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ogenide WS2xSe2−2x films via
single source precursor low-pressure CVD and their
(thermo-)electric properties†

V. Sethi, a D. Runacres,b V. Greenacre, b Li Shao,b A. L. Hector, b

W. Levason, b C. H. de Groot,a G. Reid *b and R. Huang *a

Semiconducting transitionmetal dichalcogenides have gained increased interest as potential alternatives to

graphene due to their tunable electronic bandgaps. In this study, we present the deposition of

stoichiometric WS2xSe2−2x (0 # x # 1) binary and ternary thin films using the single source precursors,

[WECl4(E
′nBu2)] (E = S or Se; E′ = S or Se), via low-pressure chemical vapour deposition. Compositional

and structural characterisations of the deposits have been performed by grazing-incidence X-ray

diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy,

confirming the phase purity and stoichiometry. Electrical characterisation via Hall measurements reveals

high electrical conductivities for those films. Such high conductivity is likely related to Se and S vacancies

in the films and can be tuned through an annealing process. The thermoelectric capabilities of the

WS2xSe2−2x have been characterised with the use of variable-temperature Seebeck measurements,

showing a peak power factor of 6 mW m−1 K−2 for the as-deposited WS2 film at 553 K.
1. Introduction

The discovery of graphene's extraordinary electrical properties
has paved the way for faster and more efficient electronic
devices. However, the absence of an electronic bandgap hinders
potential applications.1 The inorganic analogues of graphene,
layered transition metal dichalcogenides (TMDCs), ME2 (M =

Nb, Ta, Mo, W, V, etc.; E = S, Se, or Te) do possess an electronic
band gap with the magnitude and specic electronic properties
dependent on the choice of metal and chalcogen. These unique
semiconducting properties have attracted tremendous interest
to explore TMDCs for the next generation of electrical and
optical devices.2

Among the family of TMDCs, tungsten-based dichalcoge-
nides (e.g. WS2, WSe2, WS2xSe2−2x) are of interest due to the
natural abundance of W in the earth's crust, low-toxicity and
cost-effectiveness.3,4 These advantages have recently gained
increased attention within the eld of Li-ion batteries where
WS2 and WSe2 have been identied as potential anode mate-
rials. However, integration has been hindered by intrinsically
low electrical conductivities, making highly conductive WS2 and
WSe2 of great interest.5–7 The fabrication of atomically thin
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monolayered lms of these materials lends itself to integration
into transistor-based devices, with the tuning of electrical
performance allowing control of the on-off bias of these devices,
as well as a reduction in quantum tunnelling effects.8,9 The
ability to tune the electronic performance of these materials
also benets a multitude of optoelectronic applications,
including photodetectors and light-emitting diodes, which
allows for the tailoring of devices for specic photoelectronic
applications.10,11

Thin-lm TDMCs can be grown via various approaches,
including mechanical/liquid exfoliation,12,13 sputtering,14

pulsed layer deposition,15 atomic layer deposition,7 and molec-
ular beam epitaxy.16 The preparation of binary WE2 (E = S, Se)
thin lms is usually achieved by sulfurization or selenization of
WO3 thin lms, followed by an annealing process.17,18 Chemical
vapour deposition (CVD) is a low-cost and versatile deposition
technique for semiconductor alloys. It is widely used in industry
with most processes using dual or multiple precursor sources,
each of which delivers one of the required elements. Several
CVD approaches have been employed for the deposition of
binary or ternary tungsten-based TMDCs, most of which use
precursor sources such as WF6 + H2S; or WCl6, WOCl4 or
W(CO)6 with thiols.19–32 In addition, aerosol-assisted CVD
(AACVD) of WS2 from the dithiocarbamate complex [WS(S2)(-
S2CNEt2)2], and of Mo1−xWxS2 from a mixture of [WS(S2)(S2-
CNEt2)2] and [Mo(S2CNEt2)4] have been reported.33,34

Compared with dual/multiple source precursors, single
source precursors (SSPs), which contain the metal and chalco-
gen(s) within a single molecule can potentially offer better
J. Mater. Chem. A, 2023, 11, 9635–9645 | 9635
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control of deposit stoichiometry, cost-effective use of reagents,
easier-to-handle precursors and, in some cases, the ability to
selectively deposit the chalcogenides onto nano-patterned
substrates.35 We recently reported the rst single source low-
pressure CVD reagent for WS2, the dinuclear [(WSCl4)2(-
iPrSCH2CH2S

iPr)].36 This success was very encouraging given
the high molecular weight of the complex. Although the lms
produced were of good quality, we noted that a considerable
residue remained aer the vaporisation of the reagent, and
deposition occurred only over a limited area of the substrate.
We, therefore, sought to develop a new reagent that would
maintain or improve the lm quality, deposit more evenly and
continuously over a larger substrate area, and which would
vaporise completely under the experimental conditions. W(VI)
complexes of monothioethers could be a potential option.
However, the only known example, [WSCl4(SMe2)],36 is unsuit-
able since it lacks a low energy decomposition route, hence we
considered complexes containing thioethers with longer alkyl
chains, specically containing b-hydrogen atoms. In previous
work on other metal sulde materials, including Nb,22,37 Sn38

and Mo,39 we found that precursors incorporating thioethers
with n-butyl substituents proved particularly suitable. The nBu
group offers a b-hydride elimination route, and its complexes
are oen low melting or waxy solids, implying low lattice
energies that aid vaporisation. SnBu2 is also cheap and
commercially available. Recently, we have shown that
[WSeCl4(Se

nBu2)] is a suitable precursor for growth of WSe2 thin
lms via CVD.40

We report here the development and application of new,
tailored mononuclear complexes, [WECl4(E

′nBu2)] (E = S, Se; E′

= S, Se), designed as single source precursors for the low-
pressure CVD (LPCVD) growth of tungsten dichalcogenides.
By selecting the different combinations of E and E′ in the
precursor, we could not only deposit thin lms of the binary
WS2 and WSe2, but also, for the rst time, the ternary WS2x-
Se2−2x lms. Moreover, electrical characterisation on the as-
deposited WS2xSe2−2x (0 # x # 1) thin lms reveal high elec-
trical conductivities with an increase of several orders in carrier
concentration when compared to literature.41–43 This high
conductivity is likely related to the substantial number of Se and
S vacancies within the lms. Such high conductivity can be
tuned via an annealing process to reduce the vacancy concen-
tration. The capability of controlling the electrical conductivity
of WS2xSe2−2x lms via the choice of single source precursor
and the annealing process can be benecial for its application
in advanced optical switches as well as transistor device
mobility engineering.44–46

2. Material preparation and methods
2.1 Single source precursor synthesis

SnBu2 was purchased from Sigma-Aldrich and used as received.
WSCl4,36 WSeCl4,40 and SenBu2,47 were prepared as previously
described. All reactions were conducted under a dry dinitrogen
atmosphere using Schlenk, vacuum line, and glovebox tech-
niques. CH2Cl2 was dried by distillation from CaH2 and n-
hexane from Na and stored over activated 4 Å molecular sieves.
9636 | J. Mater. Chem. A, 2023, 11, 9635–9645
Dry NMR solvents were also stored over 4 Å sieves. IR spectra
were recorded as Nujol mulls between CsI plates using a Perki-
nElmer Spectrum 100 spectrometer over the range of 4000–
200 cm−1. Raman spectra used a Renishaw InVia Raman
Microscope with a 100 mW He–Ne 785 nm laser. NMR spectra
were recorded using a Bruker AVII 400 spectrometer. 1H NMR
spectra were referenced to residual solvent resonances and 77Se
{1H} NMR spectra to external neat SeMe2.

2.1.1 Precursor synthesis
2.1.1.1 [WSCl4(S

nBu2)] (1). A solution of di-n-butyl sulde
(0.041 g, 0.28 mmol) in dichloromethane (5 mL) was added
slowly to a suspension of WSCl4 (0.100 g, 0.28 mmol) in
dichloromethane (5 mL). The dark red solution was stirred for
1 h and then reduced to dryness in vacuo, leaving a viscous red
oil. IR spectrum (Nujol, n/cm−1): 538 s (W]S), 348 br s (W–Cl)
(Fig. S1†). Raman spectrum (n/cm−1): 535 s (W]S), 379 s (W–Cl)
(Fig. S2†). 1H NMR (CDCl3): 2.74 (br, [2H], CH2), 1.83 (br, [2H],
CH2), 1.52 (br, [2H], CH2), 0.96 (t, [3H], CH3) (Fig. S3†).

2.1.1.2 [WSCl4(Se
nBu2)] (2). A solution of di-n-butyl selenide

(0.135 g, 0.69 mmol) in dichloromethane (5 mL) was added
slowly to a suspension of WSCl4 (0.250 g, 0.69 mmol) in
dichloromethane (5 mL). The dark red solution was then stirred
for 1 h, before the volatiles were removed in vacuo, leaving
a dark red viscous oil. IR spectrum (Nujol, n/cm−1): 533 s (W]

S), 375 s (W–Cl) (Fig. S4†). Raman spectrum (n/cm−1): 536 s
(W]S), 322 br (W–Cl) (Fig. S5†). 1H NMR (CD2Cl2): d = 2.74 (br,
[2H], CH2), 1.74 (br, [2H], CH2), 1.46 (br m, [2H], CH2), 0.94 (t,
[3H], CH3).

77Se{1H} NMR (CD2Cl2): d= +298.6 (s, 1JWSe = 79 Hz)
(Fig. S6–S8†).

2.1.1.3 [WSeCl4(S
nBu2)] (3). A solution of di-n-butyl sulde

(0.043 mL, 0.25 mmol) in dichloromethane (5 mL) was slowly
added to a suspension of WSeCl4 (0.100 g, 0.25 mmol) in
dichloromethane (5 mL) to form a green solution. Aer stirring
for 10 min, the solution was concentrated in vacuo to a deep
green oil. IR spectrum (Nujol, n/cm−1): 368 s (W]Se), 343 s (W–

Cl) (Fig. S9†). Raman spectrum (n/cm−1): 379 s (W]Se), 344 s
(W–Cl) (Fig. S10†). 1H NMR (CD2Cl2): d = 2.58 (br, [2H], CH2),
1.69 (br, [2H], CH2), 1.48 (br m, [2H], CH2), 0.93 (t, [3H], CH3)
(Fig. S11†).

2.1.1.4 [WSeCl4(Se
nBu2)] (4). [WSeCl4(Se

nBu2)] (4) was
prepared by the literature method.40

Fresh samples of single source precursors (SSPs) (1–4) were
prepared just prior to the CVD experiments, as (3) and (4) in
particular, tend to decompose over a period of a few hours.

A molecular representation of the SSPs (1–4) is shown in
Scheme 1.
2.2 Low-pressure CVD onto fused quartz substrates

The binary and ternary TMDC lms were deposited via low-
pressure CVD using precursors (1–4) as shown in Scheme 1,
with a schematic diagram of the CVD process provided in Fig. 1.
The temperature gradient through the length of the furnace was
measured using a thermocouple.

In an N2 purged glove box the precursor (20–30 mg) was
loaded into the precursor bulb at the closed end of a silica tube,
silica substrates (ca. 1× 8× 20 mm3) were then positioned end-
This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Themethods used for the synthesis of precursors (1–4) and
the thin film TMDC material (blue) obtained from low-pressure CVD
from each.

Fig. 1 A visual representation of our low-pressure chemical vapour
deposition (LPCVD) setup, consisting of an open-ended quartz tube
held under vacuum to draw the volatilised precursor through the
heated zone and across the silica substrates.
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to-end lengthways along the tube outwards from the precursor.
The tube was then set horizontally in a furnace so that the
substrates were in the heated zone and the precursor protruded
ca. 1 cm ((1) and (2)) or ca. 4 cm ((3) and (4)) out of the furnace.
The tube was evacuated to 0.1 mmHg and the furnace was
heated to 700 °C and held for 10–15 minutes to allow the
temperature to stabilise. The tube was gradually moved towards
the hot zone until evaporation of the precursor was observed.
The position was maintained for ca. 15–20 min, or until no
further evaporation occurred; negligible residue was observed
in the precursor bulb. The tube was then cooled to room
temperature and the substrates were removed for character-
isation. Brown lms were obtained from precursor (1) (actual
deposition temperature range = 624–650 °C), (2) (actual depo-
sition temperature range = 593–652 °C) and (3) (actual depo-
sition temperature range = 563–593 °C), while silver lms were
obtained from precursor (4) (actual deposition temperature
range= 624–650 °C) as described.40 Good lm coverage over the
substrate was observed for all four lms with no variation of
morphology over the substrate. The four lms are hereaer
referred to as lms A, B, C and D, respectively.
This journal is © The Royal Society of Chemistry 2023
2.3 WS2xSe2−2x lm characterisation (0 # x # 1)

The WS2xSe2−2x thin lms (A, B, C and D) deposited from (1–4)
were characterised using a combination of techniques. The
morphology was investigated by scanning electron microscopy
(SEM) using a Jeol JSM 7500F FESEM with an accelerating
voltage of 5 kV. X-ray diffraction (XRD) patterns were collected
in grazing incidence mode (q1 = 1°) using a Rigaku SmartLab
diffractometer (Cu-Ka, l = 1.5418 Å) with parallel X-ray beam
and a Hypix detector operated in 1Dmode. Phase matching and
lattice parameter calculations were undertaken using the
PDXL2 soware package48 and diffraction patterns from
ICSD.49,50 X-ray photoelectron spectroscopy (XPS) data were ob-
tained using a Thermo Scientic Theta Probe system with Al-Ka

radiation (photon energy = 1486.6 eV). All peaks are calibrated
against the adventitious C 1s peak at 284.6 eV.51 All lms were
subject to an in situ 30 s Ar etch to remove surface oxygen prior
to the measurement. Raman spectra of the deposited lms were
measured at room temperature on a Renishaw InVia Micro
Raman Spectrometer using 532 nm excitation. The incident
laser power was 0.1 mW for all samples with a 50× magnica-
tion, which resulted in a spot size of 1 mm diameter.

Electrical characterisation was conducted using the van der
Pauw conguration using a Nanometrics HL5500 Hall effects
system across a temperature range of 150 to 450 K using liquid
N2. Electrical conductivity (s) measurements were also con-
ducted in situ with Hall measurements to determine carrier
mobility (m) and carrier density (n) at a magnetic eld of 0.5 T. A
visual depiction of a typical Hall measurement is displayed in
Fig. S12.† The contacts from the probes to the samples were
checked carefully before each measurement. I–V curves were
recorded before each measurement to ensure ohmic conduc-
tion as well as to optimise the current for a maximised voltage
signal (20 mV). Variable-temperature Seebeck coefficients and
electrical resistivity were measured using a JouleYacht thin-lm
thermoelectric parameter test system (MRS-3L). The system was
calibrated using a nickel foil reference standard, and the
measurement accuracy was found to be within 5%. Seebeck
coefficients were determined using the differential method with
a maximum temperature difference of 10 K. This system allows
further extension of the electrical conductivity measurement
range to ca. 550 K, as well as simultaneous measurements of
thermopower.
3. Results and discussion
3.1 Composition, morphological, and structure properties

Top-view SEM images were taken to reveal the morphological
properties of the four as-deposited WS2xSe2−2x lms, which are
shown in Fig. 2. From inspection, all four precursors yield lms
with continuous polycrystalline layers and slightly varying grain
morphologies depending on the choice of SSP. All lms have
formed structures with a preferred orientation parallel to the
substrate surface, reecting the layered nature of TDMCs.52 The
continuity of the lms is further supported by the cross-
sectional SEM images shown in Fig. S13.† EDX mappings
were also conducted on all four lms and are presented in
J. Mater. Chem. A, 2023, 11, 9635–9645 | 9637
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Fig. 2 Top-view SEM images of WS2xSe2−2x films produced via low-pressure CVD using SSPs (1) to (4), respectively.
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Fig. S14.† It is clear that all elements are uniformly distributed,
further conrming the quality of the lm deposited by our SSPs.

The phase purity and crystallinity of the as-deposited lms
were examined by grazing incidence XRD analysis and are
shown in Fig. 3. All lms are isostructural, with no other phases
detectable. The XRD patterns are consistent with the 2H coor-
dination in space group P63/mmc which has two layers per unit
cell. All lms were dominated by the 002 reections, suggesting
a preferred orientation in the h00li direction. A systematic shi
Fig. 3 (a) Grazing incidence X-ray diffraction patterns of the as-deposited
both WS2 and WSe2 (black);49,50 (b) an expansion of the range 13° and 15

9638 | J. Mater. Chem. A, 2023, 11, 9635–9645
of the characteristic diffraction peaks with increasing Se
content is also evident as the WS2 lattice expands with the
incorporation of Se into the lm. For the ternary lms (B and C)
this peak is located between those for the binary materials,
14.3° (A: WS2) and 13.6° (D: WSe2).

The XRD indicated our as deposited lms adopt the 2H
structure, but Raman can bemore sensitive to structure in small
crystallite materials. The 2H structure is expected to result in 18
potential phonon modes with 3 of them Raman active with A1g,
WS2xSe2−2x films from (1–4), together with reference XRD patterns for
° to illustrate the shift of the 002 peaks.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) A visual depiction of E2g and A1g vibrational modes for all possible binding configurations found within the binary and ternary films. (b)
Raman spectral scan presented over a range of 50–450 cm−1, of the as-deposited WS2xSe2−2x films.
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E1g and E2g symmetry.53 The A1g represents the out-of-plane
symmetrical stretching and the E1g and E2g modes signify the
doubly degenerate asymmetric and symmetric in-plane vibra-
tions within TMDCs, as visually depicted in Fig. 4a.53 However,
in the Raman backscattering conguration used in this study,
only the A1g and E2g modes can be observed due to the asym-
metric stretching and the double degeneracy of the E1g modes.53

The presence of these two Raman active modes is evident in all
of the as-deposited lms, as seen in Fig. 4b. The characteristic
peaks, namely, (i) E2g(Se–W–Se) and (ii) A1g(Se–W–Se) are located at
248.7 cm−1 and 258.5 cm−1 respectively. These are related to the
WSe2 lm (D from precursor (4)).54 The Raman spectra of the as-
depositedWS2 lm (A from precursor (1)) align well with reports
from literature with peaks (iii) E2g(S–W–S) and (v) A1g(S–W–S) at
353.8 cm−1 and 418.5 cm−1 respectively, with a peak separation
of 68.4 cm−1.53,55 It should be noted that the peak at ca.
350.1 cm−1 is a convolution of two modes: the aforementioned
E2g(S–W–S) mode and the 2LA(M) mode. The latter of these is
a second-order longitudinal acoustic phonon. This feature is
oen prevalent in monolayer and few-layer WS2.56
Fig. 5 Elemental XPS scans of (a) W 4f, (b) Se 3d and (c) S 2p for all
Composition of all the as-deposited films deposited from precursors (1–

This journal is © The Royal Society of Chemistry 2023
Interestingly, the two ternaries (B and C from precursors (2)
and (3)) also give rise to an additional peak located at ca.
380 cm−1. This is believed to be related to the out-of-plane
vibration of both S and Se coordinated to a central W atom
and will be hereon referred to as the (iv) A1g(S–W–Se) mode.54 The
presence of this peak, along with the signicant suppression of
the peaks associated with WS2 and WSe2, signify the successful
deposition of ternary WS2xSe2−2x. The broad feature located at
ca. 150 cm−1 is reported to be a superposition of two second-
order modes, namely the E2g(S–W–S)–LA(S–W–S) and the A1g(Se–W–

Se)–LA(Se–W–Se).54 The signicant enhancement of this peak in
the ternary lms further supports the presence of both S and Se
within the lm. A redshi was observed in the (v) A1g(S–W–S)

mode with increased Se content within the lm. This behaviour
has been previously reported in WS2xSe2−2x alloys.54

The composition of the as-deposited TMDC lms was
investigated via X-ray photoelectron spectroscopy (XPS). Pre-
sented in Fig. S15† are the survey scans for all four as-deposited
lms. The lms are free of impurities (e.g. C, Cl) which speaks to
their high quality. From the survey scan, the spectrum shows
as-deposited WS2xSe2−2x films deposited from precursors (1–4). (d)
4).

J. Mater. Chem. A, 2023, 11, 9635–9645 | 9639
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Scheme 2 A molecular representation of precursors (1–4).
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peaks consistent with both binary and ternary WS2 and WSe2
lms with the related orbitals labelled.14,57 Fig. 5a–c presents the
elemental scans of the W 4f, S 2p and Se 3d orbitals for the four
lms. It is worth noting that due to the overlap of atomic
orbitals of the Se 3p and S 2p sub-shells, deconvolution of the S
and Se contributions is required for the alloyed lms.

In the W 4f scan (Fig. 5a) a single doublet formation is
observed in all four lms, which arises from spin–orbit coupling
(W 4f7/2 and W 4f5/2). The position of the doublet indicates the
W4+ oxidation state corresponding to the presence of tungsten
chalcogenide bonds within the lm.57,58 The absence of a W6+
Fig. 6 (a) Temperature-dependent electrical conductivity, (b) Arrhenius
conductivity and (d) Hall measurements against the chalcogenide conte

9640 | J. Mater. Chem. A, 2023, 11, 9635–9645
oxidation state is characteristic of W-based TDMCs.57,59 The
substitution of sulfur with selenium causes a small shi in the
peaks related to W 4f and the S 2p orbitals to lower binding
energies. This is indicated by the grey projection lines shown in
Fig. 5a and agrees with previously reported values for the WS2
and WSe2 systems.60

Similarly, from the elemental scan of the Se 3d orbital (see
Fig. 5b), two signicant peaks were observed for lms B to D,
notably the Se 3d5/2 and Se 3d3/2 positioned at ca. 54 eV and ca.
54.8 eV respectively. These peaks are related to the Se2− oxida-
tion state indicating Se bonded to W.61 The elemental scan of S
plot for WS2xSe2−2x films deposited from precursors (1–4). (c) Electrical
nt of the films.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Carrier concentration and (b) carrier mobility of the as-deposited binary films, WS2 (red) and WSe2 (orange). Compared with the films
annealed at 500 °C in the respective chalcogenide atmospheres.
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2p peaks on lm A presents a doublet located at 161.5 eV and
162.7 eV, respectively, which correspond to 2p3/2 and 2p1/2
states in WS2,62 as shown in Fig. 5c. In terms of lms B and C,
XPS scans reveal the presence of both S and Se in the lm
through the existence of two doublets in the range 158 to 170 eV
(Fig. 5c). This suggests that both precursors have successfully
produced ternary tungsten chalcogenide lms.

For accurate determination of composition, the peak sepa-
rations were xed for both the S and the Se doublets, with peak
separations of 1.2 and 6.1 eV respectively, agreeing well with the
literature.62 The doublet related to S 2p orbital is located at
161.2 and 162.4 eV, corresponding to the spin up (S 2p3/2) and
spin down (S 2p1/2) states.62 The remaining area is associated
with the Se 3p orbital which is situated at 160 and 166.1 eV,
relating to the spin-up (Se 3p3/2) and spin-down (Se 3p1/2) states.
The derived compositions of the two ternary lms are shown in
Fig. 5d, together with the two binaries. With lms from (1) and
(4) being stoichiometric WS2 and WSe2, respectively, precursors
(2) and (3) each produced ternary lms with 33% of W in both
lms. The stable W content suggests the successful deposition
of ternary WS2xSe2−2x and also indicates both S and Se bound to
a central W atom.62 Interestingly, precursor (3) produces
Fig. 8 Temperature-dependent (a) Seebeck, and (b) power factor meas

This journal is © The Royal Society of Chemistry 2023
a ternary lm with a slightly lower sulfur concentration (x =

0.40) than that of the lm from (2) (x = 0.48). We believe the
slight difference in the composition originates from the
different W–S/Se bonding present in precursors (2) and (3).
While former has a W]S double bond and a weaker W ) Se
coordinate bond involving the neutral selenoether (SenBu2), on
the other hand the latter features a W]Se double bond and aW
) S coordinate bond (shown in Scheme 2). We believe that the
chalcogenide bound to the W with a double bond in the
precursor is more strongly bound and hence is dominant in the
nal lm composition, which leads to the slightly higher S
composition in lm B and higher Se composition in lm C. It is
worth mentioning that it is possible to further control the
composition by combination of the various single source
precursors developed in this work with different ratios. This is
enabled by the analogous nature of our 4 precursors and their
compatible deposition temperatures.
3.2 Electrical characterisation

The electrical properties of the WS2xSe2−2x lms deposited in
this work were investigated. Fig. 6a presents the temperature-
dependent electrical conductivity of the four lms. Very
urements for the WS2xSe2−2x films deposited from precursors (1–4).
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interestingly, all lms have relatively high electrical conductiv-
ities over 0.8 S cm−1 across the temperature range of 150 to 450
K. It is known that TMDCs can adopt two crystal structures,
a metallic 1T phase and a semiconducting 2H phase, with the
1T phase being more favoured due to the larger electrical
conductivity. However, issues regarding 1T phase stability have
restricted the progress of this phase as it commonly reverts to
the more stable 2H phase.63 In this work, despite the lms all
being found to be in the 2H coordination (illustrated by the XRD
and the Raman spectra), all lms yielded a strikingly high
electrical conductivity when compared to literature.41,64–66

The 2H coordination would also suggest that the lms will
display semiconducting behaviour which is intrinsically
temperature dependent due to the promotion of charge carriers
to the conduction band upon absorption of thermal energy. For
thermally activated conduction in semiconducting materials,
the electrical conductivity (s) can be expressed by the relation
shown in eqn (1).67

s ¼ s0 exp

��Ea

kBT

�
(1)

where s0 is a constant, kB is Boltzmann's constant and Ea is the
thermal activation energy which denes the energy difference
between the Fermi level (EF) and the conduction band (EC).
Fig. 6b displays the Arrhenius plots of all four lms, from which
the derived activation energies are of low magnitude in the
range of 5 to 15 meV. Such weak temperature dependence of the
electrical conductivity suggests a semi-metallic behaviour, in
contrast to what is oen exhibited by TDMCs.3 The electrical
conductivity appears to correlate with the sulfur content of the
lm, as displayed in Fig. 6c. TheWSe2 (D from precursor (4)) has
the lowest electrical conductivity among the four lms at 300 K.
The conductivity increases with an increasing amount of sulfur
in the ternary lms, reaching the highest value of 5.2 S cm−1 for
the binary WS2.

To shed more light on this behaviour, room temperature
Hall measurements were conducted to explore the mechanism
that governs the high electrical conductivity. Displayed in
Fig. 6d is the majority carrier concentration (blue) and the
carrier mobility (orange) as a function of the sulfur content in
the lm. It can be observed that all four lms feature high
carrier concentrations in the order of 1018 to 1020 cm−3. These
are signicantly larger than those typically reported for
TMDCs41,43 and contribute to the high conductivities measured
for the lms. Such high carrier concentration is likely due to the
formation of vacancies at the chalcogenide site on the crystallite
surface. These vacancies act as self-dopants that enhance the
carrier concentration of the lm.68 On the other hand, the
vacancies also act as scattering centres, which hinder carrier
mobility,69 resulting in lower mobility compared with reports in
literature.70,71 It is also likely that the platelet-like structures
encompassed within the lms also hinder carrier mobility
through grain boundary scattering.72 It is worth mentioning
that all four lms demonstrate p-type conductivity. This is
unsurprising for the WSe2 lms which generally favours p-type
conduction and have been integrated into p-type eld effect
transistors.73,74 However, WS2 lms have been reported to
9642 | J. Mater. Chem. A, 2023, 11, 9635–9645
display ambipolar behaviour in which concentrations of elec-
trons and holes are of similar magnitudes.75 The absence of an
anion (i.e. S vacancy), has been suggested to act as electron trap,
with electrons aggregating around the anionic site.68,75 This
would suppress the n-type conduction channel leading to the p-
type behaviour being exhibited by the lm. Interestingly, the
two binaries show higher carrier concentrations than the
ternaries. This implies that the binary lms have a higher
tendency to form surface vacancies compared to their alloyed
counterparts.

To verify whether the vacancies drive the semi-metallic
behaviour displayed in the as-deposited lms, the two binary
WS2 and WSe2 lms were annealed in sulfur and selenium
atmospheres, respectively, at 500 °C for 2 hours with the aim to
suppress the vacancies formed at the chalcogenide site. Fig. 7
presents the effects on (a) carrier concentration and (b) carrier
mobility for the as-deposited and post-annealed binary lms.
The annealed WS2 lm was observed to have a near two orders
of magnitude drop in carrier concentration from 5.50 × 1019

cm−3 to 5.62× 1017 cm−3, along with an enhancement of carrier
mobility (from 0.66 cm2 V−1 s−1 to 14.99 cm2 V−1 s−1). Similarly,
annealing theWSe2 lm in a selenium atmosphere also resulted
in a signicant drop in carrier concentration from 5.08 × 1019

cm−3 to 4.68 × 1018 cm−3 with a concurrent increase of carrier
mobility from 0.26 cm2 V−1 s−1 to 4.39 cm2 V−1 s−1. Both cases
strongly suggest that the suppression of chalcogen (i.e. sulfur
and selenium) vacancies within the lm upon annealing can
induce signicant changes in the self-doping level of our
tungsten TMDCs. This offers an avenue for tuning the electrical
performance of the TMDC lms with an annealing process
which can be benecial for enhancing the performance of eld
effect transistors (FETs), photodiodes and optoelectronic
devices.57,76,77

The phenomenon of thermoelectric power generation is
based on the Seebeck effect, which can be understood by the
relation shown in eqn (2).78

S ¼ � V

DT
(2)

where V is the Seebeck potential and DT is the applied
temperature difference. This phenomenon allows for the direct
conversion of thermal energy to electrical energy. The potential
arises due to the net diffusion of electrons (n-type) and holes (p-
type), from the hot side to the cold side, due to the charge
carriers on the hot side having greater kinetic energy. The
thermoelectric performance of the four WS2xSe2−2x lms
produced in this work was evaluated via temperature-
dependent Seebeck measurements as shown in Fig. 8. Positive
Seebeck coefficient (S) values were obtained for all lms, indi-
cating p-type conduction, consistent with the Hall measure-
ment results (Fig. 8a). Among the four lms, binary WS2
demonstrates a Seebeck coefficient of ca. 61 mV K−1 at 300 K.
This is signicantly higher than those of the other three lms
which range from 3 mV K−1 to 15 mV K−1. This enhancement is
potentially due to the grains formed for the WS2 lm being
considerably smaller, as indicated by the broadening of the 002
peak displayed in Fig. 4.79 Smaller grains lead to energy ltering
This journal is © The Royal Society of Chemistry 2023
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effects realised by enhanced grain boundary scattering, which
suppresses the mean free path of the material's charge carriers,
thus enhancing S.80 The Seebeck coefficient increased to a peak
of 88 mV K−1 at 553 K.

A useful parameter that is used to quantify and optimise the
electrical-dependent properties of a thermoelectric material is
the power factor, with the relation shown in eqn (3).

PF = sS2 (3)

The improved Seebeck coefficient and the intrinsically high
electrical conductivity of lm A led to a peak power factor of 6
mWm−1 K−2 being achieved for the as-depositedWS2 lm at 553
K, as shown in Fig. 8b. The performance of the as-deposited
WS2xSe2−2x lms created by such a simple and low-cost
method is very encouraging. The enhanced electrical perfor-
mance, as well as the ability to tune the performance, offer
potential advantages regarding integration for a range of elec-
trical and optical devices, as well as the potential fabrication of
superlattice structures with alternating use of SSPs (1–4).29,81
4. Conclusions

In conclusion, this work reports the successful synthesis of
a family of four distinct, but chemically quite analogous single
source precursors, [WECl4(E

nBu2)] (E = S, Se) suitable for the
chemical vapour deposition of either binary or ternary WS2x-
Se2−2x thin lms with good substrate coverage, high crystallinity
and excellent stoichiometry, as conrmed by XRD, XPS and
Raman measurements, along with signicant evidence of the
formation of W bound to both chalcogenides present in the
alloyed lms (S and Se). Hall measurements reveal that all the
WS2xSe2−2x lms displayed p-type semi-metallic behaviour. The
lms yielded electrical conductivities ranging from 0.85 S cm−1

to 5 S cm−1 with the conductivity increasing with the S content
of the lm. This high conductivity can be ascribed to its high
carrier concentration which is likely to originate from the
formation of vacancies at the chalcogenide site. However,
signicant suppression of carrier mobility was noted, likely due
to increased defect scattering. The level of vacancies can be
modulated through an annealing process, which enables the
potential for tuning the electrical performance via the deposi-
tion conditions.

Thermoelectric characterisation revealed a power factor of 6
mW m−1 K−2 for the as-deposited WS2, which was driven by the
signicantly enhanced electrical conductivity and a thermo-
power of 88 mV K−1 at 553 K. The enhanced electrical perfor-
mance of undoped WS2xSe2−2x lms, along with the deposition
of pristine p-type WS2 offers promising avenues for the ther-
moelectric development of these materials, with the potential
for further enhancements being realised through greater
control of crystal growth, via precise control of the deposition
conditions. The capability of controlling the electrical proper-
ties of the WS2xSe2−2x thin lm through the selection of single
source precursor and a simple annealing process certainly
points towards the use of CVD-grown TMDC lms in a wide
range of electronic, thermoelectric and optical (nano)devices.
This journal is © The Royal Society of Chemistry 2023
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