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Solution-Based Synthesis of Few-
Layer WS, Large Area Continuous
Films for Electronic Applications
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Unlike MoS, ultra-thin films, where solution-based single source precursor synthesis for electronic
applications has been widely studied, growing uniform and large area few-layer WS, films using

this approach has been more challenging. Here, we report a method for growth of few-layer WS,
that results in continuous and uniform films over centimetre scale. The method is based on the
thermolysis of spin coated ammonium tetrathiotungstate ((NH,),WS,) films by two-step high
temperature annealing without additional sulphurization. This facile and scalable growth method
solves previously encountered film uniformity issues. Atomic force microscopy (AFM) and transmission
electron microscopy (TEM) were used to confirm the few-layer nature of WS, films. Raman and X-Ray
photoelectron spectroscopy (XPS) revealed that the synthesized few-layer WS, films are highly
crystalline and stoichiometric. Finally, WS, films as-deposited on SiO,/Si substrates were used to
fabricate a backgated Field Effect Transistor (FET) device for the first time using this precursor to
demonstrate the electronic functionality of the material and further validate the method.

2D transition metal dichalcogenides (TMD) have emerged as promising low dimensional semiconductor mate-
rials! due to their exceptional electrical, optical and mechanical properties’. Among the TMD family, MoS, has
been the first and most investigated member because of its excellent properties such as thickness dependent indi-
rect to direct bandgap transition®*, valley Hall effect’, high carrier mobility and on-off ratio® that makes it suitable
for a wide range of electronic applications. A significant number of scientific reports have addressed the synthesis
routes of MoS,. The production methods reported in the literature include mechanical® or liquid exfoliation” as
well as conventional atomic layer deposition (ALD)® and chemical vapour deposition (CVD)®. These approaches
however are still far from being commercially viable due to low yield and/or high costs.

Two significant factors that identify a successful route to commercialization of a material are its compatibility
with existing fabrication methods and cost effectiveness. Solution-based synthesis is compatible with existing
nanofabrication processes, is scalable at low cost and has already been shown to produce high quality MoS, films
using a single source precursor such as ammonium tetrathiomolybdate (NH,),MoS, through thermal decom-
position for electronic devices applications!®. Therefore, several groups have developed approaches for large
area solution-based MoS, synthesis via two-step thermolysis of (NH,),MoS, films coated in different ways such
as dip, roll to roll and spin coating'!~'. Spin coating of (NH,),MoS, solution in particular is highly preferable
among other coating techniques due to its integration with current semiconductor technology and its ability
to control the initial precursor film thickness through spinning speed as well as precursor solution concentra-
tion'*”. The main obstacle hindering this coating technique is the low wettability of precursor solutions that
utilize common solvents such as dimethylformamide (DMF) and n-methylpyrrolidone (NMP), with commonly
used substrates like SiO,/Si or sapphire. This leads to nonuniform precursor film formation associated with a high
density of defects and de-wetted areas after spin coating. To overcome this issue, researchers developed different
organic-precursor solution systems for spin coating to enhance the uniformity and controllability of the initial
precursor film over large area and eliminate surface defects. These organic-precursor solutions systems are: DMF,
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n-butylamine and 2-aminoethanol’; ethylenediaminetetraacetic acid (EDTA) and dimethylsulfoxide (DMSO)'¢;
and linear poly (ethylenimine), DMF and 2-aminoethanol'”.

Similarly, WS, is an important TMD material which shows comparable characteristics to MoS, but can also
offers higher photoluminescence (PL) efficiency, better electrical performance and ambipolar field effect behav-
iour-?!. Although WS, has growth methods similar to MoS, such as sulphurization of tungsten metal* or
tungsten oxides®, growth of large area and uniform WS, ultra-thin films for electronic applications via thermal
decomposition of ammonium tetrathiotungstate (NH,), WS, salt has not been demonstrated successfully. This is
due to the difficulty that is associated with the formation of a thin uniform (NH,),WS, precursor layer as this salt
has poor solubility in most of the common solvents as compared with (NH,),MoS,**. Usage of these solvents in
solution-based single source precursor deposition of WS, has however been demonstrated for applications that
do not require highly continuous WS, films, such as surface enhancement Raman scattering (SERS) and creating
a carrier injector layer for optoelectronic devices?>?%. Another issue in solution-based single source precursor
synthesis by thermal decomposition occurs when the second annealing step is relatively high (<800 °C). In this
case, sulphur from (NH,),MoS, and (NH,),WS, films evaporates readily and needs to be substituted by adding
sulphur in the inert gas flow to preserve the stoichiometry and the quality of the MoS, and WS, films!!!3252€,

Generally, there are three factors that need to be optimized to create a defect-free film from a liquid precur-
sor by spin coating; the wettability of the precursor solution with the substrate, the solubility of precursor in the
solvent system and the viscosity of the solution. Wettability can be significantly improved by oxygen plasma treat-
ment of the substrate which promotes the hydrophilicity of the surface!®. Choosing a solvent capable of achiev-
ing high solubility of the precursor helps to eliminate clusters and striation formation due to surface tension.
Viscosity can be controlled by the choice of the solvents system and the concentration of the precursor, which
affects the coverage of the film over the substrate and the final precursor film thickness'*'”.

We have therefore optimized all three parameters to create uniform large area ultra-thin WS, layers via a
two-step thermal decomposition of (NH,),WS, spun-coated precursor solutions. A refined solvent recipe was
formulated to improve the wettability and uniformity of the precursor film on the substrate. Additionally, by
processing our samples in a “facing pair” manner during the high temperature second annealing step, the compo-
sition/stoichiometry of the films was preserved, thus eliminating the need for additional sulphurization. Optical
microscopy was used to assess the uniformity and continuity of the precursor films while AFM and TEM evalu-
ated the resulting WS, film thickness and morphology. Raman spectroscopy supported the AFM and TEM results
to identify the few-layer nature of the films and showed the effect of temperature on the crystallinity of the film.
XPS spectroscopy revealed the stoichiometry of WS, films when grown on different substrates. Finally, an FET
device was fabricated using as-deposited WS, film to further elucidate the potential electronic applications of
these films.

Results and Discussion

Electronic devices such as FETs require continuous and uniform films for the device layer to guarantee high elec-
trical performance. In solution-based synthesis of semiconducting WS, films, the main defects are pinholes and
de-wetted areas over the substrate that occur in the precursor deposition step. In this work we have tackled these
issues by refining the solvents system for the (NH,),WS,.

There are simple solutions for wettability but because (NH,),WS, is weakly coordinated with most of the
solvents?, the key challenge in making a solution-based uniform ultra-thin WS, film is formulating a solution
recipe that results in a high solubility of the precursor with the optimum viscosity. Based on this, we chose the
most promising solvents reported previously for spin coating, namely (DMF)?, ethylene glycol*, (NMP)"? to
investigate which one has the maximum solvation and coverage over the substrate. Preparation of the substrates
and precursor solutions for spin coating is described in Materials and Methods.

Figure 1(A-C), shows the spin-coated precursor films where (NH,),WS, is dissolved in DMEF, ethylene glycol
and NMP solvents respectively (100 mM solution concentration), at 6000 rpm spinning speed. Unfortunately,
none of the solvents successfully formed continuous and uniform (NH,),WS, films. The high concentration and
therefore viscosity of the solutions should have facilitated the continuous film formation, opposite to what we
observed here. Moreover, the de-wetted regions were significantly enlarged at 9000 rpm which was the peak of
the spin coating speed (see Fig. S1). DMF was promising in terms of forming continuous precursor films with
excellent surface coverage at 3000 and 6000 rpm speeds. Unfortunately, we identified high density of clusters
that probably consist of insoluble WS, 2 anions. Ethylene glycol based film exhibited lower density of clusters as
compared to DMF at 3000 rpm (see Fig. S1) but had more de-wetted regions, with the wettability deteriorating at
moderate and high spin coating speeds, thus preventing the formation of a thin uniform layer. Unlike the previ-
ous solvents, NMP showed some more solvation without forming clusters at all spin coating speeds, indicating a
better solvation of (NH,),WS, by NMP compared to DMF and ethylene glycol solvents. However, the high density
of random pinholes assigned to insufficient wetting of the solution with the substrate.

It has been reported before that amine-based solvents could be linked with WS, % anions via hydrogen bonds
leading to form a stable solution?®*. Additionally, it has been shown that n-butylamine and 2-aminoethanol sol-
vents can stabilize the (NH,),MoS, and bind the solution to create uniform MoS, precursor films by spin coating'®.
However, this (NH,),MoS, solvents recipe contains DMF rather than NMP which leads to non-uniform WS, pre-
cursor layer formation when it was used for (NH,),WS, (see Fig. S2). Based on these facts, we reformulated the
recipe of NMP by adding the solvents butylamine and 2-aminoethanol (see Materials and Methods). Moreover,
to ensure good coverage and uniformity of the spin-coated precursor layer, we started with high concentration
solution (100 mM), as is evident from Fig. 1(D) there was a significant improvement of the uniformity without any
obvious de-wetted regions over a large area. The few apparent micron-sized defects originated from particles on the
substrate. However, further reduction in precursor solution concentration was needed in order to achieve WS, films
with minimum thickness. Therefore, we used the same solvents recipe with the threshold concentration (35 mM) of

SCIENTIFIC REPORTS |

(2020) 10:1696 | https://doi.org/10.1038/s41598-020-58694-0


https://doi.org/10.1038/s41598-020-58694-0

www.nature.com/scientificreports/

Figure 1. Optical microscope images of spin-coated precursor films prepared by dissolving 100 mM of
(NH,),WS, in: (A) dimethylformamide (DMF), (B) ethylene glycol, (C) n-methylpyrrolidone (NMP) and (D)
solvent system contains (3 mL NMP/2 mL n-butylamine/1 mL 2-aminoethanol of 6 mL total volume). (E,F)
are optical microscope images of spin-coated precursor films prepared by dissolving 35 mM of (NH,),WS, in
(3 mL NMP/2 mL n-butylamine/1 mL 2-aminoethanol of 6 mL total volume). All the solutions are spin coated
at 6000 rpm for 1 min and prebaked at 140 °C for 1 min. Note that (A-E) images were taken using 5X objective
while (F) image was taken using 100X objective.

(NH,),WS, that can produce large area and uniform precursor films as shown in Fig. 1(E-F) respectively. At lower
concentrations than this (e.g. 10 or 20mM), the density of WS, anions in the solution were very low leading to for-
mation of isolated micron-sized islands rather than a continuous film (see Fig. S3).

After the second annealing step of WS, films grown on SiO,/Si and sapphire substrates (with 35 mM precursor
concentration), the topography and thickness of these samples were assessed by atomic force microscopy (AFM).
The average thickness of the films for an area of edges was 6.5 £ 0.68 nm (0.68 nm is the root mean square rough-
ness R, of the film) for the SiO,/Si substrate and 6 + 0.1 nm (0.1 nm is the root mean square roughness R of the
film) for the sapphire as shown in Fig. 2. The higher roughness of the film grown on the SiO,/Si substrate is attrib-
uted to the amorphous nature of the substrate and to the increased surface roughness caused by the relatively long
time exposed to oxygen plasma. As AFM measurements were taken at the edge of WS, films where they are prone
to edge effects from the spinning process, therefore, these AFM results represent the maximum thickness of WS,
films. Additionally, the AFM images confirm the continuity of the WS, films with small grains that appear due to
the nano-size crystals formed at the WS, uniform film.
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Figure 2. Atomic force microscopy (AFM) images of WS, films grown on (A) SiO,/Si (B) sapphire.

To evaluate the structure of the WS, films at the central area of the samples, TEM was conducted for the film
grown on a sapphire substrate. Figure 3 shows a TEM image of the WS, film demonstrating a highly ordered lay-
ered structure. It is apparent from Fig. 3, the film is uniform and constituted by areas of 2 and 3 layers. The TEM
image indicates that the single layer thickness of the WS, film is 0.65 nm, in agreement with previously reported
WS, monolayer thickness?. At the bottom right of Fig. 3 and also in Fig. S4 arranged columns of atoms are clearly
visible.

Raman spectroscopy with a 532 nm excitation wavelength was performed to characterize the WS, films on
both SiO,/Si and sapphire substrates for each of the two-annealing steps (500 °C and 1000 °C). The consequence
of using a 532 nm pump laser for Raman spectroscopy is an enrichment of the Raman spectra with second order
peaks®. Multi-peak Lorentzian fitting is applied to deconvolute these peaks which helps to reveal any crystallinity
changes between the two-annealing steps and to estimate the thickness of the films. As shown in Fig. 4 after the
1000 °C anneal, the Raman spectra intensity at the centre of the samples were enhanced by X2 for the SiO,/Si and
X4 for the sample grown on sapphire. Moreover, all peaks become narrower after the second annealing step. The
most dramatic change was with the peak labelled LA (M)-TA(M)?! where its FWHM was reduced from 63.4cm™!
in the first annealing step to 24.4cm™! in the second annealing step for SiO,/Si and from 51cm™! to 28 cm™! for
sapphire. Additional peaks that correspond to 2LA (K) mode®* are also apparent at 385.2cm ™! and 387.7 cm ™! for
SiO,/Si and sapphire respectively, which did not exist after the first annealing step. The intensity enhancement in
the Raman spectra, the reduction in full width half maximum (FWHM) of all Raman peaks as well as the prom-
inence of additional second order peak (2LA (K)) highlight the significance of the second annealing step at high
temperature (1000 °C) to promote the crystallinity of the WS, films.

Furthermore, at 500 °C the intensity of the in-plane El2g (') dominated the longitudinal 2LA (M) mode
whereas at the 1000 °C the 2LA (M) peaks increased in intensity which almost overwhelmed the El2g (I") mode
for all substrates. In contrast, the out-of-plane peak A;, (I') decreased in intensity at the higher temperature.
Consequently, the 2LA (M)/A,, (I') intensity ratio increased dramatically from 0.685 at 500 °C to 2.64 at 1000°C
for the SiO,/Si and from 0.285 to 2.26 for the sapphire. Moreover, the Raman peak difference between the in-plane
mode E',, (I') and out-of-plane mode A, (I') at 1000°C is 63.8 cm ™" for the SiO,/Si substrate and 61.2cm™" for
the sapphire substrate. Both the intensity ratio of 2LA (M)/A,, (I') and Raman peaks difference (A, (I')- El2g I))
indicate the few-layer nature of the measured WS, films on both substrates similar to what has been reported in
the literature®.
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Figure 3. TEM image of few-layer WS, films grown on sapphire substrate. The crystalline Al,O; atomic lattice
is clearly visible on the left hand side of the image. The WS, film is viewed at a high angle where bilayer and
trilayer regions are also highly visible and are indicated. The bright area on the right hand side is the protective
carbon coating. The trilayer region also shows the WS, atomic arrangement.
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Figure 4. Raman spectra of WS, films on (A) SiO,/Si and (B) Sapphire at the 500 °C and 1000 °C respectively.

SCIENTIFICREPORTS|  (2020) 10:1696 | https://doi.org/10.1038/s41598-020-58694-0


https://doi.org/10.1038/s41598-020-58694-0

www.nature.com/scientificreports/

A Si0,/Si substrate B Al»O3 substrate
~|
~ -~
= at500°C B at 500°C
< at 1000°C > ——at1000°C
z B
B m
2]
s 5
o -
= k= Mf‘\
P
I
il
1 ‘u‘ p’ ‘M‘.
iyl
T T T 1 f T T r i)
1.85 1.90 1.95 2.00 2.05 210 1.90 1.95 2.00 2.05 2.10
Energy (eV) Energy (eV)

Figure 5. PL spectra of WS, films on (A) SiO,/Si and (B) Sapphire at 500 °C and 1000 °C respectively.

Al Experimental Data SiOy/Si substrate B Si0,/Si substrate
— WL wsy e Experimental data
—S2p3
—wH 5, WSy /
6+ N S2pis2 ot
WP f7/3 (WO3) Background
WO £5/5 (WO3) Envelope

Background
Envelope

AlyOj3 substrate AlyOj3 substrate 7

Intensity (a.u.)

Intensity (a.u.)

T T T T T T T T T d . T |
41 40 39 38 37 36 35 34 33 32 31 165 164 162 161

163
Binding energy (eV) Binding energy (eV)

Figure 6. XPS spectra of WS, films on SiO,/Si and sapphire substrates (A) W 4f core-level and (B) S 2p core-
level spectra.

Interestingly, after the second annealing step all the peaks from El2g (I') to 2LA (M)—ZEZZg (M) are shifted to
lower wavenumbers compared to their peak positions after the first annealing step at 500 °C. The only exception
was the longitudinal acoustic mode 2LA (M), which did not shift after the two annealing steps for both substrates.
As a result, the separation of the in-plane E',, (I') and the out-of-plane peak A, (I') Raman peaks after the
first annealing step is smaller compared to after the high temperature annealing step (60.8 cm™! for SiO,/Si and
59.9cm™! for sapphire). This is due to blue shifts that E',, (I") peaks experience in poor crystalline films as stated
previously. However, the intensity ratio of 2LA (M)/A,, (I') peaks is also low (0.685 for the SiO,/Si and 0.285 for
the sapphire) for poor crystalline films. Thus, the layer number estimation of poor crystalline WS, films (500 °C)
using Raman spectra with 532 nm excitation wavelength might be not accurate. The reason behind this is the
correlation between Raman peaks difference and the intensity ratio is not valid for poor crystalline WS, films
(500°C) as opposed to the higher crystalline WS, films (1000 °C) which show a clear correlation between Raman
peak difference and intensity ratio when resonant excitation wavelength is used for Raman spectroscopy?>.

The PL spectrum of WS, films was investigated using the same excitation wavelength, power and objective
parameters as the Raman measurements. As shown in Fig. 5 there is a significant enhancement of the photolu-
minescence (PL) signal after high temperature annealing for both substrates. The PL intensity enhancement is
X4.5 for the Si0,/Si and X3.5 for the sapphire substrate and this enhancement is attributed to the improvement
in film crystallinity. However, the PL peaks intensities are still weak, due to few-layer nature of films. For the
Si0,/Si substrate, the PL peak of WS, film is located at 1.984 eV, in agreement with earlier reports for few-layer
WS,?!, whereas the PL peak position of WS, film grown on sapphire substrate is at 2 eV similar to what has been
observed before for WS, films grown on sapphire®. The trivial shift to lower energy in PL peak position of the
WS, films grown on SiO,/Si substrate compared to the films grown on sapphire might results from higher strain
on the film deposited on SiO,/Si substrate®.

The composition of the deposited WS, films was investigated by high resolution XPS for both substrates where
the W and S core levels were studied. The carbon peak in the Cls core level was used as a reference point and was
at 284.8 eV for both substrates. The de-convoluted XPS spectra for W and S core levels are shown in Fig. 6(A,B)
respectively for both substrates. For the WS, film deposited on the SiO,/Si substrate, two doublets were pro-
nounced in the W core level, the first doublet represents the W** {4, at 33.05eV and W** f4;, at 35.20 eV which
is attributed to WS, formation, with spin orbit splitting (W** f4,,-W** f4,,) of 2.15eV and an area ratio of W**
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Figure 7. Electrical characteristics of back-gated WS, FET (A) I4,-Vy, (inset: optical microscope image for the
actual FET device, the scale is 50 pm). (B) Forward and backward sweep transfer characteristics.

f4,,/W*" f4,, 0.73. The energy of these peaks corresponds to the 2H phase of WS,*. The second doublet is
located at 36.35 and 38.55 eV respectively and represents the W* f4,, and W' f4,, peaks that depicts the forma-
tion of WO;*. For sulphur, the S 2p;,, and S 2p, , peaks are located at 162.85 and 164.06 eV respectively with spin
orbit splitting (S 2p,/,-S 2ps,,) 1.21eV and area ratio S 2p,,,/S 2p;,, 0.4. This doublet corresponds to S*~ sulphur
bonded in 2 H phase of WS,*. Fortunately, the absence of S,* ligands peaks, which corresponds to the presence
of WS, and oxidized sulphur species, is a good indicator that the film is stoichiometric for both substrates®”%.
The peaks obtained from the WS, films on the sapphire are almost identical to films grown on SiO,/Si. However,
there is a shift to lower energies by 0.4 eV for all peaks assigned to WS, in both W and S core levels and the oxide
content is negligibly increased compared to films grown on SiO,/Si.

To probe the electronic properties of the WS, film, we fabricated a back-gated field effect transistor (FET)
using the as-deposited WS, films on 300 nm thermally grown SiO, on n-type Si substrates (see Fig. S5 for SEM
image of the device). Indium was chosen to make direct contact with WS, due to small Schottky barrier which
makes it a good choice for ohmic contacts with WS, film*. Current voltage measurements were performed in air
to evaluate the transfer characteristics of the devices. First, we measured the source-drain current I;, against the
voltage between the source and drain Vy, for different bottom gate voltages as shown in Fig. 7(A), the linearity of
this result reveals that the In/Au electrodes make excellent Ohmic contacts with the WS, channel. To evaluate the
transconductance of the device, the back-gate voltage was swept from —91 V to 100V in both directions as shown
in Fig. 7(B). In forward sweep, the device shows n-type behaviour with 6.2 x 107°>cm?/V.s field effect mobility,
a threshold voltage of —54 V and on/off ratio of 2.5. The field effect mobility was extracted from the slope of the
linear part of the transfer curve using the equation:'®

WL Al
B WCoxVy AV, (1)

Where pg is the field effect mobility, L is the channel length (10 pm), W is the channel width (200 pm), C,, is
the capacitance per unit area of silicon dioxide layer (300 nm) which is (11.5 nF/cm?), Vy; is the source-drain
voltage and (AI/AV,) is the transconductance. Interestingly, in backward sweep the FET shows asymmetric
ambipolar behaviour with minimum conductivity at 0V in the n-type branch. However, the low mobility, on-off
ratio and the change of the behaviour could be partially attributed to adsorbates from ambient and/or dopants
that occur during photolithography and lift-off process. The field effect mobility and the on-off ratio of our WS,
FET devices are comparable with backgated WS, FET devices grown by other solution-based approach when
they were characterized in air®. Additionally, our WS, FET devices show comparable performance with MoS,
FET devices fabricated using identical synthesis processes, where the mobility of MoS, devices varied from 107
to 10~2cm?/V.s although the back-gate voltage of these devices was swept to much higher voltages''>. The device
field effect characteristics are dictated by the nanocrystalline nature of the film as well as ambient adsorbates.
However, as it has been shown with MoS, films that are grown in similar ways, we expect a dramatic improvement
when the device is optimized and operated in a top-gate configuration with a high-k dielectric such as HfO," or
ionic liquid gate!'*18,

Conclusions

In conclusion, we propose a facile and cost-effective growth method that can produce high quality, continuous
and ultra-thin WS, films for electronic applications. This solution-based method utilizes thermal decomposition
of uniform spin coated ammonium tetrathiotungstate films on two different types of substrates with centimetre
scale to create thin WS, films. The key factor that enables (NH,),WS, to successfully form a uniform and contin-
uous film is our optimized solvents recipe with volume ratio 3/6 NMP, 2/6 n-butylamine and 1/6 2-aminoethanol
that promotes the solubility and wettability of the precursor solution. Different characterization tools were used
to confirm the thickness and the quality of the WS, films. Finally, we demonstrated for the first time a back-gated
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FET from an as-deposited WS, film grown by our solution based process with an electron mobility reaching 6.2 x
1075 cm?/V.s which shows comparable performance to MoS, devices fabricated by similar synthesis approaches.

Materials and Methods

Preparation of the substrates and (NH,),WS, solutions for growth of WS, films. We used 1.5 x
1.5 cm? Si0,/Si (300 nm SiO,) and sapphire substrates to assess the optimum spin coating conditions for differ-
ent solvent solutions. Prior to spin coating, the surface of the substrates was cleaned using acetone, isopropanol
and de-ionized water followed by conditioning using oxygen plasma at 0.1 mb pressure (oxygen flow 1000 mL/
min) and 1000 W power for 15 min to enhance the wettability. To prepare the solutions, we dissolved 174 mg of
(NH,),WS, in 5mL of each solvent (DME, ethylene glycol, NMP) to form 100 mM of precursor solution. After
one hour of sonication (at 70 °C) the three solutions were spin coated on the substrates at three different speeds
(3000, 6000 and 9000 rpm) for 1 min (step 1: ramp 5sec, dwell time 5 sec, rpm 500; step 2: ramp 5 sec, dwell
time 45 sec, rpm 3000, 6000 and 9000). After spinning, the substrates were prebaked at 140°C for 1 min using a
hot-plate where the solvents evaporated. Prior to thermal decomposition, the refined recipe for the new solvents
system we propose (6 mL total volume) is 3/6 NMP, 2/6 butylamine and 1/6 2-aminoethanol. We mixed these
solvents together and dissolved (208, 73, 42 and 21) mg of (NH,),WS, to create solutions of (100, 35, 20, 10) mM.
The solutions were then sonicated for 1 hour at 70 °C before being spin coated at 6000 rpm (the same spin-coating
recipe was used as before) on the cleaned and oxygen plasma treated substrates (the same oxygen plasma recipe
was used as before). Finally, the samples were baked on a hot-plate at 140 °C for 1 minute.

Thermal decomposition. The 35mM concentration samples were used for the thermal decomposition.
They were placed in a tube furnace and purged with a 6% H, in Ar gas at 8 mb pressure for 5 minutes. The samples
were kept in the cold zone and the furnace was programmed to reach 500 °C. After 20 minutes of temperature
stabilization, the samples were moved in the hot zone of the furnace. After 30 min of annealing at 500 °C, the
samples were removed from the furnace and were left to cool down naturally while maintaining the flow of gas. To
improve the crystallinity of our films we performed a second annealing step at 1000°C. The samples with identical
substrates were arranged in film-facing pairs to prevent the reduction of the films (see Fig. S6). Firstly, the furnace
tube was purged with Argon at a pressure of 1 mb for 5 minutes to remove oxygen from the system. The system
was then allowed to reach atmospheric pressure under the same 100 sccm Ar flow. After a 40 min temperature
ramp, the furnace reached 1000 °C to anneal the samples for 15 minutes before removal from the hot zone to let
the samples cool down to room temperature under the same gas and pressure conditions. See Fig. S7 for optical
microscopy image of the final WS, film grown on SiO,/Si.

Device fabrication. The transistor channels were formed by conventional photolithography using S1813
photoresist masking and etched for 2 minutes to remove unwanted WS, film regions by Argon ion milling using
Oxford Plasma Technology Ionfab 300 plus system. An Argon ion plasma beam was accelerated to 500V with
100 mA current. The sample placed on a cooled plate (15°C) at an angle of 45° with respect to the beam and
rotated at 5rpm. The samples were then immersed in acetone to remove the photoresist mask and obtain a WS,
channel of 200 pm width which represents the FET. The length of the channel is 10 pm and was defined by the
source and drain electrodes positions as patterned by S1805 photoresist. Indium contacts (10 nm thick) were
deposited and capped by 50 nm of Au using an e-beam evaporator followed by lift-oft.

Characterization. AFM images were produced using an Agilent 5500 scanning probe microscope. Raman
and PL spectroscopy were conducted using Invia Raman Microscope (Renishaw) system with a 532 nm excita-
tion wavelength at 20 mW power and 50X objective. XPS has been performed using a Thermo fisher scientific
Thetaprobe system. SEM was performed using a Joel JSM-7500F FEG-SEM. The preparation of the lamella was
performed using a Zeiss NVision 40 CrossBeam FIB system. TEM was performed in the Loughborough Materials
Characterisation Centre using an FEI Tecnai F20. Electrical measurements were performed in air using an Agilent
4155C semiconductor parameter analyser connected to a cascade micropositioning stage.
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