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transistors, ultrasensitive photodetectors, 
and sensors.[1–4] Some of these demon-
strations were implemented for wearable 
applications by exploiting the material’s 
exceptional robustness and flexibility.[5,6] 
However, there remain major obstacles 
that hinder the industrial adoption of 
MoS2 and other 2D TMDC materials. 
The most challenging obstacle has been 
finding an industrially compatible method 
that enables the production of these mate-
rials on a mass scale. We have recently 
demonstrated that electrodeposition is a 
potentially viable method for solving this 
challenge.[7,8] Electrodeposition offers 
important advantages in 2D material 
production over other methods such as 
chemical vapor deposition (CVD),[9,10] 
sputtering,[11] or atomic layer deposition 
(ALD).[12] Electrodeposition is not a line-
of-sight deposition method as material 

growth occurs at electrical contacts and is controlled by elec-
trical potential or current.[13] It can hence be utilized to deposit 
materials over 3D surfaces including patterned nanostructures 
of high aspect ratios.[14–17] In addition, electrodeposition is usu-
ally performed at room temperature, avoiding harsh environ-
ments such as plasma or extremely high temperatures, which 
can damage pre-existing materials on the substrate, such as 
graphene electrodes.[7]

However, there is an important limitation with electrodepo-
sition that needs to be overcome. This method requires an 
electrically conductive surface from which materials are tradi-
tionally grown vertically.[18] Depositing a semiconductor mate-
rial on a conductor provides a low resistance current path in 
planar (opto-) electronic devices such as transistors and photo-
detectors, thus limiting the use of electrodeposition tradition-
ally to certain vertical device structures or metal interconnects 
(through the dual damascene process).[19] Prior to the work 
described herein, this limitation has been a drawback, specifi-
cally for developing 2D material based devices where planar 
structures that exploit the unique 2D properties of the material 
are the “natural” route forward.[20–23]

Creating innovative techniques to electrodeposit planar 2D 
materials over non-conducting surfaces would solve this limita-
tion and open new routes where the insulator base can be uti-
lized, such as in transistor gating. In the early 1990s, Nishizawa 
et  al. described the electrochemical growth of poly(pyrrole) 
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1. Introduction

Molybdenum disulfide is a 2D transition metal dichalcoge-
nide (TMDC) semiconductor material that has been used 
as a building block in demonstrations of high on/off ratio 
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from an electrode out over the surface of an insulator, con-
trolled by modification of the insulator surface.[24–26] More 
recently, Kobayashi et  al. has showed that the lateral growth 
rate of Au from an Au electrode film can be increased via the 
surface treatment of SiO2.[27] However, these are relatively rare 
examples. Furthermore, these demonstrations required surface 
treatment, and were limited to certain materials which severally 
restrict the scope of device applications that this technique can 
be employed for.

In this paper, we exploited the lateral growth technique for 
producing 2D TMDC semiconductors and their devices. We 
demonstrated strong anisotropy in the lateral growth rate of 
ultra-thin binary MoS2 compounds via the electrodeposition 
over insulating substrates. By fabricating a new microelectrode 
structure that has its top coated with an insulator but its side 
edges exposed, we were able to restrict the growth of MoS2 
to favor the lateral growth direction for several micrometers, 
starting from these thin edges. The anisotropic growth along 
the lateral direction is demonstrated by transmission electron 
microscopy to be particularly attractive for 2D materials due 
to their unique planar layered structures. Using various mate-
rial characterization techniques, we have shown that the lateral 
growth rate of MoS2 across the insulator is 20-fold larger than 
its vertical growth rate. Furthermore, we have discovered that 
the lateral growth rate is linear, which allowed us to controllably 
connect two MoS2 films grown from electrodes positioned on 
opposite sides across an insulator. This approach enabled us to 
realize a MoS2 based device structure via a single lithography 
step. Finally, we demonstrated that our laterally grown MoS2 
films are semiconductors by developing an array of photo-
detector devices.

2. Fabrication and Electrodeposition

2.1. Lateral Growth Electrodes Fabrication

An illustration of the concept of our work on the lateral electro-
deposition of MoS2 is shown in Figure 1a. The TiN electrodes 
were fabricated on a SiO2/Si substrate using a single photo-
lithographic step as shown in Figure S1, Supporting Informa-
tion. First, a negative photoresist was spin-coated on a wafer 
and then UV exposed using a photolithographic mask to form 
the desired pattern. TiN and SiO2 were then consecutively 
sputtered on the wafer and a lift-off was performed to form 
the lateral growth electrodes. The thickness of the sputtered 
TiN layer is ≈100 nm. The double layer lift-off was executed to 
minimize the number of fabrication steps and eliminate the 
possibility of misalignment between the two sputtered layers 
that could result from performing multiple lithographic steps. 
A microscope image of the fabricated electrodes is shown in 
Figure  1b. The wafer was then diced into smaller chips prior 
to MoS2 electrodeposition. An illustration of the chip layout is 
shown in Figure S2, Supporting Information. After MoS2 dep-
osition, each chip is cleaved into two halves through the cleave 
zone to disconnect the global electrode and create individual 
devices.

While all of the electrodes fabricated in this work were based 
on TiN, this fabrication technique should in principle be appli-
cable to electrodes based on other materials, such as Au. How-
ever, challenges may arise due to alloying between the electrode 
material with the deposit, especially during annealing at high 
temperatures. The advantage of using TiN is that it does not 
alloy easily due to its TiN covalent bonds in the lattice.

Figure 1. a) An illustration of the concept of this work showing TiN electrodes that are top covered with a SiO2 insulator with a TMDC MoS2 film growing 
laterally on the SiO2/Si substrate. b) A microscope image of the fabricated electrode structure showing ten adjacent electrodes each connected to a 
pad for electrical contact. The light blue color surrounding the edges of the electrodes is laterally grown MoS2. c) Cyclic voltammetry electrodeposition 
scans comparison between a large-area planar TiN electrode (diameter 4 mm) and one of the TiN lateral growth electrodes. d) An SEM image showing 
four TiN electrodes and three micro-gaps that are partially filled with laterally grown MoS2 films via electrodeposition.
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2.2. Electrodeposition of MoS2

The electrodeposition experiments were performed in CH2Cl2 
solvent using [NnBu4]2[MoS4], which was synthesized in-house 
to function as a single source precursor, providing both the 
Mo and S.[7,8] In contrast to [NH4]2[MoS4], which has been used 
in aqueous solvents, [NnBu4]2[MoS4] has excellent solubility in 
CH2Cl2. The electrodeposition solution also included [NnBu4]Cl 
as the supporting electrolyte and trimethylammonium chloride 
[NHMe3]Cl as the proton source, which is necessary to remove 
the excess S during deposition of MoS2 from [MoS4]2–.[8] The 
electrodeposition experiments were all performed within a 
glovebox equipped with a dry nitrogen circulation system to 
minimize moisture and ensure that oxygen levels were main-
tained below 10 ppm. The depositions were performed using a 
three electrode electrochemical cell with a Pt gauze as counter 
electrode and a Ag/AgCl (0.1 m [NnBu4]Cl in CH2Cl2) reference 
electrode.

Cyclic voltammetry (CV) scans were performed to study 
the electrochemical behavior of the electrolyte with the lateral 
growth electrodes. Figure  1c shows the comparison of CVs 
recorded on a TiN fabricated electrode and a 4  mm diam-
eter planar TiN electrode. The CVs are obtained by sweeping 
the voltage from 0 to −2.0  V in the cathodic scan and then 
−2.0 to 0 V in the anodic scan. On the first cycle, there is evi-
dence of a nucleation process in both cases with the current 
being increased on the return and on subsequent scans. This 
occurs because the deposited MoS2 functions as a catalyst for 
the reduction of the NHMe3

+ which results in hydrogen evolu-
tion. We recently reported a detailed investigation on the elec-
trochemical processes during the CV of the same electrolyte 
system employing electrochemical quartz crystal microbalance 
(EQCM) measurements.[8] The CVs displayed in  Figure 1c 
clearly show evidence of the cathodic reduction of [MoS4]2– ions 
to MoS2. It is clear that the CV recorded from the lateral TiN 
electrodes is comparable, in terms of electrochemical processes 
at the interface, to the CV measured on the planar TiN elec-
trode, indicating that the electro-reduction mechanism of the 
[MoS4]2– ions remains the same irrespective of the type of TiN 
electrode used.

The lateral growth of MoS2 was achieved through potentio-
static electrodeposition by applying −1.0 V and varying the dep-
osition time to achieve the desired lateral growth length. The 
electrochemical reactions at the working and counter electrodes 
respectively, are as follows

+ + → +− − +MoS 2e 4H MoS 2H S4
2

2 2  (1)

→ + + −−

MoS MoS
1

8
S 2e4

2
3 8  (2)

Following electrodeposition, the sample was rinsed with 
CH2Cl2 and left to dry inside the glove box. The as-depos-
ited MoS2 film is amorphous, as X-ray diffraction on thicker 
films indicate, although with some short-range ordering pre-
sent as evidenced by the preferential lateral growth.[8,28–30] 
An annealing step was performed to crystallize the film. 
The sample was annealed using a tube furnace that was 
set initially to 100 °C for 10 min and then 500 °C for 2 h at 

0.1 mbar. Annealing the films was performed within a sulfur 
rich environment made by placing 0.1  g of sulfur powder 
together with the sample inside the quartz tube within the 
tube furnace. To prevent distillation of volatile sulfur from 
the film and cause it to become understoichiometric, a 
sulfur rich environment was used. Thermal annealing was 
found to substantially improve the crystallinity of the film as 
evidenced by Raman Spectroscopy.[7,8] It also removed excess 
sulfur from the film.

3. Results and Discussions

3.1. Microscopy

On applying an electrodeposition potential to the electrode 
array, the material starts to grow from the side edges of each 
electrode. Throughout this work, the deposition time was 
chosen to be either 20, 45, or 90 min. Figure  1b shows an 
optical microscope image of patterned electrodes with lat-
erally grown MoS2 films depicted by the light blue borders 
surrounding the yellow electrodes. Figure  1d shows a scan-
ning electron microscope (SEM) image of a laterally grown 
MoS2 film from the edges of TiN electrodes. The contrast 
difference between the laterally grown MoS2 films and the 
SiO2 covered substrate underneath can be clearly observed. 
Figure S3a–c, Supporting Information, shows SEM images 
of laterally grown films deposited for 20, 45, and 90 min. By 
observing the electrodeposition length with time, we were 
able to allow the laterally grown films from adjacent elec-
trodes to contact in the middle region by electrodepositing 
for 90 min.
Figure 2a–d shows atomic force microscopy (AFM) images 

performed across the growth regions between two adjacent 
electrodes from a pristine substrate and ones with laterally 
grown MoS2 films. Typical line profiles for each film are shown 
in Figure 2e. After 20 minutes of deposition (Figure 2b), the 
AFM images show clear initial growth of the film laterally from 
both sides of the electrodes. Upon increasing the deposition 
time to 45 min (Figure 2c), the film near to the electrodes were 
found to be smoother and continuous. However, it is clear from 
the figure that 45 min is not sufficient to allow the films grown 
from opposite sides to contact each other. Figure 2d shows an 
AFM image of a film grown for 90 minutes. In the latter depo-
sition, the two films were found to meet in the center between 
the electrodes above the SiO2 substrate, causing one film to 
grow over the other, resulting in a small peak in the AFM pro-
file in the middle region.

3.2. Films Thickness and Length

Figure  2f shows that the lateral growth length scales lin-
early with the deposition time. An average growth rate of 
33 ± 6  nm min−1 was extracted. The error bars represent the 
maximum and minimum observed growth lengths. The lat-
eral growth length measurements were recorded on the films 
that were grown out of the uppermost electrode from the ten-
electrode array shown in Figure 1b. This was chosen to prevent 
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connecting layers from introducing uncertainties in the length 
measurements. Each experiment with a particular deposition 
time was replicated to ensure experimental reproducibility. 
The average lengths and uncertainties were calculated over ten 
AFM measurements from every sample. To quantify the thick-
ness and length of the grown films, topography profiles were 
acquired from five lines across AFM images corresponding to 
films grown for 20, 45, and 90 min as shown in Figure S4a, Sup-
porting Information. The average values of the vertical (height) 
and lateral growths (length) were extracted for each film. The 
average heights above the edge of the electrodes (Hav), lengths 
(Lav), and their corresponding maximum (Hmax and Lmax) values 
were recorded in Table S1, Supporting Information. Figure S4b, 
Supporting Information, shows the Lav and Hav measurements 
taken from five different lines across the 20, 45, and 90 min 
grown films. By comparing the values of H versus W, we found 
that the lateral growth rate is ≈20 times larger than the vertical 
growth. In these experiments, the electrodes thickness was 
fixed to 100  nm. We think that using thinner electrodes will 
increase the growth anisotropy, due to surface effects, com-
pared to thicker ones but will not suppress the vertical growth 
rate completely.

As the electrodeposition time is increased, the vertical 
growth of the material becomes more prominent, especially 
near the electrodes where the film growth starts. We observed 
that the vertically grown materials can be thick enough to rise 
above the fabricated TiN/SiO2 electrodes and start to grow later-
ally over the top insulated electrodes. However, it is clear that 
the vertical growth rate of MoS2 is much slower than the lateral 
growth rate.

3.3. Raman Spectroscopy

Raman spectroscopy is a commonly used technique in charac-
terizing different physical properties of TMDC 2D materials. 
We used this method to confirm the presence of the MoS2 
films and qualitatively study their degree of crystallinity and lat-
eral growth length. All measurements were performed using a 
532  nm excitation laser at room temperature. A 50× objective 
lens was used to focus the excitation laser to an ≈1  µm spot 
diameter and simultaneously collect the emitted light. Figure 3a 
shows three Raman spectra collected from different locations 
around the electrodes using a sample with a MoS2 film grown 
for 45 min. Point A is in the center between the two electrodes, 
point B is above one of the electrodes, and point C is on a blank 
SiO2/Si region of the substrate, away from the electrodes. These 
locations are shown in the inset of the figure. The MoS2 Raman 
signature corresponding to the E1

2g and the A1g peaks was only 
found at point A, demonstrating that there is no deposition at 
the center above the top insulated TiN electrodes, nor on the 
SiO2 substrate away from the electrodes. The central positions 
of the E1

2g and A1g peaks are 382.5 and 405.6 cm–1, respectively. 
Energy dispersive X-ray (EDX) spectroscopy spectra are shown 
in Figure S5, Supporting Informtation. Due to the large overlap 
between the Mo and S electron emission lines (≈2.3 keV), EDX 
is not a reliable technique to measure the elemental composi-
tion. It was therefore only used to identify the nature of the 
materials at different regions of the sample, utilizing the much 
higher image resolution offered by the SEM compared to optical 
techniques. The EDX spectra show Mo and S signatures solely 
above the laterally grown films, confirming the conclusion of 

Figure 2. AFM images of a) reference sample and b–d) laterally grown films deposited for b) 20 min, c) 45 min, and d) 90 min after annealing. 
e) Topography line profiles collected from images (a–d). The figure shows indications of the vertical growth (H) and lateral growth (L) that were con-
sidered for analysis in this work. f) A linear fit of the growth length versus time obtained from the three samples.
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the Raman images. In previous works, we characterized the 
material composition of MoS2 films electrodeposited via sim-
ilar electrochemical environments using wavelength dispersive 
X-ray spectroscopy (WDX) and X-ray photoelectron spectroscopy 
(XPS).[7,8] These results have shown that the Mo:S ratio is ≈1:2.

Raman mappings were performed on selected areas as 
exemplified in Figure  3b, of 20, 45, and 90 min grown films 
using the A1g peak signal intensity and a step size of ≈1 µm, see 
Figure 3c–e. The maps show the evolution of the lateral growth 
as the electrodeposition time is increased, causing the films 
grown from opposite sides to slowly merge after ≈90 min dep-
osition. However, the fact that the laser spot is ≈1  µm means 
that the exact distribution of the material cannot be precisely 
defined through this method. The combined results of AFM, 
SEM, and Raman mapping clearly confirm the lateral growth 
of MoS2 across the SiO2 insulator after starting from the thin 
edges of the TiN electrodes.

3.4. Transmission Electron Microscopy

Figure 4a shows a high-resolution cross section SEM image of 
a laterally grown film. The cross-section was taken after per-
forming a lamella process using a focused ion beam (FIB). The 
image shows the MoS2 thin film grown over the SiO2/Si sub-
strate and covered by Pt and C protection layers that were depos-
ited during the lamella process. It can be seen that the film gets 
thinner further away from the electrode toward the left of the 
image. Annular dark field (ADF) TEM imaging was then used 
to reveal the nanocrystalline structure of MoS2 layers. The ADF 
mode allows distinguishing MoS2 from its surrounding SiO2 
and Pt. Figure 4b shows a laterally grown film which was depos-
ited for 90 min. We noticed that the stacked layers are generally 

aligned in the lateral growth direction perpendicular to the 
plane of the substrate. In a film grown for 45 min, presented in 
Figure 4c,d, TEM imaging reveals that the film is much thinner 
and where the layers are more ordered. This suggests that the 
amount of ordering correlates inversely with the thickness 
of the films. The layer-to-layer distance of the ordered stack 
shown in Figure  4c was measured to be 0.7 ± 0.1  nm, which 
is in agreement with literature values of MoS2 layers spacing 
measurements.[31] Conventional X-ray diffraction is not suitable 
to test the crystallinity of these laterally grown films due to their 
small area and thickness. However, X-ray diffraction performed 
on large area and thick deposition attempts performed in sim-
ilar environments showed the appearance of a crystallisation 
peak corresponding to (002) plane of 2H-MoS2 following film 
annealing.[8] The TEM results of the laterally grown films pre-
sented here show that the films are poly crystalline with layer 
sizes in the order of tens of nanometers.

3.5. Photoresponsivity of Laterally Grown MoS2 Devices

Electrical characterization of the laterally grown films was per-
formed by connecting adjacent lateral growth electrodes to a 
semiconductor device analyzer. Figure 5a shows current-voltage 
sweeps taken from films that were grown for 20, 45, and 90 min. 
The displayed curves were taken from different films that were 
grown in multiple repeat experiments. The electrical connection 
between the electrodes for the 20  min sample is open, while 
that for the 45 min sample, has resistance exceeding 500 MΩ. 
The electrical resistance was measured to be significantly lower 
for the 90 min sample after the laterally grown films from both 
sides had connected in the middle. The inset of the figure shows 
ohmic behavior with a resistance of ≈1 MΩ. Using the length 

Figure 3. a) A stack of Raman spectra showing that the MoS2 signal is solely observed from the laterally grown films with no Raman signatures from 
areas away from the electrodes or at the center above them. b) An optical microscope image of a series of fabricated TiN micro-electrodes with laterally 
grown MoS2 films (90 min) that are showing as light blue borders surrounding the electrodes. c–e) Raman maps of areas corresponding to that of the 
red box in (b) between adjacent electrodes for films grown for 20, 45, and 90 min, respectively. The maps show a clear increase in the lateral length of 
the MoS2 films with increasing the deposition time.
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and width of the channel and the estimated average thickness of 
the films (≈60 nm), we extract the room temperature resistivity 
of the 90 min grown films as 115 Ω.cm. This resistivity is in the 
range of earlier reported MoS2 films.[32]

The photoresponsivity of the MoS2 films was tested at room 
temperature in air, using a 532 nm laser source. The aim of this 
experiment was to test the film’s semiconductor optical absorp-
tion and induced current. The tests were performed by applying 

Figure 5. a) Multiple Current–Voltage sweeps from MoS2 devices grown multiple times for 20, 45, and 90 min showing an open circuit after 20 min film 
growth and a great increase in current from 45 min growth to 90 min. The inset is a replot of the 90m sample on a linear scale. b) Photo-illumination 
cycles of a sample showing the switching induced photocurrent with a switching laser source. c) The change in photoresponsivity as the power density 
of the excitation laser is changed.

Figure 4. a) A high-resolution SEM image of a cross-section of a region between two electrodes with a laterally grown MoS2 film. The film was coated 
with Pt and C protective layers. b) A magnification of the MoS2 film shown in (a) taken via TEM that clearly shows the layered nature of the film growing 
preferentially in the horizontal direction along the surface of the wafer. The film was taken from a sample that was grown for 90 min. c,d) TEM images 
of a few layers of MoS2 taken at a thin region from a film that was grown for 45 min.
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a bias voltage on two adjacent electrodes and the current was 
measured through the device in the dark and under laser illu-
mination. The laser light was coupled to the chip through 
a fiber and a long distance 20× objective lens, reducing the 
spot size to a circular spot with a diameter of roughly 100 µm. 
Figure  5b presents the photocurrent induced in the material 
due to a pulsing laser. The applied bias, Vbias = 1 V and the laser 
power density was calculated to be ≈6 × 104 Wm–2. The photo-
responsivity of the film was calculated using Equation (3) below:

I

P
=Photoresponsivity

ph

laser

 (3)

where Iph is the photoinduced current. Iph can be calculated 
by subtracting the device current under illumination from the 
dark current Iph = Ilight − Idark and Plaser is the incident laser 
power. Several measurements were made on different chips 
containing devices of films grown for 90 min. The maximum 
photoresponsivity recorded was 0.9  mA W–1. We then per-
formed photoresponsivity measurements at varying laser power 
densities as shown in Figure 5c.

It was found that the photoresponsivity reduces at higher 
laser power density, indicating carrier saturation in the mate-
rial. Whilst this photoresponsivity is higher than our previously 
reported values from the electrodeposition method,[7] it is still 
lower than previously reported from MoS2 films made via CVD 
and mechanical exfoliation.[33,34] This is expected to be due to 
the lower material crystallinity produced from electrodeposi-
tion in comparison to the other aforementioned methods. Our 
future work will include using a similar structure to develop 
phototransistor devices using the bottom SiO2 as a back-gate 
dielectric.[2,9]

4. Conclusion

We have demonstrated the lateral electrodeposition of transi-
tion metal dichalcogenide (TMDC) films over an insulating 
substrate for optical and electrical measurements. The MoS2 
is deposited directly onto patterned electrodes using a non-
aqueous electrodeposition method. The nature of the deposi-
tion is such that the material growth occurs from the side edges 
of 100  nm thick TiN electrodes. The electrodeposition dura-
tion determines the extent of the material’s lateral growth. By 
fabricating adjacent electrodes and exploiting the preference 
of the material to grow laterally, we have shown the ability to 
grow films from opposite sides toward each other until they 
connect in the middle. The deposited films were character-
ized using a variety of techniques including AFM, Raman, 
SEM, EDX, and TEM. The lateral growth length was found to 
increase linearly with the deposition time with an average rate 
of ≈33 ± 6 nm min−1. This is ≈20 folds faster than the material’s 
vertical growth. Electrical and photoresponsivity measurements 
of the MoS2 films showed that the material is semiconducting. 
Our work provides an innovative, efficient, and scalable method 
for the lateral growth of 2D materials and promotes their appli-
cations in next-generation electronic and optoelectronic devices. 
This paves the way toward future possibilities such as electro-
depositing different TMDCs to form lateral heterostructures of 

2D materials, creating novel p–n–p junction in a single electro-
deposition experiment.[35,36]
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