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Abstract We fabricate directly modulated membrane distributed reflector lasers on a Si waveguide by
using the micro-transfer printing. A low threshold current of 1.2 mA and good optical coupling between
the laser output and 220-nm-thick Si waveguides are achieved. 50-Gbit/s NRZ sighal modulation is also

demonstrated. ©2022 The Author(s)

Introduction
Co-packaged optics (CPO) is attracting attention
as a way to overcome the bandwidth and power
consumption limitations of electrical inputs and
outputs [1]. Photonic integrated circuits (PICs)
based on silicon photonics (SiPh) enable CPO to
outperform electrical connections, such as a
peripheral component interconnect express
(PCle), because they can be used to make
compact and high-performance Si waveguide
circuits on silicon-on-insulator (SOI) wafers [2-3].
High-density integration of IlI-V light sources
and other optoelectronic components is a critical
issue on this platform. Here, micro-transfer
printing, which combines the flexibility of hybrid
integration with high throughput, is a promising
way to integrate various llI-V devices on SiPh
PICs [4-13]. Although high alignment accuracy
has been demonstrated, a complicated IlI-V
device structure using multiple steps of etching is
required to obtain a good optical coupling
between the 11l-V and Si waveguides [13].
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We have developed membrane lasers and
other optical components that use a thin IlI-V
layer with a lateral p-i-n junction [14-20]. This
structure enables us to achieve a large optical
confinement of the active region and provides
high-modulation efficiency with low power
consumption [16]. Another important feature of
the membrane 1lI-V device is that the thickness
and refractive index are close to those of the Si
waveguide, so that a good optical coupling can
be achieved with a simple taper structure [20].
This structure is quite suitable for transfer printing.

In this work, we fabricated membrane directly
modulated lasers (DMLSs) on Si waveguides (SOI
substrate) by utilizing the micro-transfer printing
and investigated their lasing properties for the
first time. The lasers had a low threshold current
of 1.2 mA. Furthermore, we achieved a good
optical coupling between the IlI-V and 220-nm-
thick Siwaveguides and single mode operation in
the C-band. We also examined the eye-opening
of 50-Gbit/s NRZ signals.
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Fig. 1: Schematic diagram and cross-sections of the transfer-printed membrane DR laser on Si waveguide (SOI substrate).
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Fig. 2: Procedure for fabricating membrane lasers on Si
waveguide by micro-transfer printing.

Device structure and fabrication process
Figure 1 shows schematic diagram and cross-
sections of the device, in which a membrane
distributed-reflector (DR) laser is transfer-printed
on a Si waveguide. The dimensions of the laser
coupon were 160 x 700 um?, which is enough
area for fabricating large pad electrodes and a
long InP taper waveguide. We designed a DR
laser consisting of a 140-um-long distributed
feedback (DFB) active section and a 60-pum-long
distributed Bragg reflector (DBR). We used a
uniform DFB and DBR grating, whose coupling
coefficients were 550 cm-! for the DFB region and
250 cm! for the DBR region. Single-mode lasing
was achieved with the DBR in order to select one
of the DFB sidebands. For an efficient optical
coupling between the Si and laser output
waveguides, it is important to design a coupler
that takes into account the misalignment of
transfer printing. We designed 100-pum-long
InP/Si inverse tapers with a shallow (~ 40-nm-
depth) ridge-type InP waveguide for mode
transfer (cross-sections (A) and (B)). The inter-
layer of SiO2 between laser coupon and Si
waveguide was 100-nm thick for efficient optical
mode coupling. Si waveguide was angled at 20°
toward the chip facet and widened to a 5 um in
order to suppress reflections at the chip facet. In
addition, the width of the Si waveguide at the
laser coupon edge was widened to 2 um, where
the optical mode is mainly confined within the
wide Si waveguide, which results in reduced
reflection at the coupon edge. As shown in cross-
section (C) in Fig. 1, there is no Si waveguide
underneath the active region, which enables us
to achieve a large optical confinement factor.

To fabricate laser coupons, six InGaAsP-
based MQWs and a 500-nm thick InAlAs
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Fig. 3: Optical microscope image of laser coupons in the
micro-transfer-printing process.

sacrificial layer were grown on InP substrate.
After fabricating the buried active region, a lateral
p-i-n structure was formed using the selective
doping technique. We used a buried InP layer for
forming the front and rear ridge waveguides.
Then, the grating section, InGaAs contact layer,
and pad electrodes were fabricated.

Figure 2(a)-(d) illustrates the micro-transfer
printing method. As shown in Fig. 2(a), a SION
cover layer was deposited to protect the InGaAs
contact layer during the sacrificial layer etching
process. The coupons were covered with
photoresist, with local openings to access the
sacrificial layer. The sacrificial layer was then
selectively etched, leaving the devices or material
coupons attached to the substrate by photoresist
tether structures (Fig. 2(b)). After that, these
coupons were picked up from the InP substrate
by breaking the tether structures using a
polydimethylsiloxane (PDMS) stamp (Fig. 2(c)).
Finally, the coupons were printed on the Si
waveguide of the target wafer with high accuracy
alignment (Fig. 2(d)). Fig. 3(a) and (b) are top-
view images of the coupons after pick-up and the
printed coupons. The highly transparent PDMS
stamp enabled the coupon to be accurately
aligned with the alignment marks on the SOI
substrate by using a high-resolution visible
camera and microscope.
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Fig. 4: (a) Optical microscope image of transfer-printed
laser coupon on Si waveguide chip (SOI substrate) and (b)
zoomed image of Si/InP inversed taper waveguide region

near the laser coupon edge.
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Results and discussion
Figure 4(a) and (b) show a transferred laser
coupon. The misalignment was several hundred
nm parallel and perpendicular to the direction of
light propagation

Figure 5 shows the output light versus bias
current (L-1 curve) and the voltage versus bias
current (V-1 curve). The maximum optical power
received by the large-area photodetector (PD)
was about 0.8 mW. The threshold current was 1.2
mA, which is similar to the value of our previous
device fabricated with a wafer-scale process [13-
15]. The kink in the L-lI curve is due to the
reflection at the chip facet as described below.

Figure 6 (a) shows the lasing spectra at 25°C,
where the bias current was varied from 2 to 14
mA. Single mode operation and side mode
suppression ratios (SMSR) of up to 40 dB were
realized. As shown in Fig. 6 (b), some optical
reflection from the laser coupon edge and Si
waveguide chip facet remains. However, the
main cause of the ripples (its free spectral range
(FSR) is about 0.35 nm) in the spectrum (Fig. 6
(inset)) is the reflection at the chip facet. This
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Fig. 5: Measured L-I (red) and V-I (blue) curves.
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Fig. 6: (a) Lasing spectra at 25°C, where the bias
current is 2-14 mA, (inset) spectrum ripples in DFB
stopband and (b) IR camera image at a bias current of
10 mA.

indicates that the optical mode field at the InP
coupon edge is mainly confined in the 2-um-
wide-Si waveguide and the reflection at the
coupon edge is sufficiently suppressed. The
reflections at the fibre and Si waveguide can be
suppressed by integrating a SiOx spot-size-
converter [20].

Figure 7 (a), and (b) shows the measured eye
diagram of the 40- and 50-Gbit/s NRZ signals for
a 231-1 pseudo-random bit sequence (PRBS).
The NRZ signals were generated by a pulse
pattern generator (PPG), and a 4ch-MUX (Anritsu,
MU183021A) was used to obtain the input peak-
to-peak voltages of 0.7-0.8 Vpp. The DML was
driven by a 65-GHz bias tee and a 67-GHz RF
probe. In order to acquire the eye diagrams with
digital communication analyzers (Keysight,
N1000A), the optical power coupled to a lensed
fibore was amplified with an erbium-doped fibre
amplifier (EDFA) and detected with an O/E
converter (HP, 83440D). Eye-opening was
confirmed for both data rates. The energy costs
for the 40- and 50-Gbit/s NRZ signals were 0.78
pJ/bit and 0.63 pJ/bit, respectively.
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Fig. 7: (a) 40-Gbit/s and (b) 50-Gbit/s NRZ eye diagrams.

Conclusions

We investigated the characteristics of membrane
DMLs on Si waveguides fabricated by micro-
transfer printing. We achieved a low threshold
current of 1.2 mA, maximum output power of 0.8
mW (with a PD), and single mode operation
(SMSR ~ 40 dB). We also confirmed eye-opening
of 40- and 50-Gbit/s NRZ signals at 25°C. Such
a DML is promising for high-density integration of
membrane DMLs and SiPh PICs.
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