rate (82 MHz) one can
estimate an SP extraction efficiency 1 of 26% for X0 and 38% for
X~—. If a higher purity of SP is required®®, one can, for example,
operate the X— devices at 1 pW pump power (Fig. 4c) leading to
g%(0) = 0.05, an SP rate of 21 MHz and 1 = 25%.

If one drives the two-level system even faster than with an
82 MHz repetition rate, one would expect even higher SP rates of
about 870 MHz up to the SE lifetime limit (This limit is
estimated using the measured (Purcell enhanced) exciton lifetime
of 440 ps (2.3 GHz) modified by the cavity-mode collection
efficiency of 38%.) Pumping the single QD under c.w. excitation
thus probes for the ultimate limit. We performed the same SPS
characterization under c.w. excitation at 632 nm (Fig. 4b,d).
Surprisingly, for QDs loaded with X0, maximal achievable SP
rates saturate at about 2.2 MHz, which is comparable to the
pulsed excitation experiment (Fig. 4b). This demonstrates that
the emission rate of X0 is severely limited by dark states. Most
strikingly, c.w. excitation of an SPS with X— on resonance yields
an SP rate of 10.1 MHz (Fig. 4c), corresponding to 78 MHz if
corrected for detection efficiency, which is a threefold
improvement over the X0 case (see Methods). In contrast to the
case of X0, the SP rate for X— saturates slowly and one can
estimate 116 MHz at the highest pump powers near 150 wW. At
lower pump powers the X—/XO0 ratio is close to unity. These
findings are in quantitative agreement with a rate-equation
model (see Supplementary Information). At low pump rates
there is enough time for a spin-flip to occur between excitation
events, and X0 dark states can become bright again, leading to a
ratio of unity. At higher pump rates the XX creates a path back
into the bright state for X0. In a cavity the XX is inhibited if X is
on resonance, which limits the X0 recovery time out of dark
states compared with the Purcell enhanced recombination rate of
the X— transition, which is always bright. Although these c.w.
experiments clearly demonstrate that a threefold improvement
can be achieved by using X—, the nature of c.w. excitation does
not in principle allow for on-demand operation. Thus the highest
achieved count rate for on-demand operation of our SPS devices
is 31 MHz (m=38%), constituting a fivefold improvement
compared with other SPSs (refs 5—18; see Methods), which makes
them very attractive for quantum light applications.

In addition to high SP rates, a practical device for quantum
communication can provide on-chip selection of the emitted
polarization state. Non-degenerate cavity modes allow the
generation of an SPS emitting either horizontal (H) or vertical
(V) polarized SPs, as shown earlier?’?%. To actively switch
between polarization states on the chip, one must tune the QD
emission either to the energy of the H- or V-polarized mode. To
this end, we explored several types of trenches (Fig. 1b). Mode
separation increases with decreasing aperture opening and/or
longer oxidation time'!>. Depending on trench geometry and
oxidization times, the cavity modes are either degenerate (type B,
Fig. 5a) or non-degenerate (type D, Fig. 5b), with splitting
energies of about 300 eV and a contrast ratio of 57:1 between
H- and V-polarized modes. For comparison to the results of
Figs 2— 4, we chose a type D device containing X0. Method A
(cryostat heater) was used to achieve QD/mode resonance
(Fig. 5¢). Coupling of a single QD to either the H or V mode is
manifested by a Purcell factor of 2.7, which is comparable to the
type B devices. The measured intensity enhancement is about
twofold lower compared with the type B devices, as expected if
only one QD polarization state is coupled out using a non-
degenerate mode. The ability to control the polarization state
on the chip will thus reduce the overall SPS device efficiencies
by a factor of two. The switching speed using temperature is
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nevertheless very limited. To overcome these limitations Stark-shift
tuning® in an applied electrical field can be used. Our rugged cavity
trench design offers possibilities to integrate additional lateral gates;
this will be the subject of another study.

Ultrahigh SP rates are a combination of several effects. First,
large geometrical extraction efficiency is provided by the cavity
design. Second, the observed single QD Purcell effect contributes
a factor of from two to four. Third, the positive bias voltage
creates a fivefold intensity enhancement at comparable optical
injection levels, reducing background contributions that
otherwise compromise SP purity. Finally, QDs loaded with X—
effectively reduce dark states, which further increase the SPS
efficiency by a factor of three. Together, these effects contribute
to the observed record high rates of SPs on demand up to
31 MHz, and promise rates above 116 MHz as investigated by the
c.w. experiments. Nevertheless, devices still do not approach the
SE lifetime limit of about 870 MHz (ref. 27). One reason for this
is that non-geminate-carrier capture allows for a single-hole
capture directly after the X— state has decayed into the single
electron state. This leads to formation of X0 rather than X—, and
dark-state configurations are again possible.

In conclusion, we fabricated an SPS by integrating high-Q
(50,000) GaAs/AlGaAs microcavities with embedded oxide-
tapered apertures, a rugged trench design, as well as buried
electrical gates allowing controlled loading and Purcell tuning of
individual InAs QDs. We observed single photons at record high
rates up to 31 MHz, and SP extraction efficiencies up to 38% if
negatively charged excitons were used. Additionally, we
demonstrated tunability of the spectral mode degeneracy and also
controlled coupling of single QDs to either H- or V-polarized
cavity modes. This type of SPS is of direct interest for
applications in quantum information science.

METHODS

SAMPLE PREPARATION

Devices are grown by molecular beam epitaxy on a semi-insulating GaAs (100)
substrate with a 0.1-pm buffer layer. There are four sections in the structure, the
bottom mirror, the active region, the oxide-aperture region and the top mirror as
described in more detail in our previous study'. The optical GaAs cavity is Si
n-doped up to 25 nm below the single layer of InAs QDs, providing a tunnel back
gate. The fifth GaAs DBR period above the aperture region is Si n-doped,
providing a top gate. Two etch windows with selective countersink depth are
created using reactive-ion etching in Cl, plasma away from the SPS devices and
contacted using a Ti/Pt/Au metallization. Cavity trenches were formed by
optical lithography and reactive-ion etching to penetrate approximately five
mirror periods into the bottom DBR. This etches small trenches in the surface
that are used to define the AlO, oxidation front. Tapered AlO, apertures are
formed laterally during steam oxidation within the cavity area, creating inner
openings of 0.5—2 wm, effectively confining the mode volume'.

OPTICAL CHARACTERIZATION

Micro-photoluminescence (micro-PL) measurements were performed using a
microscope objective with numerical aperture NA = 0.4. Photon coincidences were
recorded as a histogram of start—stop events and provide a measure of the second-
order correlation function g(7) = (I()I(t + 7))/{I(t)XI(t)), where (I(t)) is the
expectation value of the photon intensity at time ¢. Additional details can be found
in refs 15 and 20. Time-resolved single QD measurements have been performed
under pulsed TiSa-laser excitation (150 fs pulsewidth) at a repetition rate of

82 MHz. The single QD PL signal was spectrally filtered with a 1-nm bandpass and
coupled into a single-photon detector with about 130 ps timing jitter.

DATA ANALYSIS

Measured SP count rates were corrected for multiphoton emission events by
multiplying by (1 — g*(1 = 0))°° as introduced in ref. 13. A detection efficiency
of 13% was estimated by measuring losses of all optical components at 920 nm and
by using the detector efficiency. The total amount of single photons emitted into
the first lens is 7.7 times the value shown on the y axis in Fig. 4. Aperture losses at
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the first lens can be neglected because our high-Q cavity emits into a far-field angle
of only 10, in contrast with earlier work!*!* with low-Q cavities where 78% of the
light was lost at the first lens. With these corrections, our highest SP rate with on-
demand character is 31 MHz. Highest measured SP rates of 200 kHz were reported
in ref. 14 under resonant excitation. For comparison with our experiments the off-
resonance value of 50 kHz should be used, but no detection efficiency was given in
ref. 14. We have thus used the stated SPS collection efficiency from ref. 14 of 8%
multiplied by the repetition rate, yielding 6 MHz. From this number we estimate a
fivefold improvement compared with former works.

X—/X0 ENHANCEMENT FACTOR

The bare X~ /X0 ratio from the c.w. experiments is 4.6 (10.1 MHz/2.2 MHz).
Because it is difficult to control the charging state and simultaneously also the
QD/mode resonance within the same device, we compared two very similar
devices, one loaded with X0 and tuned into resonance and one with X—. Thus,
it is necessary to correct for the difference between the devices, which can be
taken from the pulsed experiments close to saturation (4.0 MHz/2.7 MHz),
leading to a corrected improvement factor of 3.1. (See Supplementary
Information for a theoretical foundation in a rate-equation analysis.)

Received 7 June 2007; accepted 16 October 2007;
published 18 November 2007.
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The ability to sequentially initialize, manipulate and read out the
state of a qubit, such as an electron spin in a quantum dot (QD), is
a requirement in virtually any scheme for quantum information
processing'~. However, previous optical measurements of a
single electron spin have focused on time-averaged detection,
with the spin being initialized and read out continuously*®. Here,
we monitor the coherent evolution of an electron spin in a single
QD. We use time-resolved Kerr rotation (KR) spectroscopy, an
all-optical, non-destructive technique that enables us to monitor
the precession of the spin in a superposition of Zeeman-split
sublevels with nanosecond time resolution. The data show an
exponential decay of the spin polarization with time, and directly
reveal the g-factor and spin lifetime of the electron in the QD.
Furthermore, the observed spin dynamics provide a sensitive
probe of the local nuclear spin environment.

The magneto-optical Kerr effect results in a rotation of the
plane of polarization of linearly polarized light on reflection off
the sample, analogous to the Faraday effect for transmitted light.
For a probe laser energy E, the KR angle, 6, is proportional to
the difference of the dynamic dielectric response functions for
left and right (0% and o7) circularly polarized light’, which are
proportional to the modulus squared of the interband momentum
matrix elements Pft = (Y |p. £ ip,|¥), where |¢.) (|¥,)) is a
conduction (valence) band state and p, , are momentum operators.
For a single conduction band energy level in a QD containing a
spin-up electron in a state |1/;), optical transitions to the spin-up
state are forbidden by the Pauli exclusion principle. Considering
only the transitions from a single twofold-degenerate valence-band

level |, ), Ok is given by
2> E — EO«V(J (1)

(E—Eoy)*+15,,

2
ot o
P =Pl

0, (E) = CE< -

where E, ., is the energy of the transition, I ,, is the linewidth of
the transition and C is a material-dependent constant. In a QD
containing a single conduction-band electron, the lowest-energy
interband transition is to the negatively charged exciton state, X,
with an energy Ex-. Thus, as has recently been demonstrated*?, a
single electron spin produces a feature in the KR spectrum with
the odd-lorentzian lineshape given by equation (1), centred at the
energy Ex-.

In the present work, the electron is confined to a single QD
formed by monolayer fluctuations at the interfaces of a gallium
arsenide (GaAs) quantum well. The QD is embedded within a
diode structure, enabling controllable charging of the dot with
a bias voltage'®. Also, the QD is centred within an integrated
optical cavity to enhance the small, single-spin KR signal*. With

770

B -2 A o
=)
g = S
S 60 5 Zos
S e g
=
-100 - 0
1629 1.630 1.631
Probe energy (eV)
ﬂ Pump
Ti:sapphire | Monochromator
Y
Probe s

] ) cw
Ti:sapphire Il EOM

Sample Pol. BS

Diode
bridge

Figure 1 Experimental set-up for single-spin detection. a, X~ and biexciton (XX)
PL lines from a QD and the corresponding KR spectrum measured with
continuous-wave pump and probe, B= 0 G. The grey line is an odd-lorentzian fit
centred at the X~ energy, demonstrating single-electron spin detection. b, The
profiles of the pump and probe pulses as detected with a photodiode. The measured
width of the pump pulse is limited by the 2 GHz bandwidth of the photodiode.

¢, Schematic diagram of the experimental set-up (EOM, electro-optic modulator; Pol.
BS, polarizing beam-splitter).

circularly polarized excitation, spin-polarized electrons and holes
are pumped into the quantum well, according to the selection
rules governing interband transitions in GaAs (ref. 11). One or
more electrons and/or holes then relax into the QD. By measuring
the subsequent single-QD photoluminescence (PL), we determine
the equilibrium charge state of the QD as well as the energies of
various interband optical transitions as a function of bias voltage®'?.
The measurements described below are made at a bias voltage
where the QD is nominally uncharged, and the optical excitation
injects one or more electrons or holes. In this regime, the QD may
contain a single spin-polarized electron through the capture of an
optically injected electron, or spin-dependent X~ decay*. Knowing
the transition energy Ex- from the PL measurements, we use the
spectroscopic dependence of the Kerr effect to isolate the dynamics
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Figure 2 Coherent evolution of a single electron spin. a, Single-spin KR amplitude, 6y, as a function of time, with 3-ns-duration probe pulses and B= 491 G. The solid line
is a fit to equation (2) and the dashed line shows the solution of equation (2) without the probe-pulse convolution for the same fit parameters. The inset shows the offset, y,.
Error bars indicate the standard error as obtained from the least-squares fit to the KR spectra. The solid circles indicate the values of 6, obtained from the fits shown in b—f.
b—f, KR angle as a function of probe energy at five different delays; solid lines are fits to equation (1), with a constant offset, y;.

of the single electron spin from that of multiparticle complexes,
such as charged or neutral excitons. Figure la shows the X~ and
biexciton PL lines from a QD, along with the corresponding KR
spectrum measured with a continuous-wave pump and probe. The
odd-lorentzian feature centred at the X~ energy demonstrates the
time-averaged measurement of a single electron spin.

In previous work, only the steady-state spin polarization was
measured, concealing information about the evolution of the spin
state in time. Here, we use time-delayed pump and probe pulses,
shown schematically in Fig. 1c, to map out the coherent dynamics
of the spin in the QD. The pump and probe pulses, as detected by
a fast photodiode, are shown in Fig. 1b. Details of the experimental
set-up are given in the Methods section.

For a fixed delay between the pump and the probe, 6k is
measured as a function of probe energy. At each point, the
pump excitation is switched between o+ and o~ polarization at a
rate 1/t and the spin-dependent signal is obtained from the
difference in 6x at the two helicities. The resulting KR spectrum
is fitted to equation (1) plus a constant vertical offset, y,. The
amplitude, 6, = CE(|P”:U [*—1P] 1) 15, of the odd lorentzian
is proportional to the projection of the spin in the QD along the
measurement axis. The origin of the vertical offset, y,, is unknown,
but might be due to the broad KR feature from free electron
spins in the quantum well, as discussed below. By repeating this
measurement at various pump—probe delays, the evolution of the
spin state can be mapped out.

When a magnetic field is applied along the z axis, transverse
to the injected spin (the Voigt geometry), the spin is quantized
into eigenstates |1) and || ), with eigenvalues S, = £h/2. The
pump pulse initializes the spin at time # = 0 into the superposition
l[y(t =0)) = (|1) £14)) /2, for o* polarized excitation. If
isolated from its environment, the spin state then coherently
evolves according to | (t)) = (e7"?/2|1) £’ ?/2|])) /+/2, where
h{2 = gupB, is the Zeeman splitting. When the probe arrives
at time t = At, the spin state is projected onto the x
axis, resulting in an average measured spin polarization of
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(Sc(At)) = £(h/2)cos(§2 - At). This picture has not included
the various environmental effects that cause spin decoherence and
dephasing, inevitably leading to a reduction of the measured spin
polarization with time.

The single-spin KR amplitude as a function of delay, measured
with a 3-ns-duration probe pulse and a magnetic field B=491G,
is shown in Fig. 2a, showing the expected oscillations due to the
coherent evolution described above. Figure 2b—f shows a sequence
of KR spectra at several delays, and the fits from which the data in
Fig. 2a are obtained. In the inset of Fig. 2a the offset y, is shown,
which oscillates with the same frequency as the single-spin KR but
decays with a shorter lifetime. This behaviour may be consistent
with that of free-electron spins in the quantum well, previously
investigated in time-averaged measurements'.

In the simplest case, the evolution of the measured KR
amplitude can be described by an exponentially decaying cosine,

A
T*t)cos(Q-At),

2

O(At)y=A- 9(At)-exp<

where A is the overall amplitude, ©(At) is the Heaviside step
function and T is the effective transverse spin lifetime (though
this measurement eliminates ensemble averaging, the observed spin
lifetime may be reduced from the transverse spin lifetime, T, by
inhomogeneities that vary in time). To model our data, we sum over
the contributions from each pump pulse separated by the repetition
period T,, and convolve (denoted ‘«’) with the measured probe-

pulse shape, p(1),

QO(At):p*[ZQ(At—nT,)}. )

The solid line in Fig.2a is a fit to equation (2), yielding
£2=0.984+0.02 GHz and T; = 8.4=+3.5 ns. The dashed line shows
equation (2) without the probe pulse convolution, plotted with the
same parameters for comparison.
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Figure 3 Magnetic-field dependence. a, Single-spin KR amplitude, 6,, as a
function of delay at three different magnetic fields. The probe-pulse duration is 1.5,
1.5 and 2 ns from top to bottom. Solid lines are fits to equation (2) and the error bars
indicate the standard error as obtained from the least-squares fit to the KR spectra.
The data are vertically offset for clarity. b, Precession frequency, (2, of the electron
spin as a function of applied magnetic field, as obtained from fits to the data. Each
data point is the average of several delay scans and the error bars indicate the
root-mean-squared deviation of the measured frequencies. From a linear fit to the
data (solid line) a g-factor of 0.17 4-0.02 is obtained. ¢, 6, as a function of delay at
zero applied magnetic field, with 3 ns probe-pulse duration, and a fit to equation (2)
yielding 7,; =10.9+0.5ns. Error bars indicate the standard error as obtained from
the least-squares fit to the KR spectra.

In Fig.3a the precession of the spin is shown at three
different magnetic fields. As expected, the precession frequency
increases with increasing field. The solid lines in Fig. 3a are fits
to equation (2), and the frequency (2 obtained from such fits
is shown in Fig. 3b as a function of magnetic field. A linear fit
to these data yields an electron g-factor of |g| = 0.17 0.02,
consistent with the range of g-factors for these quantum dots
found in previous ensemble or time-averaged measurements®'.
At zero magnetic field, as shown in Fig. 3¢, the spin lifetime is
found to be T; =10.940.5ns. This value agrees with previous
time-averaged® and ensemble'* measurements where the relevant
decay mechanism is often suggested to be dephasing due to
slow fluctuations in the nuclear spin polarization. However,
these polarization fluctuations are not expected to result in a
single-exponential decay of the electron spin''®. Using these
non-Markovian models to fit our data results in an increase
of x* to 24.3 from 3.8 for the fit with a single-exponential
decay, suggesting that other decay mechanisms than nuclear spin
fluctuations might also be relevant in this case. In these QDs, the
electronic level spacing of ~1 meV (ref. 17) is of the same order as
kg T for this temperature range. Therefore, thermally activated or
phonon-mediated processes'®?' which yield an exponential decay
might be significant in this regime.

This measurement technique is also sensitive to small nuclear
spin polarizations. Ideally, there should be no induced steady-
state nuclear polarization in this experimental geometry. Since
the magnetic field is applied perpendicular to the direction of
the spin, nuclear spins that are polarized by the electron spins
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Figure 4 Probing the nuclear-spin environment. a,b, Single-spin KR amplitude,
0y, as a function of delay where the excitation helicity is switched between o* and
o~ polarization every 1s (fuien = 1) (@) and every 10'S (o = 105) (b). The solid
lines are fits to equation (3) convolved with the probe pulse, yielding a frequency
shift due to the effective nuclear field of § = 04-0.04 GHz for £y, = 1S and

8§ =0.14+0.02 GHz for £, = 10's. Increased nuclear polarization is clearly seen
as frequency beating when £, = 10s. ¢, KR amplitude as a function of £, for a
fixed pump—probe delay, At, of 6.7 ns, revealing a DNP saturation time of 1.5s.
Error bars indicate the standard error as obtained from the least-squares fit to the
KR spectra.

precess around the applied field, resulting in zero steady-state
polarization. However, for any misalignment of the pump laser
from the perpendicular, there is a projection of the spin along the
magnetic field, and right (left) circularly polarized light induces a
small dynamic nuclear polarization (DNP) parallel (antiparallel)
to the applied magnetic field'**. Due to the hyperfine interaction
this acts on the electron spin as an effective magnetic field,
increasing (decreasing) the total magnetic field, resulting in a
different precession frequency for right and left circularly polarized
pump excitation. Since each data point is the difference of the KR
signal with o+ and o~ polarized excitation, a small deviation from
perpendicular between the magnetic field and the electron spin
yields a measured KR signal

—At
0(At) = A-@(At)-exp( T )

2

x [cos((f2+8)At) +cos((2—8)At)], 3)

where 8 = gty Bou/ B is the frequency shift due to the steady-state
effective nuclear field, B,,..

In order to investigate the effects of nuclear polarization on the
electron spin, we have varied the rate 1/fq, at which the pump
helicity is switched. Figure 4a, b shows the single-spin KR signal as
a function of time with #,;, = 1's (as in Fig. 2a), and t, = 10,
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respectively, with otherwise identical conditions. With larger #,n,
the nuclear polarization has time to build, as is shown in Fig. 4b by
the visible beating, as expected from equation (3). A fit of the data
in Fig. 4a (tyuan = 1) to equation (3) convolved with the probe
pulse yields § = 0+0.04 GHz and T; = 8.4ns, whereas for the
data in Fig. 4b (i =10s) § =0.14£0.02 GHz and T; = 8.3 ns,
with a x* of 2.3. For comparison, a single-frequency fit of the
data in Fig. 4b to equation (2) yields a slightly larger x* of 2.8,
and a significantly shorter T; of 5.7 ns. It is unlikely that fm
would have such an effect on the spin lifetime; moreover, nuclear
polarization is the only effect in this system known to act on the
spin with timescales on the order of seconds. Figure 4c shows the
KR amplitude as a function of ., for a fixed pump—probe delay.
A fit of the data to equation (3) with § saturating exponentially in
tawicch T€Veals a DNP saturation time of 1.5s, similar to what has
previously been found in these QDs”. The nuclear polarization
seen in Fig. 4b corresponds to an effective magnetic field of 100 G,
or an electron spin splitting of 100 neV. For comparison, when
the magnetic field and the electron spin are parallel, hyperfine
spin splittings ~1,000 times larger have been observed?. Given the
typical size of these QDs"’, the electron interacts with ~10° nuclear
spins. Since the hyperfine splitting here is smaller by a factor of
1,000 than the maximum observed splitting, the data shown in
Fig. 4b represent the detection of at most ~10° /10° = 100 polarized
nuclear spins.

These measurements constitute a non-invasive optical probe
of the coherent evolution of a single-electron spin state with
nanosecond temporal resolution, which is a key ingredient
for many spin/photon-based quantum-information proposals*?®.
Furthermore, this technique provides a sensitive probe of the
dynamics of the spin, revealing information about the spin
coherence time and g-factor. Future work may exploit this ability
to further explore the relevant decoherence mechanisms and the
electron—nuclear spin interactions, and to observe the coherent
manipulation of single spins in real time.

METHODS

A mode-locked Ti:sapphire laser provides pump pulses with energy

Epump = 1.653 eV and duration ~150 fs at a repetition period T, = 13.1ns. The
bandwidth of the spectrally broad pump pulses is narrowed to ~1 meV by
passing the pump beam through a monochromator. The probe pulses are
derived from a wavelength-tunable continuous-wave Ti:sapphire laser passing
through an EOM, allowing for electrical control of the pulse duration from
continuous wave down to 1.5 ns. This technique yields short pulses while
maintaining the narrow linewidth and wavelength tunability of the probe laser.
Also, it enables us to adjust the pulse duration so as to maintain enough average
power to achieve good signal-to-noise, while keeping the instantaneous power
low enough to avoid unwanted nonlinear effects. The EOM is driven by an
electrical pulse generator triggered by the pump laser, allowing for electrical
control of the time delay between the pump and the probe pulses with
picosecond precision. Additionally, in measurements with pump—probe delay
At > 13 ns the pump beam has also been passed through an electro-optic pulse
picker to increase the repetition period of the pulse train to T, = 26.2 ns.

The sample is mounted on the cold finger of a He-flow cryostat at the focus
of a microscope objective, at a temperature T = 10 K. The pump and probe
beams are focused and spatially overlapped on the sample with a spot size of
~1 um. The reflected light is collected through the same objective and the
rotation of the probe polarization is detected by a balanced photodiode bridge.
By chopping the pump beam at 4.1 kHz and the probe beam at 20 Hz, two
lock-in amplifiers in series serve to isolate the KR signal induced by the pump.
The pump polarization is switched between o and o~ with a liquid crystal
retarder at a rate 1/fich, and a measurement of the rotation angle is taken at
each helicity, with several seconds of averaging for noise reduction (that is, the
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spin is initialized and probed repeatedly for each measurement). The
spin-dependent signal is then obtained by subtracting the measurements at
each helicity. Typical time-averaged pump and probe intensities incident on the
sample are 20 W cm 2 and 200 W cm ™2, respectively.

The sample is grown by molecular beam epitaxy and consists of a single
4.2 nm GaAs quantum well in the centre of a planar Al 3Gay 7As A-cavity.
A 2 min growth interruption at each quantum well interface enables large
(~100-nm-diameter'”) monolayer thickness fluctuations to develop that act as
QDs??, The front and back cavity mirrors are distributed Bragg reflectors
composed of five and 28 pairs of AlAs/Alj 3Gay ;As A/4 layers, respectively.
This asymmetrical design enables light to be injected into and emitted from the
cavity on the same side. The cavity resonance is centred at 1.624 eV at 10 K and
has a quality factor of 120. We expect the KR at the peak of the resonance to be
enhanced by a factor of ~15 (refs 28,29).

Received 29 May 2007; accepted 6 September 2007; published 7 October 2007.
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