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Understanding the behavior of materials in multi-dimensional architectures composed of atomically thin
two-dimensional (2D) materials and three-dimensional (3D) materials has become mandatory for pro-
gress in materials preparation via various epitaxy techniques, such as van der Waals and remote epitaxy
methods. We investigated the growth behavior of ZnO on monolayer MoS, as a model system to study
the growth of a 3D material on a 2D material, which is beyond the scope of remote and van der Waals
epitaxy. The study revealed column-to-column alignment and inversion of crystallinity, which can be
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explained by combinatorial epitaxy, grain alignment across an atomically sharp interface, and a compliant
substrate. The growth study enabled the formation of a ZnO/MoS, heterostructure with type-I band align-
ment. Our findings will have a scientific impact on realizing 2D/3D heterostructures for practical device
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Introduction

Multi-dimensional architectures composed of atomically thin
two-dimensional (2D) materials and three-dimensional (3D)
materials, such as thin films and bulk materials, have attracted
a lot of attention with respect to overcoming material compat-
ibility and the ability to deliver novel functionality.'™
Conventional thin films such as complex oxides and III-V
nitrides, which possess controllable intrinsic characteristics
and surface properties, serve as ideal candidates to couple
with 2D layers to create robust functional heterostructures.*™®
There have been numerous studies of 2D/3D integration, in
which remote and van der Waals (vdW) epitaxy techniques are
used to create high-quality semiconductor films that are trans-
ferrable, to realize reusable substrates; the proximity effect can
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be used to manipulate the properties of 2D materials, such as
those coupled with high-temperature magnetic thin films or
superconductors for practical transistor development in which
conventional gate oxides are replaced by these novel 2D
components.”>'® These research efforts offer tremendous
opportunities, beyond traditional bulky device designs, to
reveal new physical functionalities that exceed the inherent
limits of materials. However, remote and vdW epitaxy studies
represent only some of the scientific topics on 2D/3D hetero-
geneous integration because epitaxy-based approaches still
require consideration of the crystal structures of individual
components and interfacial coupling to make vdW interaction
and field penetration dominant.

Epitaxy research encompasses broad aspects of material
combination beyond matching the crystal structures and
thermal coefficients. In conventional 3D/3D heterostructures
prepared by epitaxy techniques, some studies have focused
on epitaxial behavior on polycrystalline substrates (combina-
torial epitaxy) and unconventional substrates in which the
strain is relaxed either through the substrate or through the
grown layer (a compliant substrate)."''® As 2D materials are
being employed as substrates for the growth of 3D
materials, studies covering the effects of substrates on
material growth have become necessary. The interactions
between the grown 3D material and 2D substrate are
diverse, beyond those of lattice transparency and enhanced
atom slip.®'7'8

This journal is © The Royal Society of Chemistry 2024
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The growth of a crystalline 3D material on a 2D substrate
has two characteristics of combinatorial epitaxy and compliant
substrate, as most 2D materials are polycrystalline thin films,
and the volume of the 2D material is significantly less than
that of the grown 3D material. Insights obtained by studying
3D material growth on a 2D material implementing combina-
torial epitaxy on a compliant substrate will be applicable to
common cases of 2D/3D heterogeneous integration.

To probe the interfacial structure and properties between
semiconductor thin films and atomically thin vdW layers, we
prepared a five-layer heterostructure stack composed of ZnO/
MoS,/Zn0O/MoS,/ZnO layers. We highlight two aspects of our
achievements in this work as follows: (i) Random in-plane
ordering with preservation of columnar growth across the
monolayer (1L)-MoS, layers; here, we show the existence of
1L-MoS, as well as an improvement in the crystallinity of ZnO
growth at the top layer, as confirmed by high-resolution
transmission electron microscopy (HRTEM) and scanning
TEM (STEM), X-ray diffraction (XRD), photoluminescence
(PL), and Raman measurements. (ii) Compared to the wide
bandgap of ZnO, monolayer MoS, with a narrower bandgap
serves as a sink for charge carriers; interfacial charge trans-
port properties were explored using electron beam absorbed
current (EBAC) measurements. Overall, the growth of
complex heterostructures obtained by stacking 2D and 3D
components is of great importance to fundamental material
science with a view to the development of highly functional
optoelectronic devices.

Methods
Growth of ZnO film by pulsed laser deposition (PLD)

ZnO layers were grown using a PLD system. The base pressure
was 5 x 107° Torr. Epitaxial ZnO thin films were grown on
c-Al,O; substrates at 600 °C under an oxygen partial pressure
of 200 mTorr with a laser frequency of 5 Hz. The ZnO layers on
transferred monolayer (1L)-MoS, films were grown at 200 °C
under an oxygen partial pressure of 10 mTorr for the first 50
laser pulses followed by growth under an oxygen partial
pressure of 200 mTorr. After the growth, the sample was

cooled at a speed of 5-10 °C min™".

Transfer of 1L-MoS,

1L-MoS, thin film was grown on an SiO,/Si substrate by meta-
lorganic chemical vapor deposition. Details of 1L-MoS, are
described elsewhere.'®?° Poly(methyl)methacrylate (PMMA,
MicroChem® 495K A4) was coated on the 1L-MoS, thin film by
spin coating. The PMMA-coated 1L-MoS, thin film was separ-
ated by etching an SiO, layer in potassium hydroxide aqueous
solution. The floating PMMA-coated 1L-MoS, was moved to de-
ionized water. Subsequently, the PMMA/1L-MoS, membrane
was transferred onto a ZnO layer. The PMMA/1L-MoS,/ZnO
was dried at 70 °C for 8 h on a hot plate. The PMMA layer was
removed in acetone.

This journal is © The Royal Society of Chemistry 2024
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Structural characterization

Cross-sectional TEM (X-TEM) samples were prepared by a
mechanical polishing and dimpling process. The <30 um-thin
sample was milled by argon (Ar) ion milling (Gatan PIPS II 65)
with a beam energy of 3.7 keV. Scanning TEM (STEM), bright
field TEM, and energy dispersive X-ray (EDX) characterization
were performed on X-TEM samples. XRD #-26 scans were per-
formed on a Rigaku SmartLab II diffractometer. Grazing inci-
dence wide angle X-ray scattering (GIWAXS) was performed to
investigate the in-plane ordering of the topmost ZnO layer of
the ZnO/1L-MoS,/ZnO/1L-Mo0S,/Zn0O/c-Al,0; sample. Two-
dimensional scattering patterns were acquired using a XEUSS
3.0 small/wide angle scattering system equipped with a Cu Ka
X-ray source (1 = 1.5407 A) at an incident angle of 0.14° and
sample-to-detector distance of 72 mm.

PL and Raman spectroscopy

PL and Raman spectroscopic measurements were conducted
at room temperature using 244 nm (100% = 21.8 pW) and
633 nm (100% = 10 mW) wave excitation, respectively, in a
Horiba LabRAM HR Evolution high resolution confocal PL/
Raman microscope fitted with volume Bragg gratings. Grating
was calibrated with an Hg (Ar) spectral calibration lamp.
Spectral calibration was performed using the 1332.5 cm™*
band of a synthetic Type Ila diamond, and spectral intensity
was calibrated using a VIS-halogen light source (488-633 nm
laser lines).

EBAC microscopy

Carrier diffusion lengths across the ZnO layers separated by
1L-MoS, layers were measured by EBAC measurements with a
low-noise EBAC system (Mighty EBIC, Ephemeron-Labs, Inc.)
installed on an SEM. All measurements were conducted in a
direct current configuration. The substrate was held at ground.
The electron beam current and acceleration voltage were ~100
PA and 10 kV, respectively.

Results and discussion

To study the effects of 1L-MoS, on ZnO growth, preservation of
1L-MoS, after ZnO deposition was confirmed by PL and
Raman measurements. Fig. 1(a) shows a schematic diagram of
a ZnO/1L-MoS,/ZnO stack to show the 1L-MoS, layer sur-
rounded with ZnO films deposited by PLD. Fig. 1(b) shows PL
spectra at room temperature, taken at four random spots (P1-
P4) on the ZnO/1L-MoS,/ZnO stack. The strong near-band edge
emission (NBE) peak of ZnO was observed at 378.6 nm.*! The
inset of Fig. 1 shows the PL spectra over the range of
450-700 nm; the visible emission originated from the oxygen
vacancies of ZnO (shown in cyan) and from excitons of
11L-MoS, (shown in pink).?*”>* Raman spectra are displayed in
Fig. 1(c), collected at another four random spots (P5-P8) on
the ZnO/1L-MoS,/Zn0O stack. For comparison, we noticed that
P5 and P6 could be edge positions of the sample that only con-

tains ZnO, with its two major phonon modes, a sharp Egigh
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(@) Schematic of ZnO/1L-MoS,/ZnO preparation by transfer of MoS, and PLD of ZnO. (b) PL spectra collected at four different spots (P1-P4)

of the ZnO/MoS, 5-layer stack. The inset displays the zoomed view at 450-700 nm range. (c) Raman spectra collected at four different positions
(P5-P8) of the ZnO/1L-Mo0S,/Zn0O stack with the as-grown 1L-MoS, on SiO,/Si as reference (black). The spectra at P5 and P6 and those at P7 and P8
were obtained from the regions of ZnO only and regions of the ZnO/1L-MoS,/Zn0O stack, respectively.

mode at 436 cm™?, and a weak E5®"-E% mode at 333 cm™

being detected.>® At P7 and P8, MoS, and ZnO modes were
observed, such as 2LA at 450 cm ™', A;g at 413 cm™ " and E,,' at
375 cm™! that match those of 1L-MoS,. Observation of charac-
teristic optical responses from 1L-MoS, surrounded by 3D
materials has rarely been reported under mild conditions (e.g.,
a growth temperature of 90 °C)® or with significant quenching
of the PL emission of MoS,.>®

After confirmation of the preservation of 1L-MoS, after ZnO
growth, a multi-layer stack composed of ZnO and the 1L-MoS,
layers, as depicted in Fig. 2(a), was fabricated to study struc-
tural changes with the repetition of 2D and 3D layer prepa-
ration. We name the three ZnO layers as L1 (bottom, on
¢-Al,03), L2 (middle, on the first 1L-MoS,) and L3 (top, on the
second 1L-MoS,) to differentiate their growth and crystallinity.
Two MOCVD-grown 1L-MoS, continuous thin films (5 mm x
5 mm) were wet transferred. The first and second transfers
were performed on L1 and L2 ZnO, respectively. Two 1L-MoS,
layers were clearly identified in cross-sectional high-angle
annular dark field (HAADF) STEM (Fig. 2(a)). However, we also
noticed that additional exposure of the same sample under
the electron beam at an acceleration voltage of 300 kV caused
radiation damage to MoS, layers, which were observed as a
dark void-like morphology in the area. From the XRD 6-20
(Fig. 2(b)), the as-grown ZnO layer (black) shows the desired
epitaxial quality dominated by its (002) peak at 34.54°. Surface
smoothness can be further improved by enhancing recipes for
ZnO L1. This potentially indicates that the growth of ZnO at L2
and L3 is aligned with columns. A detailed XRD 6-20 scan of

1
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the 5-layer ZnO/MoS, stack showed the dominant ZnO (0002)
peak without a noticeable shift, which suggests that all ZnO
layers (L1, L2, and L3) are c-axis oriented regardless of inserted
1L-MoS, layers. We noticed that MoS, (100), covered by ZnO
(0002) at the shoulder peak at 36.1°, can be correlated with the
highly strained MoS, (103) plane,>” providing more evidence of
MoS,.

To investigate the in-plane ordering of the ZnO layers in the
5-layer stack, GIWAXS was performed on the topmost ZnO
layer (L3), as shown in Fig. 2(c). The intensity distribution of
scattering arcs in g, and g, directions indicates that the c-axes
of ZnO crystals align parallel with the directions of column
growth. The GIWAXS pattern did not change when the sample
specimen was rotated around the axis perpendicular to the
surface, which means that there is no specific in-plane order-
ing. The absence of in-plane ordering in ZnO L3 originates
from the polycrystalline nature of the in-plane ordering of
1L-MoS,. The alignment of the ZnO layers (L1, L2, and L3)
along the out-of-plane direction and without in-plane ordering
reveals that the 5 layer-stack is an appropriate platform for
studying combinatorial epitaxy implemented on a polycrystal-
line substrate and structural alignment through an atomically
thin substrate.

The out-of-plane alignment and crystallinity of the ZnO
layers across the 1L-MoS, layers was investigated by TEM. A
heterostructure stack was revealed under the bright-field (BF)
STEM mode (Fig. 3(a)). Fig. 3(a) also shows that the growth of
ZnO was governed by a columnar growth mode. The thickness
of each ZnO layer was identified as approximately 1.5 um for

This journal is © The Royal Society of Chemistry 2024
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(a) Cross-sectional low-magnification STEM image (first exposure under e-beam). Bright contrast indicates the existence of 1L-MoS,. The

inset shows the scheme of the ZnO/MoS, 5-layer stack. (b) XRD 6—26 scan of the ZnO/MoS,/ZnO/MoS,/ZnO/c-Al,O3 sample. (c) Wedge-corrected
GIWAXS image of the topmost ZnO layer (L3) of the ZnO/MoS,/ZnO/MoS,/Zn0O/c-Al,03 sample.

L1, 70 nm for L2, and 400 nm for L3. The surface roughness of
L1 and L3 is noticeably larger than that of L2 due to an
increase in surface roughness along with layer thickness,
which is commonly observed for columnar growth. ZnO L1
contained threading dislocations (red arrow), which are dis-
played as dark line features originating at the beginning of the
growth. Notably, threading dislocations are commonly
observed in the ZnO films grown on c¢-Al,O; due to the large
in-plane lattice mismatch of 18.3%.>%7*° The structural charac-
teristics of individual L1, L2, and L3 ZnO layers and adjacent
interfaces were investigated by TEM, as displayed in Fig. 3. The
inset of Fig. 3(a) shows continuous column formations in ZnO
L1, L2, and L3 along the out-of-plane direction. Column-to-
column alignment has been reported in oxide multi-layers and
metal bilayers with atomically sharp interfaces."**"*> The
observation of columnar growth and continuous formation of
the 1L-MoS, layers indicates that lateral overgrowth was not
dominant in the ZnO/MoS, multi-stack. In conjunction with
the absence of in-plane ordering, the column-to-column align-

This journal is © The Royal Society of Chemistry 2024

ment indicates that the five-layer-ZnO/MoS, stack follows com-
binatorial epitaxy behavior. Fig. 3(b), (d), and (f) are the
zoomed-in versions of yellow-boxed areas 1, 2, and 3 in
Fig. 3(a), respectively. The first interface (Fig. 3(b) and (c)),
ZnO L1/c-Al,03, appeared as a sharp and clean interface with
the typical heteroepitaxial matching relationship between
(0111) ¢-Al,O5 and (2110) ZnO zone axes. The corresponding
fast-Fourier transform (FFT) in Fig. 1(c) clearly identifies the
spots from ZnO and Al,O;. Fig. 3(d) and (e) show that ZnO L2
is strained with a polycrystalline nature, as evidenced by red
dashed lines indicating strain contours as well as ring-like
FFTs. However, in the imaged area, (2110) ZnO lattices
appeared to be aligned without rotation (red bar). Fig. Siaf
shows a STEM image of this interface in which ZnO columns
were misaligned with an angular deviation of 5.5°. In ZnO L2,
the strain was relaxed through column formation, which gen-
erated numerous boundaries. Fig. 3(f) and (g) show that ZnO
L3 is also polycrystalline. However, the crystallinity of L3 was
remarkably improved compared to that of L2. The inversion in

Nanoscale, 2024, 16, M56-11162 | 11159
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Fig. 3

(a) TEM micrograph displaying the entire 5-layer stack on the c-Al,O3 substrate. Areas of interest are marked as squares 1, 2, and 3. HRTEM

images at individual (b) ZnO L1/c-Al,O3 interface, (d) ZnO L1/1L-MoS,/ZnO L2 interface, and (f) ZnO L2/1L-MoS,/Zn0O L3 interface. (c, e and g)

Corresponding FFTs.

the crystallinity trend over the growth sequence can be
explained by strain relaxation through thin and polycrystalline
1L-Mo0S,/Zn0O L2. In ZnO L2 and L3, there was no experimental
evidence of inversion of polarity of the ionic crystal of ZnO as
the previous theoretical calculation indicates.® Reducing the
effective thickness of a substrate creates conditions for strain
relaxation in the substrate, resulting in enhanced critical thick-
ness and improved crystallinity.>® The ‘compliant substrate’
concept has been implemented using porous, thin, polycrystal-
line, and atomically thin substrates,'*'®**?> corresponding to
1L-Mo0S,/70 nm-thick ZnO L2. In the aligned columns of ZnO
L3, there is no relative rotation between L2 and L3, which is
also demonstrated by multiple imaged columns (Fig. S1b¥). It

(@) 7s1ta (0)
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3
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476 1A

Fig. 4

is again noted that 1L-MoS, could be damaged upon extended
beam exposure, thus appearing as indiscernible in the TEM
mode (Fig. 3(d) and (f)) and in dark contrast in STEM mode
(Fig. S1at). More evidence on the existence of a sharp MoS,
interface is provided by EDX mapping; in Fig. S2,T we can
clearly see the gapped lines (dark) of Zn and O as marked in
white arrows, which suggests no noticeable intermixing or
chemical diffusion between ZnO and MoS,.

The changes in crystallinity in individual ZnO layers affect
the physical properties of ZnO. The correlation between crys-
tallinity and electrical characteristics, represented by carrier
diffusion length, was investigated by EBAC mapping across all
the layers comprising the five-layer stack. Fig. 4(a) shows the
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(a) EBAC mapping of the ZnO/1L-MoS,/ZnO/1L-MoS,/Zn0O stack. (b) Current distribution curve across the scanned area at the interface. D;—

D4 represent calculated current diffusion lengths. The inset is a schematic illustration of the heterojunction and its electronic band profile.
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EBAC map of the ZnO/1L-MoS, multilayer stack. The EBAC is
strong in the region of 1L-Mo0S,/ZnO L2/1L-MoS,. The highly
concentrated EBAC indicates that injected electrons are fun-
neled into 1L-MoS,/Zn0O L2/1L-MoS,. By plotting the current
profile (Fig. 4(b)) with respect to the line position marked in
Fig. 4(a), the major peak can be divided into four regions
according to its variations in slope, marked as colored D; to
D,. The strong absorption of injected carriers (higher EBAC)
in the 1L-MoS,/ZnO L2/1L-MoS, region is explained by the
narrow band gap of the MoS, layers that act as a double-
quantum-well with type-I band alignment, as depicted in
Fig. 4(b).

Considering each ZnO layer as a single medium and assum-
ing isotropic electron diffusion in a ZnO layer, the carrier
diffusion length can be estimated from EBAC data, as a func-
tion of the distance between an electron beam spot and an
EBAC peak, as follows:

I=1I exp(— %)

where D is the carrier diffusion length in the ZnO layer, I is the
measured EBAC, and I, is a scaling factor. The estimated
carrier diffusion lengths in ZnO L1, L2, and L3 were 335 + 13,
21-50, 182 + 10 nm, respectively. The estimated carrier
diffusion lengths are not accurate because a few assumptions
of the diffusion equation are not fully satisfied in the
measured samples.’® However, there is the clear correlation;
the carrier diffusion length increased as the crystallinity of a
ZnO layer improved. There were two different estimated carrier
diffusion lengths of 21.3 + 1.5 and 49.8 + 4.4 nm in the
1L-Mo0S,/ZnO L2/1L-MoS, region. The different carrier
diffusion lengths in ZnO L2 imply that the material quality of
ZnO L2 is gradually improved along the out-of-plane direction.

Conclusions

We designed an architecture composed of multiple ZnO and
1L-MoS, layers to study the growth behaviors of a 2D/3D
heterostructure using means other than remote and vdwW
epitaxy. Microscopic analysis at the atomic scale indicated
clean interfaces at each of ZnO/1L-MoS,. ZnO L1 on a crystal-
line ¢-Al,0; showed conventional epitaxy behavior. Meanwhile,
ZnO L2 and L3 grown on 1L-MoS, layers showed column-to-
column alignment and inversion of the crystallinity along the
growth direction, which can be explained by combinatorial
epitaxy with a compliant substrate. The crystallinity of individ-
ual ZnO layers correlated with specific carrier diffusion
lengths, as estimated by EBAC. The heterojunction of ZnO/
1L-MoS,/Zn0O/1L-Mo0S,/ZnO showed a highly concentrated
EBAC that could be of great importance to the design of
complex optoelectronic heterostructures. Fundamentally, this
study provides insight into the 2D/3D heterostructure, its
associated interfaces, and techniques to evaluate various
layers, to facilitate the realization of other material systems
using similar methods.
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