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Metalorganic chemical vapor deposition (MOCVD) is a promising technique to
form large-area, uniform films of monolayer or few-layer transition metal
dichalcogenide (TMD) thin films; however, unintentional carbon incorporation
is a concern. In this work, we report the presence of a defective graphene layer
that forms simultaneously during MOCVD growth of tungsten diselenide
(WSe2) on sapphire at high growth temperature and high Se:W ratio when
using tungsten hexacarbonyl (W(CO)6) and dimethyl selenide ((CH3)2Se,
DMSe) as precursors. The graphene layer alters the surface energy of the
substrate reducing the lateral growth and coalescence of WSe2 domains. The
use of hydrogen selenide (H2Se) instead of DMSe eliminates the defective
graphene layer enabling coalesced monolayer and few-layer WSe2 films.
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INTRODUCTION

Since the discovery of graphene, layered materi-
als, particularly transition metal dichalcognides
(TMDs), have been reinvestigated in monolayer
and few-layer form due to their unique properties
such as tunable bandgap,1 layer-dependent direct-
to-indirect bandgap,1 gate tunable superconductiv-
ity,2,3 and mechanical flexibility.4,5 Various synthe-
sis processes have been developed to prepare TMD
films including mechanical and chemical exfolia-
tion,6 metal transformation,7,8 powder vaporiza-
tion,9,10 and chemical vapor deposition (CVD)/
metalorganic CVD (MOCVD).11,12 Of these meth-
ods, CVD/MOCVD stands out for its precise precur-
sor controllability, scalability to large area

substrates, and ability to fabricate heterostructures
in situ through switching of source gases. Initial
studies demonstrated the CVD and MOCVD growth
of layered TMD films such as MoS2 and WSe2,
hundreds of nanometers thick, using a variety of
metal precursors (W(CO)6, Mo(CO)6, MoCl5, WCl6,
etc.), and chalcogen sources (H2S, HSC(CH3)3,
diethyl selenide, etc.).13–17 More recently, efforts
have focused on adapting these processes for the
synthesis of monolayer and few-layer films of TMDs
such as MoS2 and WS2

11 and WSe2.12

Unintentional carbon incorporation has been a
persistent problem in MOCVD processes due to the
use of precursor molecules with organic ligands. In
the conventional MOCVD growth of III-V compound
semiconductor thin films, carbon concentrations are
typically lower than 1015 cm�3.18 However, even low
levels of carbon can impact device performance and,
therefore, carbon as both an unintentional impurity
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and intentional dopant in MOCVD has been thor-
oughly investigated over the years. Compared to
conventional MOCVD-grown semiconductor layers,
which may be hundreds of nanometers or more in
thickness, two-dimensional (2D) TMD monolayers
are atomically thin with highly reactive edge sur-
faces and are bound to the substrate by van der
Waals forces. Therefore, the presence of even small
amounts of carbon in TMD growth may impact the
nucleation and lateral growth of TMD layers and
the resulting structural, optical and electrical prop-
erties of the films.

In the case of WSe2, previous studies have
demonstrated that MOCVD growth conditions, par-
ticularly substrate temperature and selenium-to-
tungsten (Se:W) ratio, play a significant role in the
nucleation and lateral growth of the films.12 The
high melting temperature/low vapor pressure of
transition metals such as W results in reduced
surface adatom mobility which necessitates the use
of high substrate temperatures (>600�C) to enhance
surface diffusion and achieve large domain sizes. On
the other hand, the low melting temperature/high
vapor pressure of Se and other chalcogens reduces
the sticking coefficient of Se on the growth surface
which makes it necessary to use very high Se:W
ratios in order to achieve stoichiometric films.
Although the presence of residual carbon was noted
in TMD monolayer and few-layer thin films grown
using MOCVD precursors,11,12 it has not been
investigated in detail.

In this study, we examined the growth of WSe2

thin films on (0001) sapphire substrates by MOCVD
in a vertical cold-wall reactor chamber using tung-
sten hexacarbonyl (W(CO)6), dimethyl selenide
((CH3)2Se, DMSe), and hydrogen selenide (H2Se)
as precursors. The studies reveal the formation of a
defective graphene layer on the sapphire substrate
at high substrate temperature (�800�C) and Se/W
ratios over 3200 when DMSe is used as the Se
precursor, which impacts the nucleation and growth
of WSe2. Carbon deposition does not occur when
H2Se is used in place of DMSe indicating that the
methyl radicals from DMSe are the primary source
of carbon. The results suggest that the carbon layer
formation competes with the nucleation and growth
of WSe2 on the sapphire surface and impacts the
lateral and vertical growth of the triangular WSe2

islands.

EXPERIMENTAL PROCEDURE

Tungsten diselenide films were synthesized using
tungsten hexacarbonyl (Sigma-Aldrich, 99.99% pur-
ity), dimethyl selenide (NOVA-KEM, 99.99% pur-
ity), and hydrogen selenide (Matheson, 99.998%
purity) in a cold-wall vertical quartz tube reactor
with an inductively heated SiC-coated graphite
susceptor. Ultra-high purity hydrogen was used as
the carrier gas through the bubblers and reactor to
maintain a total flow rate at 450 sccm. The W(CO)6

powder was contained inside a stainless steel bub-
bler, which was held at 30�C and 97 kPa. Hydrogen
carrier gas was passed through the bubbler at a flow
rate of 15 sccm which resulted in a W(CO)6 flow rate
of 9 9 10�4 sccm out of the bubbler. DMSe liquid
was also contained inside a stainless steel bubbler,
which was held at room temperature and 101 kPa.
Hydrogen carrier gas was passed through the
bubbler at a flow rate in the range of 2.5–25 sccm,
which resulted in a DMSe flow rate of 0.75–7.5 sccm
out of the bubbler. Growth was carried out at a total
reactor pressure of 93 kPa, a growth time of 30 min
and a substrate temperature of 800�C for all
experiments. As-received c-plane (001) double-side
polished sapphire (Cryscore Optoelectronic Ltd,
99.996% purity, Ra roughness<0.2 nm) were used
as substrates. The sapphire substrates were cleaned
through rinsing with acetone, 2-propanol and deion-
ized water, then drying with nitrogen.

Elemental compositions of different regions on the
sample surface were analyzed by high resolution
Auger electron spectroscopy (AES) in a PHI 720
Scanning Auger Nanoprobe using 10 keV electron
beam energy. Raman spectroscopy was carried out
in a HORIBA LabRAM HR Evolution high spectral
resolution analytical Raman microscope with a laser
wavelength of 532 nm. To measure the film thick-
ness and domain heights, a step edge was formed on
the as-grown WSe2 film via using a plastic tweezer
to scratch the sample surface and the step height
was profiled using a Digital Instruments Multimode
Atomic Force Microscope (AFM). Field emission
scanning electron microscopy (FESEM) images
were obtained in a Zeiss Merlin instrument. Trans-
mission electron microscopy (TEM) was used to
examine the cross-sectional morphology and obtain
structural information on the WSe2 samples. Cross-
sectional TEM samples were fabricated by the
focused ion beam (FIB) method on a HELIOS
Nanolab 660. A thin layer of gold was sputtered on
top of the substrate to enhance the conductivity. A
layer of platinum was deposited to protect and mark
the cut region. A FEI Tecnai G2 TEM operating at
80 kV was used to study the atomic structure of the
WSe2 samples produced in this study.

RESULTS AND DISCUSSION

The effect of Se:W ratio on the nucleation and
lateral growth of WSe2 on sapphire was initially
investigated by maintaining a constant W(CO)6

partial pressure of 1.9 9 10�4 kPa in the reactor
chamber and varying the flow rate of DMSe to
change the Se:W ratio from approximately 800 to
8000. The WSe2 domain size increased and the
nucleation density decreased as the Se:W ratio was
increased from 800 to 4800, as shown in Fig. 1a–d.
Further increases in the Se:W ratio up to 8000 did
not result in a significant increase in the domain
size or a reduction in the nucleation density (surface
coverage), as shown in Fig. 1e and f. Interestingly,
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while the surface coverage of WSe2 domains was
reduced at high Se:W ratios above 3200, the height
of the domains increased significantly from �10 nm
at Se:W = 3200 to 20–30 nm for Se:W ratios ranging
from 4800 to 8000 (Fig. 1g). In addition, as the Se:W
ratio was increased above 3200, the edges of the
triangular domains become jagged and pits appear
in the islands and near the domain edges (Fig. 1d).
Prior studies have reported changes in the shape
and edge structure of TMD domains as a function of
the chalcogen-to-metal ratio19 and growth rate20

and in the presence of impurities and oxidation21

and intentional dopants.22

The change in the lateral versus vertical growth
rate at high Se:W ratios as well as the deformed
edge shape suggests changes in surface energy,
which make it more energetically favorable for the
WSe2 to grow vertically on existing domains instead
of laterally on the substrate surface. When examin-
ing the scratched sample surface that was used to
obtain a step height for domain thickness measure-
ments by FESEM (Fig. 2a), a region of darker
contrast (region 3) was observed between the
WSe2 triangle domains (region 2) and the sapphire
surface (region 1) at the scratched boundary, which
suggested the presence of a thin layer of different
conductivity on the surface. This layer was deter-
mined to be �1.5 nm thick from AFM measure-
ments (Fig. 2b). AES was used to analyze the
elemental composition of the three regions with
different FESEM contrasts, as shown in Fig. 2c.
Only Al and O were detected on the sapphire
surface region (region 1). As expected, W and Se

elements were detected in the triangular domain
regions (region 2) consistent with the formation of
WSe2 along with a small carbon signal. In the region
between the WSe2 domains (region 3); however, a
strong carbon signal was observed but no W or Se
signals indicating that the thin layer on the sap-
phire surface contains mostly carbon. A cross-sec-
tional TEM image of the sample grown using DMSe
at 800�C and Se:W = 3200, shown in Fig. 3,
obtained in an area similar to that of region 2
above, revealed a carbon layer beneath the WSe2

domains. The thickness of this carbon layer is
�2 nm, which is consistent with the AFM thickness
measurement in Fig. 2b. Additional cross-sectional
TEM images obtained from different regions across
the sample show that the thickness of the carbon
layer varies from �1.2 nm to �5.5 nm. The WSe2

layer is �6 nm thick and shows a layered structure
with spacing between layers of �0.67 nm which is
consistent with WSe2. Some regions of the carbon
layer exhibit a layered structure indicating the
formation of graphene.

The carbon layer present in the WSe2 sample
shown in Figs. 2 and 3 likely results from the high
concentration of carbon-containing ligands present
in the MOCVD growth environment. Prior studies
have demonstrated that methane (CH4) can be used
as a precursor to deposit graphene on sapphire at
temperatures as low as 950�C.23,24 Graphene pro-
duced by this process is typically defective as
demonstrated by the presence of a strong D peak
at �1350 cm�1 in the Raman spectra.23,25,26 The
methyl radicals produced by the decomposition of

Fig. 1. FESEM images of WSe2 domains grown on sapphire substrate using DMSe and W(CO)6 as precursors with Se:W ratios of (a) 800, (b)
1600, (c) 3200, (d) 4800. The (e) average domain size, (f) surface coverage, and (g) domain thickness of the as-grown WSe2 at Se:W ratios from
800 to 8000.
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the DMSe precursor are likely responsible for the
formation of the carbon layer on sapphire in the
WSe2 MOCVD process. Methyl radicals (CH3*) are
more chemically reactive than CH4, consequently,
this could lead to defective graphene formation at
the lower temperatures (800�C) used in this study.
Furthermore, the high Se:W ratios used in the
growth result in an inlet C:W ratio, which is two
times higher than the Se:W ratio creating a carbon-
rich growth environment. To investigate this fur-
ther, a growth run was carried out at 800�C under
identical conditions to that used for WSe2 growth
but with only DMSe and H2 flowing through the
reactor. A high density of nanoscale nuclei were
observed on the sapphire substrate through FESEM
as shown in Fig. 4a. The Raman spectrum of this
sample (Fig. 4b) revealed the presence of peaks
associated with defective graphene. The presence of
carbon G peak at �1580 cm�1 and 2D peak at
�2680 cm�1 indicates a graphene-like structure,25,27

while the high intensity of the carbon D peaks
indicates that the graphene is highly defective.25,26

The size of the defective graphene domains is small,
less than 50 nm, possibly due to the low carbon
adatom surface diffusion lengths and growth rate at

Fig. 2. (a) FESEM image of the WSe2 sample grown at 800�C with Se:W = 3200 showing three regions: 1) sapphire surface; 2) WSe2 triangular
domains; 3) region of darker contrast between WSe2 islands. (b) AFM image revealing a continuous layer �1.5 nm thick and WSe2 triangular
domains �6–9 nm thick on the sapphire surface. (c) AES spectra indicating the presence of Al and O in region 1, W, Se, and C in region 2, and
Al, O, and C in region 3.

Fig. 3. Cross-sectional TEM image of WSe2 sample grown using
DMSe at 800�C and Se:W = 3200 revealing a carbon layer beneath
the WSe2. Some regions of the carbon layer exhibit a layered
structure typical of defective graphene.
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800�C and the relatively short 30-min growth time.
In contrast, the carbon layer in between the WSe2

domains is continuous with a thickness of 1.5 nm
suggesting that the deposition rate of carbon is
higher in the presence of W(CO)6. One interpreta-
tion is that the tungsten adatoms on the surface act
as a catalyst to adsorb carbon and promote graphene
formation as previously reported.28

Hydride precursors are typically utilized in III-V
MOCVD to reduce carbon incorporation due to their
lack of carbon-containing ligands and the atomic
hydrogen produced from hydride decomposition
which reacts with methyl groups on the surface to
form methane that can readily desorb from substrate
surface.29,30 To investigate the effect of the chalcogen
precursor chemistry, WSe2 films were grown on
sapphire using W(CO)6 and H2Se or DMSe using
the same Se:W ratio of 3200 and substrate temper-
ature of 800�C. Compared to the growth with DMSe
(Fig. 5a), the Raman spectrum of the sample grown
with H2Se (Fig. 5b) shows negligible carbon D and G
peaks, which indicates a significant reduction of
carbon deposition on the sample. The AFM results

also show significantly different nucleation density
and lateral growth of WSe2 with H2Se versus DMSe.
Unlike WSe2 growth with DMSe where the surface
coverage is reduced and the WSe2 tends to grow
vertically on top of existing WSe2 islands instead of
nucleating on the carbon-covered sapphire surface
resulting in multi-layer domains �10 nm in height,
the density of WSe2 domains is significantly
increased with H2Se resulting in a fully coalesced
film, approximately 2 nm in thickness.

The defective graphene layer can also be viewed
as a competitor to WSe2 on the substrate surface
and thus limits the nucleation as well as the lateral
growth of WSe2. As shown Fig. 1c and d, the WSe2

nucleation density decreases but the domain size
does not increase as the Se:W ratio is further
increased from 3200 to 4800 and beyond. Increasing
the Se:W results in a higher concentration of methyl
radicals in the gas phase; therefore, more carbon
atoms adsorb on the sapphire surface and occupy
sites that would otherwise be available for nucle-
ation and lateral growth of WSe2. As a result, the W
and Se atoms prefer to nucleate and grow on
existing WSe2 domains due possibly to site compe-
tition of W, Se, and C on the defective graphene
surface and/or the reduced surface energy of the
defective graphene compared to WSe2. In either
case, the presence of defective graphene on the
sapphire surface increases the vertical-to-lateral
growth of the WSe2 domains. The results obtained
for WSe2 films grown with H2Se, which contain
negligible amounts of carbon support this interpre-
tation. The absence of competing carbon adsorption,
diffusion and graphene growth on the sapphire
surface results in a higher nucleation density of
WSe2 and nearly complete coalescence of the films.

The results of this study demonstrate the poten-
tial problems that may be encountered in using
organic chalcogen precursors in MOCVD growth of
very thin TMDs films. MOCVD provides opportuni-
ties for scalability to large wafer sizes, improved
thickness and composition uniformity and the abil-
ity for in situ heterostructure growth; however,
carbon deposition as found in our experiments
significantly reduces the ability of MOCVD to
produce coalesced WSe2 films with large domain
sizes on sapphire substrates. It is also possible that
carbon is incorporated substitutionally within the
WSe2 domains or is attached at the domain edge
which could further impact the optical and electrical
properties of the films, but additional studies are
required to determine this. Also, carbon deposition
is expected to be strongly dependent on the partic-
ular substrate used for MOCVD growth and may be
less of a problem on amorphous surfaces such as
SiO2/Si, which do not typically promote graphene
formation. In any event, hydride chalcogen precur-
sors such as H2Se are good candidates to replace
organic chalcogen precursors used in growth
although care must be taken when handling these
sources due to their high toxicity.

Fig. 4. Sapphire surface after flowing only DMSe and H2 at 800�C
under identical condition for WSe2 growth: (a) FESEM image showing
the presence of defective graphene domains; (b) Raman spectrum of
sapphire surface showing G and 2D peaks associated with graphene
and the family of D peaks indicating defects in the graphene.
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CONCLUSION

A defective graphene layer was found to form
simultaneously during MOCVD growth of WSe2 on
sapphire at high growth temperature and high Se:W
ratios when using W(CO)6 and DMSe as precursors.
The formation of the defective graphene layer on
sapphire competes with the nucleation and lateral
growth of WSe2 ultimately suppressing lateral growth
and increasing the vertical growth rate of the domains.
A coalesced few layer WSe2 film was achieved using
H2Se instead of DMSe that eliminates the participa-
tion of methyl radicals in the growth environment and
prevents the formation of defective graphene layer.
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