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ABSTRACT

Monolayer tungsten disulphide (WS,) is a direct band gap semiconductor which
holds promise for a wide range of optoelectronic applications. The large-area
growth of WS, has previously been successfully achieved using a W(CO)s
precursor, however, this is flammable and a potent source of carbon monoxide
(CO) upon decomposition. To address this issue, we have developed a process
for the wafer-scale growth of monolayer WS, from a tungsten hexachloride
(WClg) precursor in a commercial cold-wall CVD reactor. In comparison to
W(CO)e, WClg is less toxic and less reactive and so lends itself better to the large-
scale CVD growth of 2D layers. We demonstrate that a post-growth H,S anneal
can lead to a dramatic improvement in the optical quality of our films as con-
firmed by photoluminescence (PL) and Raman measurements. Optimised films
exhibit PL exciton emission peaks with full width at half maximum of
51 + 2 meV, comparable to other state-of-the-art methods. We demonstrate that
our WS; films can be readily transferred from the sapphire growth substrate to a
Si/SiO, target substrate with no detectable degradation in quality using a
polystyrene support layer. Our approach represents a promising step towards
the industrial-scale fabrication of p-n junctions, photodetectors and transistors
based on monolayer WS,.

Received: 15 May 2021
Accepted: 8 November 2021
Published online:

3 January 2022

© The Author(s) 2021

exhibit when reduced from a bulk crystal to a
monolayer [1-3]. In bulk form, the transition metal
disulphides and diselenides (MoS,, WS,, WSe, and

Introduction

Semiconducting transition metal dichalcogenides
(TMDs) have attracted growing interest over the last
decade due to the unique physical properties they
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MoSe;) are indirect semiconductors with a valance
band maximum located at the I' point, whereas in
monolayer form they possess direct band gaps with
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both the conduction band minimum and valence
band maximum at the K point [4]. Monolayer tung-
sten disulphide (WS,) is one of the most widely
investigated members of the family of semiconduct-
ing Group VI TMDs due to its direct band gap of 2 eV
[5], very high carrier mobility [6] and superior optical
quality [7-9] in comparison with its molybdenum-
based counterparts. Potential applications of WS,
range from light-emitting diodes (LEDs) [10, 11],
photodetectors [12-14], valley-electronics [15, 16] and
field-effect transistors [17-19]. Achieving high-qual-
ity large-area monolayer WS, films remains a major
challenge. If this material is to make the transition
from proof-of-principle laboratory research to
industrial applications, sustainable growth methods
must be developed that produce large-area films on
an industrial scale, without sacrificing the material
quality.

Chemical vapour deposition (CVD) is the tech-
nique of choice for the growth of large-area WS, films
due to its compatibility with both monolayer depo-
sition and industrial scalability. Over the last decade,
major efforts have been devoted worldwide to
developing various CVD approaches for monolayer
WS, growth. Solid powder tungsten oxide (WO3) has
been extensively studied as a tungsten CVD growth
precursor [8, 20, 21] with very promising results.
WO; has been chosen primarily because of its low
toxicity when compared to the organic and halide
precursors, as well as the effective replacement of O
by S in the CVD reaction [22]. WS, crystals grown by
this method have been shown to form with high
crystallinity [21], excellent optical properties, e.g.
photoluminescence linewidths comparable to pristine
exfoliated WS, monolayer flakes [7, 20, 23], and rea-
sonable carrier mobilities [20]. However, powder-
based CVD methods are challenging to scale up to
large-area industrial production levels since they
usually represent ‘single shot” processes. The random
nature of seeding and nucleation on common growth
substrates also typically leads to large individual WS,
domains [24, 25] rather than the uniform layers that
are ideally required. In addition to solid powder
precursors, there has also been a lot of interest in gas-
source. CVD of WS, films [26-29]. The greatest
advantage with this approach is that gas flow rates
can be precisely controlled using mass flow con-
trollers (MFCs), allowing for far greater repro-
ducibility and much greater flexibility in the choice of
tungsten precursor [30]. One common example of the
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latter is tungsten hexacarbonyl, W(CO)s, a hexacar-
bonyl metal precursor that is stable in air, it is a solid
at room temperature and decomposes at tempera-
tures between 600 and 900 °C in the presence of H,
[31-33]. Using W(CO)s as a precursor Kang et al.
have reported the growth of continuous monolayer
WS, films with grain sizes of ~ 1 um on 4-inch fused
silica substrates that exhibited carrier mobilities of 18
cm?/V-s [34]. However, the reported growth times of
up to 26 h were very long and the diethyl sulphide
(DES) sulphur source used has been demonstrated to
lead to carbon contamination of the films [35]. The
latter gives rise to partial quenching of the WS,
photoluminescence (PL) and can also detrimentally
affect its electronic properties [27, 35].

Tungsten halide precursors have also been widely
investigated [26, 29, 36-38] due to their relatively low
decomposition temperatures and the absence of
hydrocarbon reaction products which could incor-
porate as impurities. In this paper, we describe
investigations of the growth of WS, on c-plane sap-
phire using the metal halide WCly as the tungsten
source in a cold-wall CVD reactor. We employ argon
(Ar) as the WClg carrier gas and hydrogen sulphide
(H,S) as the sulphur source. There are several reasons
why we have chosen WCls as our W precursor.
Firstly, unlike a metal-organic precursor such as
tungsten hexacarbonyl (W(CO)s), WCls and H,S
cannot create any hydrocarbon reaction products that
could lead to carbon incorporation in the WS, films.
Carbon contamination is known to partially quench
the photoluminescence and lead to the growth of
poor-stoichiometry WS, which is more susceptible to
oxidation [27]. Secondly, metal halide precursors
have been used by the microelectronics industry for
decades [39—41] and have high enough vapour pres-
sures at reasonable temperatures to be employed in a
CVD reactor. On the downside, WCl, decomposition
produces hydrogen chloride (HC1), and WCl itself is
an aggressive oxidant, so correct and safe contain-
ment is needed. This containment is also necessary to
prevent exposure to skin and the eyes as WClg can
cause skin corrosion and eye damage, as well as to
prevent inhalation as WClg can cause specific organ
toxicity. The HCl by-product is removed via the
chamber outflow system. In practice, we selected
WClg over tungsten hexafluoride (WF¢) as the HF
reaction product is far more corrosive than the HCl
released during growth from WClg. HCl is also much
more volatile than HF at typical growth temperatures
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resulting in negligible chloride contamination of our
films (see Supplementary materials).

All process gases flowing into our cold-wall CVD
reactor could be precisely controlled via mass-flow
controllers, allowing systematic studies to be per-
formed in order to optimise gas flow rates and
pressures as well as process temperatures and times.
We have also investigated how a post-growth
hydrogen sulphide anneal affects the optical quality
of the as-grown WS, films. Using wafer delivery
through a load lock, we achieve total growth process
times of approximately 40 min, from loading to
unloading. The load lock also allows us to keep the
growth chamber under vacuum and the wafer stage
close to its growth temperature. Finally, we demon-
strate that our films are easy to transfer from the
sapphire growth substrate to a target substrate, such
as Si/Si0,, using a polystyrene supporting mem-
brane and release in water.

Material and methods

The synthesis of WS, was carried out via gas-phase
chemical vapour deposition in an Oxford Instru-
ments Nanofab cold-wall CVD reactor using WCl,
and H,S as the W and S sources, respectively. A
schematic of the main components of the growth
system can be seen in Fig. 1. The WCl, precursor was
kept at 90 °C in a stainless-steel bubbler to establish a
sufficiently high vapour pressure and transported to
the reaction chamber with Ar carrier gas. We also
incorporate a small amount of H, to promote WS,

Figure 1 Schematic of the
Oxford Instruments Nanofab
CVD reactor used for WS,
monolayer synthesis. MFCs
are the mass flow controllers
used to control the gas flow
rates.

Bubbler
(wcly)
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growth. Firstly, it has been reported that hydrogen
can act as a chemical etchant which leads to a
decrease in nucleation density [42, 43]. A lower
nucleation density can lead to larger domain sizes
and less grain boundaries, increasing the material
quality. Secondly, and crucially, the addition of
hydrogen during synthesis accelerates the efficient
reduction of the tungsten precursor WCl, that has an
oxidation state of + 6 and needs to be in a + 4 state
to form WS,. Hydrogen aids this reduction process
and thus promotes the conversion of the tungsten
precursor to WS, [44].

In practice, our process was operated at a growth
temperature of 600 °C and a total growth pressure of
4.5 Torr. The H, flow was kept constant at 10sccm
during all growths, whereas the H,5 flow was varied
between them to investigate its role, e.g. in the for-
mation of sulphur vacancies in the WS, films.

C-plane (0001) surface orientation sapphire wafers
were the substrates of choice for the synthesis of WS,
monolayer films, although growth on Si/SiO, has
also been successfully achieved. Sapphire was used
due to its atomically flat surface which leads to a
lower nucleation density and thus a higher-quality
growth. The crystal lattice of sapphire (4.785 A) is
also ~ 50% larger than WS, (3.153 A), which allows
for the formation of a 3:2 superstructure of WS,. This
commensurability of the sapphire lattice with the
WS, lattice allows for Van der Waals interactions to
control the orientation of the WS, film [45]. This
preferential orientation leads to a reduction in the

Reaction Chamber

Substrate Heater | L0ad Lock

Vacuum
Pump
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number of grain boundaries and an overall increase
in film quality [45].

The primary process optimisation revolved around
investigating the effect of a post-growth H,S anneal,
and how different flow rates of this gas affected the
final WS, film quality. Raman and photolumines-
cence (PL) spectroscopy were used to characterise the
optical quality of the WS, while atomic force micro-
scopy (AFM) was used to measure its thickness. All
Raman and PL measurements were made using a
Renishaw inVia microscope at room temperature and
under ambient atmospheric conditions with an exci-
tation wavelength of 532 nm.

Results and discussion

Successful growth on a 2-inch C-plane sapphire
substrate was performed at 600 °C for 15 min in a
4.5 Torr total pressure with Ar, H,S and H; flow rates
of 100, 10 and 10sccm, respectively. The Raman
spectrum from a typical sample grown under these
conditions is shown in Fig. 2a.

In Fig. 2a, we observe the three main WS, peaks of
interest, the Elzg, Ay and 2LA(M) [46]. The in-plane
phonon mode E';; and the out-of-plane phonon
mode A;; peaks are first-order Raman modes,
whereas the 2LA(M) is a second-order Raman mode
that is activated by disorder [46]. It is reported in the
literature that these three Raman peaks will shift as
the layer thickness is reduced [23, 46-48]. The A
peak redshifts, whereas the 2LA and Elzg peaks
slightly blue shift, and Berkdemir et al. demonstrate
that a separation between the A, and Elzg of 62 cm™!
is indicative of a WS, monolayer [46, 48-50]. For the
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Figure 2 a Typical Raman spectrum (normalised to the A;, peak)
of a WS, film grown with 100sccm Ar, 10sccm H,S, and 10sccm
H,. The peaks have been distinguished by Lorentzian fitting to
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spectrum of Fig. 2a, we extract the A, peak position
to be 4184 cm™' and the E'5, peak position to be
356.2 cm ™!, yielding a peak separation of 62.2 cm ™',
in good agreement with this estimate for monolayer
films. AFM measurements also confirmed that this
was a monolayer film which we would expect to have
a direct band gap and exhibit strong photolumines-
cence [8, 20, 23, 49]. However, in practice, we only
observed a very weak PL signal as shown in Fig. 2b.
For comparison, high-quality monolayer samples
produced by mechanical exfoliation typically exhibit
a PL signal with a narrow full width at half maxi-
mum (40-60 meV) [20, 51] centred on ~ 2.0 eV. This
observation could be attributed to a sulphur defi-
ciency in the films deposited under these process
conditions. This conclusion is supported by reports
from both chemical vapour transport (CVT) crystal
growth of TMDs and CVD growth utilising W(CO),
as the W source [8, 20, 52]. In the case of CVT growth,
studies have shown that the materials suffer from a
natural chalcogen deficiency due to the volatility of
the chalcogen atoms [53, 54]. To alleviate this, CVT-
produced TMDs are deliberately grown with a stoi-
chiometric ratio greater than 2:1 (chalcogen: metal).
Similarly, sulphur vacancies are frequently observed
in CVD-grown TMDs [55]. It is generally accepted
that these defects introduce charge traps and accel-
erate electron-hole recombination, and ab initio
quantum dynamics calculations by Li et al. have
specifically implicated sulphur vacancies as being
responsible for accelerating non-radiative charge
carrier recombination [56].

Several works have reported that a post-growth
anneal in a sulphur atmosphere can lead to an

400 (b) —— No HzS anneal
300
200
100
0
l.éO l.S'JS 2.60 2.65 2.10
Energy (eV)

show how each Raman mode contributes to the overall spectrum,
b weak PL spectrum observed from a WS, growth with no post-
growth anneal.
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Figure 3 a Raman spectra of
the four annealing tests
(10scem, 20scem, 30scem, 10sccm
40scecm H,S). Lorentzian
functions have been fitted to
the peaks to extract the
contribution of each Raman
mode, b PL spectra of the four
annealing tests. Gaussian 20sccm
functions have been fitted to
the PL peaks to extract the
excitonic and trionic

contributions to the overall PL
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increase in the optical quality of MoS, and WS, thin
films [7, 47, 57]. With this in mind, we have per-
formed additional growth runs that incorporated a
post-growth H,S anneal with flow rates ranging from
10 to 40 sccm. All growths were performed at 600 °C
and a total pressure of 4.5 Torr. Annealing was car-
ried out at 600 °C and a total pressure of 4.5 Torr and
lasted for 15 min. The anneal immediately followed
the growth stage whereby the H, and Ar were swit-
ched off and the H,S continued to flow. The param-
eters during the initial growth stage are the same as
those described above.

Upon examining the Raman spectra for the growth
runs shown in Fig. 3a, we find that the A;; and Elzg
peak separations remained constant for all films
at ~ 62 cm™ ', indicating that all the locations where
the WS, films were measured represent monolayers
[46]. However, clear patterns emerge in Fig. 3a and b
which provide evidence for a change in material
quality when the H,S flow rate is varied. We can
extract several key figures-of-merit from the Raman

400 420 440 190 195 200 205
Energy (eV)

spectra of Fig. 3a by fitting multiple Lorentzian
functions to isolate each peak of interest [46]. These
are the full width at half maximum (FWHM) values
of the 2L A, Elzg and A;; peaks and the A;;/2LA and
Aqg/ Elzg peak intensity ratios. We find that the ratio
of the 2LA and A,z (A15/2LA) peak heights initially
decreases as the H,S flow rate during the anneal is
increased from 10 to 20sccm and then increases again
up to 40sccm, as shown in Fig. 4a. This trend is also
clearly visible in the A;g/ Elzg ratio on the same
figure.

In our case both E'5; and A;; Raman peak sepa-
rations and AFM measurements confirm that the
regions of WS, that were measured are of monolayer
thickness and the same substrate (sapphire) and laser
wavelength (532 nm) is used throughout all mea-
surements, allowing us to exclude possible changes
in film thickness. These changes in peak ratio are also
correlated with changes in the FWHMs of the three
peaks of interest as shown in Fig. 4b. Across all
growth runs, the peak FWHM remained close to 8.0
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Figure 4 a Peak intensity ratios b and FWHM values extracted from the Raman spectra of Fig. 3a. From the exhibited trends we infer that
the optimal films are grown at H,S flow rates close to 20sccm during the annealing phase.

cm ! but reached its lowest value of 7.90 cm™" at the
10sccm and 20scem H,S flow rates. However, the
FWHMs of the Elzg and the A;; peaks were lower in
the 20sccm H,S sample, suggesting an improvement
in crystalline quality when compared to samples
without a post-growth anneal [52, 58-61]. We also
find that increasing the H,S flow rate to 30sccm and
40sccm during the anneal has a detrimental effect on
the Elzg and A;; FWHMs. A possible cause of this
could be the formation of defects caused by etching
due to the increased amount of hydrogen. This
observation suggests that annealing conditions, if not
carefully chosen, can result in poorer quality of the
resulting WS,.

Using tip-enhanced resonance Raman scattering
(TERS), Chanwoo Lee et. al. [62] have shown that
both the 2LA(M) and the A;; Raman peaks depend
on the density of structural defects in WS,, specifi-
cally the number of sulphur vacancies (Vs). They
observe a red shift of the A;; peak with increasing Vs
as well as a broadening of its FWHM due to the
asymmetric D peak splitting off on the low-energy
side. The 2LA(M) peak is also found to reduce in
intensity with increasing density of sulphur vacan-
cies. We believe we observe the same trend in the
films that we assign to be of a lesser quality. In their
paper, Chanwoo Lee et al. [62] show that there is an
anti-correlation between the amplitude of the D peak
(which grows with defect density) and the A, peak.
They also show that the amplitudes of the
2LA(M) and A are correlated, though are unable to
determine the functional form of the relationship
between them. Our observed decrease in the Ajg
FWHM as we quench sulphur vacancies under
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optimum annealing conditions is fully consistent
with this scenario.

Figure 3b shows the results of a study of the PL as
a function of H,S flow to determine optimal anneal-
ing conditions.

One direct measure of the crystalline quality of
WS, is the full width at half-maximum (FWHM) of
the PL exciton peaks [50]. To investigate this, we fit
Gaussian curves to the PL data of Fig. 3b which
allows us to individually quantify the exciton and
trion contributions and calculate their peak ratios.
These are displayed in Fig. 5 and mirror the changes
observed in the Raman spectra. Firstly, the exciton/
trion intensity ratio (Fig. 5a) reflects the same trend as
the A;;/2LA peak intensity ratios shown in Fig. 4a,
rising to a maximum for a 20sccm H,S anneal and
falling again at higher H,S flow rates. The normalised
amplitude of both exciton and trion peaks increases
at 20sccm reflecting an overall reduction in non-ra-
diative recombination which we attribute to a
reduction in the density of S vacancies [20, 55, 56, 63].
The observation that the peak ratio is a maximum
after a 20sccm H,S anneal also indicates a suppres-
sion of the trion peak relative to the exciton PL peak,
suggesting an additional decrease in the extrinsic
electron density [8, 20, 63, 64]. Further evidence for an
increase in the crystalline quality comes from the
extracted exciton PL FWHM values shown in Fig. 5b
and again the lowest FWHM is measured in the
sample annealed in 20sccm H,S. A lower PL FWHM
is associated with an increase in material quality. As
the FWHM increases, this indicates the emergence of
some form of disorder in the material e.g. sulphur
vacancies [50, 65, 66]. From this, we can infer that a
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Figure 5 a PL exciton/trion peak ratios and b FWHM extracted
from the PL data of Fig. 3b. This behaviour mirrors the trend seen
in Fig. 4 and provides further confirmation that the 20sccm H,S
flow represents the optimum annealing conditions. Data for as-

20sccm H,S anneal leads to a higher crystalline
quality.

Based on the results of other published studies of
the CVD growth and computational studies of MoS,
[42, 56, 57, 67, 68] and WS, [63, 69] we believe that
these PL intensity changes are associated with two
competing processes. Firstly, as stated previously, the
initial non-annealed sample almost certainly contains
a high density of sulphur vacancies which facilitate
non-radiative carrier recombination rather than the
desired radiative recombination [56, 57, 63, 67-69].
The very large increase in PL intensity observed upon
post-growth H,S annealing suggests that it is
quenching these sulphur vacancies by reconstruction
of the as-grown layers, leading to much-improved
material crystallinity. This picture is supported by the
enhancements observed in the Raman peak ratios
(cf., Fig. 4a). In contrast, H,S flow rates during
annealing above 20sccm appear to be having a
detrimental effect on both the Raman and PL spectra.
This is most likely due to a second competing factor
relating to the high abundance of H, [43]. At high
temperatures, H,S molecules readily dissociate to
create a sulphur and hydrogen atmosphere. Hence,
when the H,S flowrate is increased above the
apparent optimum of 20sccm there is now too much
H, present, and the density of vacancy and other
defects begins to increase again. Xiao et al. performed
an in-depth study of the effects of hydrogen on MoS,
atomic layers [42] and found that with increasing H,
concentration, the energetically active H atoms were
chemisorbed on the unstable S sites. This
chemisorption leads to a breaking of the Mo-S bonds
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grown samples without an anneal have not been included here
because their PL was completely dominated by the signal from the
sapphire substrate.

at high temperature and thus a desulphurisation of
the film. In TEM measurements on the same samples,
they were able to observe circle-like defects that they
identified as being sulphur vacancies. In practice, the
microstructural damage caused to our films at high
H,S flow rates may originate from both desulphuri-
sation as well as an oxidation-etching effect mediated
by a greater presence of H, in the atmosphere
[42, 43, 70].

Our best films exhibit an exciton FWHM of
51 + 2 meV. When compared to WS, grown via
powder-based methods [7, 20] and MOCVD [71], our
FWHM is located at the upper end of values quoted
in literature, which is to be expected. The advantage
of WCls compared to the powder-based method is
much better scalability, and the advantage over the
MOCVD films is the much shorter deposition time.
FWHM values for films grown on sapphire substrates
from a W(CO)¢ precursor range from 27 to 65 meV
[27, 34, 70-72], and span 21-68 meV when WO;
powder is used as a precursor [7, 20, 23, 73-75]. Our
FWHM value is an improvement on values (67 meV)
reported by Park et al. [26] who also employed gas-
phase CVD with a WClg precursor. Finally, compar-
ing the FWHM for our best films to those grown from
the tungsten halide WF, (exciton FWHM in the range
48-83 meV) [37, 38, 76] we find that our values fall
closer to the lower end of reported values, with the
added advantage that by using WCls, we eliminate
the production of the much more corrosive reaction
product, HF. Table S1 in supplementary materials
presents a comprehensive comparison of key PL
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Figure 6 a Map of the A},
Raman peak position of WS,
deposited on a 2-inch sapphire
wafer indicating a high degree
of uniformity across the
sample, b Map of the PL
intensity across the sample.
The PL intensity remains
uniform over most of the
sample, ¢ Map of the A,
FWHM. This complements the
A, peak position, also
showing a high degree of
uniformity across the sample,
d Map of the exciton PL
FWHM which further
indicates a uniform WS, film.

figures-of-merit for a range of different WS, growth
methods and precursors.

For WS; to become a viable material for large-scale
electronic and optoelectronic applications, it must be
produced with high quality and uniformity on a
suitably large scale [77, 78]. In Fig. 6, we show large-
area Raman and PL maps of our optimal WS, films
grown on C-plane sapphire to illustrate the homo-
geneous coverage our growth method can achieve.
Figure 6a is a map of the A;; Raman peak position.
As we can see, the peak position remains constant at
418 £ 0.5 cm ™' across a vast majority of the 2-inch
sample, indicating complete coverage and large-scale
uniformity. Figure 6b is a map of the PL intensity and
again shows a very uniform intensity over most of
the sample, indicating a high level of optical unifor-
mity. The drop-off in PL intensity near the edge of the
sample is attributed to damage incurred during dic-
ing and polishing of the wafer, leading to a much
higher density of nucleation sites and more disor-
dered or even amorphous areas of film in these
regions. Figure 6¢ and 6d are maps of the A;; FWHM
and the exciton PL FWHM, respectively, that further
show that we have a achieved a uniform film of WS,.

Figure 7a displays a photograph of a typical WS,
monolayer grown on a 2-inch sapphire wafer by our
gas-phase CVD process at 600C and a total gas
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pressure of 4.5 Torr followed by an optimised 15-min
H,S anneal. The WS, film thickness was measured by
AFM at the small scratch on the surface shown in the
AFM image, Fig. 7b. The topographic line scan along
the direction indicated in Fig. 7 reveals a film thick-
ness of ~ 1.1 nm, consistent with the presence of a
monolayer film [20, 21, 43].

In addition to being able to grow over large areas, it
is also ideal to be able to transfer the WS, from sap-
phire to a Si/SiO, substrate in order to fabricate
functional electronic and optoelectronic devices [79].
To achieve this, we have used the surface energy-
assisted transfer process first described by Gurarslan
et al. [79] which is shown diagrammatically in
Fig. 8a. This method combines the benefits of a sim-
ple transfer protocol without harsh alkaline chemi-
cals such as KOH, which can lead to film degradation
[80]. The sample chosen for transfer was first spin-
coated with a uniform layer of polystyrene (PS) dis-
solved in toluene at 3000 rpm for 60 s, followed
immediately by a 15-min bake at 90C to harden the
PS coating and promote adhesion. A few drops of
deionised (DI) water were then dripped on top of the
sample which was poked around the edges with a
scalpel to create small perforations that allowed
water to seep underneath the PS layer. As the sap-
phire substrate is hydrophilic and the WS,
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Figure 7 a Optical

micrograph of a 2-inch (a)
sapphire wafer coated with a

WS, grown using our

optimised process, b AFM J}— ——,— e I_

image of a small scratch in the
WS, film which allows a
determination of the film

thickness, ¢ topographic scan ™

along the line indicated in

b showing a thickness {

of ~ 1.1 nm. J
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Figure 8 a Schematic diagram of the transfer protocol used for a
WS, monolayer film grown on a sapphire substrate (adapted from
Gurarslan et al. [78]). b The WS, film and PS layer when first

hydrophobic [79], the water spread rapidly across the
sapphire and delaminated the WS, film. Once it was
floating freely in the water the film could be picked
up with tweezers and placed onto a target substrate,
as illustrated in Fig. 8b. The target substrate used was

with tweezers

Transfer film to
Si/sio,

Si/sio,

Dissolve PS
film and bake

si/sio,

transferred from the sapphire growth substrate to the Si/SiO, target
substrate. ¢ The WS, film post-baking to remove water and post-
toluene soak to remove the PS layer.

an n*-Si/SiO, wafer with a 300 nm thick oxide layer.
The corner of a paper tissue was used to remove most
of the water under the WS, film before it was baked
at 80 °C for 1 h to remove most of the residual
moisture. A second bake for 30 min at 150 °C was
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Figure 9 a Comparative Raman spectra (normalised to the A,
peak) and b Lorentzian fits of the Raman spectra to extract the

individual Raman peak contributions of the WS, monolayer pre-
and post-transfer. Both a and b are normalised to the A;, Raman

then performed to spread the polymer and remove
any remaining water. Finally, the PS layer was
removed by soaking the sample in toluene for 1 h. A
great advantage of this method is that after cleaning
and annealing the sapphire substrate can be reused
after transfer. This process is illustrated schematically
in Fig. 8a, and an optical image of the film on the nt-
5i/5iO; chip post-transfer is shown in Fig. 8c.
Optical characterisation of the transferred films
shows that their quality is well preserved, and that
the transfer process has no detectable detrimental
effect on the material. Figure 9a shows Raman spec-
tra, normalised to the A, peak, of a film before and
after transfer onto Si/SiO; exhibiting only a few very
minor differences. Figure 9b shows the results of fit-
ting Lorentzian peaks to these data revealing that
there is actually a slight reduction in the FWHM of
the 2LA peak from 7.90 to 7.80 cm ™', which could be
related to the release of strain after transfer [79, 81].
This interpretation is corroborated by a more careful
analysis of the FWHM of the 325 cm™' Raman mode
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mode. ¢ Comparative PL spectra and d Gaussian fits of the PL
spectra (normalised to the PL peak maximum) to extract the
excitonic and trionic contributions.

which was reduced by 42% from 17.12 cm ™' before
transfer to 9.92 cm ™' afterwards. This effect has pre-
viously been observed by Dadgar et al. where they
applied an external strain of 2.85% and observed a
FWHM increase of 9.47% in the 325 cm™' Raman
peak [81]. Strain in the WS; film can arise due to the
difference in the thermal expansion coefficients of the
WS, and the sapphire substrate [23, 82]. When the
sample cools to room temperature post-growth, the
substrate and the film contract at different rates,
leading to tensile strain in the WS, monolayer [23].
This is generally quite inhomogeneous across the
sample leading to a distribution of bond lengths and
a broadening of associated Raman phonon modes
[81]. The FWHM values for the Elzg and A;; Raman
peaks are experimentally indistinguishable in the
pre-transferred and post-transferred WS, providing
further evidence that the film quality is preserved.
In Fig. 9c the PL spectra of the pre- and post-
transferred WS, have been superimposed (plotted as
absolute PL intensities) to show that there is minimal
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change in peak position, but an increase in peak
intensity on the Si/SiO, substrate. The latter is
attributed to substrate enhancement effects
[79, 83, 84]. In Fig. 9d Gaussian fitting has been used
to separate the PL spectra into exciton and trion
components. The exciton peak positions for the pre-
and post-transferred WS, film remain the same at
2.015 eV, while its FWHM narrows very slightly from
51 meV pre-transfer to 50 meV post-transfer.

As sapphire is an insulator it cannot be used to
realise a back-gate electrode when fabricating elec-
tronic devices due to the absence of a gate dielectric
e.g. SiO,. Top gated devices using ionic liquids have
been demonstrated by Ponomarev et al. [85], but
these are not scalable to industrial production meth-
ods as the ionic liquid is applied by hand. However,
we have shown that our CVD-grown WS; is easy to
transfer from the sapphire growth substrate to an Si/
SiO, target substrate using a polystyrene support
layer. Moreover, both Raman and PL measurements
on transferred films show no sign of degradation;
indeed, a small reduction of the FWHM of the
325 cm™' Raman peak shows a slight narrowing,
possibly due to the relaxation of stress incorporated
during growth.

Finally, we believe that these advances in the rapid
turnaround, large-area synthesis of monolayer WS,
can enable future developments in high-yield fabri-
cation processes for devices such as narrow-channel
transistors [86, 87] and more advanced van der Waals
heterostructure multi-quantum-well (MQW) light-
emitting diodes, such as those demonstrated by
Withers et al. [88]. Our CVD WS, recipe could also
potentially be combined with established MoS, and
graphene recipes to grow van der Waals
heterostructures in-situ which would mean that only
one transfer step would be needed onto a suit-
able substrate. In addition, we have shown that our
optimised CVD growth recipe for WS, also works on
5i1/5i0, substrates eliminating the need for transfer
altogether. However, these WS; films exhibit signifi-
cantly worse optical quality (See supplementary
materials, Fig. S2).

Conclusions

In conclusion, we have developed a protocol for
growing uniform, large-area monolayer WS, films
using a commercial cold-wall gas-phase CVD reactor
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with a WClg precursor. Exploiting our precise control
over gas flow rates, we have systematically investi-
gated the influence that post-growth annealing in
different H,S flow rates has on the quality of the WS,
layers. For an optimal H,S flow rate of 20sccm these
studies reveal a dramatic improvement in the optical
quality of our films as characterised by Raman and
PL spectroscopy. Our optimally annealed material is
comparable in quality with that produced by other
CVD approaches reported in the literature, exhibiting
intense PL exciton emission peaks centred on
2.01 £ 0.01 eV with full width at half maximum of
51 & 2 meV. Finally, we have demonstrated that we
can easily transfer our films from the sapphire
growth substrate to target Si/SiO, substrates using a
polystyrene support layer. Post-transfer Raman and
PL measurements reveal no degradation in the film
optical quality and show evidence of the relaxation of
stress that has been incorporated during growth. Our
approach is promising for future industrial-scale
production of monolayer WS, for applications in
photovoltaics, photodetectors and transistors.
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