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ABSTRACT

To realize fully integrated silicon photonics (Si photonics), reliable III-V light sources that can be efficiently coupled with Si/SiN waveguides
are essential. Here, based on a monolithic InP/silicon-on-insulator (SOI) platform, we developed a selective regrowth scheme and con-
structed a regrowth platform for on-chip lasers that can be efficiently coupled with Si/SiN waveguides. InP and InGaAs/InP multi-quantum
wells (MQWs) were regrown on the regrowth template on SOI as well as patterned commercial InP wafers in the same growth run for com-
parison. A flat (001) top surface after regrowth with a low roughness of 0.38 nm was obtained on SOI Benefitting from the high quality of
MQWs regrowth, strong photoluminescence emission at telecom band can be obtained on both growth templates. Also, multi-wavelength
emission on the same chip can be potentially achieved by designing various regrowth openings. Furthermore, the large material volume
with vertical stacking structure and intimate placement of MQWs and the Si layer of SOI allow for the potential demonstration of electri-
cally pumped lasers and efficient light coupling between them and Si/SiN waveguides. Therefore, the demonstrated regrowth method pro-
vides a promising solution for the monolithic integration of III-V on-chip lasers on Si.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0144377

I. INTRODUCTION

In recent years, the rapid growth of Internet data traffic calls for
data transmission with higher speed and larger throughput. Photonic
integrated circuits (PICs) are revolutionizing data communication by
replacing conventional electrical wires with faster optical intercon-
nects.”” Leveraging on the mature complementary metal-oxide-
semiconductor (CMOS) technology, silicon photonics (Si photonics)
has attracted a great deal of interest because of its low cost, high band-
width capacity, and large scalability.”" However, reliable III-V on-chip
lasers on Si remain the last missing piece in the puzzle of fully inte-
grated Si photonics.”” Heterogeneous integration using bonding and
transfer printing techniques”™” has been extensively investigated and
commercialized for lasers on Si. Alternatively, monolithic integration
via direct epitaxy provides a solution for fully integrated Si photonics
in a manner with potentially lower cost and larger scalability."'

Monolithic integration of III-V lasers on Si using blanket
epitaxy has witnessed notable success with impressive device
results in the past decade.'”™'° However, the micrometer-thick

buffer needed for defect reduction makes the light coupling
between the III-V and Si challenging. As an alternative, using the
unique defect necking effect,’® selective epitaxy can generate
dislocation-free III-V materials on Si without thick buffers.
Conventional selective growth methods'’~** usually grow nanometer-
scale ITTI-V on Si, on which optically pumped nano-lasers emitting at
O-band and C-band and nano-photodetectors have been
realized.””>' However, the limited material volume makes the
demonstration of electrically pumped lasers challenging. In contrast,
III-V crystal grown by the lateral aspect ratio trapping (LART)
method features a material dimension over tens of or even hundreds
of micrometers. In previously reported work, we have demonstrated
920 nm lasers, 1.55 um micro-lasers, high-performance photodetec-
tors, and efficient light coupling between III-V photodetectors and
Si waveguides by adopting the LART on the InP/silicon-on-insulator
(SOI) platform.”” > Whereas, the electrically pumped laser has yet
to be reported due to the lateral “stacking” of the full laser structure
adds complexity to the device design and growth.
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Here, we demonstrated InP and InGaAs/InP multi-quantum
wells (MQWSs) grown on SOI by adopting a regrowth technique
for the monolithic integration of on-chip lasers. The regrowth
template was fabricated by defining disk and stripe regrowth
openings on the monolithic InP/SOI platform.’ Patterned com-
mercial InP wafers with the same regrowth openings were put in
the same run and used as growth references. Starting from InP
regrowth, the regrown thickness can be as thin as 80 nm with a
smooth surface evidenced by a low roughness of 0.38 nm, which
enables intimate placement of the III-V and Si. Then, we further
incorporated four periods of InGaAs/InP MQWs to achieve the
telecom band emission. The regrown MQWs display strong room
temperature (RT) micro-photoluminescence (u-PL) emission at
telecom band resulting from the high III-V crystalline quality
without observable dislocations. We also studied and compared
the emission wavelength and regrowth thickness on different
regrowth openings. The bufferless structure, large material
volume, and vertically stacked active region suggest a high poten-
tial of realizing electrically pumped lasers and efficient light cou-
pling between III-V and Si waveguides.

Il. REGROWTH SCHEME

We built up the regrowth template for vertical regrowth start-
ing from a monolithic InP/SOI platform containing InP segments

(a) 1. InP/SOI platform

W e

(b) 1. InP/SOI platform

(c) 1. Commercial InP wafer
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with a 7-um width and flexible lengths ranging from 5 to 50 um
[Figs. 1(a) and 1(b)] defined by lithography. Commercial (001) SOI
wafers were used for lateral InP growth, and the (001) top surface
of the lateral grown InP features a low roughness with a roughness
value of 0.27 nm [Fig. 2(e)]. The detailed growth procedure was
discussed in Ref. 32. The laterally grown InP features a high crystal-
line quality which is free of threading dislocations, antiphase
boundaries, and grain boundaries with a zinc-blende crystal phase.
The process for fabricating the regrowth template is as follows. The
top low-temperature oxide (LTO) on the InP/SOI platform was
first etched down to around 50 nm. Then, 500 nm thick plasma-
enhanced chemical vapor deposition (PECVD) oxide was deposited
to cover the InP end and provide sufficient depth for the regrowth
opening. Therefore, the III-V material can only be grown vertically
from the (001) top facet of the InP instead of the (111) facet at the
InP end during the regrowth. After the oxide encapsulation,
regrowth openings with various dimensions and shapes were
defined on the template using photolithography and combined dry
etching and wet etching steps. Benefiting from the combined
etching process, the slope of the oxide opening was minimized, and
the damage to the III-V surface for regrowth was eliminated. Both
disk regrowth openings with a diameter of 4um and stripe
regrowth openings with a width of 4 um and lengths ranging from
5 to 50 um were defined on the InP/SOI platform to demonstrate
the viability of the regrowth technique [Fig. 1(a)]. Regrowth

3. llI/V regrowth

Vertical regrowth

3. llI/V regrowth

N {001} 7
N, 7

3. IV regrowth

—

\

Commercial InP wafer % Regrown III/V

FIG. 1. (a) Regrowth scheme on the regrowth template on SOI. (b) Cross-sectional schematic of one regrowth opening on the regrowth template on SOI. (c) Regrowth

scheme on the patterned commercial InP wafer.

J. Appl. Phys. 133, 133103 (2023); doi: 10.1063/5.0144377
Published under an exclusive license by AIP Publishing

133, 133103-2


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

Regrowth template on SOI

RMS=0.27 nm RMS=0.38 nm

Before regrowth

After regrowth

ARTICLE

scitation.org/journall/jap

Patterned commercial InP wafer

10 nm

RMS=0.24 nm

RMS=0.312 nm

0 nm

Before regrowth After regrowth

FIG. 2. (a) Top-view SEM image of the regrowth template on SOI before regrowth. (b) Top-view SEM image after InP regrowth on the regrowth template on SOI with
crystallographic facets labeled. (c) Top-view SEM image of the patterned commercial InP wafer before regrowth. (d) Top-view SEM image after InP regrowth on the
patterned commercial InP wafer. (e) AFM image of the InP surface on the regrowth template on SOI before regrowth. (f) AFM image of the InP surface on the regrowth
template on SOI after regrowth. (g) AFM image of the InP surface on the patterned commercial InP wafer before regrowth. (h) AFM image of the InP surface on the

patterned commercial InP wafer after regrowth.

openings with identical dimensions were also patterned on
commercial (001) InP wafers by performing the oxide deposition,
photolithography, and dry and wet etching steps as depicted in
Fig. 1(c). The identical regrowth openings fabricated on the com-
mercial InP wafer and InP/SOI platform ensure a fair comparison
of the regrowth results on them.

We performed the material growth using an Aixtron
closed-couple showerhead (CCS) metal-organic chemical vapor
deposition (MOCVD) system, with trimethylindium (TMI),
triethylgallium (TEG), tertiarybutylarsine (TBA), and tertiary-
butylphosphine (TBP) as precursors. Attributed to the com-
bined dry and wet etching steps, both the regrowth template on
SOI and patterned commercial InP wafer exhibit flat (001) InP
top facets for subsequent regrowth without fabrication-induced
residues, as evidenced by scanning electronic microscopy (SEM)
images in Figs. 2(a) and 2(c) and corresponding atomic force
microscope (AFM) images in Figs. 2(e) and 2(g), respectively.
Before loading into the MOCVD chamber, regrowth templates
were first cleaned by acetone, isopropyl alcohol (IPA), and
de-ionized (DI) water (3 min each) to remove particles and
organic contaminants and then dried with nitrogen. After that,
the solution of HCI:H,0,:H,0 = 1:1:1 was used for wet etching
for 17s followed by digital etching (10% H,O, 2min, 10%
H;PO, 2min sequentially) for five cycles to oxidize the InP
surface and remove the oxidized layer to achieve a clean and
fresh InP surface.”*”’

lll. REGROWTH OF InP

We first regrew the InP layer on two regrowth templates.
Before growth, thermal annealing under 590°C for 10 min in a
TBP/H, ambient was performed to desorb the residual oxide. The
reactor temperature was then decreased to 540°C for middle-
temperature InP (MT InP) growth with a V/III ratio of 48 followed
by high-temperature InP (HT InP) under 620 °C with a total InP
regrowth thickness of 800 nm. The MT + HT regrowth procedure
was optimally designed to prevent InP decomposition at the
regrowth surface on InP/SOL. A sufficiently high regrowth tempera-
ture was adopted to provide surface mobility for indium atoms to
migrate over the oxide surface, preventing undesirable InP nucle-
ation on the oxide.”® High crystalline quality of the InP/SOI plat-
form underneath is needed as stacking faults (SFs) in the InP/SOI
perpendicular to the lateral growth direction will lead to a higher
growth rate on the regrown III-V crystal above, resulting in non-
uniformity issues.””™"* To facilitate a smooth surface and mitigate
the non-uniformity issue, an optimal growth speed of around
25nm/min was applied. The growth pressure was as low as
50 mbar for easier diffusion of group III precursors on the SiO,
surface to significantly alleviate the loading effect.”’ By adopting
well-optimized growth conditions and sample pre-treatment, the
regrown InP on the regrowth template on SOI manifests a flat
(001) surface which is comparable to that on the patterned com-
mercial InP wafer [see Figs. 2(b) and 2(d)]. To minimize the total
surface energy during selective regrowth, the InP growth on the
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(001) facet will orientate the crystal with an upper (001) facet sur-
rounded by four {111} planes and four {110} planes as sidewalls,
labeled in Fig. 2(b). Surface smoothness after the InP regrowth was
further evidenced by the low root mean square (RMS) value of 0.38
and 0.312nm on the regrowth template on SOI and patterned
commercial InP wafer, respectively, as presented in Figs. 2(f)
and 2(h). Compared with the InP/Si template by traditional blanket
epitaxy with the surface roughness of 2.8 nm,'” the regrowth tem-
plate on SOI in this work features a lower surface roughness of
only 0.38 nm.

To close the MQWs and the Si device layer for efficient light
coupling, the thickness of the regrown InP was further decreased.
We adopted a two-step regrowth procedure including a 25 nm/min
high-rate growth at the beginning to fastly smoothen the regrowth
interface and a subsequent 5 nm/min low-rate growth to facilitate
the precise control of the regrowth thickness. By adopting the
two-step regrowth procedure, the thickness of regrown InP can be
reduced tenfold from 800 to 80nm, as estimated from cross-
sectional view SEM photos in Figs. 3(c) and 3(d). Tiny dots on the
regrown InP surface in Fig. 3(d) were caused by the ion damage
during focused ion beam (FIB) cutting. Note that the 80nm
regrown InP surface remains smooth as compared in Figs. 3(a)
and 3(b). We also performed RT u-PL measurement to further
investigate the crystalline quality of the regrown InP. For all 4-PL
measurements in this work, we used a 514 nm laser diode as the
excitation source with a pumping power of 6.25 mW. The PL mea-
sured on the regrown InP on the regrowth template on SOI pre-
sents a FWHM of 50 meV [Fig. 3(e)] which is slightly higher than
that measured on the patterned commercial InP wafer. The rela-
tively larger FWHM on the regrowth template on SOI can be
attributed to the crystalline defects in the laterally grown InP/SOI
template, including SFs perpendicular to the growth direction and
the highly twinned InP/Si interface. The red-shifted central

800 nm InP regrowth thickness

Regrown InP

80 nm InP regrowth thickness
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wavelength on the InP/SOI regrowth template is caused by back-
ground impurities incorporated during the lateral epitaxy, which
creates recombination centers with reduced bandgap energy.**

IV. REGROWTH OF InGaAs/InP MQWS

Based on the uniform InP regrowth, we further incorporated
InGaAs/InP MQWs to achieve telecom band emission. As depicted
in the growth structure and growth sequence in Figs. 4(b) and 4(d),
four periods of InGaAs/ InP MQWs were regrown on two tem-
plates under 620 °C, sandwiched by 200 nm bottom InP cladding
and 200 nm top InP cladding. The growth parameter of InP was
kept the same as the pre-optimized condition to provide a smooth
growth front for subsequent QW deposition. Figure 4(c) illustrates
the cross-sectional transmission electron microscopy (TEM)
lamella prepared on one segment with disk regrowth opening after
MQWs regrowth [Fig. 4(a)]. From the global-view TEM photo in
Fig. 4(c), the as-grown MQWs display high crystalline quality
without observable dislocations resulting from the bottom
dislocation-free InP/SOI platform and well-optimized vertical
regrowth. QWs at the center region were generally uniformly dis-
tributed. At the edge region of the regrowth opening, closing to the
InP/Si interface, the uniformity of QWs is degraded by the defec-
tive region near the InP/Si interface. Also, the growth rate on the
edge region was also significantly enhanced by the edge-
enhancement growth mode and loading effect. In order to get
more uniform QWs regrowth with higher quality and better optical
property, the crystalline quality of the laterally grown InP/SOI tem-
plate and the regrowth condition can be further optimized.
The thickness of each layer matches well with what we design in
Fig. 4(b). Benefitting from the well-developed regrowth template
and growth conditions, there is no observable defect at the
regrowth interface from Fig. 4(g), allowing for the subsequent

~—

L0

JRegrown InP on patterned commercial InP wafer
Regrown InP on the regrowth template on SOI

FWHM:36meV
FWHM:50meV

Normalized intensity(arbitrary units)

800 850 900 950 1000

Wavelength (nm)

FIG. 3. (a) Top-view SEM image of 800 nm regrown InP on the regrowth template on SOI. (b) Top-view SEM image of 80 nm regrown InP on the regrowth template on
SOl. (c) Cross-sectional SEM image of 800 nm regrown InP on the regrowth template on SOI after FIB cutting. (d) Cross-sectional SEM images of 80 nm regrown InP on
the regrowth template on SOI after FIB cutting. (¢) Normalized RT x-PL spectra of 800 nm regrown InP on the regrowth template on SOI and patterned commercial InP

wafer.
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FIG. 4. (a) Top-view SEM image of one segment after MQWSs regrowth with disk regrowth opening for TEM characterization. (b) Growth structure of four periods of
InGaAs/InP MQWSs on the regrowth template on SOI. (c) Global-view TEM image of MQWs regrown on the regrowth template on SOI. (d) Growth sequence of four
periods of InGaAs/InP MQWSs regrowth. (e) Zoomed-in STEM photo of uniform QWSs stacking on the regrowth template on SOI. (f) The indium, gallium, arsenic, and phos-
phorus intensity against distance along the [001] direction obtained by EDS line scanning. (g) Zoomed-in TEM image of the regrowth interface without defect. (h)
Global-view TEM image of MQWSs regrown on the patterned commercial InP wafer. (i) Zoomed-in TEM photo of uniform QWs stacking on the patterned commercial InP

wafer.

epitaxy of high-quality QWs. The high-quality III-V regrowth was
also evidenced by the flat (001) top surface without surface pits in
Fig. 4(c). The InGaAs well thickness and indium composition were
further analyzed by cross-sectional scanning transmission electron
microscopy (STEM) observation. The evenly spaced 10-nm InGaAs
well displays a sharp interface with the 35-nm InP barrier, as dis-
played in Fig. 4(e). To characterize the elemental distribution along

the [110] direction in the QW region (follow the blue double arrow
line), four energy dispersive spectrometry (EDS) line scanning
curves regarding indium, gallium, arsenic, and phosphorus
intensity were performed and summarized in Fig. 4(f). From the
relative intensity of EDS signals, the indium composition in
InGaAs well was calculated to be 65%, indicating the MQWs to be
somewhat compressively strained. The QWSs regrown on the

J. Appl. Phys. 133, 133103 (2023); doi: 10.1063/5.0144377
Published under an exclusive license by AIP Publishing

133, 133103-5


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

patterned commercial InP wafer were characterized and displayed
in Fig. 4(h). The majority of QWs feature high uniformity and
evenly spaced stacking as shown in Fig. 4(i), while the edge region
of the QWs was somewhat affected by the loading effect.

Figures 5(a)-5(c) and 5(d)-5(f) compare the surface morphol-
ogy after the MQW regrowth on two templates in the same growth
run. We obtained a smooth surface on both small disk regrowth
openings with 4 um diameter and larger stripe regrowth openings
with 4um width and variable lengths from 5 to 50 um. The
regrowth technique shows the versatility of obtaining large growth
areas with different shapes and dimensions, allowing for diverse
structural and cavity designs as well as providing sufficient mate-
rial volume for electrically pumped lasers in the future. Note that
the more evolvement of regrown structures on the regrowth tem-
plate on SOI stems from the relatively higher growth rate on it.
The III-V crystal regrown out of the oxide pocket will lose the
confinement of the sidewall oxide, thereby intensifying the
growth preference on {111} facets. The representative RT u-PL

|
!
i
!
|
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spectra of MQWs on the regrowth template on SOI and the pat-
terned commercial InP wafer are displayed in Fig. 5(g), showing
strong emission at telecom band. The representative emission
wavelength of MQWs regrown in 20 um long stripes on the pat-
terned commercial InP wafer and the regrowth template on SOI is
1480 and 1560 nm, respectively. The resonance peaks in the
spectra may be caused by the natural cavities formed by the
as-grown III-V crystals with smooth and symmetric sidewalls. PL
emission wavelength as well as regrowth thickness vs regrowth
area are plotted in Fig. 5(h). The emission wavelength, deter-
mined by the thickness of the InGaAs well, can be tuned by
changing the regrowth area on the same chip. Therefore, the
selective regrowth technique is promising to potentially provide
multi-wavelength lasers on the same chip for multi-channel com-
munications. This is enabled by the unique selective regrowth
technique using a larger regrowth opening associated with a
slower growth rate, thereby a thinner well and shorter emission
wavelength. Data obtained on the regrowth template on SOI and

MQWSs on patterned commercial InP wafer
MQWs on regrowth template on SOI

(9)

Normalized intensity (arbitrary units)

1200 1350 1500 1650
Wavelength (nm)

—_—
=
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B \K 500 <
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FIG. 5. Tilted view SEM images after MQWs regrowth on the regrowth template on SOI with (a) disk regrowth opening of 3 zm diameter, (b) stripe regrowth opening of
10 um length, and (c) stripe regrowth opening of 36 um length. Tilted view SEM images after MQWSs regrowth on the patterned commercial InP wafer with (d) disk regrowth
opening of 3 um diameter, (e) stripe regrowth opening of 10 um length, and (f) stripe regrowth opening of 36 um length. (g) RT u-PL spectra of MQWSs regrowth on the
regrowth template on SOI and the patterned commercial InP wafer on 20 um long stripe. (h) PL emission wavelength and regrowth thickness against the regrowth area on

the regrowth template on SOI and the patterned commercial InP wafer.
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patterned commercial InP wafer follow the similar trend. The
higher regrowth rate was observed on the regrowth template on
SOI, which is caused by the higher epi true temperature and
larger deposition amount on the thicker SOI wafer.

The regrowth strategy on the InP/SOI platform provides a
promising solution for monolithic integration of III-V on Si. As a
thin InP layer can be grown on the regrowth template on SOI with
excellent crystalline quality, the distance between III-V active
media and Si device layer was minimized which is the key to effi-
cient coupling. Electrically pumped lasers and their integration
with Si/SiN-based passive components can be potentially realized
with a similar structure to those demonstrated by bonding-based
techniques. Also, we can easily transfer the fabrication techniques
and structural designs that have been developed for years on
InP-based PICs benefiting from the similar vertical structures.*”*®
Distributed feedback lasers, amplifiers, and photodetectors can be
demonstrated on this platform to provide various functionalities.
Furthermore, we can also incorporate quantum dots (QDs) to
improve the device performance benefiting from the flat (001) facet
in the selective regrowth template which is not available in other
selective growth schemes.

V. CONCLUSIONS

In conclusion, we demonstrated the regrowth technique on a
monolithic InP/SOI platform. Disk and stripe regrowth openings
with flexible dimensions were defined on the InP/SOI platform as
well as commercial InP wafers, on which we grew InP and InGaAs/
InP MQWs for emission at the telecom band. A smooth surface
with the surface roughness of 0.38 nm was obtained after regrowth,
and good optical characteristics with a strong emission at telecom
band were both achieved on the regrowth template on SOI and pat-
terned commercial InP wafer. The regrown InP can be as thin as
80 nm, leading to an intimate placement of III-V gain and Si
device layer for efficient light coupling between them. The vertical
structure with flexible dimensions also allows for various designs of
devices and multi-wavelength emission on the same chip. These
results verified the selective regrowth template on SOI as a promis-
ing platform to realize electrically pumped lasers for fully inte-
grated Si photonics.
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