
IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 6, NOVEMBER/DECEMBER 2019 4500410

High-Power Indium Phosphide Photonic
Integrated Circuits

Hongwei Zhao , Sergio Pinna, Fengqiao Sang, Bowen Song, Simone Tommaso Šuran Brunelli,
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Abstract—Indium phosphide (InP) is the most developed plat-
form for photonic integrated circuits (PICs). Of interest is the
advancement of this platform for applications that demand high
performance, especially high output power, including free space
communications and microwave photonics. In this paper, we sum-
marize development of InP-based PIC transmitters. Two transmit-
ter types were fabricated: one based on an offset quantum wells
(OQW) platform and the other on a quantum well intermixing
(QWI) platform. The OQW-based transmitter consists of a widely
tunable laser, a high-speed semiconductor optical amplifier (SOA),
a Mach–Zehnder modulator, and an output SOA. This transmitter
demonstrates a 44-nm tuning range, >45 dB side mode suppres-
sion ratio, 14.5 dBm OFF-chip power, and a data rate of 7 Gbps.
The second transmitter, based on QWI, utilizes an alternate epi-
taxial structure to achieve a lower confinement factor for higher
SOA output saturation power. This QWI transmitter consists of a
distributed Bragg reflector laser, a high-speed SOA, an electroab-
sorption modulator, and an output SOA. The measured OFF-chip
power is 19.5 dBm, and a data rate of 20 Gbps is demonstrated.
Based on the improved performance with the new epitaxial struc-
ture, a novel platform for high-power PIC transmitters integrated
with low confinement and high-power SOAs is described.

Index Terms—Photonic integrated circuits, DBR laser, optical
transmitter, sampled grating DBR laser, semiconductor optical
amplifier, offset quantum wells, quantum well intermixing, free
space optics.

I. INTRODUCTION

INDIUM phosphide (InP) is the most advanced plat-
form for high-performance large-scale photonic integrated

circuits (PICs). This platform allows for the monolithic integra-
tion of all the required active elements (e.g., lasers, semicon-
ductor optical amplifiers (SOAs), modulators, photodetectors),
and passive components (e.g., waveguide interconnects, filters,
couplers), thus enabling complex single-chip implementations
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of advanced transmitters and receivers. Compared to optical
systems with discrete components, monolithic integration im-
proves the system reliability and provides significant reduction
in packaging cost, system footprint, fiber coupling loss and
power consumption [1]–[3].

High-performance InP-based PICs have been widely used
in coherent transmitter, receiver, wavelength-conversion and
packet-switching applications [4]–[7]. The last several decades
have witnessed the maturation of InP from discrete photonic de-
vices to complex high-functionality PICs. The electroabsorption
modulated laser (EML) was first introduced in mid-1980s [8].
This device integrated a three-section distributed Bragg reflec-
tor (DBR) laser with an electroabosprtion modulator (EAM).
Distributed feedback (DFB) lasers were also incorporated into
EMLs and this two-component device has become a mainstay in
telecommunications, providing benefits over the use of separate
discrete components [9]. Widely tunable laser sources were de-
veloped for wavelength division multiplexing (WDM) systems,
but have also found use in sensing applications. The sampled
grating DBR (SGDBR) laser was first proposed in early 1990s.
It provides wide optical tuning range without compromising
mode suppression [10]–[12]. The first commercial large-scale
multi-channel InP PIC transmitter/receiver for dense WDM was
reported in 2004 [13]. Since then, advancements have been
made in manufacturing capability so as to realize InP PICs with
14-channel coherent transmitter on a single chip for 4.7 Tbps
aggregate capacity [14].

In addition to fiber optic communication systems, InP PICs
can impact other applications where high performance is re-
quired in conjunction with low cost, size, weight and power
(CSWaP). These include microwave photonics and free space
communications [15]–[18]. For high linearity microwave pho-
tonics links, InP coherent receivers were developed demonstrat-
ing state-of-the-art spurious-free dynamic range [19]. Widely
tunable InP PICs have also been used for optical frequency
synthesis and coherent LiDAR [20], [21]. PICs are particu-
larly attractive for free space optical communications where
low CSWaP is critical [22]–[25]. The Lunar Laser Communica-
tions Demonstration (LLCD) was a highly successful demon-
stration of laser communications (lasercom) in space [26]. Since
the success of this program, several lasercom efforts have been
pursued by various space agencies and by industry [27]. Laser-
com transmitters are desired to output high peak power levels
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and to support power-efficient modulation formats [28], [29].
Although some work has been carried out to realize high-power
InP lasers and SOAs [30]–[32], little to no work has been carried
out to realize a full high-power InP PIC platform because of the
challenges associated with integrating high-confinement waveg-
uides (for seed lasers, modulators, photodetectors, and passives)
with low-confinement waveguides (for high-power lasers and
SOAs).

In conventional InP PICs, the active waveguide width is typ-
ically only 2–3 μm, resulting in mode dimensions on the order
of 3 μm × 1 μm. The small mode size and high confinement
factor (>5%) is beneficial to achieve maximum modal gain for
lasers and high efficiency for modulators. However, high con-
finement limits the saturation output power of SOAs. A number
of approaches have been employed to improve the SOA satu-
ration power. One is to increase the width of the active region
with a flared waveguide [33], [34]. Waveguide SOAs with width
of a few hundred microns were reported with output power up
to 0.3 W [35]. Since the thickness of the active region is typi-
cally 1 μm, the large beam dimension in the horizontal direction
imposes challenges on the coupling to single-mode fiber. A sec-
ond approach is to decrease the confinement factor. The photon
density within the active region is reduced with lower confine-
ment, thus decreasing the stimulated emission rate, which slows
down the carrier depletion and in turn increases the saturation
power. Slab-coupled optical waveguides (SCOW) with small
confinement factor (∼0.25%−1%) have been investigated for
high-power SOAs and lasers. Unlike conventional single-mode
waveguide SOAs, the SCOW concept expands the mode in the
vertical directional and is engineering for single-mode behavior.
External-cavity SCOW lasers and SOAs with 29-dBm satura-
tion power have been separately reported [36], [37]. However,
it is very challenging to realize monolithic integration of the
SCOW SOAs with other optical elements required for a PIC
such as a seed laser and modulator.

In this work, we have investigated InP PIC transmitters for
high optical power and proposed a novel platform enabling
the monolithic integration of low-confinement SOAs with other
high-confinement components including a seed laser and high-
speed modulator. The first type of InP PIC transmitter presented
is based on an offset quantum well (OQW) platform. Although
the fabrication process is fairly simple, the performance of the
integrated components is limited. It is also challenging to in-
corporate a dilute waveguide (i.e., an InGaAsP waveguide layer
with lower refractive index) into this platform primarily because
of the mode discontinuity in the active and passive regions.
Nevertheless, OQW InP PICs with seed lasers, modulators, and
booster SOAs demonstrated up to 14.5 dBm off-chip power and
a 7 Gbps data rate. These PICs were also incorporated into a
basic free space transmission experiment and were compared
in performance to a transmitter based on high-performance
commercial discrete components [15], [29]. A more advanced
transmitter was developed based on a quantum well intermix-
ing (QWI) platform. In addition to allowing for the integra-
tion of higher efficiency modulators, this platform was adapted
to a dilute waveguide structure allowing for the integration of
both high-confinement and low-confinement waveguide compo-

nents. The QWI PIC transmitters demonstrated up to 19.5 dBm
off-chip output power and a 20 Gbps data rate. In addition to de-
scribing the design, fabrication, and characterization results of
the OQW and QWI PIC transmitters, a discussion is provided on
the implementation and integration of low-confinement, high-
power integrated SOAs.

II. HIGH POWER AMPLIFIERS

The optical output power of PICs primarily depends on the
performance of the output SOA. The main factors limiting the
output power of an SOA are the gain (G) and saturation output
power (Po, sat). During the amplification process, the carriers
in the active gain region become depleted as the optical power
increases, resulting in a decrease of the gain and the power
saturation. The saturation output power can be expressed as:

Po,sat =
(

G0 ln2
G0 − 2

)
A

(
hν

aτ

)
(1)

where G0 is the unsaturated gain, hν is the photon energy, a
is the differential gain, τ is the carrier lifetime, and A is the
amplifier modal area [30]. In conventional SOAs, A can be
estimated as:

A =
wd

Γ
(2)

where w and d are the width and thickness of the active material,
and Γ is the optical confinement factor. Po,sat is proportional to
the modal area, which can be increased by proper design of the
waveguide structure in the active layers.

In this work, two different InP-based epitaxial structures (de-
noted S1 and S2) were investigated for output power consider-
ations, one based on the OQW platform, and the other on an
advanced QWI platform that includes a lower dilute waveguide
for transitioning a guided optical mode to lower optical con-
finement. The epitaxial structures were grown by metal organic
chemical vapor deposition (MOCVD) on n-type (001) InP sub-
strates. In both structures, the active layers consist of five pairs of
indium gallium arsenide phosphide (InGaAsP) quantum wells
that are situated above an InGaAsP waveguide (WG) core layer.
The layer structures and corresponding fundamental TE modes
in a ridge waveguide are shown in Fig. 1 and Fig. 2. Ordinarily
a high index waveguide core layer is selected for low threshold
high efficiency lasers. For S1, the composition of the InGaAsP
WG core layer was selected to achieve a slightly lower index
(bandgap wavelength of 1.24 μm), so that the confinement factor
is made lower without significant change to the epitaxial layers.
For S2, a 2.5-μm thick waveguide layer (WG2) was added below
the primarily guiding structure. With the same ridge waveguide
width, S2 yields a modal area of 3.37 μm2, 53% larger than
that of S1. The modal area can be significantly increased from
this by engineering the waveguide geometry so that the mode
mostly couples to the lower waveguide layer WG2.

By tailoring the waveguide geometry, two advanced SOA
designs with ultralow confinement (<1%) in the active gain
region would enable higher saturation output power. Fig. 3
shows two SOA designs with epitaxial structure S2. As the
waveguide width is reduced from 3 μm to 1.5 μm and the
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Fig. 1. (a) Epitaxial structure S1; (b) Fundamental TE mode in a ridge wave-
guide with S1.

Fig. 2. (a) Epitaxial structure S2; (b) Fundamental TE mode in a ridge wave-
guide with S2.

Fig. 3. Fundamental TE mode in advanced waveguide designs with epitaxial
structure S2 for ultralow confinement and ultimately high SOA output saturation
power. (a) Single-ridge waveguide; (b) Double-ridge waveguide.

ridge is etched into the lower waveguide layer, the confine-
ment is dramatically decreased to 0.41% and the corresponding
modal area is increased by a factor of 3.3. A double ridge de-
sign would further lower the confinement factor and increase
the modal area. This latter structure facilitates the coupling of
the optical mode from the high confined regime, where most
of the mode is confined in the upper waveguide (WG1), to the

lower confined regime, where most of the mode is confined in
the lower waveguide (WG2).

III. INTEGRATION PLATFORM AND FABRICATION

A high-functionality PIC platform must facilitate coupling
between different integrated elements to optimize system per-
formance and reliability. This can be challenging since the de-
sign of each element requires unique epitaxial structures and
waveguide designs for optimum device performance. High effi-
ciency lasers require a highly confined quantum well structure
for large modal gain. Mach-Zehnder modulators (MZMs) based
on the Franz-Keldysh effect utilize bulk material. For EAMs, the
bandgap of the quantum wells should be blue shifted from that
of the laser region to reduce insertion loss. For high saturation
power SOAs, a weakly confined optical mode is preferred for
lowering the local photon density. To enable complex functions
on a single chip, efforts have been made to advance various
integration technologies over the past three decades. Integra-
tion schemes include selective area regrowth (SAG), butt-joint
growth (BJG), OQW, and QWI.

SAG utilizes a patterned dielectric mask to modify the thick-
ness and composition of the epitaxial layers, allowing for vary-
ing bandgaps across a wafer [38], [39]. The growth conditions
have to be precisely controlled to achieve desired bandgaps.

BJG involves selective removal of as-grown quantum wells,
selective regrowth of alternative material structures with de-
sired bandgaps, and then growth of a doped upper cladding
[40], [41]. Some such processes include an additional regrowth
step to incorporate an unintentionally doped cladding in the pas-
sive regions. BJG requires separate complex growth steps for
each component thus increases the fabrication complexity and
consequently yield problems in the past. Recent investigations
on the epitaxial technology have resolved the yield issue with
BJG [42], [43].

The OQW platform is simple and robust. It is based on the
selective removal of quantum wells in regions where gain is not
needed and a single, blanket (i.e., not selective) P-type cladding
regrowth [44], [45]. Since this platform allows for only two
unique bandgaps, the SOAs must share the same epitaxial layers
as the lasers, generally resulting in higher confinement than is
not desired for a high power SOA. The composition of the
waveguide core also influences the tradeoffs between passive
loss, modulator efficiency, and SOA saturation power.

QWI is a post growth technique that can modify the bandgap
of quantum wells selectively. The QWI process utilized here is
based on ion implantation and annealing to generate point de-
fects in a sacrificial layer and subsequently diffuse these defects
into the quantum well region [46], [47]. This process ultimately
reshapes the quantum wells and effectively increases the quan-
tum well bandgap. This platform is ideal because it allows for
integration of multiple bandgaps while minimizing the index
discontinuity at interfaces, the latter of which is important for
integration with low confinement waveguides such as that uti-
lized in structure S2.

With epitaxial structure S1, a PIC transmitter was realized
by simple OQW platform. Fig. 4 illustrates the OQW-based
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Fig. 4. Schematic of the OQW-based PIC transmitter.

Fig. 5. Active/passive interface of S2 with OQW platform.

Fig. 6. Schematic of the QWI-based high-power PIC transmitter.

PIC transmitter with S1. The quantum wells outside the gain
regions were removed by wet etch. A SGDBR laser design was
employed for widely tunable range. Franz-Keldysh absorption
based modulator works at reverse bias, as the tilting of the
bands increase the tunneling probability when electrical field
increases.

Epitaxial structure S2 was optimized with a thick lower wave-
guide layer (1.03Q) for low confinement in SOA. If OQW
platform was used for S2, the active/passive interface will ex-
perience significant mode mismatch (as shown in Fig. 5). To
reduce the interface discontinuity, QWI platform is preferred.
Besides, QWI technique enables efficient EAM, thus eliminate
the tradeoff between modulation efficiency and insertion loss.

A schematic of QWI-based high power PIC transmitter is
demonstrated in Fig. 6. A two-step anneal process were devel-
oped after a single P+ implantation. The sample was annealed
to reach a desire bandgap for efficient electro-absorption mod-
ulation, then the InP buffer layer was removed in the modu-
lator region. The bandgap in passive region, where the buffer
layer were intact, will be further blue-shifted with additional

Fig. 7. Photoluminescence of the different regions in S2.

Fig. 8. Fabrication flow for OQW-based transmitter.

annealing. As shown Fig. 7, PL peaks in the gain section, EAM
and passive waveguide are 1550 nm, 1490 nm and 1450 nm,
respectively.

The fabrication process for the OQW-based and QWI-based
PIC transmitters are similar except for the active/passive def-
inition. The fabrication flow for OQW-based PIC transmitter
is shown in Fig. 8. Grating mirrors were patterned by electron
beam lithography and dry etched with chlorine-based ion beam
etching. This was followed by a ‘blanket’ regrowth of the InP
cladding and p+ InGaAs contact layer. The waveguide ridges
were then formed in the [110] direction by using inductively
coupled plasma dry etch and a cleanup wet etch to form smooth
vertical sidewalls. Topside n-metal (Ni/AuGe/Ni/Au) were de-
posited. The p+ InGaAs contact layer was removed between
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Fig. 9. Microscope image of fabricated OQW-based PIC transmitter.

Fig. 10. Microscope images at various stages of the fabrication process of
OQW-based transmitter: (a) The sampled gratings of the front mirror of the
laser; (b) Top view of a 1×2 MMI structure; (c) BCB patterns for high-speed
SOAs and MZMs; (d) P vias on top of ridges.

different components by wet etching to provide some electrical
isolation. To reduce parasitic pad capacitance for the high-speed
SOA and modulators, photosensitive Benzocyclobutene (BCB)
was used in such regions. Ti/Pt/Au was deposited for p contacts.
Next, the fabricated samples were thinned to less than 180-μm
thickness and backside Ti/Pt/Au n-metal was deposited on the
thinned wafers. The cleaved PICs were then solder mounted to
ceramic carriers and wire-bonded for characterization.

IV. OFFSET QUAMTUM WELL-BASED TRANSMITTER

The fabricated OQW-based PIC transmitter is shown in Fig. 9.
It consists of a widely tunable SGDBR laser, a high-speed SOA
(SOA 1), a MZM and a high-power two-section output booster
SOA (SOA 2). The waveguide at the output is angled with
respect to the chip facet to reduce the reflectivity of this interface.
The transmitter has a footprint of 5.5 mm × 0.36 mm. The
microscope images at various stages of the fabrication process
are demonstrated in Fig. 10.

The five-section widely tunable SGDBR laser consists of an
active gain section, a front SGDBR mirror, a back SGDBR
mirror, a phase section, and a rear absorber (see Fig. 11). The
SGDBR laser has a five-period front sampled grating mirror
with 4-μm wide bursts and 68.5-μm period, a 12-period back
sampled graing mirror with 6-μm wide bursts and 61.5-μm
period [42].

Fig. 11. Schematic of the five-section SGDBR laser.

Fig. 12. SGDBR laser LIV curve (with CW current source) measured by
using the SOA 1 as a photodiode.

To measure the light-current-voltage (LIV) characteristics,
the reversed-biased high-speed integrated SOA (SOA 1) was
used as an on-chip photodetector (estimated responsivity
0.9 A/W). The LIV curve of the SGDBR laser is shown in
Fig. 12, demonstrating a threshold current of 45 mA and an out-
put optical power of 15 mW at a gain section current of 100 mA.
Laser spectrum near 1550 nm is shown in Fig. 13, the side
mode suppression ratio (SMSR) is 55 dB. The tuning character-
istics of the SGDBR laser are illustrated in Fig. 14 and Fig. 15,
which present the emission wavelength and SMSR at various
tuning conditions. Fig. 15 shows the ‘supermode’ boundaries
and suggests that the width of the SMSR degradation between
switching modes is very small. By adjusting the injected cur-
rent in the front and back mirrors, the emission wavelength was
tuned from 1521 nm to 1565 nm, covering more than the entire
C-band. Across the entire tuning range, > 45 dB SMSR was
maintained.

There are two SOAs in this transmitter: a high-speed SOA
(SOA 1) for amplification/modulation and a two-section booster
SOA (SOA 2) with curved/angled and flared ridge waveguides.
SOA 1 is 3 μm wide and 400 μm long. It is placed after the
laser and before the 1-mm long MZM, and could also be used
for modulation. Fig. 16 shows the gain characteristics of the
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Fig. 13. Lasing spectrum near 1550 nm with a 55-dB SMSR measured by an
optical spectrum analyzer with a resolution bandwidth of 0.02 nm.

Fig. 14. Emission wavelength (nm) at various tuning conditions.

high-speed SOA at different input power levels. A gain of 6 dB is
achieved at a current density of 10 kA/cm2, which is sufficient to
compensate for the modulator insertion loss. The output booster
SOA (SOA 2) is constructed with two separate sections that can
be pumped with different injection current levels. The lengths
of the two sections are 350 and 500 μm, respectively. The first
section is 3-μm wide and the second section linearly flares from
3-μm to 5-μm wide.

The optical output was coupled to an integrating sphere to
measure the off-chip power. Fig. 17 shows the off-chip power
versus the current density in the flared-waveguide section of
SOA 2. The current of the laser gain section, the SOA 1, and
the first section of the SOA 2 are 150 mA, 110 mA and 90 mA,
respectively. The maximum output power with the above DC
biasing is 14.5 dBm (28 mW).

To measure the high-speed performance of the OQW-based
transmitter, one arm of the MZM was wire bonded to a 50-Ω RF
feeding transmission line and on the other side to a 50-Ω load
mounted to the ceramic carrier. Fig. 18 shows the eye diagrams
from 2 Gps to 7 Gbps non-return-to-zero (NRZ) on-off keying

Fig. 15. Side mode suppression ratio (dB) at various tuning conditions.

Fig. 16. Gain as a function of current density for the high-speed SOA
(3 μm × 400 μm) with different input power levels at a wavelength of 1560 nm.

(OOK) modulation at a reverse bias of −2.2 V and 3 V signal
amplitude (Vpp ).

V. QUANTUM WELL INTERMIXING-BASED TRANSMITTER

Fig. 19 demonstrates the schematic of a high-power transmit-
ter integrated with ultralow-confinement SOA design. The full
transmitter contains two stages: stage 1 consists of a laser, an
EAM and two SOAs (SOA 1 and SOA 2) with relatively high
confinement (Γ = 3% ∼ 4%); Stage 2 features with a transi-
tion gain section (SOA 3), and an ultralow-confinement SOA
(SOA 4). In stage 1, different elements are integrated by QWI.
Transition gain section in stage 2 is a simple linear width taper.
The integration of SOA 3 and SOA 4 will just add one additional
etch process.

Since the epitaxial structure S2 was optimized for high-power
SOA, the performance of laser and EAM may be degraded with
the same material. Therefore, our first step is to test the perfor-
mance of Stage 1, which is similar to the OQW-based transmitter
in Sec. IV. Fig. 20 shows the microscope image of the fabricated
PIC transmitter, which has a footprint of 3.5 mm × 0.36 mm. It
consists of a DBR laser, a high-speed SOA (SOA 1), an EAM,
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Fig. 17. Off-chip optical power of the PIC transmitter versus the current
density in the second section of the booster SOA.

Fig. 18. Eye diagrams of OQW-based transmitter with NRZ OOK modulation
at a data rate up to 7 Gbps.

Fig. 19. Schematic of a high-power PIC transmitter with integrated ultralow-
confinement SOA design.

Fig. 20. Microscope image of fabricated QWI-based PIC transmitter com-
prising of a five-section DBR laser, a 250-μm long EAM, and two high-power
two-section output booster SOA (SOA 2).

Fig. 21. SEM images at various stages of the fabrication process: (a) The
dry-etched ridge waveguide; (b) Passivation etch for modulators; (c) N metal
deposition; (d) Isolation between the back mirror and the phase section.

Fig. 22. Schematic of the five-section DBR laser.

and a high-power two-section output booster SOA (SOA 2). The
images at various stages of the fabrication process are shown in
Fig. 21.

The DBR laser consists of a rear absorber, a back DBR mirror,
a phase section, an active gain section, and a front DBR mirror.
The lengths of the front and back mirrors are 50 μm and 120 μm,
respectively. The lengths are longer than DBR designs with a
conventional high confinement epitaxial structure. In conven-
tional structure, the grating etch will not significantly alter the
optical modes, so a deep etch can be performed to achieve high
coupling efficiency (κ). The reflectivity of the grating can be
written as:

rg = tanh(κLg ) (3)

where Lg is the length of the grating mirror. With high κ, higher
reflectivity can be achieved, thus reducing the loss in the mirror.
However, in the QWI-based transmitter if the quantum well
layers were all etched off, the optical mode would “leak” into
the thick waveguide layer (WG2) and result in extra loss (see
Fig. 5). Therefore, the etch depth into the quantum wells should
be well controlled. In this case, the QWs were only partially
etched (as shown in Fig. 22).
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Fig. 23. DBR laser LIV curve (with CW current source) measured by using
the SOA 1 as a photodiode.

Fig. 24. Lasing spectrum near 1556 nm with a 40-dB SMSR measured by an
optical spectrum analyzer with a resolution bandwidth of 0.02 nm.

The LIV characteristic of the DBR laser is plotted in Fig. 23,
measured by exploiting the reverse bias SOA 1 as photodetector,
which shows a threshold of 65 mA. At a current of 150 mA, the
optical power is 20 mW. The SMSR near 1556 nm is 40 dB (see
Fig. 24).

SOA1 and each section of SOA 2 are 3-μm wide and 500-μm
long. To test the gain characteristic, the laser gain section is
biased at 150 mA and SOA 1 at 90 mA. Gain of SOA 2 as a
function of the current density in the second section of SOA 2
is plotted in Fig. 25. Here the jumps in the measured SOA gain
are ascribed to thermal crosstalk induced mode hopping of the
laser.

Fig. 26 shows the off-chip power versus the current density in
the second section of the booster SOA (SOA 2). The current of
the laser gain section, the SOA 1, and the first section of the SOA
2 are 150 mA, 90 mA and 140 mA, respectively. The maximum
output power with the above DC biasing is 19.4 dBm (87 mW).
Fig. 27 shows the eye diagram for NRZ OOK modulation up to
20 Gbps.

Fig. 25. Gain of SOA 2 as a function of current density in the second section
as the current in the first section is increased from 20 to 180 mA.

Fig. 26. Off-chip optical power of the PIC transmitter versus the current
density in the second section of the booster SOA.

Fig. 27. Eye diagrams of QWI-based transmitter with NRZ OOK modulation
at a data rate up to 20 Gbps.
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Fig. 28. Microscope image of high-power PIC transmitters with integrated
ultralow-confinement SOAs.

Compared with the OQW-based transmitter, the QWI-based
one demonstrated both higher optical power and higher data
rate, the first enabled by an optimized epi structure, while the
second achieved through a compact and efficient EAM. In future
work, the fabricated high-power PIC transmitter with integrated
ultralow confinement SOA will be characterized. As shown in
Fig. 28, the footprint of each transmitter is 8 mm × 0.36 μm.
With the ultralow-confinement SOA at the output, >25 dBm
off-chip optical power is expected.

VI. CONCLUSION

In this work, InP-based PIC transmitters were fabricated and
characterized for high optical output power. The OQW-based
transmitter is tunable from 1521 nm to 1565 nm while main-
taining >45 dB SMSR across this range. Measured off-chip
power of 14.5 dBm and 7-Gbps data rate were demonstrated.
A QWI-based transmitter with new epitaxial structure was em-
ployed for higher optical output power, which shows 19.5 dBm
output power and up to 20 Gbps operation. The new epitaxial
material enables ultralow confinement SOA designs and mono-
lithic integration of the SOA with DBR laser, EAM, and passive
waveguide.
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