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ABSTRACT: Advances in epitaxy have enabled the preparation
of high-quality material architectures consisting of incommen-
surate components. Remote epitaxy based on lattice trans-
parency of atomically thin graphene has been intensively
studied for cost-effective advanced device manufacturing and
heterostructure formation. However, remote epitaxy on non-
graphene two-dimensional (2D) materials has rarely been
studied even though it has a broad and immediate impact on
various disciplines, such as many-body physics and the design of
advanced devices. Herein, we report remote epitaxy of ZnO on
monolayer MoS2 and the realization of a whispering-gallery-
mode (WGM) cavity composed of a single crystalline ZnO nanorod and monolayer MoS2. Cross-sectional transmission
electron microscopy and first-principles calculations revealed that the nongraphene 2D material interacted with overgrown
and substrate layers and also exhibited lattice transparency. The WGM cavity embedding monolayer MoS2 showed enhanced
luminescence of MoS2 and multimodal emission.
KEYWORDS: remote epitaxy, microcavity, two-dimensional material, transition metal dichalcogenides, polarity inversion,
whispering-gallery-mode

INTRODUCTION

A clean and abrupt interface at the atomic scale is important
for materializing concepts of basic sciences and a prerequisite
for manufacturing advanced devices. Two-dimensional (2D)
materials provide opportunities to obtain atomically smooth
interfaces with clear-cut composition profiles in various
heterostructures, due to the absence of surface dangling
bonds on the materials. 2D materials are essential building
blocks of various heterostructures and conventional thin films,
hereafter called 3D materials. Recent advances in 2D materials-
based heterostructures have demonstrated emergent phenom-
ena, such as twistronics,1−3 interlayer excitons in 2D/2D,4−6

enhanced electromagnetic coupling in 2D/3D,7 and advanced
manufacturing of 2D/3D devices.8−12

Stacking and direct growth have been two fabrication
approaches to embed 2D materials in heterostructures.
Stacking 2D materials to fabricate heterostructures is widely
used for 2D/2D and 2D/3D heterostructures. Although
stacking of 2D materials has been successfully employed in
diverse fields, it is difficult to avoid unintentional interfacial
contamination during the preparation of individual 2D

materials in supporting media and during subsequent
stacking.13 Moreover, stacking 2D materials is not appropriate
for scalable fabrication of devices and architectures due to the
formation of unintentional wrinkles and bubbles. Direct
growth of 2D or 3D materials on other 2D and 3D materials
has advantages over stacking. van der Waals (vdW) and remote
epitaxy techniques have shown that 2D material-embedding
heterostructures with clean and abrupt interfaces can be
prepared in a manner compatible with mass production.12,14,15

Especially, remote epitaxy based on lattice transparency of an
atomically thin 2D material is of great interest because the
technique has high potential as a way to investigate the epitaxy
mechanism across vdW gap, and for scalable and economical
manufacturing of semiconductor devices.16−19 In principle,
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remote epitaxy can be widely used because the absence of
surface dangling bonds on a 2D material eliminates the
problem of material incompatibility, a critical bottleneck of
covalent and ionic bonding-based conventional epitaxy.
Previous reports have established that remote epitaxy can be
applied for various 3D materials.14,15,20,21 Nevertheless, the
only 2D material that can currently be used as a substrate for
remote epitaxy is graphene. Remote epitaxy on a nongraphene
material has rarely been reported with indication of material
degradation.22

The major bottlenecks of remote epitaxy on nongraphene
2D materials are the decrease in lattice transparency and
degradation of the 2D material under typical conditions of
epitaxy involving chemical and physical vapor deposition
techniques. The underlying principle of remote epitaxy is that
the atomic arrangement of the overgrown layer on the 2D
material is governed by the surface potential of the material
beneath the 2D material. For remote interaction across a 2D
material, its interaction with surrounding media should be
minimized. Atomically thin single-element graphene with an
extremely low dipole moment along the in-plane and out-of-
plane directions is an ideal material for remote epitaxy. On the
other hand, other 2D materials, such as transition metal
dichalcogenides (TMDCs) and hexagonal boron nitride, have
their own polarization field, which affects the potential of the
layer underneath the 2D material.14,23 Thus, the lattice
transparency of a nongraphene 2D material is significantly

lower than that of graphene. Moreover, a nongraphene 2D
material is degraded in certain chemical environments.
Although there have been reports that the integrity of certain
TMDCs, such as MoS2 and WS2, can be preserved at elevated
temperatures under vacuum or hydrogen atmosphere,24−26

atom diffusion resulting in vacancies and nonstoichiometry in a
monolayer occurs in a reactive environment, which is common
during epitaxy.27

Remote epitaxy on a nongraphene 2D material can be
accomplished by developing protocols resolving the bottle-
necks described above. The lower lattice transparency can be
overcome by material combination. The polarity principle of
remote epitaxy implies that higher ionicity enhances potential
penetration through a 2D material.23,28 Thus, potential
penetration of a noncentrosymmetric material across a
nongraphene 2D material may not be affected by polarization
of the 2D material. Degradation of the 2D material during the
remote epitaxy process can be minimized or prevented by
careful selection of mild processing parameters, such as low
temperature and nonharsh plasma condition.
Herein, we report remote epitaxy of ZnO on monolayer

MoS2. In contrast to previous remote epitaxy studies, which
focused on manufacturing issues associated with 3D materials
or exhibited degradation of the 2D material, our study
demonstrates that individual 2D and 3D constituents can be
integrated in one architecture. Analysis of the ZnO/MoS2/
ZnO architecture prepared by remote epitaxy revealed that the

Figure 1. Remote epitaxy of ZnO NR on ZnO crystal across monolayer MoS2. (a) Tilted view and (b) top view SEM images of ZnO NRs on
MoS2/ZnO. (c) Cross-sectional TEM image of ZnO NR/MoS2/ZnO heterostructure. Selective area electron diffraction patterns of ZnO NR
(d) and ZnO crystal (e).
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luminescent characteristic of the monolayer MoS2 was affected
by a cavity made of the surrounding ZnO segments.

RESULTS AND DISCUSSION

Remote epitaxy of ZnO on monolayer MoS2 was accomplished
by hydrothermal synthesis of ZnO nanorods (NRs) on
monolayer MoS2/ZnO substrate. The continuous thin film of
monolayer MoS2 was grown on an SiO2/Si substrate by
metal−organic chemical vapor deposition (MOCVD). Details
of the MoS2 growth are described elsewhere.29,30 The MoS2
was delaminated from the SiO2 and subsequently transferred
onto a c-oriented and Zn-terminated ZnO crystal. Figure 1a
shows vertically aligned ZnO NRs on the transferred
monolayer MoS2 thin film. The top-view image (Figure 1b)
reveals long-range ordering of sidewall {101̅0} facets of
individual ZnO NRs over an area of 30 × 30 μm2, which is
significantly larger than the typical grain size of monolayer
MoS2 grown by MOCVD.29,31 However, the ZnO NRs were
not evenly nucleated on the monolayer MoS2. Most of ZnO
NRs are adjacent to the nearest neighboring NRs within 2 and
3 μm which is comparable to the grain size of the monolayer
MoS2 in this study. The distance between NR clusters is in the
range of 5 and 10 μm. The inhomogeneous distribution of
ZnO NRs on the monolayer MoS2 implies that there are
favorable nucleation sites of ZnO NRs on the monolayer MoS2
composed of multiple grains resulting in distribution of
misalignment between ZnO and the MoS2 with angles.
Thorough understanding of effects of interlayer misalignment,
represented by twist angles, on remote epitaxy is a crucial topic
for follow-up study. The alignments of ZnO NRs along vertical
and in-plane directions indicated that the ZnO NRs grown on
monolayer MoS2 were affected by the ZnO crystal underneath
the MoS2 layer. Cross-sectional transmission electron micros-
copy (X-TEM) revealed the epitaxial relationship between the
overgrown ZnO NRs and the ZnO crystal across the
monolayer MoS2. To minimize damage and sputtering of the
monolayer MoS2 during the X-TEM sample preparation,
focused ion beam milling and final thinning were conducted at
the cryogenic temperature of 120 K. The high-resolution (HR)
TEM image (Figure 1c) and electron diffraction patterns
(Figure 1D,E) of the ZnO NR and ZnO crystal revealed that
the two ZnO segments over and underneath the monolayer
MoS2 had an epitaxial relationship. The HRTEM images
obtained in different focal planes (Figure S1) showed that the
ZnO/MoS2/ZnO had a single crystalline structure embedding

atomically thin MoS2 without noticeable structural damage.
The absence of a hole in the monolayer MoS2 (Figure 1c and
Figure S1) indicated that the epitaxial relationship between the
ZnO NR and ZnO crystal was achieved through remote
interaction, consistent with the principle of remote epitaxy. Tilt
angles of the ZnO planes of the overgrown ZnO NR ranged
from 0.2° to 1.0° across the interfacial plane (Figure S2). The
tilt of the overgrown ZnO NRs relative to the ZnO crystal can
be explained by miscutting of the ZnO crystal and warping of
the transferred monolayer MoS2.
The mechanism enabling the observed remote epitaxy of

ZnO on monolayer MoS2 was investigated from the
perspective of energetics and charge density distribution,
estimated by density functional theory (DFT) calculations
incorporating geometrical relaxation through vdW interaction.
From an energetic perspective, ZnO/MoS2/ZnO should have
atomic arrangements that minimize the system’s energy with
stable interfaces. The model system for the DFT calculations
consisted of a ZnO bottom segment with four unit cells,
monolayer MoS2 at the central region, and a top ZnO segment
with four unit cells. Both Zn- and O-terminated surfaces
attached to the sandwiched monolayer MoS2 were considered.
A series of DFT calculations established that the ZnO/MoS2/
ZnO structure was stable when Zn atoms on the top and the
bottom ZnO segments faced to the S atom layers of monolayer
MoS2. (Figure S3). In the case of the oxygen atom layer facing
the S atom layer, either for the top or for the bottom ZnO
segment, the whole ZnO/MoS2/ZnO system became unstable,
reflected in the excess energy of the system compared with the
sum of the energies of the top and bottom ZnO segments and
MoS2. Stabilization of the ZnO/MoS2/ZnO system with an O-
terminated ZnO segment required distortion of the crystal
structure of the O-terminated ZnO segment (Figure S3). The
absence of a distorted ZnO crystal in Figure 1c indicates that
the remote epitaxially grown ZnO/MoS2/ZnO structure had a
stable interface, defined by the atomic arrangement of O−Zn−
S−Mo−S−Zn−O along the out-of-plane direction. The
arrangement of electronegative S atoms and electropositive
Zn atoms in a row was preferrable from the perspective of
energetics. However, the atomic arrangement implies polarity
inversion between the top and the bottom ZnO segments. The
possibility of polarity inversion, which has not been observed
in previous studies of remote epitaxy on graphene, suggests
that remote epitaxy on a nongraphene 2D material can be
understood by considering multiple aspects of kinetics and

Figure 2. First-principles calculation of ZnO/MoS2/ZnO. Side view (a) and top view (b) of atomic configuration and charge density
distribution of ZnO/monolayer MoS2/ZnO heterostructure.
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energetics beyond only lattice transparency, such as polarity
control of III-nitride thin film growth.32,33

The DFT-simulated atomic arrangement and charge density
distribution are visualized in Figure 2. In the energy-
minimizing atomic configuration of O−Zn−S−Mo−S−Zn−
O along the out-of-plane direction, the side (Figure 2a) and
top (Figure 2b) views show that the top and the bottom ZnO
segments were epitaxially aligned. Figure 2a clearly shows that
MoS2-mediated charge transfer occurred between the top and
the bottom ZnO segments. The spatial overlap of electron
accumulation (yellow) and depletion (blue) regions depicted
in the contour map of the charge distribution (Figure 2b)
reveals that the ZnO segments separated by the monolayer
MoS2 had the same atomic arrangement in space, which
supports remote interaction between the ZnO segments. The
electron accumulation and depletion regions at the interface
between the MoS2 and upper ZnO layer mirrored those at the
interface between the MoS2 and lower ZnO layer. The mirror-
symmetric charge distribution along the MoS2 is consistent
with the polarity inversion behavior shown in Figure S3. The
MoS2-mediated charge transfer was quantified by the
adsorption energy of the top ZnO segment onto the MoS2/
ZnO heterostructure. The adsorption energy of the top ZnO
layer onto the MoS2/ZnO vdW heterostructure is −88.52
meV/Å2, which is stronger than the estimated energy of −55.5
meV/Å2 for the remote epitaxially grown ZnO on the
graphene/GaN heterostructure.34 The stronger interaction
indicates that the monolayer MoS2 facilitates stable remote
epitaxial growth of ZnO through MoS2-mediated charge
transfer.
In the DFT calculations, in-plane piezoelectric field in the

monolayer MoS2, induced by lattice mismatch between ZnO
and MoS2, was not fully considered. Strong in-plane piezo-
electric field in a crystalline single grain of monolayer MoS2
under mechanical deformation has been reported.35 Although
remote epitaxy mechanism based on lattice transparency
focuses on field penetration along out-of-plane direction, in-
plane field distribution can agitate the substrate’s potential
distribution. However, the monolayer MoS2 thin film utilized
for the remote epitaxy in the study consists of multiple grains
with different in-plane crystallographic orientations. Built-in
strain in the whole MoS2 thin film can be lower than that in an
individual crystalline grain. In addition, vdW relaxation in a
2D/3D heterostructure mainly occurs in an overgrown layer
not in a 2D material embedded in the heterostructure.36 In our
DFT calculation including vdW relaxation, the strain in the
monolayer MoS2 was less than 0.2%, which may not induce
significant in-plane piezoelectric field.
The ZnO/MoS2/ZnO heterostructure is considered to be a

cavity made of monolayer TMDC surrounded by a dielectric
medium. To utilize the remote epitaxy accomplished in this
study, a cavity structure was fabricated. Figure 3a schematically
illustrates the cavity fabrication procedure. After ZnO NRs
were prepared on undoped GaN thin film, monolayer MoS2
continuous thin film was transferred onto the ZnO NRs. The
MoS2 placed on top of the ZnO NRs remained in place.
However, the MoS2 regions outside the NR tops were torn and
rinsed away. The MoS2/ZnO NR vdW heterostructures were
used as a substrate for the subsequent growth of ZnO NRs via
hydrothermal synthesis. Figure 3b presents a schematic
illustration and corresponding SEM images of the ZnO/
MoS2/ZnO NR heterostructures. Figure 3b shows that the top
ZnO segments were selectively grown on the tops of the

MoS2/ZnO NR heterostructures. No MoS2 was present on the
sidewalls of the ZnO NRs (Figure S4). Moreover, there was no
rotation of the top ZnO segments with respect to the bottom
ZnO segments. The alignment of sidewall facets between the
top and the bottom ZnO segments is consistent with Figure 1a,
indicating remote epitaxy of ZnO on MoS2. The MoS2 is
located at the pinched points at the middle of the ZnO/MoS2/
ZnO NR heterostructures.
Room temperature microphotoluminescence (RT μ-PL)

measurements were performed to characterize the optical
properties of the ZnO/MoS2/ZnO NR heterostructures.
Before the MoS2 and ZnO NRs were heterostructured, the
RTPL spectra of monolayer MoS2 thin film and ZnO NRs
were obtained; their spectra did not overlap (Figure S5). The
dominant PL emissions of the monolayer MoS2 and the ZnO
NRs were observed at 1.87 and 3.3 eV, respectively. The RTPL
spectrum of the ZnO NRs showed weak emission at visible
wavelengths in the range of 2 and 2.3 eV. Figure 3c shows the
RT μ-PL spectrum of a single ZnO/MoS2/ZnO NR
heterostructure dispersed onto a 300 nm thick SiO2/Si
substrate. The origin of the dominant and strong PL emission
at 1.9 eV is assigned to A excitons of monolayer MoS2. The

Figure 3. ZnO/MoS2/ZnO NR heterostructures. (a) Schematic of
the preparation of ZnO/MoS2/ZnO NR heterostructures via
remote epitaxy. (b) Exploded-view drawing and tiltied view SEM
images of a ZnO (green)/MoS2 (violet)/ZnO(green) NR
heterostructure. (c) RT μ-PL spectrum of a single ZnO/MoS2/
ZnO NR heterostructure with deconvoluted spectra labeled with
PL1, PL2, and PL3.
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observation of A excitonic emission from monolayer MoS2 in
the NR heterostructure indicates that the monolayer MoS2 was
not noticeably degraded during the hydrothermal synthesis of
ZnO NRs on the transferred MoS2. Monolayer MoS2 is known
as a stable material over several days in an aqueous
environment at 75 °C.37 Degradation of monolayer MoS2
during the growth of ZnO NRs at 95 °C for 4 h is not
noticeable. The full-width at half-maximum (FWHM) of the
RT μ-PL spectrum in Figure 3c is 320 meV, which is
remarkably larger than the FWHM (52 meV) of the RTPL
spectrum of the monolayer MoS2 thin film in Figure S5. The
FWHM difference originates from the intensity of the
excitation source. In the PL studies, the excitation intensities
of the RTPL (for MoS2) and the RT μ-PL (for the ZnO/
MoS2/ZnO heterostructure) measurements were 1 and 125
kW/cm2, respectively. Previous reports on power-dependent
PL studies of monolayer MoS2 showed spectral broadening
with increasing excitation intensity.38 The RT time-resolved
(TR) PL spectrum (Figure S6) was fitted by biexponential
decay curves. The fast and the slow PL decay constants of the
1.9 eV emission were 0.5 and 7 ns, respectively, comparable to
the values which reported by of monolayer MoS2 TRPL
studies.39,40 The average PL decay constant of the 1.9 eV
emission was 500 ps. Meanwhile, the reported PL decay
constant of defect emission of ZnO at visible wavelengths
exceeds 5 ns.41 The dominant PL emission peak and the PL
decay constant support that the monolayer MoS2 was not
degraded during the remote epitaxy process. The PL mapping
at 1.9 eV of individual ZnO/MoS2/ZnO heterostructures
(Figure S7) shows that the MoS2 PL emission occurred in the
entire heterostructure though the monolayer MoS2 located at
the middle of the heterostructure. The omnipresent PL
emission at 1.9 eV in spatially resolved PL is attributed to
the ZnO surrounding medium acting either as a waveguide
delivering the excitation laser to the monolayer MoS2 or as a
microcavity confining the PL of the monolayer MoS2.
Another spectral feature shown in Figure 3c is the

appearance of two shoulders at 1.6 (PL2) and 2.16 (PL3)
eV with the same spacing of 280 meV from the center emission
at 1.88 eV (PL1), as shown in the deconvoluted RT μ-PL
spectrum (dotted line). PL2 and PL3 do not correspond to
known excitonic emissions of monolayer MoS2. Moreover, the
equidistant energy levels of PL2 and PL3 from PL1 indicate
that PL2 and PL3 are modal emissions of PL1. The well-
faceted hexagonal structure of ZnO, surrounding the
monolayer MoS2, can be considered as a whispering-gallery-
mode (WGM) cavity.
In addition to the spectral features discussed above, it is

worthwhile to mention that formation of the ZnO/MoS2/ZnO
heterostructure was useful to protect the embedded monolayer
MoS2. The RT PL emission spectra of a pristine monolayer
MoS2 grown by MOCVD and the embedded MoS2 in ZnO/
MoS2/ZnO heterostructure were compared after storing the
samples in atmospheric condition for 6 months. The RTPL of
the pristine monolayer MoS2 disappeared after 6 months. On
the other hand, the RTPL of the embedded MoS2 in ZnO/
MoS2/ZnO heterostructure was preserved without noticeable
degradation.
Cathodoluminescence (CL) microscopy was used to study

waveguide and cavity effects in a single ZnO/MoS2/ZnO
heterostructure. CL microscopy offers high spatial resolution
and excitation of both ZnO and MoS2. Figure 4a presents the
RT CL spectrum and monochromatic CL mapping at several

wavelengths of a single ZnO/MoS2/ZnO NR heterostructure
dispersed on a 300 nm thick SiO2/Si substrate. The ZnO near-
band-edge emission (NBE) at 380 nm (3.26 eV) and multiple
emission peaks in the broad spectral range from 500 to 800 nm
were observed. The center wavelength of the broad emission at
visible wavelengths was 660 nm (1.88 eV), corresponding to
the dominant PL emission from monolayer MoS2 shown in
Figure 3c and Figure S5. The CL emission at 660 nm was not
observed from a top ZnO segment delaminated from a ZnO
NR/MoS2/ZnO NR heterostructure during dispersion of the
heterostructures onto a SiO2/Si substrate. Multiple peaks with
equidistant energy levels of 80 meV were also observed in the
RT CL spectrum. The CL emission intensity of the monolayer
MoS2 was stronger than that of the ZnO NRs although the
volume of the monolayer MoS2 in the NR heterostructure was
negligibly small. The dominant CL emission from the MoS2
implied enhancement of emission from the MoS2. WGM-
enhanced emission provides a mechanism consistent with the
observations. For the hexagonal WGM cavity, the constructive
interference condition can be estimated as follows:42

λ
π

β= + −
Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

nR N n
3 3

6
arctan( 3 4 )2

(1)

where n is the refractive index of ZnO, R is the side length of
the hexagonal cavity, λ is the wavelength of light, N is the
resonance interference order, and β is the inverse of n for the
polarization mode. The estimated emission wavelengths,
including the CL emissions labeled as PL2 and PL3, fitted to
the multiple peaks in Figure 4A.

Figure 4. Cathodoluminescent characteristics of a ZnO/MoS2/
ZnO NR heterostructure. (a) RTCL spectrum of a single ZnO/
MoS2/ZnO NR heterostructure. (b) Monochromatic CL images of
a ZnO/MoS2/ZnO NR heterostructure, obtained at 380, 580, 660,
and 775 nm. The white dashed line guides the region of a ZnO/
MoS2/ZnO NR heterostructure.
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Figure 4b shows monochromatic CL images at 380 (ZnO
NBE, 3.26 eV), 660 (PL1, 1.88 eV), 775 (PL2, 1.6 eV), and
580 (PL3, 2.13 eV) nm. All monochromatic CL emissions
were observed through the entire ZnO/MoS2/ZnO NR
heterostructure. The omnipresent CL emission of PL1, PL2,
and PL3 indicated that the MoS2 was excited regardless of the
electron beam position on the single ZnO/MoS2/ZnO NR
heterostructure. Electrons having 5 kV acceleration voltage
excited the ZnO NR. The excitation generated excitons and
subsequent excitonic recombination, resulting in an energy of
3.28 eV. Because the typical diffusion length of excitons in
ZnO is shorter than 250 nm at cryogenic temperatures,43,44

funneling ZnO excitons into the monolayer MoS2 cannot
explain the MoS2 CL emission in the 3 μm range. In the WGM
cavity, the ZnO NBE light could reach to the monolayer MoS2
via the waveguide effect and induce subsequent excitation of
the monolayer MoS2. The lower monochromatic CL intensity
in the region near the embedded MoS2 can be explained by the
narrower diameter in the region as shown in Figure 3b,
inducing light leakage and deviation of the region from the
focal plane of the parabolic mirror to collect emitted light in
the CL measurement system.

CONCLUSION
We realized remote epitaxy of a 3D material with strong
ionicity (ZnO) on a nongraphene 2D material (monolayer
MoS2). DFT calculations revealed that the nongraphene 2D
material induced changes in the potential of the substrate
material, indicated by polarity inversion. The interaction
between the substrate material and the nongraphene 2D
material implies another role of the 2D material substrate
besides lattice transparency. Remote epitaxy of ZnO on
monolayer MoS2 was used to materialize a platform for many-
body physics. The individual ZnO/MoS2/ZnO NR hetero-
structure behaved as a WGM cavity, which is a widely utilized
for exciton−polariton studies. Our architecture provided a
clean and abrupt interface in a combination of incommensu-
rate materials, and our findings enable the extension of remote
epitaxy from basic science to advanced manufacturing.

EXPERIMENTAL METHODS
Transfer of Monolayer MoS2 onto ZnO. Monolayer MoS2 thin

film grown on SiO2/Si substrate was covered with poly(methyl
methacrylate) (PMMA, MicroChem 495 K A4) by spin coating
(spinning at 3000 rpm for 30 s). The PMMA-coated MoS2/SiO2/Si
substrate was dipped in potassium hydroxide (KOH) aqueous
solution to etch SiO2 layer for 30 s. The floated PMMA/MoS2
membrane was moved to deionized (DI) water. Subsequently, the
PMMA/MoS2 membrane was transferred onto a ZnO crystal or ZnO
NRs. Poor adhesion of MoS2 resulted in delamination of MoS2 during
ZnO NR growth. To improve adhesion between the transferred MoS2
and ZnO, the PMMA/MoS2/ZnO sample was dried at 70 °C for 8 h
on a hot plate. The PMMA layer was removed by immersion in
acetone for 30 min. After the transfer procedure, the MoS2/ZnO
samples were dried by nitrogen blowing.
Remote Epitaxy of ZnO on MoS2. The synthesized monolayer

MoS2 was transferred onto a ZnO crystal or a sample of ZnO NRs
using a poly(methyl methacrylate) layer. ZnO NRs were grown by
hydrothermal method on the transferred MoS2/ZnO sample in a
Teflon-lined autoclave. The nutrient solution was prepared by
dissolving 25 mM zinc nitrate hexahydrate, 25 mM hexamethylene-
tetramine, and 5 mM polyethylenimine in deionized water. The
hydrothermal synthesis was performed at 95 °C.
Sample Preparation for Cross-Sectional Transmission

Electron Microscopy. The sample preparation was performed on

a Scios 2 Dual Beam SEM/focused ion beam (FIB) with a Leica VCT
cryogenic stage installed. To preserve the structural integrity of the
monolayer MoS2 layer and reduce artifact inclusion, the sample was
cooled to 120 K and Ga ion FIB milling was performed with a
reduced accelerating voltage of 16 kV. Final thinning was carried out
using a beam current of 50 pA.

Photoluminescence Characterization of Single Nanostruc-
tures. After dispersion of the nanostructures, the dispersed NRs and
ZnO/MoS2/ZnO NR heterostructures on SiO2/Si substrates were
loaded onto a home-built confocal laser microscope. A pulsed diode
laser with a wavelength of 375 nm was focused onto the samples by a
microscopy objective (40×, NA = 0.95). PL from a single
nanostructure was collected by the same objective, cleaned up by
long-pass filters, and sent to a spectrometer equipped with a charge-
coupled device camera or to single photon avalanche diodes.

Cathodoluminescence Characterization. Dispersed ZnO/
MoS2/ZnO NR heterostructures on a SiO2/Si substrate were loaded
into a SEM-CL system (Attolight Allain CL-SEM4027). The
acceleration voltage and the beam current were 5 kV and 9 nA,
respectively. The CL data was acquired using a fast Si CMOS camera.

DFT Calculation Methods. The DFT calculations were
performed using the planewave pseudopotential code VASP45−47

under the generalized gradient approximation of Perdew, Burke, and
Ernzerhof (PBE).48 For atomic core levels, we have used projected
augmented wave (PAW) potentials treating the 2s2p of O, 4s3d of
Zn, 3s3p of S, and 4p5s4d of Mo as the explicit valence electrons. A
maximum energy cutoff of 400 eV is used for plane-wave basis set. We
performed full geometrical relaxation incorporating VdW interaction
and calculated the charge density difference. Our unit cells contain the
MoS2/ZnO composite and ZnO/MoS2/ZnO composite, which also
includes a vacuum layer. To incorporate the vdW interaction, we have
used the optB86bvdW functional, where the exchange functional was
optimized for the correlation part.49 Therefore, the LDA correlation
part present in the PBE functional is removed by using the parameter
AGGAC = 0.000 in the input file in order to avoid double-counting.
We used 3 × 3 × 1 k points in the first Brillouin zone (BZ) for our
ionic relaxation and energy minimization calculations.
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