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van der Waals epitaxy (vdWE) of three-dimensional CdS thin films on both single-crystalline gra-
phene/Cu(111)/spinel(111) and single-crystalline graphene/SiO,/Si substrates is achieved via ther-
mal evaporation. X-ray and electron backscatter diffraction pole figures reveal that the CdS films
are a Wurtzite structure with a weak epitaxy on graphene and accompanied with a fiber texture
background. The epitaxial alignment between CdS and graphene is observed to be an unusual non-
parallel epitaxial relationship with a 30° rotation between the unit vectors of CdS and graphene. A
geometrical model based on the minimization of superlattice area mismatch is employed to calcu-
late possible interface lattice arrangement. It is found that the 30° rotation between CdS and gra-
phene is indeed the most probable interface epitaxial lattice alignment. The vdWE of CdS on
graphene, transferrable to arbitrary substrates, may represent a step forward for the growth of qual-
ity CdS thin films on arbitrary substrates through a graphene buffer. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4980088]

van der Waals epitaxy (vdWE) is a concept of locking
up substrates and overlayers through the van der Waals
force. It was discovered as “physical adsorption with order-
ing” more than five decades ago and explicitly coined by
Koma in 1992." In contrast to chemical epitaxy where a
small lattice-mismatch is often an important requirement to
grow quality overlayers, vdWE exempts this requirement
since chemical bonding does not form at the interface in
vdWE. Initially, vdWE did not attract enough attention
mainly because the choice of materials for vdWE was lim-
ited to a few transition metal dichalcogenides, graphite,
mica, and surface-terminated substrates such as H-Si and S-
GaAs. But the level of interest in vdWE has been growing in
the past years owing to the rapid development of two-
dimensional (2D) materials which naturally fit the regime of
vdWE.? vdWE systems involving two-dimensional materials
consist of three subgroups, namely, two-dimensional (2D) on
three-dimensional (3D), 2D-2D, and 3D-2D. The most well-
known example of 2D-3D vdWE is perhaps the epitaxial
growth of graphene on single-crystalline substrates.*~ There
have been numerous studies in this regard. For 2D-2D
vdWE, a hot topic, there are also many reports available.*'*
However, there are fewer reports on 3D-2D vdWE.*'5"'® In
particular, vdWE of 3D materials on graphene has been
shown challenging. To date, noteworthy studies regarding
vdWE of 3D on graphene include GaN thin films, CdTe thin
films, GaAs thin films, GaN nanowires, InAs nanowires, Ge
nanocrawlers, SnTe monolayers, and ZnO monolayers.lg*26
Planar films, compared to clusters, are even more challeng-
ing to epitaxially grow on graphene, because a typical 3D
material would not “wet” the graphene surface. Sometimes,
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steps or defects have to be created in graphene to promote
the nucleation of overlayers.'**"~%°

CdS is a technologically important semiconductor with
a host of applications, including photovoltaics, light emitting
diode, photodetector, laser, and anti-Stokes cooling.3°_34
While having been explored on mica,* >’ MoSz,l7 InSe,*®
and MoTe,,'® vdWE of CdS thin films on graphene has not
been demonstrated. Given its extraordinary electronic prop-
erties, optical transparency, and transferability to arbitrary
substrates, graphene appears to be an attractive choice as the
electrode material for CdS-based optoelectronic devices
such as CdS/CdTe thin film solar cells. Currently, transpar-
ent conductive oxide (TCO) is in place for this role, but
semiconductors cannot be grown in single-crystalline form
on TCO. Thus, it would be highly desirable if CdS thin film
epitaxy can be achieved on graphene that buffers TCO.
Note that Seo ef al. have fabricated the heterojunction of
CdS-graphene by chemical bath deposition, but there was no
evidence of epitaxy for that system.”’ In this work, we inves-
tigate the CdS thin film thermally evaporated on a single-
crystalline graphene transferred to a SiO,/Si (SOS) substrate.
The crystallographic study using electron backscatter diffrac-
tion (EBSD) shows signs of epitaxy for the CdS thin film
grown on the single-crystalline graphene. To reveal the crys-
tal orientation relationship between CdS and graphene, we
also grow an epitaxial CdS film on a graphene/Cu(111)/
spinel(111) surface. The X-ray pole figure of this CdS/
graphene/Cu(111)/spinel(111) sample is used to determine
the crystal alignment between CdS and Cu and then correlate
CdS with graphene since the graphene is known to be paral-
lelly aligned with Cu(111). Additionally, we use a model
based on the minimization of superlattice area mismatch to
predict the experimentally observed interface alignment.
Both the experiment and the simulation suggest a 30° rota-
tion between CdS and graphene.

Published by AIP Publishing.
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The graphene used in this study was synthesized on a
single-crystalline Cu(111) film via a low pressure chemical
vapor deposition (CVD) process and then transferred to a
Si0,/Si substrate. Fig. S1 (supplementary material) shows the
optical images and Raman spectra of this pre- and post-
transferred graphene. While not monolayer everywhere, the
graphene is single-crystalline.’”*° Fig. 1(a) schematically
shows the configuration of a CdS thin film grown on a gra-
phene/SiO,/Si substrate (GSOS). Since the SiO,/Si wafer is
larger in area than the transferred graphene, we have a control
film of CdS on SiO,/Si (SOS) in the area that is not covered
with graphene. The X-ray diffraction (XRD) 60-20 scans of
these samples are exhibited in Fig. 1(b). The pattern for CdS-
SOS shows a wurtzite phase CdS (space group 186) with
dominating (0001) orientation, along with a small yet notice-
able (1013) peak. The peak at ~33° is a diffraction from Si.
For CdS-GSOS, the out-of-plane orientation is purely wurtzite
(0001) or zinc-blende (111). Note that the phase for this CdS
is not discriminable without additional peaks, but we have it
identified as wurtzite with EBSD. Fig. 1(c) shows the scan-
ning electron microscopy (SEM) image of CdS films spotting
at the boundary separating graphene-covered and graphene-
uncovered areas. The morphologies of CdS films are sharply
contrasted in two areas. Zoom-in SEM images of CdS on
GSOS (Fig. 1(d)) and SOS (Fig. 1(e)) show that CdS forms
into larger grains when growing directly on the SOS surface
than on the graphene buffered surface. To better understand
why, cross section SEM images are shown in Fig. S2 (supple-
mentary material), where a striking difference in film thick-
ness can be seen. The CdS film grows much thinner on the
GSOS (~330 nm) than that does on the SOS (~1800 nm) after
the identical deposition process, suggesting that initially the
CdS has difficulty to nucleate on the graphene surface but
eventually overcomes it. This also explains the difference in
grain size seen in Figs. 1(d) and 1(e). The smaller CdS grains
on the GSOS are simply due to the growth of CdS on gra-
phene falling behind at the beginning. It should be mentioned
that the CdS film does not grow on the graphene at all after a
typical deposition (50 min), whereas it does on the SiO,/Si
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substrates. To get the CdS growing on graphene, the deposi-
tion has to be extended to 2.5h in this work, suggesting that
the nucleation of CdS on graphene is challenging. All these
evidences appear to confirm that the low energy graphene sur-
face is hard to “wet.”

Figs. 1(f) and 1(g) show the EBSD crystallographic ori-
entation map (25 x 25 um) and inverse pole figure (IPF) of
the CdS-GSOS along sample’s Z direction, respectively. The
color indexing is shown in the inset of Fig. 1(f). The out-of-
plane orientation for this film is (001), consistent with the
XRD data. For the in-plane orientation, Figs. S3(a) and
S3(b) (supplementary material) show the EBSD crystallo-
graphic orientation maps and IPF of the CdS-GSOS along
sample’s X and Y directions, respectively. Both X and Y
directions of this film are mixed with (010) and (120), with
the former being preferred along X and the latter along Y.
Note that the index translates to (1210) and (0110) if the
four-digit Miller index is used. This means that the in-plane
orientation of this CdS film has preferences although is not
perfectly aligned. Fig. 1(h) shows the CdS {1011} EBSD
pole figure for CdS-GSOS. Interestingly, the pole figure is
a combination of a ring and six-fold symmetrical poles at
the same polar angle (y = 62°). This implies that the micro-
structure of this CdS film is in between fiber and single-
crystalline texture. Therefore, we can conclude that the CdS
film indeed can achieve epitaxy on graphene although weak
in the present work. On the other hand, the out-of-plane
orientation for CdS-SOS is also (001), as evidenced by the
EBSD crystallographic orientation map (25 x 25 um) and
IPF along sample’s Z direction in Figs. 1(i) and 1(j), respec-
tively. However, the in-plane orientation for this film is
completely random (Figs. S3(c) and S3(d) (supplementary
material)). Fig. 1(k) shows the CdS {1011} EBSD pole fig-
ure for CdS-SOS, where a ring can be found at y = 62°. This
indicates a pure fiber structure in this film, which is as
expected considering the amorphous nature in the substrate.

Due to the absence of covalent bonding, one may expect
to see a strain-free, incommensurate, and random overlayer-
graphene alignment at the interfaces in vdWE. However, it
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FIG. 1. (a) A Schematic of the 3D CdS film grown on a graphene/SiO,/Si substrate. (b) XRD 0/20 scans of the CdS films on the graphene/SiO,/Si and SiO,/Si
substrates. (c) Low magnification SEM image of CdS films spotting at the boundary separating graphene-covered and graphene-uncovered areas. (d) and (e)
High magnification SEM images of the CdS film grown on (d) the graphene/SiO,/Si substrate and (e) the SiO,/Si substrate. (f)—(h) EBSD crystallographic ori-
entation mapping-Z (f), IPF-Z (g), and CdS {1011} pole figure (h) of the CdS grown on the graphene/SiO/Si substrate. (i)—(k) EBSD crystallographic orienta-
tion mapping-Z (i), IPF-Z (j), and CdS {1011} pole figure (k) of the CdS grown on the SiO/Si substrate.
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has been shown that although it is weak, the vdWE interac-
tion can still induce an in-plane orientation alignment.”’*!
To determine the relative orientation between CdS and gra-
phene, we perform a parallel study on the epitaxial growth of
CdS on a graphene/Cu(111)/spinel(111) substrate. Fig. 2(a)
shows the CdS {1011} X-ray pole figure, where again a ring
and six-fold symmetrical poles can be found at y = 62°. This
suggests that the CdS film grown on the pre-transferred gra-
phene has also a weak epitaxy, similar to that on the post-
transferred graphene. The inner three-fold poles at y = 35°
are attributed to the spinel substrate due to the fact that the
spinel {220} Bragg angle is 31.2° and is close to that for
CdS {1011} (20 = 28.4°). Fig. 2(b) shows the Cu {111}
X-ray pole figure with three-fold poles at y = 70°. The azi-
muthal (¢) scans for the three sets of poles are plotted in
Fig. 2(c), which deduces the alignment of CdS, Cu, and
spinel as follows: CdS(0001)||Cu(111)||spinel(111) and CdS
[0110]||Cu [110]||spinel [110]. This alignment leads to such
an interface lattice overlay of CdS(0001) and Cu(l11) as
shown in Fig. 2(d). Note that the Cu(l111) plane can be
regarded as a 2D hexagonal lattice. The 2D unit cells for
CdS(0001) and Cu(111) are defined in Fig. 2(d). One can see
that there is a 30° rotation between JCdS(QOOI) and dey(111)-
Considering that graphene (@graphene = Dgraphene = 2.46
and o =60°) is known to be parallelly aligned on
Cu(111),***? that is, dcu(111)||@graphene» We arrive at the con-
clusion that @cgs(0001) is rotated 30° with respect t0 @graphene-
To understand the observed orientation alignment
between CdS and graphene, we consider a geometrical
superlattice matching model.*> Briefly, when two lattices
form heteroepitaxy, they always have many pairs of superlat-
tices close or even identical to each other (coincidence
lattices).**™ Physically, it is desirable to have a small
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1x10* FIG. 2. (a) CdS {1011} X-ray pole fig-
ure of the CdS film grown on the
graphene/Cu(111)/spinel(111) substrate;
red: CdS poles; green: spinel poles. (b)
Cu {111} X-ray pole figure of the CdS/
graphene/Cu(111)/spinel(111) sample.
(c) Azimuthal (¢) scans of the three
poles from CdS, spinel, and Cu. The
scan for CdS is an average of ten
scans to reduce the noise. (d) 2D lattice
overlay for CdS(0001) with respect to
Cu(111) deduced from the pole figures
and ¢ scans and the definition of

idcasooo) = 4.14 A
CdS(0001) and Cu(111) 2D unit cells.

30°

superlattice area since the coincidence superlattice matching
density would be high. It is also desirable to have a small dif-
ference between the two superlattices for the consideration
of the minimization for the system’s energy. To incorporate
these two considerations, a parameter called superlattice area
mismatch, AA, is defined as follows:

AA = A[(Au/u) + (Av/v) + (Aa/tan a)]. (1)

Here, we define the sides (2D lattice) of substrate superlat-
tice as u; and v, with an angle «; between them and over-
layer superlattice as u, and v, with an angle o, between
them. The superlattice mismatch is defined as Au = uy — uy,
Av=v, — vy, and Ao = o, — «;. A| and A, are the superlat-
tice areas of the substrate and overlayer, respectively. For
small superlattice mismatches, we have u, ~ u; = u, v, =
vi=v, ap ~ o =0, and Ay =~ A; = A. In Eq. (1), AA can
be regarded as a multiplication of two terms: the first is A,
which is inversely proportional to the coincidence superlat-
tice matching density; the second is the quantity inside the
brackets, which is proportional to the mismatch. Apparently,
both terms need be small to form a desirable interface. Then,
a small value of AA can be obtained and will represent a
high chance of the superlattice being observed. With this
methodology, Fig. 3(a) shows the calculated result of all pos-
sible AA (those larger than 25 A? are ignored) using lattice
constants of @graphene = 2.46 A and dcasooor) = 4.14 A. The
rotation angle y is defined as the angle between @, 4pjene and
dcas(ooor)- The maximums of A, Au/u, Av/v, and Aa/tan o
are set to be 200 Az, 3%, 3%, and 3%, respectively. The
radius of the circles in Fig. 3(a) is scaled inversely propor-
tional to A. In this plot, we can identify that the smallest AA
(0.88 /0%2) happens to be the data point at y = 30° with the

25+
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FIG. 4. (a) Raman spectra of the CdS films on the graphene/SiO,/Si and SiO,/Si substrates. The full-width-at-half-maximum (FWHM) of 1LO is 12.3 = 0.4
and 14.1 *1.7cm™ ", respectively. (b) PL spectra of the CdS films on the graphene/SiO,/Si and SiO,/Si substrates. (¢) TRPL decay curves of the CdS films on
the graphene/SiO,/Si and SiO,/Si substrates. The measured carrier lifetime from the former is estimated to be 58 ps on the surface and 324 ps in the bulk,
whereas the carrier lifetime from the latter is estimated to be 51 ps and 295 ps for the surface and the bulk, respectively.

largest circle. The result of this calculation is consistent
with that observed experimentally. Note that the data point
at 90° in y is equivalent to 30° due to symmetry. Fig. 3(b)
shows the 2D lattice overlay of the most favorable alignment
of CdS(0001) on graphene. The unit cells of graphene and
CdS(0001) are shown in gray and red with y = 30°. The
superlattice parallelograms of graphene and CdS(0001)
A = 15.7222\2, il = 426A, ¥, =426 A, o) = 60° and A,
= 14.84A", it =4.14A, v, =4.14A, ¢y = 60°) are also
highlighted, respectively.

Fig. 4(a) shows the Raman spectra of CdS films on
GSOS and SOS. The longitudinal optical (LO) phonon mode
of CdS up to the 3rd order can be observed in CdS-GSOS,
while only the first two LOs in CdS-SOS. The peak positions
for these two samples are nearly the same, but the peaks of
CdS-GSOS are narrower than those of CdS-SOS. Fig. 4(b)
shows the room temperature photoluminescence (PL) spec-
tra. Similar to Raman, the primary PL emission is located at
the same position (~505nm) for both CdS films, and the
peak of CdS-GSOS seems a little bit narrower. The main dif-
ference between these two is the presence of a shoulder peak
(~540nm) and a tiny red emission (~620 nm) for CdS-SOS.
While the origin of the former is unknown yet, the surface
state defect is believed to be responsible for the latter.*® The
Huang-Rhys parameter, S, can be calculated to estimate the
strength of the exciton-phonon coupling®’

(E[)X —+ 27’2(,0L0 — hw())z + 1—*2
(Eex + horo — hw0)2 + F2 )

I
§ — |20

(@)

Iio

Here, [ is the integrated intensity of the Raman peak, E,, the
electronic transition energy, w;o the frequency of LO pho-
non, oy the frequency of incident photon, and I" the line-
width of PL (0.134eV). For CdS, the free exciton binding
energy is 30meV," and the bandgap of CdS is 2.45eV in
this work, then £, can be estimated to be 2.42eV. The S for
CdS-GSOS and CdS-SOS is found to be 1.6 and 1.7, respec-
tively, close to those of similar semiconductors reported in
the literature.*’** Time-resolved PL decay curves can be
found in Fig. 4(c). Again, a slightly larger carrier lifetime is
found for CdS-GSOS. We believe that all these improve-
ments in terms of optical characterization can be attributed
to the better crystal quality of CdS-GSOS over CdS-SOS
although the improvement is not significant due to the weak-
ness of epitaxy.

In summary, vdWE of CdS thin films on a single-
crystalline graphene is observed experimentally. While the

epitaxy is weak and mixed with a fiber texture, this study
confirms the feasibility of growing single-crystalline CdS
thin film on graphene. This demonstration could potentially
be an upgrade for CdS/CdTe thin film photovoltaics where
single-crystalline semiconductor cannot be grown on TCO
substrates. We also reveal that the CdS is rotated 30° with
respect to graphene in this vdWE, a conclusion supported by
both experiments and calculation based on a geometrical
superlattice matching model.

See supplementary material for details of experiments,
optical images and Raman spectra of graphene, and EBSD
results.
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