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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
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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
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High Saturation Power
0-MQW SOA
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Photodiode

Widely-Tunable QW
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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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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

Normalized Optical Response (dB)

i [= 125xm EAM
i | == 175um EAM

15 H i i 1
10 20 30 40 50
Frequency (GHz)
Electrical-to-optical small signal response of EAMs.

Fig. 13.

Fig. 14.
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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
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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

Monolithic

! EDFA_: VOA Transceiver
BERT |[—— - TX: SG-DBR/EAM
| = e - = - - - - - -
. PD ! SOA/UTC: RX
Receiver

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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