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Abstract

Integration of III-V membranes on silicon-on-insulator (SOI) substrates offers a promising
route to provide on-chip gain for dense silicen (Si)yphotonics. Here, we present a materials
study of InP membranes with embedded InGaAs multi-quantum wells (MQWs) directly grown
above the Si waveguide layer wvia,a tunnel epitaxy process. Cross-sectional scanning
transmission electron microscopy (STEM), combining differential phase contrast (DPC)
imaging, energy-dispersive, X-ray spectrosecopy (EDX), and atomic-column-based strain
analysis, confirms high-quality laterally grown InP membranes with defects confined to the V-
groove region and elucidates facet-dependent MQW formation on (111)A, (110), and (111)B
facets. Both EDX and strain analysis consistently reveal high-In, highly compressively strained
(110) QWs (>80% In), and\n(:) misfit dislocations are observed at InP/InGaAs interfaces. In
addition, under identical prceursor ratios, ultra-thin QWSs incorporate a higher indium
composition than a thick/bulk InGaAs region. These results provide practical guidance for
designing efficient active regions in future electrically injected, Si-waveguide-coupled InP
membrane lasers on SOIL.

Introduction

Silicon (Si) photonics has emerged as a versatile platform enabling a wide range of
applications in¢luding data communications, optical sensing, and quantum photonics.'”
Monolithic integration of III-V gain materials on Si photonic chips for light emitting and
amplification’is considered a promising route toward high-density Si photonic systems beyond
the currént heterogeneous integration paradigm.®'© Among various epitaxial integration
approaches, selective area growth of quantum dot lasers and aspect ratio trapping (ART) growth
of nano-ridge lasers on patterned Si wafers have shown great promise.®!!-1° However, neither
ofithe two integration schemes make use of the mainstream silicon-on-insulator (SOI) platform
on'which heterogeneous integration has flourished. For the quantum dot laser approach, tacking
the challenges associated with the epitaxial growth in cavities and the coupling with the Si
waveguides remain critical tasks. For the I1I-V nano-ridges lasers, adapting device fabrication
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to accommodate the unique shape and dimension of the ridge structure, particularly around the
metal contacts and efficient electrical injection, is not trivial. Recent progress in lateral growth
techniques have introduced a new monolithic integration platform to bring III<V functions to
the Si photonics SOI platform.?%-?° The thick buffer layers commonly required to oveércome the
lattice mismatch in conventional heteroepitaxy is no longer needed. III-V-on-insulatorsywith
lateral pin junctions and lateral heterostructure can be realized, opening new avenues for the
design of integrated photonic devices. Recently, we developed a tunnel epitaxy process to grow
large-dimension InP membranes on top of an insulator layer above the Siddevice layerof the
SOI substrate.>

In this work, we investigate InGaAs multiple quantum wells (MQWSs). embedded in
laterally grown InP membranes on SOI enabled by the tunnel epitaxy approach. The crystalline
quality, composition, and strain of the MQWs are examinedby. cross-sectional scanning
transmission electron microscopy (STEM), combining differential yphase contrast (DPC)
imaging with energy-dispersive X-ray spectroscopy (EDX)nmapping and atomic-resolution
strain analysis. We demonstrate high-quality InP membranes on SOI, and show that both EDX

and strain analysis consistently reveal high-In, highly compressively strained (110) QWs (>80%

In) embedded within the membranes. Despite the large mismatchy, no misfit dislocations are
observed in the MQWs even when the QW thickness exceeds the nominal (110) critical
thickness, which we attribute to the finite membrane,thickness and the associated elastic
compliance. We also observe that, under identical /precurser ratios, ultra-thin QWs can
incorporate more indium than a thick bulk InGaAs region. Overall, these findings support
lateral membrane growth as a practicalplatform for integrating high-strain (110) MQWs on
SOI and the design of membrane-based active regions for Si-photonic lasers.

Results and discussion

Figure 1 illustrates the, integration of InP membranes on Si waveguides using the tunnel
epitaxy approach. The initialepitaxial growth within the Si V-grooves provides high-quality
InP seed layers, which facilitate the subsequent lateral expansion of InP membranes atop the Si
waveguides. As shown in/the schematic of Figure 1a, the InP membranes can be positioned
either on the Si layer or on the SiO, cladding and the Si waveguides. These configurations are
illustrated by the optical mictoscope images in Figures 1b and 1c, where the membranes are
located on top of the Si layer and the SiO, cladding, respectively. Top-view and tilted view
scanning electron microscopy (SEM) images in Figures 1d and le further demonstrate the
integration structure, showingthe InP membranes grown from the V-groove (lower-left corner)
and sandwiched between two silicon nitride (SiN) layers on top of the Si waveguide layer.
Within the sameSOI geometry, we did not observe a noticeable difference in the InP membrane
growth when the membrane is formed above the Si device layer versus above the buried SiO,
cladding{In this work we use the InP/SiN/Si configuration as a representative platform for the
detailedstudy presented below.
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Fig. 1. (a) Schematic illustration of the integration of InP membranes on Si waveguide layer as well
as on SiO, and Si waveguides via tunnel epitaxy. (b, ¢), Optical microscope images showing InP
membranes grown on Si waveguidedayer.and on the buried SiO, cladding, respectively. (d) Top-view
SEM image of epitaxial InP membranesywhere the:'InP beneath the top SiN layer is visible. (¢) Tilted-
view (45° tilted) SEM image showing the InR membrane grown laterally from the Si V-groove at the
lower-left corner.

The epitaxy of InP membranes and InGaAs MQWs was performed using an Aixtron close
coupled showerhead metal erganic chemical vapor deposition (MOCVD) system. TMIn and
TEGa were used as/the group HT precursors; TBAs and TBP were used as the group V
precursors. Figure 2a shows a STEM image recorded with a high angle annular dark field
(HAADF) detector, illustrating the transition from vertical V-groove growth to lateral
membrane expansion. The corresponding DPC image is presented in Figure 2b. The DPC
imaging wassobtainedyusing a Thermo Fisher Panther detector, which consists of different
segments, recording the diffracted electron intensity in four angular regions at the same time.
The difference in intensity between opposite directions is highly sensitive to, e.g., crystal
orientation; consequently, changes in crystallinity (such as defects) are easily visible. In the
colored DPC images, the average direction of the diffracted intensity is shown qualitatively.
The colof visualizes the direction, and brightness reflects the magnitude. The varying color
contrast inside/and near the V-groove in the DPC image is due to the presence of crystal defects,
whereas the laterally grown InP membrane region maintains uniform contrast, suggesting
homogeneous single crystalline materials.

Zoomed-in STEM images of the V-groove region are shown in Figures 2¢ and 2e, revealing
stacking faults (SFs) propagating along the (111) crystal planes. These structural imperfections
are also reflected in the corresponding DPC images (Figures 2d and 2f). Additionally, a thin
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SiN layer is visible atop the Si waveguide layer (Figure 2c), serving as a growth mask daring
the epitaxial growth.

Fig. 2. (a) STEM image showing the growth transitionof InP from the Si V-groove to the lateral
growth, and corresponding DPC image (b) highlighting the single-crystalline phase of the lateral InP
membrane away from the V-groove. (¢, ) Enlarged STEM images at the V-groove region revealing
defects formation at initial Si V-groove, and corresponding DPC images (d, f) reflecting the presence
of crystalline defects originating from the V=groove.

Following the successful formation of the InP membranes, InGaAs MQWs were
incorporated during the lateral epitaxial growth step. The quantum wells were grown at 620 °C,
with an indium-to-group-IIl\gas-phase ratio of 53% and a V/III ratio of 30. The MQW
morphology was then examined by SEM. To clearly reveal the MQW structures, a phosphoric
acid-based etchant (H3PO4:H,0,:H,0 = 3:1:50; etch time ~30 s) was used to selectively remove
InGaAs relative,to'the surrounding InP. Figure 3 summarizes the facet orientations observed in
the InP/InGaAs membranes. Three distinct facets were identified: a vertical (110) facet and two
inclined, (114)Asand (LLB, facets. As indicated by Figure 3a, MQW formation can proceed
via different faceting,outcomes: a vertical (110) facet supporting vertical (110) MQWs (upper
image), or-a morphology dominated by the inclined (111) facets (lower image). The detailed
analysisrbelow, focuses on the former, while the latter motivates further optimization of InP
facet evolution to stabilize the (110) facet for uniform MQW formation. The SEM image in
Figure 3a shows the facet orientations, while the crystallographic schematic in Figure 3b
presents their corresponding formation.

Page 4 of 13
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Fig. 3. (a) Tilted SEM images: top, InGaAs MQW with predominantly vertical (110) facets; bottom,
InGaAs MQW with inclined (111)A and (111)B facets. (b) Crystallographic diagram illustrating
the (110), (111)A and (111)B facets.

We performed cross-sectional STEM on the InP/InGaA’s membrane to elucidate the
structural characteristics of the InGaAs MQWs. Figure 4a presents a STEM overview of a
sample exhibiting predominantly vertical (1,10) faceting (corresponding to the upper SEM
image in Figure 3a). The InP membrane is originated from the Si V-groove at the lower left,
and positioned above the Si waveguide layer. Within'the horizontal InP membrane, ten periods
of InGaAs MQWs are clearly resolved, as shown in the magnified STEM image in Figure 4b.
The MQWs are mainly formed on the vertical (110) facet, while two small, inclined facets,
(111)A at the upper side and (111)B at the lower side, are also present, as indicated by the
crystallographic diagram in,Figure 3b. The emergence of these (111)A and (111)B facets is
attributed to interfacial-energy minimization at the III-V/dielectric boundary, a feature also
observed in selective-area III-V growth by ART.3!32

As indicated in Figure 4%}16 InGaAs QW thickness on the vertical (110) facet is ~7.8 nm.
The InGaAs thickness on the upper (111)A facet is comparable to, or slightly larger than, that
on (110) under present growth’ conditions, whereas the QW on the bottom (111)B facet is
substantially thinner. Inparticular, once the (111)B facet becomes well defined, InGaAs growth
on the (111)B is negligible (<0.5 nm). By optimizing growth conditions, previous studies have
demonstrated that it'is possible to engineer buried (110) InGaAs MQWs within lateral InP
membranes(while suppressing InGaAs deposition on (111)A facets.’33* Figure 4c shows a
close-up STEM view of the vertical (110) InP/InGaAs MQWs, highlighting sharp and well-
defined QW interfaces. Figure 4d focuses on the bottom (111)B facet region, where the
InP/InGaAs membrane is positioned above the Si waveguide layer and separated by a thin SiN
spacer (~12 nm).
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(b)

Fig. 4. (a) STEM overview of an InP membrane containing a 10-period InGaAs/InP MQW. (b)
Enlarged STEM image of the MQWs, highlighting facet-dependent InGaAs well thickness on the
(110), (111)A, and (111)B facets. (c) Close-up,STEM image of the vertical (110) MQWs, showing
sharp InP/InGaAs interfaces. (d), Close-up STEM image at the bottom (111)B region, where the
InP/InGaAs membrane is positioned above the Si waveguide layer and separated by a thin SiN spacer.

A S

We further examined the InGaAs MQWs by STEM in combination with EDX. Figure 5a
identifies the region ofiinterest/containing the 10-period MQW stack and the InGaAs MQWs
with the (111)A, (110), and(111)B facets. An EDX line scan was acquired along the direction
indicated by the green arrow in Figure 5a, and Figure 5b presents the resulting compositional
profile across the ten MQW periods. To compare the compositions on different facets, EDX
area measurements were also taken from the (111)A and (110) facets. The probed positions are
marked in Figure Sc, where areas #1 and #1 A correspond to the (110) and (111)A facets of the
samequantum well: In total, the ten probed areas span five InGaAs QWs. The corresponding
indium compositions.are plotted in Figure 5d. While a slight well-to-well variation is observed,
the extracted indium compositions show minimal difference between the (111)A and (110)
facets withinthe same InGaAs well.

Figure 5e shows the 10-period MQW stack formed on the vertical (110) facet with a uniform
QW thickness, together with the corresponding EDX elemental maps. Ten regions within the
InGaAs wells (labelled #1-10 in Figure 5e) were selected for EDX area measurements, and the
resulting compositions are summarized in Figure 5f. The indium compositions obtained from
these ten (110)-facet wells are comparable with the value inferred from the line-scan profile in
Figure 5b. From the EDX, the indium composition in the InGaAs wells is approximately 85%.
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It should be noted that the EDX-derived indium composition may be inflated due to the
surrounding InP barrier and the narrow width of the quantum wells.

\
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Fig. 5. EDX line-scan and‘area analyses of the InGaAs/InP MQWs. (a) STEM image of the MQW
region for EDX measurements. (b), EDX line profile acquired along the arrow-marked path in (a),
resolving the 10-period MQW stack. (¢). Locations selected for EDX area analysis on the (110) and
(111)A facets (e.g., #1 and #1A) within each InGaAs wells, and (d) corresponding indium
compositions. (¢) STEMimage and corresponding EDX elemental mapping of the 10-period MQWs
on the vertical (110) facet. (f) Summary of EDX area analysis (#1-#10) performed within the (110)
InGaAs wells marked in (€).

We then performed a strain analysis on the (110)-orientated InGaAs QWs to extract the
indium compositions. This analysis is enabled by atomic-resolution STEM, which provides
direct access to the atomic-column positions for quantitative fitting. Figure 6a shows a close-
up STEM image of a representative vertical (110) QW. From the fitted atomic positions, we
extraeted the local-inter-column spacings along two orthogonal directions in the image. Figure
6b presents the local spacing between neighboring atomic columns along the horizontal
direction, normalized to the average spacing in the image. A larger spacing is observed within
the InGaAs,well region compared with the adjacent InP barriers. In contrast, the spacing along
the vertical direction (Figure 6¢) remains comparatively uniform across both the InP and
InGaAs regions. Figure 6d summarizes the statistical distribution of the horizontal spacing
extracted from Figure 6b (horizontal spacing). Using InP as a reference (approximating the
adjacent InP barriers as locally unstrained), the lattice mismatch along the lateral-growth
direction within the InGaAs QW is determined to be €, = 3.34%.
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From this observation, the free-standing (relaxed) lattice constant ay of the InGaAs' QW
can thus be calculated and the indium composition can also be extracted. Cross-sectionalSTEM
indicates that the lattice-column spacing along the growth direction [110] is 3.34% larger than
InP, while the in-plane spacing remains matched to InP; we therefore set @y, = ap,p

= 5.8687A and obtain a, from the measured [110] spacing by noting that, for a‘ubic lattice,

the (110) interplanar spacing is dy19 = a/\/z, i.e. a, = V2dyq0 (hence a 3.34%. increase in
dq19 corresponds to the same 3.34% increase in a, ).

To extract the relaxed lattice constant ag of the InGaAs QW, we use biaxial elasticity. Under
pseudomorphic biaxial strain, the in-plane strain is constrained by the InP barrier,/while the
free-surface (traction-free) condition along the growth normal requirés ¢,,<= 0. This links the
out-of-plane and in-plane mismatches via £, = —v g, where v is the orientation-dependent
biaxial Poisson ratio (for the common (001) case, vgg; = 2C1,/C1y). For the present (110)
orientation, v41o can be written as*>:

C11+3C12,—-2C
Viio = 7oz S (1)

C11+C12+2Cay
where C11,C12,C44 are the stiffness constants. The relaxed lattice constant is then obtained
by substituting v1¢ from Eq. (1) into
L

a;+viiea
o 2 /7

@)

1+v110

with a;; = ajpp and a, extracted from the measured (110) spacing. Using composition-
dependent stiffness constants obtained by linear interpolation, Eqgs. (1)—(2) were solved self-
consistently with Vegard’s law, giving @gi=-5.988A and an indium composition of 82.6% for
the (110)-orientated InGaAs QW.

Therefore, both the EDX and the strain analysis indicate that the indium composition in the
InGaAs QW is significantly-higher than the indium-to-group-IIl gas-phase ratio of 53%,
leading to compressively strained InGaAs MQWs as illustrated schematically in Figure 6e. This
highlights a key advantage of the lateral-growth approach: it enables highly compressively
strained, (110)-oriented InGaAs QWs with high indium content to be embedded within the InP
membrane. Although the QW thickness (7.8 nm) is larger than the critical thickness expected
for such a highly strained InP/InGaAs system,’* cross-sectional STEM reveals no misfit
dislocations at the (110) InP/InGaAs interfaces. We attribute this defect-free accommodation
to the finite InP membrane thickness (~340 nm), which allows partial elastic compliance (and
relief via neatby, free surfaces), thereby reducing the driving force for misfit dislocation
formation and increasing effective critical thickness in the thin-membrane heteroepitaxy.

Page 8 of 13
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Fig. 6. Atomic-resolution STEM—-based lattice-strain mapping of t}?e (110)-orientated InGaAs QW
embedded in InP membrane. (a) Atomic-resolution STEM image of the (110) InGaAs QW region
used for strain analysis. (b) Map of the horizontal inter-atomic-column spacing (normalized to the
mean value in the field of view), highlighting an expansion within the InGaAs well relative to the
adjacent InP barriers. (c) Map of the spacing in the orthogonal direction (vertical), showing a
comparatively uniform lattice spacing across.both InP and InGaAs region. (d) Statistical summary of
the extracted horizontal spacing from (b). A lattce mismatch €, = 3.34% is extracted. (¢) Schematic
illustrating the resulting anisotropic strain state of the vertical (110) QWs, characterized by a
pronounced distortion along the lateral-growth direction and minimal change along the orthogonal
(in-plane) direction.

Finally, we compare the thin (110) InGaAs QWs and a thick bulk InGaAs layer intentionally
grown at the end of the InP mémbrane (Figure 7a, growth direction from right to left). The bulk
layer was grown under exactly the same conditions as the QWs (indium-to-group-III gas-phase
ratio of 53%).and has aflateral/width of ~700 nm. Figure 7a shows an EDX map containing
both the bulk InGaAs regionand the 5-period InGaAs MQWs, and Figure 7b plots an EDX line
profile taken along the arrow in Figure 7a. From the line profile, the bulk InGaAs exhibits an
indium composition of ~50% (i.e. Ing 5Gay sAs), whereas the QWs show a much higher indium
level (>80%), consistent with the strain-derived composition (In composition of 82.6%).
Notably, the transition in the EDX line scan at the bulk InGaAs/InP interface spans ~15 nm in
the x-axis (fromybulk InGaAs to InP, indium increasing from ~50% to 100%), which likely
reflects the finite spatial resolution/beam-spreading and associated cross-talk in STEM-EDX
quantification. Therefore the composition extraction in an ultra-thin QW should be interpreted
with care.’

Overall, these results indicate that the bulk InGaAs composition is close to the group-III
gas=phase ratio under steady-state growth, whereas the ultra-thin QWs can deviate strongly and
ingorporate substantially more indium. A plausible explanation is that thick layers are
dominated by thermodynamic-limited behavior, whereas in thin QWs the solid composition is
more sensitive to surface-kinetic and interfacial-transient effects, which could bias indium
incorporation upward even under identical input ratios.’’
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Fig. 7. (a) EDX maps showing both the bulk InGaAs andithe InGaAs QW area. (b) EDX line profile
acquired along the arrow-marked path in (a). s

Conclusion

In conclusion, we have presented.a comprehensive study of laterally grown InP membranes
with embedded InGaAs MQWs integrated on,SOI using the tunnel epitaxy approach. STEM
combined with DPC imaging confirms the high crystalline quality of the InP membranes, with
defects confined to initial ¥-groove region. €ross-sectional STEM further reveals clear MQW

formation on (111)A, (110), and.(111)B facets, showing a negligible deposition on (111)B facet.

Both EDX and lattice-strainsanalysis indicate a high-In, highly compressively strained (110)
QW (indium composition >80%). Despite the QW thickness (7.8 nm) exceeding the nominal
(110) critical thickness, cross-sectional STEM shows no misfit dislocations at the InP/InGaAs
interfaces, suggesting/that the finité membrane thickness (~340 nm) and associated elastic
compliance enable coherent accommodation of large mismatch. In addition, under identical
precursor ratios, the ultra=thin (110) QWs incorporate a higher indium composition than a thick
bulk InGaAs region. Futureswork will focus on optimizing the InP facet evolution to favour
vertical (110) facet and thereby facilitate uniform (110)-oriented MQW formation. Overall, our
study focusfon the structure, composition, and strain analysis of high-In (110) MQWs
embedded (in laterally,grown InP membranes on SOI substrates, providing practical guidance
for implementing high-strain active regions in future electrically injected, Si-waveguide-
coupled membranedasers.
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