
Monolithic Growth of Patternable III−V on LiNbO3
Hyun Uk Chae,† Zezhi Wu,† Yiyan Yu, Hee gon Kim, Juan Sanchez Vazquez, Chun-Ho Lee, Mengji Yu,
and Rehan Kapadia*

Cite This: Cryst. Growth Des. 2024, 24, 4466−4472 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Developing cost-effective III−V integration has posed a critical challenge in integrated photonics. To date, the
integration of III−V with LiNbO3 has been demonstrated through epitaxial transfer or wafer bonding; however, challenges persist in
terms of both cost and alignment. In this paper, we demonstrated various patterned single-crystalline III−V mesas achieved through
low-temperature templated liquid-phase (LT-TLP) growth on LiNbO3. Both electrical and optical characterizations reveal the
distinctive quality of III−V even without using lattice-matched substrates. InAs on LiNbO3 shows high electron mobility (2500 cm2/
V·s) at room temperature, while InP on LiNbO3 displays uniform photoluminescence and the ability to tune the optical properties of
the grown material through in situ doping. We project that the reported LT-TLP monolithic III−V growth on LiNbO3 reported here
will prove beneficial in designing photonic devices such as photon generation and detection or gain materials.

■ INTRODUCTION
In recent years, the advancement of integrated optical
components has focused on exploring and integrating diverse
material classes in the pursuit of selecting the ideal material for
a given functionality and then integrating disparate materials to
create highly efficient photonic devices with complex
behaviors.1−4 The integrated photonic integrated circuit
(PIC) comprises two crucial elements: (i) waveguiding
materials, responsible for transporting light within the circuit
with minimal losses, and (ii) materials for photon generation
and detection. LiNbO3, with its large transparency window
spanning from ultraviolet to mid-infrared wavelengths and a
substantial Pockels coefficient of 32 pm V−1, has emerged as a
key material of interest, enabling efficient, low-driving voltage
and high-speed electro-optic (EO) modulators in an optical
fiber platform. After LiNbO3 on insulator wafers became
available through wafer bonding and smart-cut techniques,
many EO and nonlinear integrated PIC devices were
demonstrated utilizing very low-loss optical waveguides with
2.7 dB/m.5−10

While the second component is dedicated to photon
detection and generation, III−V materials have taken the
center stage due to their extensive study and dominance. This

is attributed to their flexibility in engineering band gaps and
exhibiting high carrier mobility compared to other materi-
als.11−14 Consequently, III−V materials have become integral
in creating sources, detectors, and high-speed electronic
devices.15−17 Although III−V semiconductors through wafer
bonding on LiNbO3 have replicated most optical functions
demonstrated in nonepitaxial platforms, their performance has
often been compromised by material constraints and
compatibility issues.18−21 Flip-chip bonding and edge coupling
were employed to integrate the photonic source into the
LiNbO3; however, coupling losses and alignment issues
remained.22,23 The efforts have been directed toward realizing
monolithic PICs, where all the components can be grown and
fabricated within a single platform. The ideal scenario involves
creating monolithic PICs that integrate cutting-edge devices
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from each material group; however, the inherent disparities

between these materials have made this goal less feasible.
This study presents the first successful monolithic growth of

a III−V semiconductor on LiNbO3 using a recently developed

low-temperature templated liquid-phase (LT-TLP)

growth.24,25 The feasibility of growing various patterns of

III−V has been experimentally verified. This achievement

opens new prospects for designing innovative, efficient, and

cost-effective photonic devices.

■ DISCUSSION
Figure 1a illustrates a schematic representation of various
strategies for integrating III−V on a LiNbO3 substrate. Owing
to lattice mismatch, achieving a single-crystalline epitaxial layer
of III−V on LiNbO3 using conventional growth methods is not
viable. Our research group has recently demonstrated the
feasibility of single-crystalline III−V growth on nonepitaxial
substrates through LT-TLP.24,25 This growth process is
specifically conducted at temperatures below 400 °C, making
it compatible with the back end of the line (BEOL) process
and suitable for constructing a PIC on a complementary

Figure 1. (a) Schematic of different approaches to integrate III−V onto a LiNbO3 platform. (b) 3D schematic process flow of templated liquid-
phase growth of III−V on LiNbO3. The cross-section of the material stack shown in the 2D figure. (c) Optical microscopy images of liquid indium
to fully grown III−V on LiNbO3.

Figure 2. (a) SEM image of patterned InP with the letter USC. (b) EDS map of InP grown on LiNbO3. SEM images of (c) square shape, (d) circle
shape, and (e) ring shape of InP. Scale bar: 5 μm.
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metal−oxide−semiconductor (CMOS) platform.26,27 While
previous work has demonstrated the feasibility of growing III−
V on nonepitaxial substrates, such as amorphous dielectrics
and metals, the significance of our work lies in two key aspects:
(i) providing experimental evidence that a similar approach is
effective for emerging photonic materials and (ii) developing a
patternable III−V with various doping conditions on LiNbO3.
This material can serve as an epi-ready site for subsequent
epitaxial processes. The monolithic growth approach presents
two primary advantages over epitaxial transfer methods for III-
Vs. First, it obviates the need for expensive epitaxial III−Vs,
thereby reducing costs. Second, transfer-based approaches for
III-Vs are constrained by the limited size of epitaxial substrates,
thus failing to overcome the barrier to potential large area
applications in silicon-compatible processes. Figure 1b presents
a schematic representation of the LT-TLP growth process on
LiNbO3, with details in the Methods Section and Supporting
Information Figure 1. In summary, a group III metal (indium
or gallium) and a silicon dioxide capping layer are precisely
deposited in the desired template geometry and pattern onto
LiNbO3 through evaporation. Subsequently, the substrate
undergoes heating in a H2 environment, causing the group III
metal to melt into a liquid phase thanks to the low melting
point. At the growth temperature, a precursor gas is
introduced, leading to supersaturation and precipitation of
the target material, in this case, InP and InAs, although the
method is not limited exclusively to In-based III−Vs. Notably,
commencing with the prepatterned group III metal allows the

definition of the III−V shape according to diverse device
applications. Precursor flux control facilitates single nucleation
at the pattern, resulting in single-crystalline growth.28 Figure 1c
shows optical microscope images of the progression from
liquid indium to the fully grown InP in the shape of the letters
USC.
The versatility of growing varied patterns on LiNbO3 is

pivotal in constructing practical integrated photonic elements.
Figure 2a displays a scanning electron microscopy (SEM)
image of the III−V growth in the USC letter, demonstrating a
sharp, smooth surface without a lattice-matched substrate.
Figure 2b exhibits the corresponding energy-dispersive
spectrometry (EDS) maps of In, P, Nb, and O, crucially
revealing a clean boundary between InP and the underlying
LiNbO3 substrate. Supporting Information Figure 2 shows the
cross-sectional SEM and corresponding EDS for the material
stacks. The EDS result of InAs in the same shape is also shown
in Supporting Information Figure 3. Our endeavors in LT-TLP
growth has encompassed diverse III−V shapes, as illustrated in
Figure 2c−e, showing square, circle, and ring configurations.
These varied patterns hold promise for future applications,
such as utilizing nano/micropatterns of circles as platforms for
whispering gallery mode lasers.29,30 The square shape holds
potential utility as a platform for a photodetector, creating
additional junctions atop it. Alternatively, it can serve as a
metasurface due to the high refractive index of III−V materials.
The ring-shaped III−V configuration may find application in
ring resonator integration. However, the efficacy of these

Figure 3. (a) EBSD on circle shape InP on LiNbO3. Scale bar = 3 μm. (b) TKD pattern of InP on LiNbO3. Scale bar: 500 nm. (c) Raman
spectrum of InP and InAs on LiNbO3. (d) Hall mobility of InAs in different temperature ranges.
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applications hinges on the quality of the material used as an
efficient photonic component. In particular, when the grown
III−V material is polycrystalline or amorphous, the quality of
the material is not sufficient for any applications.
To assess the crystallinity of our material grown on LiNbO3,

we conducted a characterization of the microstructural
crystallographic orientation using electron backscatter diffrac-
tion (EBSD). In EBSD, each color corresponds to a distinct
out-of-plane orientation. Therefore, an LT-TLP layer with a
single color indicates a single crystallinity. Figure 3a depicts the
EBSD map of the circle-shaped III−V structures, revealing a
single out-of-plane crystal orientation in the grown material.
LiNbO3, bonded from the bulk wafer to the SiO2/Si wafer
before the growth of any III−V on top, also exhibits single
crystallinity. A transmission Kikuchi diffraction (TKD) pattern
of the material along the entire cross-sectional length was
obtained to characterize the interface between two single-
crystalline materials. An inverse pole figure (IPF) in the x,y,z-
direction shown in Figure 3b illustrates that the grown InP is
single-crystalline on top of single-crystalline LiNbO3. The
Raman spectrum of LT-TLP-grown InP and InAs presented in
Figure 3c identifies discernible transverse (TO) and longi-
tudinal (LO) mode peaks. For InAs, these peaks are observed
at 218 cm−1 (TO) and 239 cm−1 (LO), while for InP, peaks
are noted at 300 cm−1 (TO) and 348 cm−1 (LO).31,32

Additionally, the Raman spectrum exhibits peaks correspond-
ing to LiNbO3, aligning with findings from prior studies on
LiNbO3.

33 Alongside the crystalline validation, the electron
mobility of the III and V templated films is determined
through Hall effect measurements. In this context, InAs,
characterized by higher electron mobility, is selected over InP
for mobility extraction. Recently, studies have shown that
acoustoelectric interactions of propagating phonons and
electrons lead to the nonreciprocal amplification of radio
frequency (RF) acoustic waves, creating an amplifier with the
integration of a high-electron mobility semiconductor on
LiNbO3.

34,35 The material integration in the aforementioned
studies was executed through a transfer method. This
emphasizes the substantial potential of monolithic III−V
integration. Figure 3d illustrates the mobility profile of a
representative InAs Hall element. A peak mobility of 3600
cm2/V·s is recorded at 100 K, while the room-temperature
mobility under these conditions is approximately 2500 cm2/V·
s with a carrier concentration of ∼1017 cm−3. The characteristic

curve shape aligns with that of a typical single-crystal 3D
semiconductor.36,37 In addition, theoretical calculation using
temperature-dependent scattering components such as ionized
impurities and phonon scattering also explains the behavior of
the experimental data of the mobility measurement.36,37 Given
that our grown III−V is a single-crystalline semiconductor, the
primary factor influencing the mobility is temperature-
independent components such as surface roughness scattering
or crystalline defects, and the mobility of TLP III−V can be
further improved with growth optimization to improve surface
roughness and crystalline quality.38

Material quality assessment is a critical aspect of semi-
conductor analysis, with photoluminescence (PL) serving as a
key factor. The presence of low-quality or defective materials
can lead to nonradiative recombination, a pivotal consideration
in the fabrication of optoelectronic and photonic devices.
Steady-state photoluminescence (PL) mapping of LT-TLP InP
with the USC shape on LiNbO3 is presented in Figure 4a. The
PL mapping reveals illumination of the PL signal from the USC
shape, while the substrate remains dark, illustrating a distinct
contrast between the two materials. The variation of the PL
signal within USC InP comes from two different growth
factors; (i) background doping from Si through SiO2 capping
layer decomposition during the growth and carbon contam-
ination in the growth system and (ii) the growth temperature.
We have experimentally proved that the uniformity of material
quality heavily depends on the growth temperature.24

However, the growth approach does not limit the material
intrinsic quality but is more related to the growth parameters
that can be tuned in future work such as chamber conditions
and growth temperatures. Figure 4b displays the distribution of
the peak energy of PL from eight different spots within the
material, demonstrating a uniform distribution that indicates
the consistency of the material grown on top of LiNbO3.
In semiconductor growth processes, precise control over

doping levels is imperative for constructing various junctions to
create functional devices. Given that the LT-TLP process lacks
inherent acceptor or donor atoms during normal growth,
dopants were introduced during LT-TLP growth by using
external precursors. Silane (SiH4) was incorporated during
growth to introduce silicon as a donor, while trimethylalumi-
num (DEZn) was introduced as an acceptor for III−V
semiconductors. Figure 4c presents the normalized PL signal
from three material groups with intrinsic, n-type, and p-type

Figure 4. (a) PL mapping of InP having the USC letter at a peak energy of 1.34 eV; scale bar: 2 μm. (b) Peak energy of PL from different InP
spots. (c) PL from different InPs grown under doped conditions.
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InP. In doped semiconductors, band gap widening (BGW)
occurs due to occupied lower states in the conduction band,
while band gap narrowing (BGN) results from many-body
interactions on doping.39,40 Both n-type and p-type InP grown
by LT-TLP exhibit shifts in PL signals with opposite
directions, where p-InP demonstrates a red shif t (1.33 eV)
and n-InP exhibits a blue shif t (1.37 eV). While both BGN and
BGW contribute to shifting the effective band gap, the
prominence of BGW is observed in n-InP, where the effective
mass of the electron (me* = 0.08 m0) is approximately 1 order
lighter than that of the heavy hole in InP (mh* = 0.6 m0).

41−43

This phenomenon induces a higher impact of BGW in n-type
InP, as evidenced by the PL signal.

■ CONCLUSIONS
In conclusion, this work has comprehensively explored
advancements in integrated optical components, specifically
combining III−V materials on LiNbO3 to construct highly
efficient PICs. It is shown that the monolithic growth of III−V
on LiNbO3 through LT-TLP growth can precisely control the
desired pattern. Notably, single-crystalline III−V was achieved
on LiNbO3 despite the growth on a nonepitaxial substrate.
EBSD confirms the crystallinity of the grown InP and InAs.
Hall mobility measurement, PL, and Raman spectroscopy were
employed to investigate the electrical and optical properties.
The demonstrated doping of III−V opens possibilities for
potential monolithic on-chip III−V devices on LiNbO3,
including p−n/p−i−n junctions in stacked or lateral growth
configurations. Doped LT-TLP III−V can serve as an epi-ready
spot for subsequent homo/heteroepitaxial III−V growth,
enabling the development of various quantum structures
through MBE or MOCVD. We believe that this novel
approach to integrate III−V materials on LiNbO3 on an
insulator platform will pave the way to realizing various
semiconductor-based lasers and photodetectors with versatile
scalability.44−47

■ METHODS
Patternable III−V TLP Growth on LiNbO3. A LiNbO3 bonded

to the SiO2/Si substrate was first degreased by rinsing with acetone,
IPA, and DI water for 30 s each. Desired patterns were written by
conventional photolithography with a Heidelberg direct writer (DWL
66) or E-beam lithography (Raith EBPG 5150). Indium was
evaporated by thermal evaporation, while the sample stage was
cooled with a liquid nitrogen flow (−185 °C) to minimize the
roughness of the indium template. LT-TLP was carried out in a
Thomas Swan CCS MOCVD. Arsine (AsH3) or phosphine (PH3)
with H2 as the carrier gas was used to fully grow the III−V without
using metal−organic sources such as TMIn or TMGa. The growth
pressure was 76 Torr, with 50 sccm of group V hydride gases with a
500 sccm H2 flow. Dopant precursors are trimethylaluminum (DEZn)
for the p-dopant and silane (SiH4) for the n-dopant with 5 sccm flow
rate. After LT-TLP III−V growth, unnecessary side growth was
removed by Cl2 ICP-RIE etch while using the SiO2 capping layer as a
dry etch mask. The SiO2 capping layer was removed with the HF
etchant.
Scanning Electron Microscopy and Focused Ion Beam.

Scanning electron microscopy images were obtained using a Nova
NanoSEM 450 and a Helios G4 PFIB field-emission scanning electron
microscope. A focused ion beam (FIB) attached to the Helios G4
PFIB was used to analyze the cross-section of the GaAs MSM
structure. EBSD was carried out by an Oxford detector attached to the
Helios G4 PFIB system under a 70° pretilted stage.
Hall Mobility Measurement. Mobility measurements are

conducted across different temperature ranges (2−300 K) utilizing

a physical property measurement system (PPMS) with a Hall bar
shape pattern.

Photoluminescence and Raman Spectral Measurement.
Steady-state photoluminescence measurements were carried out in a
Renishaw inVia confocal Raman microscope setup using a constant-
power 532 nm laser source as the excitation and a Si CCD detector.
For the PL heat map, a peak position at 1.34 eV was selected, and the
pixel size for PL signal collection was defined as a 500 nm window.
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Naeini, A. H.; Javey, A.; Vucǩovic,́ J. Platform-agnostic waveguide
integration of high-speed photodetectors with evaporated tellurium
thin films. Optica 2023, 10 (3), 349−355.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.4c00116
Cryst. Growth Des. 2024, 24, 4466−4472

4472

https://doi.org/10.1038/s41928-022-00908-6
https://doi.org/10.1038/s41928-022-00908-6
https://doi.org/10.1063/5.0006954
https://doi.org/10.1063/5.0006954
https://doi.org/10.1063/5.0006954
https://doi.org/10.1016/S0022-0248(97)00219-4
https://doi.org/10.1016/S0022-0248(97)00219-4
https://doi.org/10.1016/S0921-5107(99)00118-X
https://doi.org/10.1016/S0921-5107(99)00118-X
https://doi.org/10.1016/S0921-5107(99)00118-X
https://doi.org/10.1016/j.sse.2006.07.001
https://doi.org/10.1016/j.sse.2006.07.001
https://doi.org/10.1039/C9CP04132J
https://doi.org/10.1039/C9CP04132J
https://doi.org/10.1039/C9CP04132J
https://doi.org/10.1002/pssb.2221740238
https://doi.org/10.1002/pssb.2221740238
https://doi.org/10.1021/acs.nanolett.3c04687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c04687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c01411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1258479
https://doi.org/10.1126/science.1258479
https://doi.org/10.1002/adpr.202370015
https://doi.org/10.1002/adpr.202370015
https://doi.org/10.1364/OPTICA.475387
https://doi.org/10.1364/OPTICA.475387
https://doi.org/10.1364/OPTICA.475387
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

