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The development of area-selective, scalable deposition methods for the anisotropic growth of transition
metal dichalcogenide (TMDC) thin films with a planar morphology is essential for their practical
applications in integrated electronic and optoelectronic devices. In this work, we report on the
electrodeposition of layered WSe, from a single source molecular precursor, containing both W and Se,
for the first time. Using WSeCl, in an acetonitrile (MeCN) electrolyte solution, we have employed cyclic
voltammetry (CV) and electrochemical quartz crystal microbalance (EQCM) techniques to study the
electrochemical behaviour of WSeCly. A pulsed electrodeposition technique was then used to deposit
WSe films, which possess a homogeneous composition across the whole electrode area. Characterization
using scanning and transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy
and Raman spectroscopy confirm the electrodeposited thin films to be WSe,. As a proof-of-concept for
future growth directly into 3D device architectures, we present the 2D anisotropic growth of WSe, thin
films from the edge of a 100 nm thick TiN nanoband electrode across SiO, on microfabricated 3D
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DOI: 10.1039/d4tc02755h structures, allowing the direct measurement of electrical characteristics. Through this work, we also
demonstrate electrodeposition as an area-selective growth technique suitable for obtaining highly

rsc.li/materials-c anisotropic WSe; thin films which are very promising for future electronic and optoelectronic applications.

Among the various semiconducting TMDC materials, WSe,
stands out as a p-type material, in contrast to most of the other

Introduction

Transition metal dichalcogenides (TMDCs) form a very interest-
ing family of 2D materials with unique electronic and optical
properties, making them attractive candidates for applications
in modern electronic and optoelectronic devices.™* Structurally,
they are layered hexagonal materials, somewhat analogous to
graphene, with strong covalent in-layer bonding and with the
adjacent layers held together via weak van der Waals interac-
tions. Importantly, unlike graphene, TMDCs have a band gap,
and are therefore semiconducting. The size of the band gap is
also tuneable. Hence, mono- and few-layer TMDCs exhibit dis-
tinctly different properties from their bulk counterparts.®*
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TMDCs, which are usually n-type.>® This makes WSe, an
attractive candidate for fabricating TMDC heterostructure
devices, such as p-n junctions”® or ambipolar transistors.>'°
Field effect transistor devices based on WSe, have already been
demonstrated.'"'*> However, to-date, the majority of studies on
WSe, semiconductors have used mechanically exfoliated samples,
and while this work has demonstrated some of the potential for
novel devices, exfoliation is unsuitable for mass-production since it
is time-consuming and offers limited control over the size and
thickness (number of layers)."® Large scale applications and device
fabrication with WSe, require developing controllable and scalable
deposition methods that are capable of delivering highly ordered
(crystalline) 2D layers, and ideally without the need for post-
deposition transfer and/or patterning of the material. The impor-
tance of developing controlled patterning of TMDCs with program-
able geometries has been discussed in a recent review.'* A number
of other physic and chemical techniques,"®>' including
chemical vapour deposition (CVD),”*** have been developed to
deposit WSe, films. These are scalable and versatile techniques,
enabling the production of ultra-thin TMDCs at full wafer scale
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with high crystal quality and excellent electronic properties. On the
other hand, these techniques offer little scope for direct area-
selective growth, hence they usually require film transfer and
post-deposition patterning and etching. They also usually involve
conditions such as high temperature and/or ultra-high vacuum.

Electrodeposition has recently emerged as a potential low-
cost alternative technique for the deposition of functional
metal chalcogenide materials for semiconducting®*® and
catalytic*®?” applications. Electrodeposition occurs via ‘unit-
by-unit’ growth (or atom-by-atom growth for single element
films) from the electrode surface, and therefore, it is possible to tune
the deposit morphology and thickness by controlling the electro-
chemical parameters, such as the applied potential, current or
deposition time. Moreover, the material growth starts from the areas
defined by the electrical contact and the dimensions of the electrode,
making it possible to deposit materials over complex nanoscale
features and topologically-demanding surfaces. It is a technique
typically performed in ambient conditions and benefits from scal-
ability that suits industrial mass-scale device fabrication processes
(e.g Cu on-chip interconnections).”®

There are several reports in the literature on the electro-
deposition of TMDCs from acidic aqueous electrolytes, primarily
focusing on MoS,, mostly for catalytic applications where the
presence of rough and irregular materials is advantageous.*”*°
However, obtaining ordered 2D layered TMDCs, especially
tungsten-based TMDCs, via electrodeposition remains highly
challenging due to: (i) the lack of readily available electroactive
precursors able to deliver both the metal and the chalcogen in
the electrolyte to allow electrodeposition of the target material;
(ii) the limited range of solvents that are both compatible with
the precursors and also have a sufficiently wide electrochemical
window to achieve the required deposition; (iii) the difficulties in
tuning and optimising the electrochemical parameters to obtain
stoichiometric, high quality layered TMDCs, and (iv) being
compound semiconductor materials, the greater complexity of
the one-step electrodeposition process for TMDCs compared to
single element electrodepositions.

In an effort to address these challenges, we have recently
developed tailor-made single source precursors (SSPs) for non-
aqueous electrodeposition of MoS, and WS,, demonstrating (after
annealing) the growth of mono- and few-layer 2D films.**"
Electrochemical growth of a 2D heterostructure was also demon-
strated by depositing WS, monolayers onto graphene.*®

The electrical characterization of TMDCs usually requires
materials deposited on an insulating substrate, however, elec-
trodeposition typically produces thin films on top of a conduct-
ing substrate, which then dominates electrical measurements.
To address this challenge, we have demonstrated the growth of
MoS, thin films over an insulating surface (SiO,) by implement-
ing fabricated nanoband electrodes.** Using this approach, the
MoS, nucleation occurs at the narrow (10s of nm) electrode
edges and, together with the intrinsic 2D anisotropy of the MoS,,
promotes the growth away from the electrode and out over the
insulator. As well as driving the 2D growth, this approach also
facilitates electrical characterization of the electrodeposited
films directly, without needing a material transfer step.
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With regard to prior work on the electrodeposition of WSe,,
there is some literature that discusses ‘conventional’ aqueous
electrodeposition using dual source precursors (e.g. using
H,WO, and Se0,),>>>” however, no developments on the applica-
tions of these electrodeposited materials have been reported.
Electrodeposition using dual source precursors usually involves
complex multi-step reduction processes, and the large difference in
the reduction potentials of W and Se presents a further barrier to
effective and controlled deposition. None of the reported works
present evidence, e.g. via electron microscopy or Raman spectro-
scopy, for the WSe, being in the form of 2D layers. Additionally, the
use of aqueous electrolytes has limitations due to the narrow
electrochemical window and possible H, evolution reaction occur-
ring alongside deposition of the target material.

Our hypothesis to achieve improved control of the electro-
chemical growth of ultrathin WSe, 2D layers requires the
development of a SSP, i.e., a compound incorporating both W
and Se, directly bonded, in a single molecular entity. This also
needs to be compatible with non-aqueous electrolyte media
and enable easy removal of ligands and by-products. In pre-
vious work we have reported the CVD growth of WSe, and WS,
thin films from the SSPs, [WSeCl,(Se"Bu,)] and [WSCl,(S"Bu,)],
respectively, derived from coordination of the chalcogenoether
to WSeCl,** or WSCl,.*® We subsequently identified the salt,
[NEt,],[WS,Cl,], as a suitable SSP for electrodeposition of
WS,.*? For tungsten diselenide electrodeposition, therefore, we
considered the analogous salt, [NEt,],[WSe,Cl,], as a potential
SSP candidate. However, we were unable to isolate it.>> There-
fore, we turned to WSeCl, itself as a possible SSP. In this article
we demonstrate the suitability of WSeCl, for the electrodeposi-
tion of layered WSe, thin films from acetonitrile (MeCN).

Initially, investigations of the electrochemical behaviour of
WSeCl, using cyclic voltammetry (CV) and electrochemical
quartz crystal microbalance (EQCM) techniques are discussed
and the resulting electrodeposited WSe, films are characterised
using various microscopic and spectroscopic techniques. The
growth of WSe, films out from the edge of micro-structured TiN
nanoband electrodes, over SiO,, is then demonstrated for the
first time, together with their electrical characteristics. This work
provides a very promising proof-of-concept for further develop-
ment towards potential future electronic device applications.

Experimental

WSeCl, was synthesised by heating WCls and Sb,Se; in vacuo,
as detailed in our recent work.*>*° All the electrolyte prepara-
tions, electrochemical characterization and electrodeposition
experiments were performed inside an N, filled recirculating
glove box (Belle Technology, UK) with sub-10 ppm O, and H,0O
levels. Electrolyte solutions were prepared in anhydrous MeCN
(Fisher, 99.9%), further dried and degassed by refluxing with
CaH,, followed by distillation under N,. 0.1 M [Et,N]CI (Sigma-
Aldrich, >99.0%, dried in vacuo) was used as the supporting
electrolyte. CV and electrodeposition experiments used a three-
electrode system with an Autolab potentiostat (LAUT70706).

This journal is © The Royal Society of Chemistry 2024
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A Pt mesh was used as the counter electrode and the reference
electrode was Ag/AgCl (in 0.1 M [Et,N|Cl in MeCN). All the applied
potentials reported were recorded against Ag/AgCl. The Pt mesh
counter electrode was cleaned by rinsing with de-ionised water and
heating in a butane/propane flame (70% butane, 30% propane). A
circular (0.4 cm diameter) titanium nitride (TiN) substrate (200 nm
coating of TiN on Si) was employed as the working electrode for the
initial electrodeposition work. The sheet resistance of the TiN was
measured as 8.20 Q sq ', hence the voltage drop is negligible. The
EQCM (QCM 200, SRS) system used a Pt-coated 5 MHz AT-cut quartz
crystal (1.3 cm diameter). The microfabrication technique for the
preparation of the TiN nanoband electrodes was as we have
described previously.* After the electrodeposition, the substrates
were rinsed with fresh MeCN solvent, followed by isopropyl alcohol.
Samples for annealing were dried under reduced pressure (0.1 mbar)
at 120 °C for 10 min and then annealed at 700 °C for 10 min in a
tube furnace under reduced pressure (0.1 mbar).

A field emission scanning electron microscope (FE-SEM,
ZEISS Sigma 500 VP), coupled with an Oxford Instruments
Ultim Max 170 mm? energy dispersive X-ray spectroscopy (EDS)
detector, and an additional WITec correlative Raman microscope
(RISE), was used to determine the film morphology, composition
and Raman features of samples all at the same position. Typically,
accelerating voltages of 5 kV or less were used to maximise the
contrast and signal from the film’s surface. The calibration of the
EDS quantification was confirmed by comparison to a standard
WSe, single crystal sample (Ossila Technologies). Raman spectra
were obtained with 532 nm laser excitation at 1 mW power. X-ray
diffraction (XRD) patterns were collected in grazing incidence
mode (w1 = 1°) using a Rigaku SmartLab diffractometer (Cu-K,,
/.=1.5418 A) with parallel X-ray beam and a Hypix detector used in
1D mode. A JEOL ARM200F operated at 200 kV was used to collect
scanning transmission electron microscopy (STEM) images. X-ray
photoelectron spectroscopy (XPS) was performed with K,," and an
Al radiation source (hv = 1486.6 €V) in an ultrahigh vacuum
chamber with a base pressure of 5 x 10~ % mbar. Optical micro-
scopic images were recorded with a Nikon LV100ND light
microscope.

Results and discussion
Evaluation of WSeCl, as a SSP for electrodeposition of WSe,

The electrochemical behaviour of WSeCl, was initially studied
by conducting CV measurements on a TiN electrode. Fig. 1a
shows the CV from a 5 mM solution of WSeCl, in MeCN with
0.1 M [Et,N]CI supporting electrolyte. In comparison to the CV
of the background electrolyte (Fig. S1, ESIT), upon scanning to
negative potential an increase in reduction current originating
from —0.65 V is visible in the CV, which progresses to produce a
peak shoulder at —1.05 V and thereafter two reduction peaks at
—1.40 V and —1.71 V. These large reduction waves correspond
to the electroreduction of WSeCl, as demonstrated by further
experiments discussed below. In the reverse scan, there is no
anodic oxidation or stripping peak until +1.35 V, indicating the
irreversible nature of the reduction products at the electrode.

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (a) Cyclic voltammogram of 5 mM WSeCl, in MeCN on a TiN
electrode. The supporting electrolyte is 0.1 M [Et4;N]Cl and the scan rate is
50 mV s~L. Arrows indicate the direction of potential scanning; the starting
potential is O V. (b) Schematic illustration of the electrodeposition of WSe,
onto a TiN electrode.

The increase in current after +1.35 V corresponds to the anodic
decomposition of the electrolyte. Multiple CV scans performed
on TiN electrode (Fig. S2, ESIf) also show similar electroche-
mical features as observed in the CV in Fig. 1a. However, after
the first cycle, the onset of the reduction current shifts slightly
to more positive potentials. This shift is expected because the
TiN electrode is covered with a film deposited from the first
cycle and therefore the active electrode is no longer TiN.
Additionally, the two distinct reduction peaks (—1.40 V and
—1.71 V) observed in the first cycle become less resolved,
appearing as a single broad peak, noticeable from cycle 3.

Clearly the WSeCl, precursor (W: Se ratio = 1) does not have
the ideal ratio to form WSe,, requiring further selenium, e.g.
from Se atom transfer from a second WSeCl, molecule, to give
the necessary 1: 2 ratio. Hence, it is likely that at least one other
tungsten species is also formed during the process. The exact
speciation in the electrolyte solution when WSeCl, is dissolved
is not easily determined. However, comparison can be made to
the sulfur analogue, WSCl,, which reacts with (Me;Si),S (a
source of §*7) and Et,;NCI to form [NEt,],[WS,Cl,], which is a
SSP for WS, electrodeposition.®* As discussed, while the corres-
ponding [NEt,],[WSe,Cl,] salt could not be isolated, it is
possible that this exists in the electrolyte solution in situ.”?
Moreover, the coordination chemistry of WSeCl,*>* can be
compared to that of WSCl,.">*" This clearly shows that the
W=Se bond is weaker than W=S in the W(vi) homologues.
WSCl, typically forms a chloride-bridged dimer** or tetramer,*?
whereas WSeCl, is a monomeric square-based pyramid (from
single crystal and powder X-ray diffraction data and gas phase
density functional theory calculations). It has also been shown
that WSeCl, forms an MeCN adduct, [WSeCl,(NCMe)], and is
susceptible to Se atom transfer, as evidenced by its reaction
with phosphines to form phosphine selenides.”” The ease of
abstraction of the selenium from WSeCly,, and the presence of
chloride in the electrolyte solution could result in formation of
a tungsten chloride species, such as WClg, in the electrolyte.
Based on this information, a plausible overall electrochemical
reaction is shown in eqn (1).

2WSeCl, + 2~ — WSe, + WClg + 2C1~ 1)
WClg is soluble in MeCN, forming an adduct, and extremely

moisture sensitive, reacting rapidly with trace water. It is also

J. Mater. Chem. C, 2024,12,19191-19199 | 19193


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc02755h

Open Access Article. Published on 15 October 2024. Downloaded on 3/6/2026 5:16:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

known to be electrochemically active within the potential range
where the WSe, is deposited.”* We also confirmed this by
performing a CV of WClg in MeCN, as shown in Fig. S3 (ESIY).
Therefore, the reduction currents obtained in the CV (Fig. 1a)
could have a contribution from the redox processes from the
WCl liberated in the electrolyte during the electroreduction of
WSeCl,.

To confirm the electroreduction of WSeCl,, potentiostatic
depositions were performed by multiple experiments holding
the applied potential at —1.3 V, —1.5 V and —1.8 V, respectively.
In each case, a bluish-brown coloured thin film was obtained
on the working electrode (Fig. S4, ESI{), confirming the for-
mation of a deposit by cathodic electrodeposition. A schematic
illustration of electrodeposition of WSe, films on the TiN
electrode is shown in Fig. 1b.

Further investigation of the CV was then undertaken to gain
a more thorough understanding of the electrochemical pro-
cesses at the interface to help in identifying the most appro-
priate applied potential for deposition and to control the
growth rate and quality of the resulting films. EQCM is a highly
sensitive technique to follow micro-scale mass changes occur-
ring at the electrode surface during various electrochemical
processes. It is particularly useful in combination with voltam-
metry to observe real-time mass changes during the potential
scanning. The estimation of mass in EQCM experiments,
assuming deposition of a rigid thin film, is based on the
Sauerbrey equation.*®

_ —2f3Am

Af =
Ay/p i

(2)

where Afis the frequency change, f; is the resonance frequency
of the crystal (x5 MHz), Am is the mass change, A is the surface
area of the electrode (1.33 cm?®), pq is the density of quartz
(2.65 g cm™?) and yq is the shear modulus of the quartz (2.95 x
10" gem ' s72).

Fig. 2(a) shows the CV of 5 mM WSeCl, in MeCN recorded on
a Pt-coated quartz crystal. The cathodic peaks in this CV appear
slightly different from those in the CV on the TiN electrode
(Fig. 1a). In this case three distinct reduction waves are
observed in the cathodic scan, two smaller ones at —0.4 V
and —0.75 V and a broad peak centred at —1.25 V. The broad
reduction peak starting at —0.9 V matches well with the
reduction peaks observed in the CV recorded on the TiN
electrode discussed above, even though it appears as a single
broad peak on Pt, in contrast to the two distinct peaks on TiN.
This difference might be due to the distortions caused by the
large surface area of the Pt quartz electrode and/or the differ-
ences in the electrochemistry on a polished Pt surface com-
pared to that on TiN. Fig. 2(b) shows the corresponding mass
changes during the CV scans. It is evident from the plot that the
first two small cathodic peaks in the CVs do not contribute to
any mass gain on the working electrode. However, corres-
ponding to the broad cathodic peak starting from —0.9 V, there
is an increase in mass, which continues on the return scan until
the potential sweep reaches —0.9 V. This trend is observed in
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View Article Online

Journal of Materials Chemistry C

20

0.0 (a) (b)
—

-0.3 16
— o
% o8 = f 3 X
3 o 10
E_os Cyc 2 Cyc1 A —
= 12 s 5

1.6

0 .
-1.8
-2.0 1.5 -1.0 0.6 0.0 -2.0 -1.6 -1.0 0.6 0.0
E (V vs. Ag/AgCI) E (V vs. Ag/AgCl)
16

04 (C) (d)

-0.6 —
o o
't 08 § 10
o )
€ 10 2
S §

1.2 5

-1.4

-1.6

[ 50 100 150 200 250 300 350 o 80 100 150 200 250 300 360
t(s) t(s)
Fig. 2 (a) Two cycles of the CV from 5 mM WSeCl, in MeCN on a Pt-

coated quartz electrode. (b) The corresponding mass changes during the
CV cycles. (c) Current transients during a potentiostatic deposition at
—1.4 V for 5 min on a Pt-coated quartz electrode in EQCM and (d) the
corresponding mass change during the potentiostatic deposition. The
supporting electrolyte is 0.1 M [Et4NICl and the scan rate is 50 mV s~ Arrows
indicate the direction of potential scanning; the starting potential is O V.

both CV cycles, and indicates electrodeposition processes in the
potential window from —0.9 V to —2.0 V. This increase in mass
is associated with the reduction of WSeCl, to produce a WSe,
deposit, which, as we discuss later, is confirmed by potentio-
static deposition of thin films.

The EQCM measurements also help to identify the potential
range and the optimum applied potential at which the deposi-
tion should be carried out to obtain the films. Note that the
cathodic breakdown of the solvent/supporting electrolyte
occurs beyond —1.8 V, hence less negative potentials are used
to avoid contamination. Based on the EQCM data, —1.4 V was
chosen for potentiostatic deposition and the current transient
from a deposition performed on a Pt quartz crystal at —1.4 V for
5 min is shown in Fig. 2(c). Fig. 2(d) shows the corresponding
mass changes during the potentiostatic deposition. There is a
rapid rise in mass because of the nucleation, followed by a
linear increase in mass with time, indicating smooth deposition
of WSe, onto the working electrode. This potentiostatic deposi-
tion performed on the EQCM electrode confirms that the applied
potential of —1.4 V is suitable for growing thicker WSe, films on
the electrode. The mass calculated from the EQCM measurements
is found to be small compared to the theoretical mass estimated
from the charge passed, assuming a 2-electron reduction with
100% faradaic efficiency to deposit WSe,. The estimated current
efficiency is ~9%, consistent with the occurrence of side reac-
tions, such as redox processes involving WClg, or the formation of
other soluble products during the deposition.

To further characterise the deposits, a thicker WSe, film was
obtained on a TiN electrode by potentiostatic electrodeposition
in pulsing mode. While ultra-thin WSe, films (sub-5 nm) are of
most interest for the majority of applications, a 30 min deposi-
tion was performed to obtain sufficiently thick films to allow
reliable characterization (e.g., by X-ray diffraction) to confirm

This journal is © The Royal Society of Chemistry 2024
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the identity of the deposited material. Deposition in pulsing
mode was employed because it can lead to smoother films
compared to those obtained with normal potentiostatic deposi-
tion. Pulsed electrodeposition was carried out by holding the
applied potential at —1.4 V for 5 s, followed by 0 V for 3 s, and
360 cycles were performed so that the total time held at —1.4 V
was 30 min. Fig. 3(a) shows a top-view SEM image of the
deposited film. The image shows a smooth and continuously
grown layered thin film homogeneously covering the working
electrode. Several cracks are evident from the SEM image,
which are likely to be due to the lattice mismatch with TiN
and the internal stresses during the relatively thick film growth.
In contrast, using fewer pulses (60 cycles) leads to thinner films
that are crack-free, as shown in Fig. 3(b). It is interesting to note
here that the electrodeposition leads to large area (across the
0.4 cm diameter electrode) flat sheets of thin film by a laminar
growth mechanism very typical for the 2D TMDCs. No signifi-
cant solvent residues or particulates are observed on the
deposited thin film, consistent with homogeneous growth
and low surface roughness. The root mean square (RMS)
roughness of the deposit, estimated from AFM measurements
(Fig. S5, ESIt), is 11.9 nm. The AFM image also reveals large
number of grains, indicative of the polycrystalline nature of the
WSe, film, as expected. The inset of Fig. 3a shows an EDS
spectrum recorded from the deposited film. The EDS profile
displays strong signals at 1.8 keV and 1.4 keV corresponding to
the W (M,) and Se (L,) peaks, respectively. The atomic ratio of
W to Se calculated from the EDS spectrum is 1:1.9. The N
signal is from the underlying TiN electrode, and the small
oxygen signal is most likely to be due to the surface oxidation of
the film during handling outside the glove box (in air). The C

{a) (b)
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Fig. 3 (a) Top-view SEM image of the deposit obtained after pulsed

electrodeposition for 30 min from MeCN containing 5 mM WSeCl, with
0.1 M [Et4N]Cl supporting electrolyte. The inset shows EDS profile of the
deposited film. (b) Top-view SEM image of the deposit obtained after
pulsed electrodeposition for 5 min. (c) Grazing incidence XRD pattern from
the as-deposited and annealed WSe, thin film. * Indicates substrate TiN/Si.
(d) Cross-sectional annular dark-field STEM image of a WSe; thin film after
annealing.
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signal originates from the adventitious carbon on the sample,
as is commonly observed.

The as-deposited WSe, film was found to be amorphous by
X-ray diffraction (Fig. 3c). However, STEM analysis of this as-
deposited thin film shows evidence for nanocrystalline WSe,
in the material. Fig. S6 (ESIT) shows the presence of nanoscale
(5-10 nm) layered WSe, in the as-deposited thin film, indicat-
ing some short to medium range order with small grain sizes.

In order to increase the grain size and to fully crystallise the
thin film, thermal annealing was carried out in a tube furnace
at 700 °C under vacuum for 10 min. This causes the film to
become more crystalline, as evidenced by the XRD pattern
(Fig. 3c), which shows a very intense peak at 20 = 13.6°,
corresponding to the (002) diffraction plane of WSe,,*® which
dominates the diffraction pattern, along with the less intense
(004) peak, showing significant preferred orientation in the
(001) direction. This is consistent with polycrystalline 4H WSe,
in space group P63/mmec. Lattice parameters were refined as: a =
3.358(17), ¢ = 13.13(7) (Rwp = 8.79%j; literature: a = 3.285(1); ¢ =
12.961(1) A).*” The other peaks in the XRD pattern correspond
to the TiN/Si substrate.

Fig. 3d shows the cross-sectional STEM image of the WSe,
film after annealing, which confirms a significant increase in
the grain size to ~30 nm after ‘flash’ annealing, forming a
stacked WSe, multi-layer. These stacked layers are present even
in the darker regions in the STEM image, which are found to be
slightly W deficient.

The film composition was further investigated by XPS.
Fig. 4a and b represent the elemental scans of W 4f and Se
3d orbitals, respectively. The featured peaks in Fig. 4a at 32.1
and 34.3 eV are attributed to the W 4f,,, and W 4f;,, compo-
nents of WSe,, respectively. The positions of these peaks
confirm the W to be in the +4 oxidation state, and are identical
to WSe, prepared by other methods.*®*° The additional weak
peaks located at 35.5 and 37.6 eV are assigned as W 4f,, and W
4f,, from WOj;, again likely to be due to the surface oxidation
during the handling of the thin film in ambient
atmosphere.’®" This is also in agreement with the presence
of a small oxygen signal in the EDS spectrum (Fig. 3a inset). As
shown in Fig. 4b, the Se peak can be deconvoluted to the 54.3
and 55.2 eV peaks, corresponding to the doublet of Se 3d5/, and
3dsy,, respectively.’® As dictated by the degeneracy, the ratios
between the fitted peaks for the tungsten and sulfur peaks are
fixed at 3:4 and 3:2, respectively. The XPS analysis further
confirms that the electrodeposited film is WSe,, where a W to
Se ratio of 1:2 is derived from the measurements.

Raman spectroscopy is useful to probe the crystallinity and
number of layers present in 2D TMDCs, allowing detection
down to a single monolayer. It has been employed in this study
to probe the quality of electrodeposited WSe, thin films by
confirming the presence of signature Raman peaks of WSe, and
by comparing the full-width at half maximum (FWHM) of the
peaks. Fig. 5 shows the Raman spectra recorded from both the
as-deposited and the annealed WSe, thin films. The as-
deposited WSe, film shows a broad peak at 252 cm ™', consis-
tent with the partial crystallinity of the thin film before
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Fig. 4 XPS measurements across the W (a) and Se (b) binding energy
range for the WSe; thin film.

annealing, with FWHM = 35 cm ™. After ‘flash’ annealing, the
main Raman peak at 252 cm ™' becomes much sharper and the
FWHM reduces to 14 cm ™", indicating significantly increased
crystallinity and long-range layer ordering, and in agreement
with the STEM data. The sharp peak at 252 cm ', corres-
ponding to the overlapping in-plane [Eég) and out-of-plane
(Ayg) vibrational modes of crystalline WSe,, is in good agree-
ment with the literature.’>>* The Ej, and A, vibrational modes
have essentially the same frequency, which restricts identifi-
cation of the two contributions to the main peak.>® In addition
to the main peak, several lower intensity peaks became appar-
ent after annealing. The weak Raman peak at 306 cm '
corresponds to the Big mode, which is related to the interlayer
interactions.’” The three minor peaks observed at 358, 372 and
394 cm™' correspond to the 2Eqg, AiptLA and 2A,,-LA second
order vibrational modes of WSe,.>® Their presence can be
used as an indicator of the crystalline quality of the WSe,,
whereas the as-deposited films only show the main Raman

peak at 252 cm ™.

Electrodeposition of WSe, films from a TiN nanoband
electrode across an insulating SiO, surface

To evaluate the suitability of the electrodeposited WSe, thin
films for future device application, it is important to

80 T T T T T T

70

As-deposited WSe,
‘Annealed WSey

Intensity (a.u)

L] L] T L]
300 350 400 450

Raman Shift (cm™)

T L]
200 250

Fig. 5 Raman spectra recorded from the as-deposited and annealed
WSe; thin films using 532 nm laser excitation.
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characterise the electrical properties of the material. However,
as mentioned earlier, since electrodeposition is usually onto a
conducting substrate, this precludes direct electrical character-
ization, because the conducting electrode dominates the elec-
trical response. Therefore, we have employed a nanoband
electrode structure, similar to that used for 2D-MoS, deposition
in our previous work,** to electrodeposit the WSe, thin films
over an insulating SiO, surface. The concept of promoting
anisotropic 2D growth of WSe, by employing a combination
of the SSP (WSeCl,) and the TiN nanoband electrode is illu-
strated in Fig. 6a. Microfabricated arrays with TiN nanoband
electrodes (100 nm thick) are used to initiate WSe, nucleation
and growth from the edges of the nanoband electrode and to
drive the growth out across the SiO,. Various gaps between the
pairs of TiN nanoband electrodes were fabricated (2, 4, 6 and
8 um), so that the electrodeposition could be controlled to
obtain the required growth lengths. Pulsed electrodeposition
was performed by holding the electrode at —1.4 V for 5 s and 0 V
for 3 s over 540 cycles so that the total time of active pulses is
45 min. Fig. 6b shows an optical microscope image of the
microelectrode arrays after the electrodeposition. The blue-
coloured material at the edges and over the (SiO,) microchan-
nels indicates that all the channels are covered with WSe, after
the electrodeposition experiment. Annealing was performed
(700 °C in vacuo for 10 min) before performing the electrical
measurements. Micro-Raman measurements also confirm that
the deposited material in all of the channels is WSe, (Fig. 6c¢).

Electrical characterization of the WSe, films was then under-
taken by connecting adjacent electrodes to a semiconductor
device analyser. Fig. 6d shows the output characteristics mea-
sured from WSe, in the 2, 4, 6 and 8 pm channels, respectively
with the obtained IV characteristics exhibiting ohmic (linear)
behaviour. Based on these measurements, the resistance value

-
o

Intensity (a.u)
3

o

200 300 400 500 -2 -1 o 1 2

Raman shift cm-1, Voltage (V)
Fig. 6 (a) Anillustration of the concept of 2D anisotropic growth of WSe,
over the SiO,/Si substrate from the TiN nanoband electrodes that are top
covered with a SiO; insulator. (b) Optical microscope image showing the 2,
4, 6 and 8 pm channels filled with the electrodeposited WSe; films (bluish
coloured regions). (c) Raman spectra recorded from the different elec-
trode channels. (d) Current—voltage sweeps from the WSe, deposited on
different channels.
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for 2 pum channel is 1.52 x 10°> Q. Considering the TiN
nanoband length of 177.5 pm, and the WSe, thickness of
25 nm from AFM measurements, we estimated the resistivity
of the electrodeposited WSe, at room temperature as 34 Q cm.
This is slightly higher than typical reported values (5 Q cm) for
WSe, synthesised by solvothermal approach,” solid-state
reaction®® and chemical vapor transport.>® This higher resistiv-
ity may be attributed to the grain boundary caused by the
merging of the WSe, films grown from either side of the
channel.®*"** As evidenced by TEM, our grains are only 30 nm
long on average, leading to substantial scattering across the
film. The measured resistance values of the 4, 6 and 8 um
channels are much higher in comparison to that of the 2 pm
channel, (4.88 x 10” Q for the 4 um channel, 2.01 x 10°® Q for
the 6 pm channel and 2.44 x 10® Q for the 8 um channel)
indicating that WSe, has not connected fully across the insulat-
ing SiO, channel, consistent with these larger gaps requiring
longer deposition times to fully contact the material grown
from both sides. The anisotropic 2D growth and the electrical
properties of WSe, demonstrate the potential of the electro-
deposition method as an alternative, transfer-free process to
deposit TMDC materials for device applications.

Conclusions

We have successfully demonstrated the electrodeposition of 2D
layered WSe, in acetonitrile using WSeCl, as a single source
precursor. Pulsed electrodeposition was carried out for the
deposition of WSe, resulting in thin films with a flat and
smooth morphology across the electrode surface. The electro-
deposition produces laminar growth of WSe, thin films formed
of polycrystalline/nanocrystalline WSe,, which crystallises fully
upon annealing. The compositional and structural quality of
the WSe, deposits were confirmed by SEM, STEM, EDS, X-ray
diffraction, XPS, and Raman spectroscopic analysis.

We have also demonstrated the use of WSeCl, for the
electrodeposition of WSe, films from TiN nanoband electrodes
over an insulating substrate for the first time as a proof-of-
concept, and to allow the direct (transfer-free) measurement of
electrical characteristics.

This study shows that electrodeposition from a single source
precursor provides a viable alternative technique for the deposi-
tion of WSe, and thus opens up future prospects for combining
electrochemically deposited TMDC materials to achieve 2D
heterostructures.

Future work will investigate the speciation of WSeCl, in
MeCN in order to understand the electrochemical mechanism
occurring in this electrolyte. Further studies will also focus on
controlling the WSe, layer thickness and improving the crystal-
linity of the as-deposited WSe, films, for example, by further
optimising the electrodeposition potential, the electrolyte
concentration or the pulsing sequence. Modifying the fabrica-
tion process of the nanoband electrodes to reduce the thickness
of the TiN further is also expected to increase the control of the
electrochemical nucleation, increase the uniformity and

This journal is © The Royal Society of Chemistry 2024
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promote in-plane 2D growth. It is expected that these studies
will also have a favourable effect on the electronic properties of
the electrodeposited WSe, films.
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