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a  b  s  t  r  a  c  t

Conventional  hetero-epitaxial  films  are  typically  grown  on  lattice  and  symmetry  matched  single crystal
substrates.  We  demonstrated  the epitaxial  growth  of orthorhombic  SnS  film  (∼500  nm  thick)  on  single
crystal,  monolayer  graphene  that  was  transferred  on  the  amorphous  SiO2/Si  substrate.  Using  X-ray  pole
figure  analysis  we  examined  the structure,  quality  and  epitaxy  relationship  of  the SnS  film  grown  on  the
single  crystal  graphene  and  compared  it with  the  SnS  film  grown  on commercial  polycrystalline  graphene.
We  showed  that  the SnS  films  grown  on  both  single  crystal  and  polycrystalline  graphene  have  two  sets
of  orientation  domains.  However,  the  crystallinity  and  grain  size  of  the  SnS  film  improve  when  grown
on the single  crystal  graphene.  Reflection  high-energy  electron  diffraction  measurements  show  that  the
raphene
FM
HEED
-ray pole figure

near  surface  texture  has  more  phases  as  compared  with  that  of  the entire  film.  The  surface  texture  of  a
film will  influence  the  growth  and  quality  of  film  grown  on  top  of it as  well  as  the  interface  formed.  Our
result  offers  an  alternative  approach  to grow  a hetero-epitaxial  film  on an  amorphous  substrate  through  a
single  crystal  graphene  buffer  layer. This  strategy  of  growing  high  quality  epitaxial  thin film  has  potential
applications  in  optoelectronics.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Tin mono-sulfide (SnS) has drawn interests among photovoltaic
ells (PVCs) research community worldwide [1,2]. The advantages
f SnS film include an optical energy band gap of 1.3 eV which is
lose to the optimum value required for efficient light absorption,

 high optical absorption coefficient of >104 cm-1 above the photon
nergy threshold (∼1.3 eV) [3], low cost, and non-toxic. SnS also
as other applications in photodetectors [4], gas sensors [5], and
i-ion batteries [6]. One of the major challenges in the SnS thin
lm based PVCs is producing high quality materials [7]. Attempts
ave been made to grow high quality epitaxial SnS film by using

attice-matched (LM) single crystal substrates such as MgO(001) [8]

nd Al(100) [9]. In this conventional hetero-epitaxy the lattice mis-
atch and thermal mismatch between the chosen overlayer and

he substrate materials are usually small. The large lattice mismatch

∗ Corresponding author at: Center for Materials, Devices, and Integrated Systems,
ensselaer Polytechnic Institute, 110, 8thStreet, Troy, NY 12180-3950, USA.

E-mail address: xiangy@rpi.edu (Y. Xiang).

ttps://doi.org/10.1016/j.apsusc.2017.11.098
169-4332/© 2017 Elsevier B.V. All rights reserved.
and strong chemical bonds at the interface may  have several conse-
quences: (1) Strain develops at the interface. (2) Various structural
defects may  nucleate in the overlayer. (3) The chemical inhomo-
geneity may  be introduced in the overlayer. (4) The intermixing
between the overlayer and substrate may  occur at the interface. If
the dangling bonds on a substrate are not fully passivated, the sur-
face reconstruction and lattice relaxation could happen. This could
affect the growth mode and structural quality of an overlayer grown
on it later.

Limited choices of LM single crystal substrates, possible struc-
tural imperfect overlayer, and chemical bondings at the interface of
the hetero-junction in conventional hetero-epitaxy led researchers
to pursue alternative routes to grow high quality epitaxial SnS
film. Apart from being a promising light absorption material, SnS
also belongs to a class of materials called layered metal chalco-
genide (LMC). The LMC  materials have rich fundamental physical
and chemical properties and potential applications in electronics

and optoelectronics, which has stimulated intense research activ-
ities world-wide in recent years [10]. A LMC  material consists of a
stacking of two-dimensional (2D) MXs  layers where M is a metal

https://doi.org/10.1016/j.apsusc.2017.11.098
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.11.098&domain=pdf
mailto:xiangy@rpi.edu
https://doi.org/10.1016/j.apsusc.2017.11.098
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rom groups IV, V or VI and X is a chalcogen atom from S, Se or Te.
 unique characteristic of this class of materials is that the chalco-
enide atoms are chemically saturated and, as a result, the weak
nter-layer interactions are dominated by the van der Waals force
11]. The van der Waals force nature of the interaction between SnS
ayers makes it possible to grow van der Waals epitaxies (vdWEs)
12]. Compared to conventional hetero-epitaxies, the van der Waals
ubstrate may  not give rise to large strain in the overlayer, and
herefore high density structural and chemical defects may not
evelop in the overlayer and at the interface [13]. Thus, the lat-
ices between the overlayer and the substrate could have a large

ismatch and the overlayer could be incommensurate with the
ubstrate at the interface [14]. The lift of this restriction on lattice
atch greatly broadens the choices of materials used in hetero-

pitaxy systems. One can imagine the growth of either layer [15]
r even non-layer [16–18] epitaxial films or non-planar nanostruc-
ures [19] on the van der Waals substrates such as graphene.

All these merits of vdWEs make it a very favorable method to
row high-quality SnS film. SnS film has been successfully grown on
ransferred double-layer, polycrystalline graphene buffer layer on
ingle crystal GaAs(100) or amorphous SiO2/Si substrates [15,20].
he double-layer, polycrystalline graphene was grown by chem-

cal vapor deposition (CVD). These previous reports indicate that
he SnS films grown on transferred double-layer, polycrystalline
raphene on an amorphous substrate or a GaAs(100) substrate have
arrower rocking curves and stronger out-of-plane orientations
ompared with that on substrates without the transferred double
raphene layer. However, the in-plane epitaxy appears to contain
any orientation domains.

In this work, we report the growth and characterization of high-
uality SnS (∼500 nm thick) films using thermal evaporation of SnS
owders onto the homemade single crystal graphene which has
ne orientation domain and polycrystalline commercial graphene
hich has two dominant orientation domains with 30o rotation

elative to each other. We  will refer to these two substrates as
he single crystal graphene and the polycrystalline graphene in
he following text. We  characterized the morphology and surface
oughness of graphene and SnS film using atomic force microscopy
AFM) and scanning electron microscopy (SEM). The grain size
nd misorientation were measured by electron backscatter diffrac-
ion (EBSD). The graphene symmetry and number of orientation
omains were examined by reflection high energy electron diffrac-
ion (RHEED) 2D reciprocal space mapping. The structure and
exture of the bulk SnS films were measured by X-ray diffraction
XRD) and X-ray pole figure. For structure and texture near the film
urface, RHEED was used. The in-plane epitaxial relationship at the
nterface of SnS and graphene was determined by combing XRD
nd RHEED. The vibrational and electrical properties of the films
ere measured by Raman spectroscopy and Hall measurement,

espectively.

. Experimental

.1. Buffered substrates

.1.1. Commercial polycrystalline graphene
The polycrystalline graphene buffered SiO2/Si substrate

sed in our experiment was a commercial product (graphene-
upermarket.com). Monolayer, polycrystalline graphene on

 cm × 1 cm silicon wafer (p-doped) with <100> orientation and
 silicon oxide coating (∼150 nm)  was prepared by the company

ollowing the procedure developed by Li et al. [21]. and then
ransferred onto the silicon wafer using the “PMMA-mediated”
pproach [22,23]. 95% of the surface area is covered with mono-
ayer graphene, while 10–30% of this area is also covered with
ience 435 (2018) 759–768

bilayer graphene islands. Prior to the SnS film deposition the
morphology and grain orientations of this commercial graphene
substrate were characterized by using SEM, AFM, and RHEED. See
figures later.

2.1.2. Homemade single crystal graphene
The homemade graphene was  first epitaxially grown on

single-crystalline Cu(111)/sapphire substrates with a low pressure
chemical vapor deposition method. The single-crystalline Cu(111)
films were prepared on sapphire(0001) substrates by DC sputtering
and post-deposition annealing. The graphene layer was then trans-
ferred onto a 50 nm thick SiO2 layer on Si(100) substrate [18]. The
structure of the graphene layer was determined to be single crystal
through azimuthal RHEED reciprocal space mapping [24].

2.2. SnS film preparation

According to the vapor phase diagram, the SnS evaporates con-
gruently during deposition by thermal evaporation [25]. This makes
thermal evaporation a desirable method to grow SnS thin film. The
advantage of using thermal evaporation of SnS is that thermal evap-
oration introduces negligible disorder in the single layer graphene
as compared with other deposition techniques such as sputtering,
e-beam, and pulsed laser depositions as shown by Raman spectra
[26]. The SnS film was grown on graphene/SiO2/Si(100) substrate
by evaporating SnS powder (Sigma Aldrich, purity ≥ 99.99%) placed
in an alumina coated tungsten basket with the top opening diam-
eter of about 1 cm (R.D. Mathis). The substrate was mounted about
15 cm above the SnS source. The base pressure of the vacuum
chamber was 5–7 × 10-7 Torr. Before a deposition, the substrate was
heated to 280 ◦C from the backside with a ramping rate of 20 ◦C/min
using a double ended halogen lamp (Ushio, FCL, J120V-500 W)  with
a rectangular reflector (8 cm × 12 cm)  installed inside the vacuum
chamber. A schematic of the experimental setup of the thermal
evaporator is shown in Fig. 1(a). During the deposition, the tem-
perature of the substrate surface was maintained at 283–286 ◦C,
which was  monitored using a type K thermocouple attached to
the substrate surface. The deposition rate was about 0.6–0.8 Å/s
according to a quartz crystal monitor (QCM) with a gold coated
quartz monitor crystal (Inficon, 008-010-G10). After the deposi-
tion, the lamp was turned off immediately. The substrate and the
deposited SnS film were cooled down naturally. Both SnS films
of about 500 nm thickness were deposited simultaneously on the
polycrystalline and single crystal graphene substrates using this
system. Fig. 1(b) shows a schematic of the layered structure of the
SnS on graphene/SiO2/Si(100) sample.

2.3. Characterization techniques used

The surface morphologies of the synthesized SnS films were
imaged using an AFM (PSI XE100) in contact mode and a field emis-
sion scanning electron microscope (SEM) (ZEISS SUPRA 55). The
AFM tip (�mash, HQ: CSC17/AL BS) used had a tip radius of 8 nm,  a
force constant of 0.18 N/m, and a resonant frequency of 13 kHz. To
characterize the crystal structure and the average grain size of the
SnS films in the vertical direction, X-ray diffraction (XRD) was car-
ried out using an X-ray diffractometer (Bruker D8 Discover). The Cu
K� X-ray source used had a wavelength of 1.5405 Å. A point detec-
tor with a 0.01o scanning step size and a 0.1 s counting time at each
step was used to collect the X-ray diffraction theta-2theta (�-2�)
scans. The scanning step size for the rocking curve was 0.002o. The

incident beam, detector, and anti-scatter slits used all had a 0.6 mm
width. XRD pole figure measurements were carried out using the
same X-ray diffractometer with a 1o step size in both azimuthal
and chi directions.
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Fig. 1. (a) A schematic of the thermal evaporator setup. Major components are labeled by numbers. 1. Glass chamber wall, 2. Substrate holder, 3. Substrate, 4. Alumina coated
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ungsten basket, 5.SnS powder source, 6. Light reflector, 7. Halogen lamp, 8. Substra
ubstrate.

The electron backscatter diffraction (EBSD) characterization of
nS films on graphene samples was carried out with a Karl Zeiss
ltra 1540 EsB SEM-FIB system integrated with a NordlysNano
BSD Detector (Oxford Instruments). A 15 kV electron beam was
sed to scan the sample surface with an area of 5.0 �m × 5.0 �m,

 working distance of 18 mm,  and a sample tilting angle of 70◦.
he scanning step size was set at 125 nm.  The crystallographic
rientation data was collected using the Aztec 2.1 EBSD data acqui-
ition software and post-analyzed using the HKL Channel 5 Mambo
oftware (Oxford Instruments) for the crystallographic orientation
apping, the grain boundary misorientation estimation, and the

ole figure plotting.
Reflection high-energy electron diffraction (RHEED) was used to

haracterize the structure and texture near the surface of the SnS
lm. The base pressure of the vacuum chamber that housed the
HEED was in the range of 10-8 Torr. The electron gun (model RDA-
03G) used in RHEED generated a 15 keV electron beam incident
t a glancing angle of ∼1◦ on the sample surface and the emission
urrent was 34 �A. The RHEED pattern was projected on a phos-
hor screen mounted on a 6-in flange which was about 20 cm away

rom the sample in the vacuum chamber and was captured by a
igital camera positioned outside the chamber [27]. The RHEED 2D
eciprocal space mapping is constructed from 100 RHEED patterns
ollected at 100 different azimuthal angles with a 1.8o incremental
ngle and the details are described elsewhere [24].

Raman spectra were collected using a Renishaw 2000A Raman
icroscope system. The laser wavelength and power used were

85 nm and 2 mW,  respectively. The integration time was 10 s and
he laser spot size was 5 �m × 20 �m.  The step size used in the
aman scattering data collection was 1 cm-1. The resistivity, carrier
ensity and Hall mobility of the SnS film were measured using a
omemade van der Pauw setup [28]. The external DC magnetic field
an be raised up to 4500 G. Four indium dots were used as electrical
ontacts near the edges of four corners of the film. The In dots were
ecured to the surface of each film at ambient temperature (and
ithout annealing) by applying a pressure from the clamps. Our

urrent vs voltage test shows the contacts are Ohmic [29].

. Results and discussions

.1. Surface morphology

.1.1. SEM
Fig. 2(a) and (b) show the SEM top views of the polycrystalline

raphene and single crystal graphene on SiO2/Si substrate, respec-
ively. Both Fig. 2(a) and (b) show that the major part of the surface

s covered by a graphene layer, but there exists grain boundaries
dark curves), wrinkles and bilayer graphene islands. The lateral
ize of the bilayer island is about 2 �m for both substrates, but
he single crystal graphene surface was covered by fewer bilayer
mp, 9. Thermocouple wires, (b) A schematic of SnS layer on graphene/SiO2/Si(100)

islands than that on the polycrystalline graphene. Fig. 2(c) and (d)
show SEM top views of SnS films grown on the polycrystalline
and single crystal graphene substrates, respectively. The surfaces
of both SnS films show many flakes scattered on a continuous
film. The typical size of an individual flake for the SnS film grown
on the single crystal graphene (about 400 nm) is larger than the
one grown on the polycrystalline graphene (about 250 nm). Litera-
ture reports that adsorbates or particles often decorate at graphene
grain boundaries [30]. It was  predicted that lines of adsorbates and
particles are more reactive than the pristine lattice of graphene.
Experimentally we  observed that the SnS flakes form clusters along
the graphene grain boundaries shown in Fig. 2(a) and (b). This
may be due to the fact that these sites are more reactive to ini-
tiate the growth of SnS flakes. The number density of SnS flakes
on single crystal graphene is lower than that on the polycrystalline
graphene, which may be attributed to fewer grain boundaries in
the single crystal graphene. Fig. 2(e) and (f) show SEM cross section
views of mechanically cleaved SnS films grown on polycrystalline
graphene and single crystal graphene substrates, respectively. The
thicknesses of the films are ∼527 nm and ∼612 nm in Fig. 2(e)
and (f), respectively. The SnS film grown on the polycrystalline
graphene has columnar like structure whereas the SnS film grown
on the single crystal graphene has large size grains. This large size
is supported by the EBSD data to be presented later.

3.1.2. AFM
Fig. 2(g) and (h) show AFM top views of the SnS films grown

on polycrystalline graphene and single crystal graphene, respec-
tively. Both films show island-like features over the surface. The
high magnification images in the insets of Fig. 2(g) and (h) reveal the
details of these features. The root-mean-square roughness of the
two surfaces shown in Fig. 2(g) and (h) are ∼37.8 nm and ∼34.3 nm,
respectively, which are very comparable. In the literature, typical
root-mean-square roughnesses of 500 nm SnS films synthesized
through thermal evaporation on various substrates at 300 oC are
around 10 nm [31]. Comparing to their results, our SnS films have
rougher surfaces. This could be attributed to (1) the surface enengy
of SnS(010) (∼154 mJ/m2 [32]) is higher than the surface energy of
the graphene (∼46.7 mJ/m2 at room temperature [33]). Thus SnS
does not wet graphene and favors island growth. (2) Low surface
diffusion of SnS at the relatively low substrate temperature [34].
Recall that our substrate was held at 280 ◦C during growth. The
film is columnar and grainy. (3) The wrinkles formed (∼10 nm in
height) on the initial graphene surface due to graphene’s relax-
ation on SiO2/Si substrates [35]. The lateral correlation lengths of

the surfaces in Fig. 2(g) and (h) are ∼167 nm and ∼286 nm, respec-
tively. This indicates that the distribution of flakes is denser on the
polycrystalline graphene than that on the single crystal graphene,
which is consistent with the SEM results.
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Fig. 2. SEM top-view images of (a) bare commercial polycrystalline graphene on SiO2/Si(100), (b) bare homemade single crystal graphene on SiO2/Si(100), (c) after the
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eposition of SnS film on the polycrystalline graphene, and (d) after the deposition o
he  polycrystalline graphene on SiO2/Si(100) and (f) SnS film grown on the single cry
raphene and (h) SnS film on the single crystal graphene. The insets in (g) and (h) s

.2. EBSD measurements of orientation, grain size and grain
oundary orientation

The SnS film on polycrystalline graphene has a rough surface,
herefore a significant fraction of the area was unresolved dur-
ng the EBSD scan. In contrast, a majority of the surface area can
e resolved for the smoother SnS film grown on single crystal
raphene. The SnS phase is detected to belong to orthorhombic
rystal system with a space group of 62 (Pbnm). Fig. 3(a) shows the
rystallographic orientation map  using the inverse pole figure com-
onent in the Z-direction (IPF-Z). The uniform blue color map  for
he SnS film on the single crystal graphene in Fig. 3(a) indicates a
omogeneous out-of-plane [010] orientation. Fig. 3(b) shows IPF-X
ap  indicating the in-plane crystallographic orientation distribu-

ion in the SnS film. SnS grain boundaries on the single crystal
raphene are well resolved in Fig. 3(b). The green color indicates
he [001] crystal direction, and the red color indicates the [100]
rystal direction. The estimated grain size is about 1 �m for this
nS film. Fig. 3(c) is the grain boundary misorientation histograms
or SnS film on single crystal graphene. The plots show that the pre-
erred misorientation angle for SnS film on single crystal graphene
re i·30o where i is an integer.

.3. Analysis of structure and texture by diffraction

.3.1. X-ray diffraction
Fig. 4(a) and (b) show X-ray diffraction intensity plotted in a

ogarithmic scale vs 2� from SnS films grown on the polycrystalline
raphene and the single crystal graphene, respectively. For the SnS
lm shown in Fig. 4(a), SnS(020), (040), (080) peaks at 2� = 15.72o,
1.87o, and 66.64o as well as Si(400) peak at 69.27o were observed.
rom these peaks the lattice constant b of SnS is determined to be
1.236 ± 0.007 Å (bulk lattice constant b = 11.192 Å). The inset a1

n Fig. 4(a) is a one degree zoomed-in view at the vicinity of the
nS(040) peak plotted in a linear scale showing a SnS(111) peak at
1.64o adjacent to the SnS(040) peak at 31.87o. This implies that the

nS film grown on the polycrystalline graphene may  develop more
han one crystal orientations. A similar behavior was  observed by
evika et al. for the SnS film grown on a glass substrate at 300 ◦C
sing thermal evaporation [9]. For the SnS film shown in Fig. 4(b),
lm on the single crystal graphene. SEM cross-section view images of (e) SnS film on
aphene on SiO2/Si(100). AFM top-view images of (g) SnS film on the polycrystalline
oomed-in views from small areas in (g) and (h), respectively.

SnS(020), (040), (080) peaks at 2� = 15.80o, 31.91o, and 66.70o as
well as Si(400) peak at 69.15o were observed. The lattice constant
b of SnS film is determined to be 11.207 ± 0.008 Å, closer to the
bulk lattice constant b. A one degree zoomed-in view plotted in
inset b1 shows no SnS(111) peak, unlike the SnS film grown on the
polycrystalline graphene. This means that the SnS film grown on
the single crystal graphene has a single orientation.

The average vertical coherent domain size D can be estimated
from the full-width-at-half-maximum (FWHM) of X-ray peak
intensity profile using Scherrer formula D = K�/(  ̌ · cos�), where
K = 0.89 is the shape factor, � is the X-ray wavelength, and  ̌ is the
experimental FWHM of the respective (hkl) diffraction peak in units
of radians. For the SnS film grown on the polycrystalline graphene,
the FWHM of the (020) peak is 0.21 ± 0.01o. The estimated aver-
age vertical coherent domain size is 49.56 ± 0.02 nm.  Similarly,
the estimated average vertical coherent domain size for the SnS
film grown on the single crystal graphene is 51.50 ± 0.02 nm.
These values are smaller than the film thickness observed from
SEM and AFM because each morphological feature may consist of
many coherent domains. Note that these coherent domain sizes
are estimated from measured FWHM without deconvoluting the
instrument response’s FWHM.  Therefore, the sizes are lower limits
or underestimated.

Insets a2 and b2 in Fig. 4(a) and (b) show the corresponding rock-
ing curves or omega scans of the SnS(040) peak measured at theta
(�) angle of 15.93o and 15.96o from the SnS films grown on poly-
crystalline and single crystal graphene, respectively. The FWHMs  of
rocking curves fitted from the SnS films (without any instrument
response deconvolution) by a Gaussian function on the polycrys-
talline graphene and the single crystal graphene are 0.837 ± 0.002o

and 0.860 ± 0.002o, respectively. As a reference, the FWHM of the
rocking curve measured from the substrate Si(400) peak at � angle
34.49o was 0.031 ± 0.001o. Our measured FWHMs  of around 0.85o

are larger than the FWHM of rocking curve of 0.37o observed from
SnS film grown on graphene/GaAs(100) or graphene/SiO2/Si but
smaller than 2.96o measured from SnS film grown directly on
GaAs(100) or ∼4o measured from SnS on glass [20]. Note that the

reported FWHMs  of rocking curves by Wang et al. were measured
from ∼1 �m thick SnS film grown on bi-layer graphene at 400 ◦C
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Fig. 3. (a) EBSD IPF-Z crystallographic orientation map  that shows the out-of-plane orientation in the SnS film on the homemade single crystal graphene. (b) IPF-X map
which  indicates the in-plane crystallographic orientations and unveils the grain boundaries in the SnS film grown on the single crystal graphene. The scale bars in (a) and (b)
are  1 �m.  (c) grain boundary misorientation histograms indicating the grain boundary misorientation distributions in the SnS film grown on the single crystal graphene.

Fig. 4. (a) XRD � vs 2� scan from the SnS film deposited on the commercial polycrystalline graphene/SiO2/Si(100) substrate and the intensity is plotted in a logarithmic scale.
Inset  a1: A zoomed-in view of the XRD � vs 2� scan of the SnS film within the range of 31.2o < 2� < 32.2o and the intensity is plotted in a linear scale. The profile contains (111)
and  (040) peaks. Inset a2: The XRD (040) rocking curve of the SnS film with the intensity plotted in a linear scale and 3-degree � angular range. (b) The XRD � vs 2� scan from
the  SnS film deposited on the single crystal graphene/SiO2/Si(100) substrate and the intensity is plotted in a logarithmic scale. Inset b1: A zoomed-in view of XRD � vs 2�
scan  of SnS film within the range of 31.5o < 2� < 32.5o and the intensity is plotted in a linear scale. Inset b2: The XRD (040) rocking curve of the SnS film with intensity plotted
in  a linear scale and 3-degree � angular range. RHEED pattern using a 15 keV electron beam collected from (c) SnS film grown on the polycrystalline graphene/SiO2/Si(100),
and  (d) SnS film deposited on the single crystal graphene/SiO2/Si(100) substrates. In each RHEED pattern, (hkl) indices were labeled below diffraction spots. The out-of-plane
directions in (c) and (d) are [111] and [010], respectively. The diamond and square unit meshes are outlined in blue dashed lines in (c) and (d), respectively. Insets in (c) and
( er k⊥
i ) indic
t

w
w

3

c
d

d)  show radial intensity vs reciprocal distance or perpendicular momentum transf
n  the RHEED pattern indicates the area where the intensity is integrated. The (hkl
his  figure legend, the reader is referred to the web  version of this article).

hile the thicknesses of our film is only about 500 nm, and our films
ere grown at 280 ◦C.
.3.2. X-ray pole figure
The strong (010) out-of-plane orientation and narrow rocking

urve of SnS films grown on graphene buffer layers presented above
o not reveal the in-plane epitaxy of the SnS film. Fig. 5(a) and
along the direction perpendicular to the substrate. The red dashed rectangular box
es of peaks and rings are labeled (For interpretation of the references to colour in

(b) show X-ray {160} pole figures of SnS film on polycrystalline
and single crystal graphene, respectively, for the (010) out-of-plane
orientation. The 2� angle for the pole figure measurements was  set

◦
at 53.443 , and the step size for the azimuthal angle (ϕ) and chi
angle (�) scans were both 1◦. In the SnS {160} pole figure from the
SnS film grown on the polycrystalline graphene shown in Fig. 5(a),
12 almost even intensity poles 30o apart azimuthally at � ∼ 23o
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Fig. 5. X-ray {160} pole figures with the (010) out-of-plane orientation measured from the SnS films grown on (a) the commercial polycrystalline graphene/SiO2/Si(100)
substrate, and (b) the homemade single crystal graphene/SiO2/Si(100) substrate. (c) RHEED 2D reciprocal space structure measured from the single crystal graphene on
SiO2/Si(100) substrate. The black dashed circles are the theoretical positions of the reciprocal lattice points of a single crystal graphene. (d) RHEED azimuthal scan (upper
curve)  from single crystal graphene at k|| = 2.9 Å-1 and XRD SnS(160) azimuthal scan (bottom curve) taken at 2� = 53.443o and � = 23.311o. The corresponding (hk) indices
of  single crystal graphene are labeled above each peak in the RHEED azimuthal scan. Top view of the atomic structure at the SnS/graphene interface showing the epitaxial
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elationship: (e) <100>SnS // < 2−1−10>graphene and (f) <100>SnS // < 10−10>graphene. N
re  represented by black, blue and yellow balls, respectively. Two  perpendicular arr
tructure (For interpretation of the references to colour in this figure legend, the re

ere observed. For the {160} pole figure of SnS film grown on the
ingle crystal graphene shown in Fig. 5(b), there are 12 poles but six
ut of 12 poles have stronger intensity. The six stronger intensity
oles are 60o apart azimuthally and so are the six weaker intensity
oles.

.3.3. RHEED 2D reciprocal space mapping
The difference in the pole figures from films deposited on the

olycrystalline and single crystal graphene arises from the struc-
ural difference between the polycrystalline graphene and single
rystal graphene. As was reported in our earlier work [24], com-
ercial polycrystalline graphene exhibits a 12-fold symmetry and

he SnS film grown on it will follow the symmetry. That’s why  the
2 poles of equal intensity were observed. Similar structural char-
cterization using azimuthal RHEED has been performed on the
omemade single crystal graphene. Fig. 5(c) shows the 2D recip-
ocal space structure measured from the single crystal graphene.
t is clear that the single crystal graphene has only a 6-fold sym-

etry, which indicates that the graphene is in the single-crystal
orm. After the orientation of the single crystal graphene on SiO2/Si
ubstrate was determined, a 500 nm thick SnS film was deposited
n it. It is then expected that the SnS film grown on single crystal
raphene will also have a 6-fold symmetry.

Fig. 5(d) shows a comparison between RHEED azimuthal scan
rom the single crystal graphene measured at parallel momen-
um transfer (k)|| = 2.9 Å-1 (upper curve) and XRD {160} azimuthal
can from SnS film measured at 2� = 53.443◦ and � = 23.311o (lower
urve). The in-plane projection of the SnS(160) plane’s normal vec-

or has the same direction as SnS [100]. The azimuthal angle � = 0o

as defined as being parallel to graphene [21̄1̄0] direction (the
ngle between the base vectors of the graphene unit cell is cho-
en to be 120o) while taking XRD data. RHEED azimuthal scan in
at [10−10]graphene is rotated 30o from [2−1−10]graphene. Carbon, tin and sulfur atoms
dicate the crystal directions of graphene (black) and SnS (blue) next to each atomic

 referred to the web  version of this article).

upper curve of Fig. 5(d) has six peaks, corresponding to (10), (01),

(1̄1), (1̄0), (01̄)  and (11̄)  in the 2D reciprocal space of graphene. In
the XRD azimuthal scan from the SnS{160} planes, we expect a 6-
fold symmetry. However, there are azimuthally evenly spaced 12
peaks instead of six, and the average separation between two  adja-
cent peaks is 30 ± 1o. Among those 12 peaks, six peaks’ azimuthal
positions align with the six peak positions in the RHEED azimuthal
scan from the graphene and the intensities are two to three times
higher than the intensities of the six peaks that are 30o apart. This
means that although SnS film follows the symmetry of graphene,
there exists two  sets of domains having preferred relative rotation
angles between SnS film and graphene with different probability.
Atomic ball models showing 0o and 30o rotation at the interface
between SnS(010) lattice and graphene lattice are presented in
Fig. 5(e) and (f), respectively. The two perpendicular arrows in
black color near each atomic model indicate the in-plane orien-
tation of graphene lattice (black balls) while the arrows in blue
indicate that of SnS(010) lattice (blue and yellow balls represent-
ing Sn and S atoms, respectively). Majority of the grains in the SnS

film follows <100>SnS // <101̄0>graphene epitaxial relationship while

the rest follows <100>SnS // <21̄1̄0>graphene. Note that the angle

between [101̄0] direction and [21̄1̄0] direction is 30o. The corre-
sponding rotation angles are (i·60o + 30o) and i·60o (where i is an
integer). The relative rotation angle is defined as 0o while the SnS

[100] direction is aligned with graphene [21̄1̄0] direction. First-
principles calculation of the interaction energy for SnS/graphene
system has been reported earlier by Leung et al. [15], where they

found the surface potential energy between SnS layer and graphene
has a global minimum at rotation angle of i·60o and a local mini-
mum  at (i·60o + 30o). The values of these two angles agree with
our experimental results. However, they claimed that i·60o is the
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ost preferred rotation angle while we found (i·60o + 30o) angles
ominates.

Literature reports studies of hetero-systems using graphene as
 buffer layer for van der Waals epitaxy. Examples are: (1) Met-
lorganic chemical vapor deposition of parallel epitaxial CdTe(111)
as grown on graphene buffered SiO2/Si [17]. The lattice mismatch

etween CdTe and graphene is 46% and the symmetry changes from
exagonal graphene to Cubic CdTe. (2) Thermal evaporation of epi-
axial CdS(001) film was grown on single crystal graphene buffered
iO2/Si substrate [18]. (3) GaAs film was grown on either exfoliated
raphite flakes on Si substrate or CVD graphene on Si substrate. The
aAs film has a good (111) rocking curve of 0.06o but the pole figure

how a polycrystalline film [36]. (4) Over 50% of 2D GaSe domains
rown on transferred graphene buffer layer on SiO2/Si substrate
dopts a preferred orientation with 10.5 ± 0.3o interlayer rotation
37]. This lack of in-plane epitaxy in a film results from the random
rain boundaries existed in transferred graphene layer that often
as wrinkles [38]. Clear and definite epitaxial film was  demon-
trated when the graphene layer was grown in situ from SiC wafer.
n example is the growth of topological insolating Bi2Se3 film on
ither graphene buffer layer grown in situ on 4H-SiC wafer sub-
trate [39] or double-layer graphene buffer layer grown in situ on
H-SiC(0001) substrate [40]. Non-layered epitaxial GaN film with
.06o rocking curve has also be demonstrated on graphene grown

n situ on 4H-SiC(0001) [16]. These previous reports indicate that a
ransferred graphene buffer layer on an amorphous substrate dif-
ers from the graphene layer grown on a single crystal substrate.
he structural and grain boundaries of CVD grown graphene on
olycrystalline Cu metal foils have relative rotational angles that
xist among different grains [41].

.3.4. RHEED patterns
In addition to the 12 poles observed in the X-ray pole figure

hown in Fig. 5(a) and (b), there is also a continuous ring at the
ame chi angle. The ring implies the existence of grains without

 preferred in-plane-orientation, which may  be associated with
he randomly distributed flakes on the flat surface found in the
EM images. To confirm this, we used the surface sensitive RHEED
easurement, to characterize the film structure and texture near

urface. Fig. 4(c) and (d) show the RHEED patterns of the SnS
lms grown on the polycrystalline graphene and the singe crys-

al graphene taken at certain sample’s in-plane azimuthal angles.
he pattern consists of closely spaced concentric rings of inten-
ity centered on the straight-through (S.T.) spot as well as some
ocalized diffraction intensities at certain positions on each ring.
hose rings in RHEED pattern indicate the presence of randomly
istributed grains near the surface of the SnS film. Similar RHEED
atterns were observed at other in-plane azimuthal angles. The fact
hat the intensities in the rings are not uniform indicates that the
rain orientations near the surface of the SnS films have a texture
onsisted of grains that are not completely random in all directions
42].

Quantitative analyses of RHEED patterns in the radial direc-
ion are presented in the following to obtain the structure near
he surface. The corresponding radial scans are inserted on the
ight in Fig. 4(c) and (d) to show the intensity variation as a func-
ion of reciprocal distance or as a function of momentum transfer
erpendicular to the substrate (k⊥) for SnS films grown on polycrys-
alline graphene and single crystal graphene, respectively. These
urves were obtained by integrating intensity between the red
ashed lines perpendicular to the substrate in the RHEED patterns
hown in Fig. 4(c) and (d). Each peak in the radial scans corre-

ponds to a diffraction ring in the RHEED pattern. The shape of
ach peak is fitted using a Gaussian function after subtracting the
ackground, which is taken to be the diffraction intensity slightly
utside of the ring [27]. We  took the center of the fitted Gaus-
ience 435 (2018) 759–768 765

sian function as the peak position. Setting the straight-through
spot as the origin, we can determine the radii of each ring, or
namely, the reciprocal distance from the origin to a point on
a certain ring, as its corresponding peak position in the radial
scan. The reciprocal distance (k) is related to the lattice con-
stants of an orthorhombic crystal through the relation: k2 = 4�2

d2
hkl

=

4�2
(
h2

a2 + k2

b2 + l2

c2

)
. The lattice constants of SnS determined from

the XRD are: a = 4.33 Å, b = 11.19Å, c = 3.98 Å. Using these values, we
calculated the expected radii of rings associated with different (hkl)
indices for SnS film. By matching calculated radii with the measured
positions of peaks (k), we determined the (hkl) for each peak, as is
labeled at each peak in the radial scan.

Using the same methodology just described, the spots in the
RHEED patterns shown in Fig. 4(c) and (d) were indexed. The SnS
film grown on the commercial graphene shows an (111) out-of-
plane orientation (diamond unit mesh outlined by dashed blue
lines) while the SnS film grown on single crystal graphene shows
an (010) out-of-plane orientation (square unit mesh outlined by
dashed blue lines). Compared to the XRD results, the RHEED results
confirmed the (010) orientation near the surface of the SnS film
grown on the single crystal graphene and a dominant (111) orien-
tation near the surface of the SnS film grown on the polycrystalline
graphene. Due to the strong electron scattering and the near surface
protrusions seen in Fig. 2(c)–(f), RHEED can reveal orientation(s)
within the electron mean free path (tens nm)  near a surface. The
radial scan in Fig. 4(c) shows orientations such as (200), (141), (002),
and (211), in addition to the (111) out-of-plane orientation from
near the surface of SnS on the polycrystalline graphene. Similarly
more orientations such as (021), (141), and (112), in addition to
the (010) out-of-plane orientation were observed near the surface
of the SnS film grown on the single crystal graphene. This means
there exist additional minor orientations near the surface that XRD
are not able to detect.

3.4. Raman spectroscopy

Raman spectroscopy was  used to determine the vibrational
modes of SnS films and ascertain the chemical stoichiometry of
SnS by examining the presence of other phases (SnS2, Sn2S3) that
XRD may  not be able to detect [43]. Fig. 6(a) and (b) show Raman
spectra from the SnS films grown on the polycrystalline and the
single crystal graphene substrates, respectively. In every spectrum,
five peaks are observed in the range of 50–400 cm-1. The board peak
between 240 and 340 cm-1 was fitted with three Gaussian functions
after subtracting a linear background. These fitted peaks’ positions
are also labeled. All the peak positions of SnS film on the poly-
crystalline graphene redshift by less than 1 cm-1 from those of the
counterpart on the single crystal graphene. The peak near 160 cm-1

is a B3g vibration mode and the rest three sharp peaks (95, 190, and
219 cm-1) and the 1st fitted peak (261 cm-1) from the broad peak
are identified as Ag vibrational modes. The first four sharp peaks
agree with peaks from thin SnS film within 2 cm-1 [44]. The 3rd
fitted peak at ∼310 cm-1 from the broad peak may  originate from
a trace amount of SnS2 [43,45,46] that has only one strong peak
ranging from ∼312 to 315 cm-1. As a reference, the Raman peak
measured from a bulk single crystal SnS2 is 315 cm-1 [47]. Nine
Raman active modes have been observed from single crystal Sn2S3
by Chandrasekhar et al. and the strongest peaks are at 63 ± 2 cm-1

(Ag mode) and 308 ± 2 cm-1 (Ag mode) [48]. In our Raman spectra
no peak is observed at ∼60 cm-1 and the peak at ∼310 cm-1 is weak.

We attributed the missing peak at ∼60 cm-1 to the absence of Sn2S3
and the weak peak at ∼310 cm-1 to SnS2. Therefore our Raman
spectra verified that the chemical stoichiometry of the film is con-
sistent with the vibration modes mainly comes from SnS and a trace
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ig. 6. Raman spectra collected at room temperature from the SnS films grown on (a
he  inset in each figure is the zoomed-in view and Gaussian curve fit of three peaks

mount of SnS2. We  note the relative intensities between B3g and
g modes of SnS films reported in the literature vary. Many factors
ould contribute to this variation, for example, the different crys-
allographic orientations form in a SnS film from different growth

ethods. Even for a single SnS phase there is a strong anisotropic
aman response in the measured Raman spectra depending on the

ncident and scattered light polarization angles [44].
Nikolic et al. [49] has provided approximate estimates of the

atios of the pairs of intra-layer and the inter-layer force constants
rom the Raman and infrared data. The ratio is about half of that
rom GeS and GeSe. They infer that although SnS is a layer mate-
ial the SnS is less layer-like as compared with GeS and GeSe and
s intermediate between layer-like and 3D crystal. This may con-
ribute to the growth of islands and flake morphologies that we
bserved in the SEM and AFM images.

.5. Mobility

Before the Hall mobility measurement of a SnS film, the sys-
em was calibrated using a p-type Ge1-xSnx/CaF2(111) sample
rown at 350 ◦C [50]. The room temperature mobility and car-
ier concentration was repeatedly measured to be 75 ± 13 cm2/Vs
nd (3.6 ± 0.6) × 1018 cm-3, respectively. For the SnS film grown
n the single crystal graphene (lateral edge length about 1 cm)
n SiO2 substrate, the measured room temperature hole mobility
�h) and resistivity (�) have small variations under four differ-
nt applied currents (1, 5, 10 and 50 �A) and the average values
re 240 ± 40 cm2/Vs and 0.31 ± 0.01 	-cm, respectively. The film
s determined to be p-type with an average carrier concentration
f (8.6 ± 1.5) × 1016 cm-3. For the SnS film grown on the polycrys-
alline graphene, measurements of the Hall mobility did not yield

 consistent result. This is probably due to the columnar structure
s shown in Fig. 2(e).

Published Hall mobility values of p-type SnS films vary widely
anging from tens to hundreds cm2/Vs. The values depend on
he growth methods, growth conditions, carrier concentrations,
nd substrates (graphene buffered single crystal, single crystal, or
lass). It is expected that epitaxial SnS film has a higher mobility
ue to less grain boundary scattering compared with non-epitaxial
lm. The mobility also depends on the impurity concentration
hat contributes to ionized impurity scattering, which reduces the
obility. For a fixed conductivity the mobility is inversely propor-

ional to the carrier concentration. We  compared several mobility
alues in tens cm2/Vs from thin SnS films: (1) SnS film grown
ommercial polycrystalline graphene and (b) the homemade single crystal graphene.
een 240 and 340 cm-1. Peak positions are labeled in each figure.

by molecular beam epitaxy (MBE) on graphene/GaAs(100) sub-
strates has a Hall mobility up to 81 cm2/Vs for p-type Cu doping
of 1016–5 × 1017 cm-3 [20]. (2) SnS film grown on mica by MBE has
a hole mobility of 28–46 cm2/Vs with a hole concentration on the
order of 1017 cm-3 [51]. (3) Ultrathin SnS nanoplate grown on mica
by physical vapor transport has in-plane directional dependent
mobility ranging from 20–34 cm2/Vs for 1019 cm-3 doping [52]. (4)
SnS films grown on glass by pulse laser deposition of SnSx target
on SiO2 has the highest Hall mobility of 28 cm2/Vs and the car-
rier densities of 1.5 × 1015–1.8 × 1016 cm−3 [53]. A couple of groups
report mobility in hundreds cm2/Vs: (1) Vapor transport deposition
of SnS(010) film on NaCl(100) substrates has a Hall mobility of 385
cm2/Vs for carrier density 1017 cm-3 [54]. (2) Vacuum evaporated
SnS (040) film grown on glass at 285 ◦C growth temperature has
a Hall mobility of 400–500 cm2/Vs for carrier density of 1014 cm-3

and resistivity of 13–20 	-cm [55].
For SnS single crystal bar of size 2 × 0.5 × 0.3 cm3 made by melt-

ing stoichiometric amounts of component materials shows a Hall
mobility of 65 cm2/Vs and hole densities of 1017–1018 cm−3 at
room temperature [56]. The same authors also reported anisotropic
mobility in the single crystal SnS. The hole mobility in a plane
perpendicular to c axis is ∼90 cm2/Vs for charge concentration of
3 × 1017 cm−3 at room temperature. The Hall mobility in the c axes
direction (perpendicular to the SnS layers) is about 5 times smaller
than that in the layers perpendicular to the c axes [56]. If a thin film
plane is perpendicular to the c-axes then the measured hole mobil-
ity tends to have a higher value. This is the case in our SnS(010) film
and the SnS(010) [54] and SnS(040) films [55].

4. Conclusions

We  demonstrate that a sub-micron thick layer metal chalco-
genide SnS film can be grown epitaxially on an amorphous
substrate buffered by a monolayer single crystal graphene. Our
structural characterization through X-ray pole figure shows (1) the
SnS films grown on both commercial polycrystalline and home-
made single crystal graphene substrates are epitaxial films with the
[010]SnS//[0001]graphene out-of-plane orientation. (2) For vdWEs
growth, the structure of the graphene substrate has an influence
on the SnS epi-layer. The SnS film will follow the symmetry of the

graphene substrate. Even though the SnS film grown on the single
crystal graphene exhibits a 6-fold symmetry, there exists two  sets
of relative rotation angles (i·60o and i·60o + 30o) between SnS and
graphene while the (i·60o + 30o) angles dominate. The in-plane epi-
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axy for the dominant domains follows <100>SnS // <101̄0>graphene

hile the minor domains follow <100>SnS // <21̄1̄0>graphene. (3)
BSD IPF-X maps of SnS(010) films on both graphene substrates
eveal the in-plane grain boundaries with grain orientation in 30o

ncrement consistent with X-ray result. The grain size in SnS(010)
lm grown on single crystal graphene is about 1 �m.  (4) The RHEED
easurement shows that the near surface texture of the SnS film

rown on single crystal graphene is (010) while the near surface
exture of SnS film grown on polycrystalline graphene has a mix-
ure of (010) and (111) with more dominant (111). (5) The Raman
pectra show that the chemical stoichiometry consistent with the
ibration modes mainly comes from SnS and a trace amount of
nS2. (6) The average Hall mobility of the thin SnS(010) film is
240 cm2/Vs for carrier concentration of ∼1017 cm-3 that is higher

han SnS films grown on other single crystal substrates with or
ithout graphene buffered layer. The epitaxial SnS film and its

xcellent electrical property may  improve the efficiency of SnS
lm-based optoelectronic devices.
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