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ABSTRACT Tungsten diselenide (WSe,) is a two-dimensional ~ W(CO), + (CH;),Se +H,

material that is of interest for next-generation electronic and “ ﬂU@
optoelectronic devices due to its direct bandgap of 1.65 eV in the U / 1
monolayer form and excellent transport properties. However, ﬂ
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technologies based on this 2D material cannot be realized without o ﬂ WSe,/ Boron Nitride

a scalable synthesis process. Here, we demonstrate the first scalable WSe, / Sapphire

synthesis of large-area, mono and few-layer WSe, via metal—
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organic chemical vapor deposition using tungsten hexacarbonyl
(W(CO)) and dimethylselenium ((CH;),Se). In addition to being intrinsically scalable, this technique allows for the precise control of the vapor-phase
chemistry, which is unobtainable using more traditional oxide vaporization routes. We show that temperature, pressure, Se:W ratio, and substrate choice
have a strong impact on the ensuing atomic layer structure, with optimized conditions yielding >8 xm size domains. Raman spectroscopy, atomic force
microscopy (AFM), and cross-sectional transmission electron microscopy (TEM) confirm crystalline monoto-multilayer WSe, is achievable. Finally, TEM and
vertical current/voltage transport provide evidence that a pristine van der Waals gap exists in WSe,/graphene heterostructures.
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such as atomically thin transition-

metal dichalcogenides (TMDs) have
recently garnered interest due to their
unique properties, including tunable band-
gaps (~1—2 eV),"* spin valley coupling,>®
and high on/off current ratios.> TMDs con-
sist of one transition metal (M) and two
chalcogen atoms (X) (e.g., molybdenum di-
sulfide (MoS,), tungsten disulfide (WS), and
tungsten diselenide (WSe)), and the major-
ity of recent studies on these unique sys-
tems have been carried out on exfoliated
material.>>” However, chemical vapor de-
position of thick (>100 nm) TMD films has
been successful using a variety of metal—
organics (W(CO)s, Mo(CO)s, etc.)®'° and metal
chlorides (MoCls, WCls, WOCls, VOClg)®''~ '
combined with a wide range of chalcogen
precursors®~ ' These early processes, while
not refined to synthesize atomically thin layers,

Beyond graphene, layered materials
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provide important insight into precursor chem-
istries suitable for monolayer TMD synthesis
and have led to a variety of reports on syn-
thesis of monolayer MoS,'*~'® MoSe, '’ =%
and WS,2"* Additionally, synthesis of WSe,
has been reported via various techniques
including pulsed laser deposition,* amor-
phous solid—liquid crystalline solid,** and
powder vaporization.>>~2” These methods,
while important for understanding the prop-
erties of monolayer TMDs, lack the control
and reproducibility of the precursors needed
for a truly scalable synthesis process. Thus, in
order to advance technology, it is requisite to
develop a scalable process that allows for
more precise control of both the metal and
chalcogen precursors for uniform nucleation
and growth over large areas.

Here, we present the first metal—organic
chemical vapor deposition (MOCVD) process
for the synthesis of atomically thin WSe,.
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Figure 1. (a—d) AFM scans showing differences in the WSe, morphology when grown on (a) epitaxial graphene, (b) CVD
graphene, (c) sapphire, and (d) boron nitride. (e) Raman spectra for WSe, growth on the various substrates showing similar
quality. (f) Cross-sectional TEM showing high quality WSe, grown on epitaxial graphene. (g) Cross-sectional TEM of high
quality, multilayer WSe; on sapphire. (h) Distinct shift in PL for synthesis of WSe; on the different substrates indicating the

presence of strain.

We report synthesis on a wide variety of substrates
including sapphire, graphene, and amorphous boron
nitride (aBN) and provide evidence that the layer
properties can be controlled by varying the Se:W ratio
during growth. Characterization of the films using
Raman spectroscopy, atomic force microscopy (AFM),
and field emission scanning electron microscopy
(FESEM) provide evidence that domain size, layer
thickness, and morphology of the synthetic WSe,
monolayers is of similar quality to exfoliated WSe,.
Growth conditions necessary to obtain large (5—8 um)
domains are reported, including the effect of tem-
perature, pressure, and Se:W ratio. Conductive AFM
and current—voltage (I-V) measurements of WSe,/
epitaxial graphene (EG) heterostructures provide evi-
dence that the MOCVD-grown WSe, is of similar quality
to WSe, grown by oxide powder vaporization,?® and
superior to exfoliated heterostructures,®*>° suggesting
a pristine interlayer gap is present between the WSe,
and EG.

RESULTS AND DISCUSSION

The synthesis of WSe, was carried out via metal—
organic chemical vapor deposition (MOCVD) in a vertical,
cold-wall reactor system using tungsten hexacarbonyl
(W(CO)g) and dimethylselenium ((CH3),Se) as the W and
Se sources, respectively. Additional growth details are
provided in the Methods and Supporting Information.
While previous reports suggest adding small amounts
of H, to promote WSe, growth,' synthesis using metal—
organics requires the use of 100% hydrogen to minimize
the carbon impurity incorporation from the W(CO)g and
(CHs),Se precursors (see the Supporting Information).3?

EICHFELD ET AL.

Additionally, the precursor purity has a significant
impact on the resultant film quality, where 99% pure
(CH3),Se exhibits much higher carbon contamination
compared to 99.99%, regardless of the H, concentration
(see the Supporting Information).

Even with the potential for “van der Waals epitaxy”,
the choice of substrate clearly has a significant impact
on the morphology of atomically thin WSe, domains.
This is apparent in Figure 1a—d, where AFM confirms
that epitaxial graphene (Figure 1a), CVD graphene
(Figure 1b), sapphire (Figure 1c), and amorphous boron
nitride (Figure 1d) substrates all yield distinct morphol-
ogies and thicknesses when grown under the same
conditions. This suggests that there may be significant
interaction between the WSe, and substrate during
synthesis. Epitaxial and CVD graphene (Figure 1a,b)
yield the highest nucleation density of monolayer
WSe, domains, while amorphous boron nitride yields
the lowest nucleation density with a strong preference
for vertical (3D) growth of WSe, versus lateral (2D)
growth. The presence of reactive defects and wrinkles
in graphene is known to provide low energy nucleation
sites for the growth of MoS,.2® This is also the case
in this work, where graphene defects and surface
contamination from the transfer process for CVD gra-
phene results in a high density of 3D-WSe, structures
at the center of most of the 2D-WSe, domains. Growth
on sapphire substrates yields the largest domains
(5—8 um) with additional layers growing from edge
sites or defect sites on the monolayer. This is fur-
ther supported with Raman spectroscopy mapping
(Supporting Information). This suggests that the stick-
ing coefficient for Se and W atoms on the surface of
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Figure 2. (a) Raman spectra over a wide range for WSe, grown on EG at 295 K (red) and 78 K (green) displaying 20 x increase in
signal at 78 K. (b) Raman spectra for WSe, grown on sapphire at 295 K (yellow) and 78 K (blue) displaying 4 x increase in signal
at 78 K. Peak shift and fwhm for E129 and A, 4 with respect to temperature for WSe, grown on EG (c) and sapphire (d). (e) Effect

of WSe, layer count on the R1 and R2 peaks for sapphire.

sapphire is greater than the other substrates, providing
a means to achieve larger triangles through diffusion
of source material across the substrate surface. Finally,
the presence of the E’zg and A,y peaks of WSe, in
Raman spectroscopy (Figure 1e) are observed, con-
firming the presence of WSe,.3® Similar to previous
reports,??® the synthesis of the WSe, on graphene to
form a van der Waals heterostructure does not appear
to significantly degrade the underlying graphene
based on the minimal “D” peak at 1360 cm™' in the
Raman spectra.

Metal—organic CVD yields crystalline WSe, atomic
layers with a tunable optical bandgap based on sub-
strate choice. Cross-sectional transmission electron
microscopy (TEM) of WSe, on epitaxial graphene
and sapphire (Figure 1f and g) confirm the presence
of crystalline WSe, with pristine interfaces. In the case
of growth on epitaxial graphene, TEM confirms the
presence of three layers of epitaxial graphene and
a single monolayer of WSe,, with a clean interface
and no observable defects. In contrast, for the case
of multilayer WSe, on sapphire, TEM reveals some
disorder at the WSe,/sapphire interface suggesting a
reaction during growth, which is similar to that found
for WSe, films synthesized via selenium—oxygen ion
exchange of tungsten oxide.3* Interestingly, the nor-
malized photoluminescence peak position (Figure 1h),
corresponding to the optical bandgap of WSe,, shifts
from the theoretically predicted 1.65 eV on sapphire
to 1.63, 1.62, and finally 1.60 eV for WSe, on epitaxial
graphene, CVD graphene, and amorphous boron ni-
tride (aBN), respectively. The shift and reduction in
intensity for WSe, on aBN is likely due to the formation
of few-layer WSe,. This is evident from the very weak
signal (low signal-to-noise ratio) due to the transition
from a direct to indirect bandgap material above a
single layer. The shift in the peak for epitaxial and CVD
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graphene may be from strain, doping, or both.3® In the
case of CVD graphene, Raman spectroscopy provides
evidence that, while no additional defects are formed
in the graphene during growth, there is a significant
amount of strain introduced into the graphene follow-
ing the deposition of WSe, (see the Supporting
Information). Therefore, it is likely that the WSe, is
also strained due to interlayer interactions, which
ultimately reduce the bandgap by 30 meV.3¢*’
Temperature-dependent Raman and phosphores-
cence spectroscopy reveals significant variations in
the quality of the WSe; based on the substrate choice
and indicates graphene may be an ideal substrate
for high quality TMD synthesis. Raman spectroscopy
has been utilized extensively to investigate bulk®®3°
and few-layer®>*° 47 WSe, at room temperature, while
only one study has been carried out at low temperature
over the spectral range of 230—270 cm '3 Here,
we investigated low-temperature Raman spectroscopy
on WSe, grown on sapphire and epitaxial graphene
substrates. Low-temperature Raman spectroscopy re-
solves a number of modes difficult to observe at room
temperature, with peaks being more distinguishable
on EG compared to sapphire (Figure 2a,b) at 78 K. By
magnifying different segments of the spectra, a total of
21 peaks (inset of Figure 2a,b) associated with WSe, are
identifiable (Table 1, Supporting Information). A blue
shift and considerable enhancement in the intensity
are observed at 78 K when comparing the spectra for
EG (Figure 2a,c) and sapphire (Figure 2b,d) at 78 and
295 K, which is attributed to the tuning of the A’ and/or
B’ exciton to resonance with the exciting laser.*
A sharpening of the fwhm of the E',4 and A4 peaks
at 78 K for both growth substrates was also observed
(Figure 2¢,d); however, the fwhm for WSe, on EG
is significantly narrower, indicating an improvement
in the WSe, growth on EG. Furthermore, there is a
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Figure 3. (a,b) AFM of WSe, on EG showing increased domain size with increasing temperature and pressure. (c) Cross-
sectional TEM of WSe, on EG showing particulates identified as W-rich WSe,.

significant difference in the peak intensity enhance-
ment (EG > sapphire) across the sample, also indicat-
ing improved crystal quality on EG even though the
room-temperature Raman and PL are quenched com-
pared to sapphire. Additional analysis of spectral fea-
tures originating from the sapphire substrate (R1 and
R2 phosphorescence peaks) indicates a peak position
dependence on WSe, layer count (Figure 2e). This shift
in the peaks is potentially due to a built-in stress at the
sapphire/TMD interface.*® These observations coincide
with the TEM results showing some disorder at the
WSe,/sapphire interface (Supporting Information).
Growth conditions, including temperature and total
pressure, have a strong impact on the overall domain
size, shape, and nucleation density. Focusing on sap-
phire and epitaxial graphene, we find that the WSe,
domain size increases with increased temperature and
pressure. This is shown for growth on epitaxial gra-
phene in Figure 3a,b. While the temperature is con-
stant at 750 °C, and the Se:W ratio is 100, the nuclea-
tion density decreases while the domain size increases
from ~250 nm to 700 nm when the total pressure
is increased from 500 to 700 Torr. Likewise, when
the pressure is constant at 650 Torr, and the Se:W
ratio remains 100, an increase in temperature of 100 °C
(800 — 900 °C) yields a 200% increase in domain size
(700 nm —1.5 um). The growth on sapphire substrates
yields similar results. Synthesis at high pressure also
results in the formation of particulates on the sample
surface (Figure 3b), which were subsequently identi-
fied as W-rich WSe, via cross-sectional TEM (Figure 3c
and Supporting Information). The presence of such
particles indicates a deficiency of Se at the growth
surface during the deposition of WSe, and there-
fore merited an investigation into the impact of the
selenium-to-tungsten (Se:W) ratio.

EICHFELD ET AL.

As a result, the Se:W ratio is a critical factor in
controlling defect formation in WSe;,. This is evident
in Figure 4a, where a surface plot of temperature and
pressure versus Se:W ratio clearly demonstrates that
domain size increases significantly as the Se:W ratio
is increased to 800. Additionally, as the Se:W ratio
increases, there is a decrease in the density of W-rich
WSe, particulates. This further supports the TEM anal-
ysis determining the particulates to be due to an
imbalance in Se:W ratio. This led to a more detailed
analysis of Se:W ratio and included “extreme” ratios.
Figure 4b plots the domain size as a function of Se:W
ratio. Extreme MOCVD ratios of up to 20000 Se:W
allows for a dramatic increase in domain size from
1 to 5 um. Pushing the Se:W ratio to high values
through a reduction in W(CO), also leads to a decrease
in the amount of nucleation sites and a reduced
tendency to form Se vacancies which lead to second-
ary nucleation sites. Above a ratio of 20000, however,
the domain size begins to decrease again, suggesting
that there is an ideal ratio for large domain growth. This
reduction in ratio is also accompanied by significant
deposition of selenium on the sidewalls of the furnace
suggesting that selenium vapor saturation occurs
and begins to reverse the thermodynamic driving force
for formation of WSe, from W and Se. We note that
these ratios can vary based on reactor design.

Beyond temperature, pressure, and precursor ratios,
the total flow through the system can also have a large
impact. Parts c—e of Figure 4 demonstrate the impact
of total flow on the domain size and shape. Temperature,
pressure, and Se:W ratio were held constant at optimized
conditions (800 °C, 700 Torr, and 20,000 Se:W), while the
total flow through the system was increased from 100 to
500 sccm. A total flow of 250 sccm yields 8 um WSe,
domains, while higher flow rates of 500 sccm result in a
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Figure 4. (a) Plot of temperature, pressure, and low (<1000) Se:W flux ratios as a function of domain size for sapphire
substrates showing the impact of Se:W flux ratio on domain size. (b) Plot of extreme Se:W flux ratios as a function of domain
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respectively. (c) WSe, on EG AFM correlated with (d) conductive AFM mapping. (e) WSe,—EG diodes display a thermionic
emission-like tunnel current turning on before 2 V, while WSe, grown on EG as a barrier reduced the current by an order of 6

(inset of e).

decrease in domain size and less defined WSe, edges.
Increased total flow from 100 to 250 sccm increases the
gas velocity in the system, which may reduce gas phase
depletion of sources upstream of the substrate thereby
leading to an increased gas flux at the sample surface
and higher lateral growth rates. However, further in-
creasing the total gas flow rate from 250 to 500 sccm
leads to a decrease in domain size, suggesting that
the higher gas velocities do not allow sufficient time
for source decomposition and reaction.

In addition to synthesis of WSe,, the syntheses of van
der Waals heterostructures are also of increasing im-
portance in the advancement of the field. Synthesis of
WSe, on graphene via MOCVD leads to a high-quality

EICHFELD ET AL.

heterostructure. Conductive atomic force microscopy
(C-AFM) provides a direct nondestructive way to probe
the electronic properties of WSe,/EG heterostructures
on the nanoscale and explore the utility of the materi-
als for electronic and optoelectronic applications
(Figure 5a,c,d). Comparison of AFM surface topography
and conductivity acquired at Vs =+ 0.8 V (Polarity
is from the AFM tip to the sample) clearly indicates that
a barrier to transport exists in the heterojunction
regions. Current mapping reveals that both the 1L
WSe, and multilayer WSe, are uniformly resistive, while
high conductivity is observed on the graphene area
with graphene wrinkles (bright stripes in Figure 5c)
exhibiting enhanced conduction through the AFM tip.
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Vertical diode structures (Figure 5b,e) confirm the
presence of a tunnel barrier to vertical transport
created by the WSe, (Figure 5e). The barrier persists
under an increasing Vyiss up to £2 V prior to turn-on,
while the area only having graphene clearly exhibits
linear /—V behavior (Inset Figure 5e). A resistance
of ~10'° Q prior to turn-on suggests an interlayer
gap exists at the WSe,/EG interface. This work is similar
to that found for oxide-powder vaporization synthesis
of WSe, and MoS, on graphene,®*?® and indicates
that the MOCVD-grown van der Waals heterostruc-
tures are a promising route for scalable synthesis of
such structures.

METHODS

Synthesis and Characterization. Tungsten selenide was syn-
thesized using tungsten hexacarbonyl (Sigma-Aldrich 99.99%)
and dimethylselenium precursors (SAFC (99.99%) or STREM
Chemical (99%)) in a vertical cold wall reactor with an induction
heated susceptor as described previously.** The precursors
were transported into the system via a bubbler manifold
allowing for independent control over each precursor concen-
tration. The carrier gas included H,/N, mixtures with 100% H,
being optimal. The samples were heated to 500 °C at 80 °C/min
and annealed for 15 min to drive off any water vapor. Samples
were then heated to growth temperatures ranging from 600 to
900 °C at 80 °C/min. Upon reaching growth temperature the
tungsten hexacaronyl and dimethylselenium were introduced
into the reaction chamber. Growth took place at total pressures
from 100 to 700 Torr and growth times were 30 min. The Se and
W concentrations were varied by changing the H, carrier gas
flow rate from 5 to 35 sccm at bubbler pressures of 760 Torr for
Se and 700 Torr for W and both bubblers were maintained at a
temperature of 23 °C. Samples were cooled to room tempera-
ture after the growth step was complete. Epitaxial graphene
is grown on diced SiC wafers via sublimation of silicon from
6H-SiC (0001) at 1700 °C for 15 min under 1 Torr Ar background
pressure;*® CVD graphene was prepared via a catalytic CVD
method on 25 um 99.999% pure Cu foils at 1050 °C, 1 Torr and
transferred onto SiO»/Si via PMMA membrane.® The BN was
deposited on sapphire substrates via a pulse laser deposition
(PLD) technique. ®' The as-grown samples were characterized
using Raman spectroscopy, atomic force microscopy (AFM),
and transmission electron microscopy (TEM). A WITec CRM200
confocal Raman microscope with 488 and 633 nm laser wave-
lengths was utilized for structural characterization at room
temperature. A BRUKER Dimension 3100 with a scan rate of
0.75—1 Hz was utilized for the AFM measurements. Scanning
electron microscopy was carried out using a Zeiss MERLIN
FESEM. TEM cross-sectional samples were made by a FEI Nova
200 dual-beam FIB/SEM with lift-out method. A carbon layer
was deposited on the WSe, surface to avoid electron charging.
In FIB, SiO, and Pt layers were deposited to protect the region of
interest during focused ion beam milling. A JEOL ARM200F
transmission electron microscope operated at 200 kV with
a probe aberration corrector was used for high-resolution TEM
(HRTEM) imaging and energy-dispersive X-ray spectroscopy
(EDS) analysis.

The low-temperature Raman spectroscopy was accom-
plished with a WITec Alpha 300RA system using a 2.54 eV
laser excitation energy. The spectra were measured in the
backscattering configuration using a 63x objective and either
a 600 or 1800 grooves/mm grating. Incident laser power was
adjusted in order to keep the power density at 2.8 mW/um?
for single spectra data. This laser power was kept sufficiently low
to avoid significant heat-related affects in the Raman signa-
tures even for spot measurements lasting up to 5 min. The
78 K measurements were performed using a Janis Research

EICHFELD ET AL.

CONCLUSION

In summary, a process for metal—organic chemical
vapor deposition was developed to synthesize highly
crystalline monolayer and multilayer WSe, and WSe,/
graphene heterostructures. This is the first known
report to achieve monolayer control of large domain
TMD structures via MOCVD, and this process allows for
excellent control over the process conditions which is
necessary to tune domain size, shape, and nucleation
density. Synthesis via MOCVD offers a highly scalable
process with precise control over the gas-phase chem-
istry, which cannot be accomplished using powder
vaporization methods.

Supertran ST-500-UC system mounted to a motorized stage.
The top flange of this continuous flow cryostat was designed
to accommodate a 15 mm diameter x 0.3 mm thick c-axis
UV quality sapphire window allowing for the use of high
numerical aperture objectives (=0.6), and a lateral resolution
<400 nm for the wavelength of light used in this work. Raman
images were developed over several 20 x 20 um regions using
a 250 nm grid spacing with a 1 s integration time. Regions
of interest were identified from these maps for which single
spectra were obtained using a 2 s integration time and 60
accumulations.

Device Fabrication and Other Measured 1V curves. The vertical
diode was fabricated with electron beam lithography and lift-off
of evaporated metal contacts. In the first step, the graphene con-
tact is patterned and developed with electron beam (e-beam)
lithography. Subsequently, metal contacts Ti/Au (10 nm/40 nm)
are deposited with low pressure electron beam evaporation
(1077 Torr) after a oxygen plasma treatment to reduce the
contact resistance (45 s at 100 W, 50 sccm He, 150 sccm O, at
500 mTorr). Then, a layer of 30 nm Al,Os is deposited conformally
over the entire substrate with atomic layer deposition (ALD),
which serves as a protective layer for subsequent processing
steps and a passivation layer. ALD deposited Al,O5 capping layer
has been reported as an effective film to substantially improve
carrier mobility in 2D materials. In the second e-beam lithography
step, a pattern of etch regions are defined, including an opening
on the Ti/Au pads, and regions for the later WSe, contacts. The
Al,O3 capping layer on these regions are first removed with
hydrofluoric acid followed by oxygen plasma etching to remove
the monolayer WSe, and few layers of graphene. This step
prevents shorting through the underlying graphene layer after
depositing the WSe, contacts. In the third e-beam step, the WSe,
contact pads and thin lines are defined, and the Al,Os layer on
the WSe, triangular sheets is removed by hydrofluoric acid prior
to the metal deposition. Then 50 nm thick palladium (Pd) layer is
deposited by electron beam evaporation at 10~ Torr. The high
work function Pd contacts with WSe, have been reported to
produce a smaller Schottky barrier and many orders higher
current density compared to Ti/Au contacts.
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