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In this paper, we report the first successful epitaxial synthesis of

flat wafer-scale two-dimensional ZnS thin films on single-

crystalline ZnO substrates with high reproducibility, stability, and

reliability, despite the large lattice mismatch (approximately 20%)

between ZnO and ZnS. The as-grown ZnS was composed of two

crystal phases: wurtzite (WZ) and zinc blende (ZB). The epitaxial

orientation between the different phases was identified as:

[2−1−10] ZnOWZ//[2−1−10] ZnSWZ//[10−1] ZnSZB and (0001) ZnOWZ//

(0001) ZnSWZ//(111) ZnSZB. The crystal structure and the strain pro-

file at the interfaces were studied in detail. After a simple etching

treatment, exfoliated large-area free-standing ZnS thin films were

achieved for the first time. The present product is expected to be-

come valuable to the strategy of growing large-area thin films or

heterostructures with a large lattice mismatch.

Introduction

Large-area semiconductor thin films serve as the basis for
modern electronics and optoelectronics.1 They have found
practical applications in a wide variety of fields including so-
lar cells,2 integrated circuits,3 solid-state lighting,4 and sen-
sors.5 During the past decades, various routes, such as mag-
netic sputtering,6 atomic layer deposition (ALD),7 molecular
beam epitaxy (MBE),8 and metal organic chemical vapor depo-
sition (MOCVD),9 have been developed to synthesize semicon-
ductor thin films. Among these strategies, of particular im-
portance are the ones that are able to grow single-crystalline
or polytypic thin films epitaxially. Single-crystalline and poly-

typic semiconductor thin films are promising due to their as-
sistance in interface electron scattering reduction and device
performance improvement compared to their corresponding
amorphous or polycrystalline counterparts.10 However, the re-
sidual elastic strain between the film and the substrate is a
critical obstacle that needs to be overcome.11–14 Excessive
strains would lead to the rolling up or cracking of the films,
and subsequent malfunction of the components in
application.

Zinc sulphide (ZnS) is one of the first semiconductor ma-
terials ever discovered, and is considered to be a highly
promising building block for novel diverse applications,15

such as ultraviolet light emitting diodes,16 photodetectors,17

flat panel displays,18 thin films solar cells,19 etc. ZnS has two
structural forms – cubic sphalerite and hexagonal wurtzite,
with large direct band gaps of 3.72 eV and 3.77 eV,10,13,20,21

respectively, making it an ideal alternative to the cadmium-
free CuĲIn,Ga)Se2 (CIGS) buffer layer.19 The difference be-
tween the two structures is the sequence of atomic layer
stacking parallel to {111} for cubic or {0001} for hexagonal
planes in the form of ABCABC or ABAB. Many theoretical and
experimental efforts have been devoted to the fabrication of
ZnS materials,22–27 particularly those formed in a two-
dimensional manner that enables integrated fabrication and
application of ZnS-based optoelectronic devices, and may
also bring about some unique properties and functions.28–31

However, the synthesis of large-area ZnS thin films with high
crystal quality still remains challenging.32 This is due to the
lack of a lattice-matched substrate, the oxidation propensity,
and the high sensitivity to synthetic conditions of ZnS.10 ZnO
is sometimes used as the substrate to grow ZnS mate-
rials.23,33 However, there exists a very large intrinsic lattice
mismatch between wurtzite ZnO and wurtzite ZnS (20% for
plane (0001) and 18% for plane (01−10)) which makes it quite
difficult to epitaxially grow large-area uniform single-
crystalline ZnS films on a ZnO substrate.

Considering the great interest in achieving large-area ZnS
thin films, here we developed a novel chemical vapor
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deposition epitaxial synthesis of wafer-scale ZnS thin films
with a thickness of less than 30 nm on bulk single-crystalline
ZnO substrates. The detailed crystal structure was systemati-
cally investigated. Graphical phase analysis was conducted to
study the interface stresses between the different crystal
phases. Furthermore, a simple etching process was used to
etch away the ZnO substrate and large-area free-standing ZnS
thin films were achieved, for the first time. Our study opens
a new window for heterostructures with a huge lattice
mismatch.

Experimental
Synthesis process

The synthesis of the wafer-scale ZnO/ZnS heterostructure was
carried out in a high temperature tube furnace with two
heating zones via a thermal deposition method. The diameter
of the quartz tube is 3 cm and the distance between the two
heating zones is 50 cm. ZnS powder and ZnO bulk single
crystal with the polished side facing upwards were placed at
the high-temperature zone and the low-temperature zone, re-
spectively. Then, Ar was flowed into the tube at a constant
flow of 50 sccm, and the pressure in the system was
maintained at 10 Pa. The two zones of the tube were heated
to 850 °C and 600 °C, respectively, and kept at those tempera-
tures for 1 hour. After the tube was naturally cooled down to
room temperature, ZnS films were evenly deposited on the
ZnO single crystal surface.

Characterization

Scanning electron microscopy (SEM) and composition analy-
sis of the sample were conducted on a Hitachi S-4800 SEM
equipped with an energy dispersive X-ray spectrometer (EDX).
The X-ray diffraction pattern was recorded on a Bruker D8 Fo-
cus powder X-ray diffractometer using Cu Kα radiation (λ =
1.5418 Å). The cross-section sample for transmission electron
microscopy (TEM) was prepared by focused ion beam (FIB)
microscopy. The atomic force microscopy (AFM) image was
taken using an Asylum Research MFP 3D. The microstructure
of the heterostructures was investigated using a JEOL JEM-
2100F operated at 200 kV. The atomic level strain is visual-
ized by geometric phase analysis (GPA).

Results and discussion

Fig. 1a illustrates the schematic experimental setup for the
synthesis process. Specifically, a <0001> oriented ZnO bulk
single crystal serves as the substrate. The ZnS film is then
grown on the ZnO substrate via thermal vaporization of ZnS
powder. More details can be found in the experimental sec-
tion. Fig. 1b and c show the top-view low-magnification and
high-magnification SEM images of the as-synthesized prod-
ucts, respectively. It can be clearly seen that the film has a
large area and a relatively smooth surface. As exhibited in
Fig. 1d, the EDS spectrum reveals the presence of Zn, O, and
S elements in the sample, indicating that ZnS has been suc-

cessfully deposited on the ZnO single crystal. The weaker sul-
phur signal versus oxygen is possibly due to the small thick-
ness of the ZnS film. Fig. 1e shows the AFM image of the
sample. The root mean square (rms) roughness was found to
be 0.358 nm, indicating the good surface quality of the film.

X-ray diffraction (XRD) measurement was performed to
analyze the composition and phase structure of the products.
As shown in Fig. 2a, the XRD spectrum of the ZnO/ZnS
heterostructure was taken and compared to that of a ZnO sin-
gle crystal. For the bare ZnO bulk single crystal, only a pre-
dominant diffraction peak at 34.4° and a relatively weak peak
at 72.6° can be observed, which can be respectively indexed
to the (0002) and (0004) planes of wurtzite ZnO (JPCDS, No.
36-1451). This results from the ZnO single crystal substrate
growing along the c-axis. For the ZnO/ZnS product, a new

Fig. 1 (a) Schematic setup for the deposition of ZnS films on ZnO bulk
single crystals; top-view (b) low-magnification and (c) high-
magnification SEM images of the as-synthesized products; (d) EDS
spectrum of the film; (e) AFM image of the film.

Fig. 2 (a) XRD pattern (on the log scale) of the samples; (b) XRD
pattern of the marked region of (a).
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diffraction peak at about 28.5° is detected (Fig. 2b). This peak
can be indexed to either the (0002) plane of WZ ZnS (JPCDS,
No. 36-1450) or the (111) plane of ZB ZnS (JPCDS, No. 05-
0566) since these two peaks are indistinguishable from each
other. Whichever the case, this is strongly indicative of the
epitaxial growth of ZnS on ZnO. It is also noteworthy that the
(0002) peak of ZnO is slightly blue shifted for the ZnO/ZnS
sample. The blue shift originates from the larger lattice pa-
rameter of ZnS causing lattice constant expansion in ZnO.

To further investigate the structure and the crystal orienta-
tion of the sample, cross-section SEM, TEM, and selected-
area electron diffraction (SAED) were employed. Fig. 3a dem-
onstrates the fake color cross-section SEM image of the ZnO/
ZnS heterostructure. It can be clearly observed that a large-
area ZnS film (the top yellow layer) is uniformly grown on the
ZnO substrate (the magenta layer). This eclipses what was
reported previously that it is really difficult to grow large and
uniform ZnS single-crystalline layers on ZnO substrates due
to the large lattice mismatch between ZnS and ZnO.13 Three
layers with different contrasts, namely, the Au top layer, the
ZnS middle layer, and the ZnO bottom layer, can be seen in
the low-magnification cross-section TEM image of the ZnO/
ZnS heterostructures (Fig. 3b). The Au layer was deposited on
the sample for the purpose of protecting the materials under-
neath when focused ion beam (FIB) was utilized to prepare
the TEM sample. A 28 nm-thick ZnS thin layer was evenly
coated on the ZnO surface, not only on the top surface but
also on the sidewall. Fig. 3c shows the cross-section HRTEM
image of the interface between the ZnO layer and the upper
layer. Located at the lower left is the ZnO layer. The lattice
fringes of 0.52 nm correspond to the (0001) plane of WZ
ZnO. Located at the upper right part of the image is a dual

crystal phase compound. The measured interplanar distance
of 0.62 nm (blue) and 0.31 nm (red) matches respectively
with the (0001) crystal plane of WZ ZnS and (111) zinc blende
(ZB) ZnS. The interfaces between each phase are atomically
smooth. The corresponding SAED pattern (Fig. 3d) demon-
strates 3 sets of well-aligned diffraction spots, which reveals
an epitaxial relationship despite the large lattice mismatch,
i.e., [2−1−10] ZnOWZ//[2−1−10] ZnSWZ//[10−1] ZnSZB and (0001)
ZnOWZ//(0001) ZnSWZ//(111) ZnSZB.

As we know, misfit dislocations often form in the epilayer
to relieve the elastic strain associated with the mismatch of
lattice constants and thermal expansion coefficients.34,35

Considering that ZnO has a large intrinsic lattice mismatch
with WZ ZnS (20% for plane (0001) and 18% for plane
(01−10)) and also different crystal structures with ZB ZnS,
there should be relatively large lattice distortions and a num-
ber of dislocations at the interface. Accurate lattice thickness
determination, as well as Geometric Phase Analysis (GPA),36

which uses the HRTEM data to extract displacement informa-
tion and directly map a continuous strain distribution, is uti-
lized to analyze the lattice distortion around the phase
boundaries. Fig. 4a presents the HRTEM image of the phase
interphases (the two white dotted lines). The lattice layer
thicknesses for the rectangular region (Fig. 4b) are calculated
based on Gaussian fitting. The evolution of the layer distance

Fig. 3 Cross-section (a) SEM image (fake color) and (b) TEM image of
the ZnO/ZnS film; (c) HRTEM image of the interface between the ZnO
layer and ZnS layer; (d) corresponding selected-area electron diffrac-
tion pattern.

Fig. 4 (a) HRTEM image of the interfaces between different phases;
(b) evolution of the layer distance of the heterostructure for the
rectangular region in Fig. 4a; (c) distortion map along the [0001]
direction; (d) distortion map along the [10−10] direction; (e) atomic
model of the heterostructure interface.
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after smooth processing indicates that the d-spacing of ZnO
is 0.26 nm while those of WZ ZnS and ZB ZnS are both
around 0.31 nm, coinciding well with the literature data. At
the ZnO/WZ ZnS interface, the layer thickness increases grad-
ually from 0.26 nm to 0.30 nm. The transition region con-
tains 8 atomic layers in WZ ZnS. At the WZ ZnS/ZB ZnS inter-
face, since the lattice constant of (0001) WZ ZnS is almost
equal to that of (111) ZB ZnS, there is no obvious change in
the layer thickness. Furthermore, it can be concluded that
the lattice distortion in the WZ ZnS layer is larger than those
in the ZnO layer and ZB ZnS layer because the deviation be-
tween the calculated layer thickness (black line) and the
smoothed values (red line) in WZ ZnS is much greater.
Fig. 4c and d show the GPA of the HRTEM image, and they
visualize the distortion maps along the [0001] and [10−10] di-
rections, respectively. WZ ZnS is chosen as the reference
frame. The dislocations with an interval of about 5 atomic
layers distribute at the ZnO/WZ ZnS interface, and they both
exist along the [0001] and [10−10] directions (the boxed re-
gion). This is due to the fact that the interplanar distance of
WZ ZnS is approximately 20% larger than that of ZnO, corre-
sponding to 5 ZnO atomic layers. It can also be discovered
that the compressive strain along the [01−10] direction in the
WZ ZnS layer (the elliptical region) is larger than that along
the [0001] direction. This is because the area of the film is so
large that the strain generated along the substrate surface
cannot be relieved. Another interesting phenomenon is that
there are few dislocations at the WZ ZnS/ZB ZnS interface, es-
pecially along the [01−10] direction (in parallel to the sub-
strate surface). This may be ascribed to the small thickness
of the ZB ZnS layer, which doesn't exceed the critical thick-
ness, and accordingly, the dislocation formation is not ener-
getically favorable.37

ZnS, as a promising wide band gap material, has never
been fabricated in the form of a wafer-scale two-dimensional
membrane. In order to address this challenge and selectively
remove the underlying ZnO sacrificial layer within a reason-
able time, a periodic array of via-holes were created by induc-
tively coupled plasma (ICP) on the ZnO/ZnS heterostructure
surface, as shown in Fig. 5a. The holes are squares with a di-
mension of 10 μm. After rinsing the patterned sample in di-
lute acetic acid solution, the ZnO substrate was dissolved and
the ZnS membrane became exfoliated. Fig. 5b presents the
enlarged SEM image of the ZnS membrane which has a very
curved morphology. The curved shape was due to the large
residual stress in the ZnS layer. Present in Fig. 5c is the
HRTEM image of the ZnS membrane viewed along [0001] of
WZ ZnS or [111] of ZB ZnS. The labelled lattice spacings of
0.33 nm and 0.19 nm correspond to the (10−10) plane and
(2−1−10) plane of WZ structured ZnS, respectively. This indi-
cates that the exposed surface is WZ ZnS. Fig. 5d shows the
corresponding SAED pattern. The well-arranged diffraction
spots with six-fold symmetry confirm the good crystal quality
of the membrane. The inner hexagonal spots correspond to
the {−1100} planes of WZ ZnS, and the outer hexagonal spots
can be indexed to the {2−1−10} planes of WZ ZnS. Of particu-

lar note is the brightness contrast between the two sets of
spots. The outer six spots are much brighter than the inner
ones. Considering the polytype nature, the epitaxial orienta-
tion relationship, and the lattice parameters of ZnS, the outer
set of spots can also be indexed to the {2−20} planes of ZB
ZnS, since there is a crystal orientation relationship of
(2−1−10)WZ ZnS//(1−10)ZB ZnS (this has been discussed ear-
lier), plus, the d-spacings of the WZ ZnS (2−1−10) plane and
the ZB ZnS (2−20) plane are both 0.19 nm. This interesting
relationship is also evidenced by the SAED model of the two
structures. As shown in Fig. 5e and f, the diffraction spots of
the two planes coincide well with each other. The above anal-
ysis confirms that the as-synthesized ZnS has the structure of
alternating WZ/ZB stackings, which may provide the possibil-
ity of its application in charge-separation areas, other than
the pre-mentioned areas, since WZ ZnS and ZB ZnS form a
staggered type-II band alignment.21,38,39

Conclusions

The challenging epitaxial synthesis of wafer-scale ZnS thin
films on ZnO substrates has been successfully achieved

Fig. 5 (a) SEM image of the ZnS membrane ripped off from the ZnO
substrate; (b) zoomed-in SEM image of the square area; (c) HRTEM im-
age of the exfoliated ZnS nanomembrane; (d) corresponding SAED pat-
tern; (e) SAED model of WZ ZnS with the zone axis of [0001]; (f) SAED
model of WZ ZnS with the zone axis of [111].
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through a novel CVD method, for the first time. TEM images
reveal that ZnS is composed of two crystal structures: wurtzite
and zinc blende. The epitaxial relationship is identified to be
[2−1−10] ZnOWZ//[2−1−10] ZnSWZ//[10−1] ZnSZB and (0001)
ZnOWZ//(0001) ZnSWZ//(111) ZnSZB. The microstructure and
the interface stress have been studied systematically. By im-
mersing the samples into a dilute acid solution, the ZnO sub-
strate is dissolved and large-area ZnS thin films with high
crystal quality are produced for the first time. The as-
synthesized heterostructure and the ZnS thin film may find
applications in versatile areas. Also, the growth strategy may
provide a powerful synthesis platform for other material
systems.
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