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Amplifier Realized Using Micro-Transfer Printing

Jing Zhang™, Laurens Bogaert™~, Bahawal Haq, Ruohui Wang~, Bozena Matuskova, Johanna Rimbock™,
Stefan Ertl, Agnieszka Gocalinska™, Emanuele Pelucchi™, Brian Corbett™,
Joris Van Campenhout™, Member, IEEE, Guy Lepage, Peter Verheyen ",
Geert Morthier™, Senior Member, IEEE, and Gunther Roelkens™, Senior Member, IEEE

Abstract— A C-band III-V-on-Si distributed feedback (DFB)
laser with co-integrated power amplifier was realized using
micro-transfer printing. The DFB laser exhibits single mode
operation around 1540 nm at 20 °C. By driving the DFB laser
and co-integrated power amplifier simultaneously, up to 14 dBm
waveguide-coupled output power with over 28 dB side mode
suppression ratio was achieved at an overall bias current of
270 mA.

Index Terms—I1II-V-on-Si integration, DFB laser, integrated
power amplifier, micro-transfer printing.

I. INTRODUCTION

ILICON photonics (SiPh) has experienced a rapid devel-
Sopment in the past decades. Photonic integrated circuits
(PICs) realised on different SiPh platforms have found their
use in a wide range of applications. By leveraging the
well-established CMOS fabrication infrastructure and mature
semiconductor processes, today these PICs can be manufac-
tured on 200 mm and 300 mm silicon-on-insulator (SOI)
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wafers in high-volume and with a high yield. With a variety
of high-performance readily available building blocks, one
can design and realize complex SiPh circuits with compact
footprints thanks to the high index contrast of Si to SiOy
[1]. However, several essential functionalities, such as optical
gain, optical source, integrated isolators and circulators, are
still missing on these SiPh platforms. Different approaches
have been developed to address this issue by combining
the SiPh circuit with other materials that can realize those
desired functionalities. Amongst these approaches, multi-
die-to-wafer bonding allows for wafer-scale integration of
IIT-V-on-Si devices and has been successfully developed for
the manufacturing of optical transceiver modules with het-
erogeneously integrated III-V-on-Si lasers [2]. This comes
however at the cost of substantial modifications to the estab-
lished SiPh back-end process flow and therefore requires
vast capital investment. Meanwhile, hetero-epitaxial growth
is acknowledged as the ultimate solution, but it is still in an
early stage and many fundamental issues need to be addressed
first [3]. Micro-transfer printing («TP) is another III-V-on-
Si integration approach that holds great potential and has
attracted major interest from both academia and industry [4].
It not only allows for wafer-scale integration of microscale-
sized opto-electronic device coupons and material films, but
also requires minimal disruption to the SiPh process flow.
Dedicated processes have been developed to enable the release
and printing of a variety of opto-electronic components in
different material systems. These include, but are not limited
to, III-V amplifiers [5], lasers [6], [7], micro-LEDs [8], III-V
photodiodes [9], [10], [11], [12], Ge PDs [13], crystalline Si
coupons [14], LiNbO3 film coupons [15], [16] and even (high-
speed) electronics circuits [17].

The first micro-transfer-printed electrically pumped
III-V-on-Si DFB laser is based on the transfer printing of
III-V material film coupons [18]. Single mode operation
was demonstrated in this work, but this approach requires
complicated process steps on the target substrate. Recently,
B.Haq et al. demonstrated single mode DFB lasers by
transfer printing pre-fabricated III-V taper structures on Si
PICs defined in a 400 nm thick device layer with a 50 nm
thick PECVD SiN overlay layer where a first-order quarter
wave shifted Bragg grating was patterned using e-beam
lithography [19]. In this paper, we demonstrate a C-band
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Fig. 1.  Schematic of the proposed III-V-on-Si DFB laser with integrated
power amplifier.

Second order
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Fig. 2. (a) Transfer printing of a III-V amplifier on the target SiPh circuits,
(b) Alignment-tolerant III-V/Si taper structure, (¢) Schematic of the C-band
III-V-on-Si DFB laser cavity with a second-order Bragg grating patterned in
the Si layer, (d) Cross-section and mode profile of the III-V/Si waveguide.

micro-transfer printed DFB laser with co-integrated optical
power amplifier using similar pre-fabricated III-V devices,
but on Si PICs fabricated in imec’s SiPh pilot line. The
demonstrated device exhibits single mode operation around
1540 nm, while providing up to 14 dBm waveguide-coupled
output power.

II. DESIGN OF THE III-V-ON-S1 DFB LASER

The II-V-on-Si DFB laser discussed in this letter consists of
a SiPh target chip fabricated at imec using 193nm DUV lithog-
raphy, and several identical prefabricated III-V amplifiers that
are transfer-printed from a III-V source wafer to provide gain
to the target chip. The adopted platform for the SiPh circuit
features a 400 nm thick crystalline Si device layer with a single
180 nm etch step to define the integrated photonics devices.
Furthermore, the trenches alongside these rib waveguides are
planarized with SiO; through a Chemical-Mechanical Polish-
ing (CMP) process. Fig. 1 shows the proposed III-V-on-Si
integrated circuit. It consists of a second-order grating DFB
laser, of which one of the outputs is fed to a co-integrated
II-V-on-Si power amplifier. The III-V-on-Si device at the
bottom can be used either as a photodetector, to detect the
back-reflection from the optical system, or as a reference
optical amplifier, to evaluate the performance of the integrated
power amplifier. The heterogeneous integration of the III-V
devices with the SiPh circuit is realized by uTP an array of
identical prefabricated III-V amplifier coupons onto the SiPh
integrated circuits.

The prefabricated III-V amplifier is 1140 um long and
consists of a straight waveguide section with 180 pm long
alignment-tolerant III-V taper structures present at both sides
of a 780um long straight III-V rib waveguide. The over-
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Fig. 3. (a) A SiPh chip with an array of transfer-printed C-band amplifiers,
(b) Microscope image of the fiducial alignment markers. (c) Resulting
III-V-on-Si integrated circuit after the deposition of metal contact pads.

all length of the device coupon is 1180 um. These III-V/Si
tapers couple the light efficiently from the laser cavity to
the underlying Si waveguide while offering robustness to the
alignment accuracy levels provided by the wTP process. While
the same III-V coupon is used for constructing the laser and the
co-integrated power amplifier, the underlying silicon photonics
waveguide layout will be different.

The DFB laser cavity is formed by a III-V/Si hybrid
waveguide, where a uniform second-order Bragg grating is
patterned on a 4.5um wide Si rib waveguide, as shown in
Fig. 2(c). The length, period and duty cycle of this Bragg
grating are 600pum, 475 nm and 75%, respectively. The
cross-section of the III-V/Si waveguide is shown schematically
in Fig. 2(d), with a p-cladding mesa width and an active region
width of respectively 3.2um and 4.8 um, for the adopted
amplifier coupons. As the grating is realized by a 180 nm
etch from the top of Si waveguide, the effective index of the
corrugated silicon waveguide is significantly reduced such that
the optical mode is mostly confined in the III-V active region,
as depicted in Fig. 2(d). By using a wide Si waveguide in
combination with a narrow p-mesa and given a high alignment
accuracy provided by the uTP system, the guided optical
mode would not be impacted by the lateral misalignment.
Furthermore, higher order guided modes are expected to have
high propagation losses due to the sidewall roughness of the
III-V waveguide and less efficient pumping of the active region
outside the p-mesa, which allows to achieve single transverse
mode (fundamental TE mode) operation. The co-integrated
power amplifier and photodetector/amplifier on the other hand
are printed on top of a continuous 3 um wide Si rib waveguide

The fabrication and release of the III-V SOA coupons
are described in detail in [5]. Prior to the printing step, the
SiPh chips are spray-coated with a 100 nm thick DVS-BCB
adhesive layer. After a short soft bake at 150 °C the sample is
ready for the laser integration. Micro-transfer printing of the
III-V amplifiers on the SiPh target chip was carried out using
a Polydimethylsiloxane (PDMS) stamp with a single post of
40 um x 1200 pm, as illustrated in Fig. 2(a) and (b). Fig. 3(a)
shows a target SiPh chip with two arrays of transfer-printed
M-V SOAs with a 280 um pitch. A set of fiducial markers,
as shown in Fig. 3(b), are used to facilitate the automatic align-



ZHANG et al.: III-V-ON-Si DFB LASER WITH CO-INTEGRATED POWER AMPLIFIER REALIZED USING uTP 595

2501 (a) 252
2.25 £
—~2.00 20g
= 1.75 %
pok &
2 1598
@ 1.50 o
= 9]
Q1.25 1.0
> S
1.00 &
0.5
0.75 o
=
0.50

0 20 40 60 80 128'0

Current (mA)

100

=
o

(b)

o

|
i
o

34 dB

|

1520 1525 1530 1535 1540 1545 1550 1555
Wavelength (nm)

|
N
o

|
w
o

Normalized Power (dB)
5

=50

Fig. 4. (a) Light-current-voltage for the integrated III-V-on-Si DFB laser
without power amplifier. The plotted optical power is the single-side waveg-
uide-coupled power at GC_1 after calibrating out the insertion loss of the
grating coupler. (b) DFB laser spectrum measured at 100 mA DFB laser bias
current.

ment by using a pattern recognition function integrated in the
uTP system. After the £ TP process, a few simple steps such
as photoresist encapsulation removal, BCB curing and metal
deposition are performed to enable electrical interfacing to
the device. Fig. 3(c) shows the resulting III-V-on-Si integrated
circuits.

III. CHARACTERIZATION

To characterize the fabricated device, a setup consisting of
two vertical optical fiber probes, 2 Keithley current sources,
and 4 DC probes were used. The temperature-controlled stage
was set to 20 °C. First, the performance of the stand-alone
DFB laser was assessed by aligning a fiber probe to GC_I,
thereby collecting the laser output power (Fig. 1). The fiber
probe GC_1 was then connected to a 99:1 splitter, where
the 99% branch was fed to an optical spectrum analyzer
(OSA, YOKOGAWA AQ6375), whereas the 1% branch was
connected to an optical power meter (HP 8163A). Fig. 4(a)
shows the obtained light-current-voltage (LIV) curves of the
stand-alone DFB laser (without operating the power amplifier),
where the differential resistance reduces with the increase
of bias current and goes down to 9  at 100 mA. The
waveguide-coupled power is obtained by calibrating out the
insertion loss of the grating coupler (8 dB at the operation
wavelength) and the splitting loss of the 99:1 splitter at the
operation wavelength. Based on this light-current (LI) curve,
it is clear that the threshold of the DFB laser is below
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Fig. 5. (a) Waveguide-coupled output power of the III-V-on-Si DFB laser

with co-integrated power amplifier as a function of power amplifier current
and DFB laser bias current. (b) A set of laser spectra for different power
amplifier bias currents with the DFB laser bias current fixed at 100 mA.

80 mA, which corresonds to a threshold current density of
2.36 kA/cm?. The waveguide-coupled power can reach up to
4 dBm at 120 mA. Fig. 4(b) shows a representative laser
spectrum at a bias current of 100 mA, indicating that the device
exhibits single mode operation around 1540 nm with 34 dB
side-mode-suppression-ratio (SMSR).

After verifying the performance of the stand-alone DFB
laser, the co-integrated power amplifier was turned on and
biased simultaneously with the DFB laser. To evaluate the
laser-power amplifier combination, the fiber probe was aligned
to collect power from GC_2. Fig. 5(a) shows a set of measured
waveguide-coupled output powers as a function of the power
amplifier bias current for different DFB laser bias currents.
Similar to the standalone DFB laser measurements, these
values are presented after calibration of grating coupler and
splitter losses, where the latter now not only includes the
external 99:1 splitter but also the integrated 3 dB splitter. When
applying a total current of 270 mA (120 mA to DFB laser
and 150 mA to power amplifier), 14 dBm waveguide-coupled
power was obtained. Furthermore, it was found that the DFB
laser was even able to lase below the threshold current of the
standalone cavity when the power amplifier was biased at a
high current level. This is due to parasitic reflections that form
a compound laser cavity with the DFB laser and the power
amplifier inside. Because of these parasitic reflections and the
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misalignment of the operation wavelength to the gain peak,
which is around 1550 nm, the SMSR reduces to 28 dB at
maximum output power. Higher output power and improved
SMSR are expected when the laser can be operated around
the gain peak, which can be realized by slightly increasing
the Bragg grating period.

IV. CONCLUSION

For the first time, we demonstrate a III-V-on-Si integrated
DFB laser with a co-integrated optical power amplifier by
uTP an array of identical prefabricated InP-based SOAs on
a SiPh integrated circuit. The SOA coupons were fabricated
on the InP source substrate in dense arrays with 70 um vertical
pitch, such that the expensive InP source material is used as
efficiently as possible, whereas the device pitch of these SOAs
after printing on the target SiPh chip is 280 um. The resulting
stand-alone DFB laser exhibits single mode operation around
1540 nm with 4 dBm waveguide-coupled power and a SMSR
of 34 dB. After enabling the amplification provided by the
co-integrated optical power amplifier, the output power in the
waveguide reaches up to 14 dBm, at the cost of a slightly
reduced SMSR of 28 dB. It is expected that both the maximum
output power and SMSR can be improved by readjusting the
Bragg grating period to bring the lasing wavelength closer to
the gain peak.

In this letter, we demonstrate an example of how uTP
can help augment the standard SiPh platforms to realize
more versatile III-V-on-Si integrated circuits. uTP is suited to
realize complex PICs by intimately (co-)integrating a variety
of non-native optical and (high-speed) electronic components,
which can be released from their native substrates and brought
together on a single target chip. Furthermore, TP allows to do
this heterogeneous integration in a massively parallel manner
on a 200/300 mm wafer such that the cost of the resulting
III-V-on-Si PICs can be significantly reduced.
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