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Low-temperature plasma-enhanced atomic layer
deposition of 2-D MoS2: large area, thickness
control and tuneable morphology†

Akhil Sharma, a Marcel A. Verheijen,a,b Longfei Wu,c Saurabh Karwal, a

Vincent Vandalon,a Harm C. M. Knoops,a,d Ravi S. Sundaram,d Jan P. Hofmann, c

W. M. M. (Erwin) Kessels a and Ageeth A. Bol *a

Low-temperature controllable synthesis of monolayer-to-multilayer thick MoS2 with tuneable mor-

phology is demonstrated by using plasma enhanced atomic layer deposition (PEALD). The characteristic

self-limiting ALD growth with a growth-per-cycle of 0.1 nm per cycle and digital thickness control down

to a monolayer are observed with excellent wafer scale uniformity. The as-deposited films are found to

be polycrystalline in nature showing the signature Raman and photoluminescence signals for the mono-

to-few layered regime. Furthermore, a transformation in film morphology from in-plane to out-of-plane

orientation of the 2-dimensional layers as a function of growth temperature is observed. An extensive

study based on high-resolution transmission electron microscopy is presented to unravel the nucleation

mechanism of MoS2 on SiO2/Si substrates at 450 °C. In addition, a model elucidating the film morphology

transformation (at 450 °C) is hypothesized. Finally, the out-of-plane oriented films are demonstrated to

outperform the in-plane oriented films in the hydrogen evolution reaction for water splitting applications.

1. Introduction

The discovery of graphene and subsequent efforts to
thoroughly understand its remarkable physical properties have
stimulated the exploration of other layered two-dimensional
(2-D) materials beyond graphene.1–4 In recent years, transition
metal dichalcogenides (TMDs) have been the focal point of
this research activity amongst which molybdenum disulphide
(MoS2) is the most studied material.3,5–7 MoS2 is a typical two-
dimensional layered material with a honeycomb structure.
A weak intra-layer van der Waals interaction enables its exfolia-
tion down to a single stoichiometric unit (S-Mo-S) thick mono-
layer analogous to graphene.8,9 Electronically, MoS2 possesses
an indirect band gap of ∼1.3 eV in its bulk form, which tran-
sitions to a direct band gap of ∼1.8 eV for the monolayer

regime due to quantum confinement phenomena.10,11

Furthermore, the absence of inversion symmetry in monolayer
MoS2 (as compared to the bulk material) gives rise to interest-
ing applications like valleytronics and spintronics.12,13 Thus,
the reduction of the dimensions of MoS2 opens up new
avenues for a vast range of (opto-) electronic devices.14–20 It
has also been demonstrated that MoS2 films in which the 2-D
layers have out-of-plane orientations (with exposed edge sites)
possess excellent electrocatalytic properties. The presence of
dangling bonds and vacancies on the edge sites render these
films highly catalytically active for the hydrogen evolution reac-
tion in water splitting.21–25 Therefore, MoS2 has emerged as
one of the frontrunner materials not only for future elec-
tronics,12,13,26,27 but also as a potential alternative for precious
noble metals in the area of electrocatalysis.28–30 To capitalize
on the extraordinary properties of MoS2 there has been a quest
for scalable, facile synthesis methods with ability to control
both the thickness as well as the morphology. To date, most of
these studies have focused on the synthesis of mono-to-few
layers with in-plane orientation of the 2-D layers. A large
variety of both top-down and bottom-up synthetic routes are
reported in literature aiming at the synthesis of monolayer to
few-layered MoS2 thin films, for example, micro-mechanical
and chemical exfoliation,1,6,9,15,31–33 hydrothermal34 and
electrochemical methods,35,36 physical vapor deposition,37,38

chemical vapor deposition (CVD),25,39–43 thermal vapor
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sulphurization of Mo or MoO3
44–46 etc. In contrast, despite the

technological significance, there are only a few studies on con-
trolling the film morphology, i.e. selective growth of out-of-
plane oriented (OoPO) films. Most of these reports are based
on high temperature techniques like CVD and rapid sulphuri-
zation of metal/metal oxide. For example, Li et al. have
reported the synthesis of such OoPO nanostructures by using
gas phase CVD at 750 °C.23 Likewise, the rapid sulphurization
of parent metal films (Mo films) at 550 °C–800 °C is also
reported to yield out-of-plane growth of MoS2 thin films.22,47

Most of these techniques, however, provide insufficient control
over thickness and tailoring of the morphology is not possible.
Additionally, the requirement of a high processing tempera-
ture may hamper the development of this material on a tech-
nologically relevant scale. This paper discusses the use of
atomic layer deposition (ALD) to deposit MoS2 films with
control over both thickness and morphology at a relatively low
temperature (450 °C). ALD is a cyclic process based on self-lim-
iting surface reactions which ensures Å-level thickness con-
trollability and uniformity over large areas. The accurate thick-
ness control offered by ALD has established it as a method of
choice for high-k oxides in semiconductor industry.48

Additionally, ALD offers a high conformality on intricate struc-
tures which are difficult to coat with any other gas phase tech-
nique. The application of ALD for 2-D materials is therefore of
high interest and can be instrumental in the synthesis of high
quality, large-area MoS2. In literature, only a handful of reports
on the synthesis of MoS2 by means of ALD are available. Most
of these studies have implemented either halide or carbonyl
based metal precursors in combination with H2S or CH3SSCH3

as co-reactant.49–51 Some other groups have implemented Mo
(thd)3 and Mo(NMe2)4 as metal precursors in combination
with H2S.

52,53 These processes are shown to produce MoS2 over
a large area with a good control over thickness and thus exhibi-
ted the potential of ALD in 2-D world. However, most of these
processes rely on high temperature post-annealing to improve
the structural quality of the as-deposited 2-D films which is
undesirable for industrial scalability (as discussed above) and
remains an addressable issue.50,54 Recently, anisotropic
growth of ‘edge-on’ (OoPO) MoS2 thin films by ALD using
MoCl5 in combination with H2S has been reported.55 However,
the observed lateral inhomogeneity in growth rate over the
wafer hints towards a possible CVD component in this
process, which will disrupt the typical self-limiting ALD behav-
ior and result in loss of precise thickness control.

In this work, we demonstrate that plasma enhanced ALD
based on [(NtBu)2(NMe2)2Mo] and H2S at 300 °C–450 °C is
able to deliver archetypical precise thickness control and tune-
able texture of the as-deposited MoS2 films, while preserving
the essence of ALD (i.e. self-limiting behaviour). We will first
discuss the detailed investigation of the self-limiting behav-
iour, chemical composition of the as-deposited film and wafer-
scale uniformity of the ALD process. Furthermore, the precise
control over thickness from mono-layer to few layered regime
is discussed. In the following sub-section, the influence of
deposition temperature on the film morphology and crystalli-

nity is presented. Next, the nucleation mechanism of MoS2
thin films on SiO2/Si substrates is elucidated and a model
explaining the possible mechanism pertaining to the mor-
phology transformation from in-plane to out-of-plane orien-
tation for films deposited at 450 °C is also discussed. Finally,
the control over film morphology is showcased by implement-
ing the films with variant morphologies as electrocatalysts for
the hydrogen evolution reaction (HER).

2. Experimental section
2.1 ALD process specifications

The MoS2 thin films were deposited in an Oxford Instruments
FlexAL™ ALD reactor56,57 on 4″ Si wafers with a thermally
grown 450 nm thick oxide layer on top. To maintain consist-
ency throughout, all reported temperatures here refer to the
set temperature of the substrate table which is called the
‘growth temperature’. The Mo precursor employed was
[(NtBu)2(NMe2)2Mo], (98%, Strem Chemicals) and was con-
tained in a stainless steel canister which was heated to 50 °C.
At this temperature, the vapor pressure of the precursor is
reported to be 0.13 Torr.58 The delivery lines were kept at 90 °C
to avoid condensation of the precursor while the reactor walls
were heated to 150 °C. For the precursor delivery to the depo-
sition chamber a 100 sccm Ar (>99.999% purity) bubbling flow
was employed. An intermediate Ar purge step with 100 sccm of
Ar flow was applied after each precursor and plasma exposure
steps. As the co-reactant, a H2 + H2S + Ar (8 sccm H2; 2
sccm H2S; 40 sccm Ar) plasma gas mixture generated in an
inductively coupled plasma (ICP) source was used. The plasma
power was 100 W with a reactor pressure of 6.6 mTorr during
the plasma step. The ALD recipe was established with the first
half cycle consisting of precursor dosing for 6 s followed by 6 s
purge and 4 s pump down. The second half cycle used 20 s of
plasma exposure with the same scheme for subsequent purge
and pump as in the first half cycle. The film thickness evol-
ution during deposition was monitored by in situ spectroscopy
ellipsometry (J.A. Woollam M2000F, 1.25 eV–5 eV). The thick-
ness values were extracted by employing the ‘B-spline’ model.

2.2 Film crystallinity and surface morphology

Grazing incidence X-ray diffraction (GI-XRD) was employed to
determine the crystalline phases of the MoS2 thin films. The
XRD analysis was performed on a Panalytical X’Pert PRO MRD
employing Cu Kα (1.54 Å) radiation with an incidence angle of
0.5° with respect to the substrate plane. Furthermore, Raman
spectroscopy (RS) and photoluminescence (PL) spectroscopy
measurements were performed with a Renishaw Raman micro-
scope equipped with a 514 nm laser, integrated switchable
gratings with 600 or 1800 lines per mm, and a CCD detector.
For each scan, 5 accumulations with acquisition time of 10 s
were taken. The surface morphology was studied by scanning
electron microscopy (SEM) using a ZeissSigma Nanolab operat-
ing at an acceleration voltage of 2 kV. Additionally, atomic
force microscopy (AFM) was also employed to study the surface
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topology of the as-deposited films. The images were acquired
at room temperature on Veeco dimension 3100 operated in
tapping mode using Al coated Si tip (PointProbe Plus-NCHR)
having a radius <7 nm. Images were processed in Gwyddion
software with OpenGL interface and RMS roughness was
obtained statistically from a scan area of 500 × 500 nm2.

2.3 Chemical composition

To determine the elemental composition, X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Scientific
K-alpha spectrometer (Thermo Fisher Scientific, Waltham,
MA) equipped with a monochromatic Al Kα X-ray radiation
source (hν = 1486.6 eV). For the XPS analysis, a 400 µm dia-
meter spot was used and photoelectrons were collected at a
take-off angle of 60°. The samples were neutralized during the
XPS analysis using an electron flood gun in order to correct for
differential or non-uniform charging. All peaks in the XPS
survey scans are referenced to the binding energy of the C 1s
peak of adventitious carbon (284.8 eV) for charge correction
and quantification of the survey scans have been performed
using Avantage software. Furthermore, Rutherford backscatter-
ing spectroscopy (RBS) was employed to determine the absol-
ute chemical composition of the films. RBS was performed
using a 1.523 MeV He + ion beam and a scatter angle of 170°.

2.4 Film microstructure

The film microstructure was determined by HRTEM analysis
using a JEOL ARM 200F operated at 80 kV. For the top planar
view images, MoS2 films were grown on SiNx TEM windows,
coated with ∼5 nm ALD SiO2. Selected area electron diffraction
(SAED) patterns were acquired from a 1.3 µm diameter area on
each sample. For the cross-sectional imaging, the MoS2 film
was coated with a SiOx film stack as a protective layer and sub-
sequently prepared using a standard FIB lift-out TEM sample
preparation scheme.

2.5 Electrochemical testing

MoS2 films were deposited on glassy carbon plates polished by
0.3 μm Al2O3 slurry for electrochemical tests. The measure-
ments were performed in a three electrode electrochemical
workstation (Type: PGSTAT302N, Metrohm Autolab) with satu-
rated calomel electrode (0.269 V vs. reversible hydrogen elec-
trode (RHE) as a reference electrode, Pt foil (1 × 2 cm2)) as a
counter electrode and glassy carbon working electrode. All
measurements were performed in 0.5 M H2SO4 electrolyte pre-
pared using 18 MΩ cm deionized Milli-Q water purged with Ar
for 20 min. Linear sweep voltammetry (LSV) experiments were
conducted with a scan rate of 5 mV s−1 and AC electrochemical
impedance spectroscopy was recorded at open circuit potential
(OCP) in the frequency range of 10 kHz to 0.1 Hz. To calculate
the Tafel slope, the linear portion at low overpotential region
was fit to the Tafel equation using the internal resistance cor-
rected LSV curves. Cyclic voltammetry (CV) stability tests were
conducted with a scan rate of 50 mV s−1 starting at OCP from
−0.52 V to 0.62 V.

3. Results and discussion
3.1 Characterization of the ALD process

3.1.1 Self-limiting growth, thickness control and uniform-

ity. The self-limiting growth characteristics of the ALD process
were investigated at a growth temperature of 250 °C. At this
temperature, a saturated growth-per-cycle (GPC) of 0.1 nm per
cycle is observed at the optimized precursor dose step and
plasma exposure time of 6 s and 20 s, respectively. The satur-
ation curves for the precursor dose step and plasma exposure
time confirming the typical ALD behaviour are shown and
further discussed in the ESI (Fig. S1†).

We measured the nominal film thickness as a function of
number of cycles by in situ spectroscopic ellipsometry (SE).
This was performed for ALD depositions over a large tempera-
ture range (150 °C–450 °C). The plot in Fig. 1(a) shows the evol-
ution of film thickness as a function of number of ALD cycles
for the entire investigated temperature range. Based on this
plot, few observations can be made. Up to 300 °C, a linear
relationship between film thickness and number of ALD cycles
is observed, signifying the typical ALD behaviour. Above
350 °C, a non-linear increase in thickness is observed after 50
cycles, implying an increase in GPC during growth which is
ascribed to a change in morphology by faster growth at the
edge sites of MoS2 as is discussed below. Also, it is worth men-
tioning that for all temperatures the film growth shows no
nucleation delay during initial cycles, which is a highly valu-
able attribute for reproducible synthesis of mono-layer to thick
MoS2 films. Both from SE (Fig. 1(a)) and Rutherford backscat-
tering spectroscopy (RBS) conducted for bulk regime i.e. film
of 300 ALD cycles in each case (Fig. 1(b)), it is clear that the
GPC increases with increasing temperature. This elevated
growth rate at higher growth temperatures is most likely due to
enhanced precursor adsorption owing to the formation of high
surface area films with out-of-plane oriented (OoPO) mor-
phology at higher growth temperatures. Additionally, it can
also be speculated that the enhanced surface diffusion of
metal atoms towards chemically more favourable edge sites (as
compared to basal planes) of MoS2 film deposited at higher
growth temperature may contribute to the accelerated growth
rate. The detailed discussion on the formation of OoPO films
is provided later in this paper. To confirm that at 450 °C, the
higher GPC is not a result of precursor decomposition in
CVD – like reactions, a saturation study for the precursor half
cycle was also performed at this temperature. The corres-
ponding plot is shown in Fig. S1(d) (ESI†) which shows a
plateau for the GPC with varying precursor dose and therefore
ALD is confirmed at 450 °C precluding any role of precursor
decomposition. The chemical composition of the as-deposited
films was examined by X-ray photoelectron spectroscopy (XPS).
The corresponding surface survey scan for the film deposited
at 300 °C is shown in Fig. S2.1(a) (ESI†). This figure reveals
that apart from characteristic Mo and S peaks, a small amount
of O and C is also present on the film surface most probably
due to atmospheric contamination. A high resolution X-ray
photoelectron spectrum for the Mo 3d region (Fig. S2.1(b) in
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ESI†) shows the doublet for MoS2 (Mo4+) with the 3d5/2 peak
at 228.9 eV and the 3d3/2 peak at 232.1 eV which is in accord-
ance with the binding energy positions given in the
literature.45,59,60

Furthermore, a small fraction of Mo6+ is also detected
corresponding to MoO3 with binding energy position at 233.1
eV in line with the literature. The oxygen and carbon contami-
nants are only confined to the surface since a mild sputtering
with Ar+ ions results into almost complete removal of the two
species with atomic % below the detection limit of XPS
(Fig. S2.1(c, d) in ESI†). In addition, it was observed that the
film composition is fairly stoichiometric in nature over the
whole investigated growth temperature range. Table SI1 in the

ESI† shows that the composition changes from slightly over-
stoichiometric at low temperatures to under-stoichiometric at
high temperatures, which has been frequently reported in the
literature since the films produced by bottom-up synthesis
methods can either be S-rich or possess S vacancies depending
on the process parameters.

Subsequently, the film uniformity was analysed on a 4″ Si
wafer as shown in Fig. 1(c). Spectroscopic ellipsometry (SE)
was employed to measure the film thickness spatially across
the wafer for a film deposited with 200 ALD cycles at a growth
temperature of 300 °C. A small variation in film thickness is
found over the scanned areas on the wafer (non-uniformity (%
1σ ((std. dev.)/(Avg.)) = 2.4)) clearly exhibiting a good thickness

Fig. 1 (a) Layer thickness evolution as a function of number of ALD cycles over the whole investigated temperature range of 150 °C–450 °C. At

higher growth temperatures, an increase in GPC can be seen. The error bars shown represent the sum of the measurement error, SE model fitting

error and film roughness values. (b) RBS analysis showing a linear increase in individual GPC (atoms per cycle per nm2) for both ‘Mo’ and ‘S’ with

increasing growth temperatures. (c) Map of the thickness variation for film deposited at 300 °C (200 cycles) over a 4’’ wafer carried out by ex situ SE

showing a small thickness variation with a standard deviation of 0.4%. The black points on the wafer are the actual measurement points with 5 mm

edge exclusion. (d) (top) Raman spectroscopy line scan (for the same wafer as in (c)) showing the five selective measurement points (step size

∼2 cm) having consistent spectral features for a polycrystalline MoS2 film registering a homogenous film over large area. (bottom) Plot showing the

frequency difference (black) and relative Raman intensities (blue) for five measurement points.
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uniformity. The uniformity of the grown film is a direct result
of the typical self-limiting nature of an ALD process. A Raman
line scan was also performed on the same 4″ wafer to study
the uniformity in crystallinity of the as-deposited film.
Fig. 1(d) shows the corresponding spectra with the signature
vibrational peaks for crystalline MoS2. The two characteristic
Raman modes correspond to the in-plane (E1

2g) and out-of-
plane (A1g) vibrational peak frequencies typically appearing at
382 cm−1 and 408 cm−1, respectively.61 In addition, the fre-
quency difference between two modes (Δ) and relative Raman
peak intensities as a function of measurement position are
plotted as shown in Fig. 1(d). Very small variations in Δ:
24.8–26 cm−1 and in relative Raman peak intensity (I(E12g)/
I(A1g)): 0.56–0.58, are found for the five measurements points,
displaying a good uniformity over large area. Therefore, both
SE and Raman analyses show that the synthesis of 2-D MoS2
by our PEALD process is readily scalable.

3.1.2 Thickness control in the mono-to-few layer regime:

Raman and PL analyses. Fig. 2(a) shows the control over film
thickness in the initial phase of growth (first 50 ALD cycles) at
450 °C as measured by in situ SE analysis. However, in the
mono layer to few layer regime, it is not easy to extract the
exact thickness by SE, because of uncertainty in the optical
properties of mono-to-few layer MoS2.

62 Moreover, the change
in surface termination groups (e.g. starting with –OH to poss-
ibly –SH) during subsequent ALD cycles might result into inac-
curate thickness determination by SE analysis for a sub-nm
thick film. This is the reason that despite the formation of a
monolayer after 10 cycles (as will be shown below by Raman
and PL analyses), the thickness extracted by SE modelling
gives a value of ∼1.3 nm than the expected ∼0.6 nm for a
monolayer of MoS2.

Therefore, to validate the systematic control over thickness
of ultra-thin MoS2 films from monolayer to bulk by tuning the
number of ALD cycles, the films deposited at 450 °C were also
characterized by Raman and photoluminescence (PL) spec-
troscopy. Raman plots for the samples deposited using 10–50
ALD cycles are shown in Fig. 2(b). The two characteristic
Raman peaks for MoS2 corresponding to the vibrational
modes (E1

2g and A1g) are observed for all the cases confirming
continuous coverage with the 2H phase of MoS2. The intensity
and frequency difference between the two modes increases
monotonically with the number of cycles as expected,63 thus
reflecting an excellent control over thickness with atomic scale
precision. Importantly, the film after 10 cycles yields a fre-
quency difference of ∼20.6 cm−1 which is typically correlated
with a monolayer of MoS2.

39,64 The photoluminescence (PL)
spectra are shown in Fig. 2(c). For 10 cycles, a strong peak at
∼656 nm and a weak signal at ∼612 nm are observed, which
corresponds to the A and B excitonic peaks respectively and
confirm the direct band gap in monolayer MoS2.

11 The PL
signal intensity is found to decrease as the film thickness
increases with number of cycles. For MoS2, this reduction in
PL signal is generally attributed to a change in the electronic
structure for thicker films (i.e. transition from direct to
indirect band gap) which causes an increase in the intraband

Fig. 2 (a) Thickness evolution of MoS2 films in the initial phase of depo-

sition at 450 °C as recorded by in situ SE analysis. (b) Raman evolution as

a function of increasing number of cycles (at 450 °C) exhibiting excellent

control over film thickness. The increasing frequency difference (Δ)

between two vibrational modes with number of ALD cycles is an indi-

cator for thickness increase. For clarity, the inset shows the enlarged

Raman plot with two distinctive vibrational modes for a sample with 10

ALD cycles. The two vibrational modes are indicated by dotted lines.

Also, the Raman peaks are normalized to the corresponding Si peak in

each case. (c) The corresponding PL peak (λex = 514 nm) for the thinnest

film (10 cycles) is related to the direct band gap excitonic transition

(positions for excitons A and B are highlighted with dotted lines) for a

monolayer of MoS2. The peak broadening is a clear indication of possible

disorders present in the film.
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relaxation rate from the excitonic states.11 Thus, the presence
of one MoS2 monolayer after 10 ALD cycles is evidenced by
both Raman and PL analyses. This is further corroborated by
RBS analysis which shows that approximately ∼13.2 Mo atoms
per nm2 are deposited after 10 cycles at 450 °C, which is very
close to an ideal MoS2 monolayer (approx. 11.6 Mo atoms per
nm2) for (001) plane.65 A close inspection of Raman peaks
reveals an asymmetric broadening for both vibrational modes
which suggests the presence of structural disorder in the as-de-
posited films. This broadening is commonly observed for
MoS2 grown at low temperatures by bottom-up synthesis
methods. We have used the Voigt fitting strategy based on the
report from Mignuzzi et al.66 to deconvolute the Raman spec-
trum for the film deposited after 10 cycles at 450 °C, and the
corresponding plot is shown in Fig. S3(a) (ESI†). Apart from
the two predominant vibrational peaks (i.e. E12g and A1g), three
additional defect-induced peaks are observed that can be
assigned to transverse optical (TO), longitudinal optical (LO)
and out-of-plane optical (ZO) branches originating at the M
point of the Brillouin zone.63 Furthermore, in the low-fre-
quency region of the Raman spectrum, a broad peak located at
∼227 cm−1 is also observed (Fig. S3(b) in ESI†). This peak is
attributed to the disorder induced LA(M) band and has been
demonstrated as a metric for quantification of structural
defects in MoS2 by several groups.43,63 Overall, the strong E12g

and A1g modes combined with the low LA(M) peak shows that
our process enables the deposition of good quality MoS2 films
at relatively low temperatures.

3.1.3 Control over film morphology. Tuning of the film
morphology was achieved by modulating the growth tempera-
ture, providing an opportunity to adjust the density of active
sites for eletrocatalytic applications. The effect of growth temp-
erature on the morphology and crystallinity of the resulting
film was initially examined by scanning electron microscopy
(SEM) and Raman spectroscopy analyses, respectively. Top
view SEM images and corresponding Raman spectra of films
deposited in the temperature range 200 °C–450 °C (200 cycles
each) are shown in Fig. 3(a–f ). The film grown at 200 °C is
found to be predominantly amorphous in nature with no
characteristic Raman peaks except for the peak from the Si
substrate (520 cm−1). As the growth temperature is increased
to 250 °C, a few nano-crystallites are recognizable in SEM. This
small crystalline fraction yields very weak Raman signals due
to the considerable contribution from the amorphous back-
ground. The characteristic Raman peaks for polycrystalline
material become clear and distinct at a growth temperature of
300 °C where the density of crystallites is clearly higher, evi-
dencing the poly-crystalline nature of the film. For growth
temperatures from 350 °C to 450 °C, the crystallite size is
larger and the film appears to become highly textured with

Fig. 3 (a–f ) Top view SEM images (the scale bar in each image is 200 nm) showing the microstructure of the films grown at various growth temp-

eratures for 200 cycles. The film morphology changes from amorphous to polycrystalline as the growth temperature increases from 200 °C to

450 °C. The overlying Raman spectra show the vibrational mode peaks evidencing an increase in the crystalline nature of the film at higher growth

temperatures.
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out-of-plane orientation (OoPO film). The corresponding
Raman signal shows clear, distinctive vibrational peaks con-
firming the polycrystalline nature of the film. High-angle
annular dark-field (HAADF) and high-resolution transmission
electron microscopy images of a film grown at 450 °C (200
ALD cycles) are shown in Fig. S4(a & b in ESI†) where out-of-
plane nanostructures uniformly distributed over the substrate
are clearly observable. These nanostructures are found to be
rough (root mean square roughness: 5.2 nm) in nature as
evident in the AFM image (Fig. S4(c) in ESI†).

To complement SEM and Raman analysis, the influence of
temperature on crystallinity and a possible preferred growth
orientation of the films was analysed by X-ray diffraction (XRD)
using two different detection geometries. First, grazing-inci-
dence XRD (GI-XRD) studies were performed on samples
grown for 200 cycles in the entire temperature range (200 °C–
450 °C). GI-XRD is a technique well suited for analysing thin
samples, because of the increased interaction volume as com-
pared to a gonio (symmetric θ-2θ) scan. The GI X-ray diffracto-
gram in Fig. 4(a) shows broad peaks at ca. 14.3° for growth
temperatures of 200 °C and 250 °C. This peak corresponds to
the (002) reflection of the semiconducting 2H phase of
MoS2.

67 However, the broad nature of the peaks at 200 °C and
250 °C indicates a predominant amorphous nature of the
films at these temperatures as was already revealed by SEM
and Raman analyses. At 300 °C, a clear (002) peak is present,
which can be correlated to the increased density of nano-crys-
tallites as observed in SEM images. Comparison with the
powder diffraction spectrum displayed in Fig. 4(a) (top panel)
indicates that this film has a clear <002> texture. For growth
temperatures ≥350 °C, two additional peaks at 33.4° and 58.8°
corresponding to the (100) and (110) reflections are detected,
implying a change in texture.

To investigate this change in more detail, gonio scans were
performed for a selection of samples. Fig. 4(b) shows diffracto-
grams of samples deposited for 200 cycles at 350 °C and
450 °C. The change in relative peak heights implies an
increase in <002> texture at higher temperatures. Note that
there is a factor of 2 difference in layer thickness for these
samples (see Fig. 1(a)). This also needs to be taken into
account which is investigated in more detail by comparing the
crystallographic orientation of the films deposited with 200
and 400 cycles at 450 °C. Fig. 4(c) demonstrates that the inten-
sity of the (002) peak is identical for both samples, while the
(100) and (110) peaks increase for higher number of ALD
cycles. Here, it is essential to realize that the (100) and (110)
planes are oriented orthogonal to the 2-D planes. This can be
explained by a change in growth mode from in-plane growth
for the lower part of the layer to out-of-plane growth for the
later growth cycles. Comparison of Fig. 4(b) and (c) indicates
that the transformation to OoPO growth occurs at an earlier
stage (lower number of cycles) at lower temperatures.

3.1.4 Nucleation mechanism of PEALD of MoS2 on SiO2/Si.

In order to improve control over the thickness and morphology
of the MoS2 formed by ALD, it is of key importance to under-
stand the nucleation behaviour and appearance of out-of-plane
growth mode of the MoS2 on SiO2. Generally, the crystal
growth of MoS2 begins with the nucleation of flat, crystal
domains with in-plane orientation, as is reported in numerous
bottom-up synthesis methods.39,68 However, the film mor-
phology transformation from the in-plane to out-of-plane
mode is also reported. In literature, the out-of-plane growth of
MoS2 and graphene has been shown by using mainly high
temperature CVD or metal/metal oxide sulphurization tech-
niques. Several reasons responsible for such morphology are
mentioned. For instance, Li et al. have shown that during CVD
growth, the compression and extrusion between MoS2 island
layers ultimately leads to structural distortions resulting in
out-of-plane standing MoS2 nanosheets.

23 In another report by
Kong et al., it is argued that the rapid sulphurization of Mo
films renders the perpendicular orientation to the MoS2
films.22 For growth of graphene by electron cyclotron reso-
nance chemical vapor deposition (ECR-CVD),69 the role of
plasma species, causing localized hot spots and chemical
potential gradients on the substrate, has been ascribed as one
of the factors enhancing out-of-plane growth. Another concei-
vable factor which cannot be ruled out is stress development
in the film, which upon relaxation may distort the basal plane
oriented film morphology and promote out-of-plane growth.

In our PEALD process, most of the above mentioned factors
can play a role for the morphology transformation. Therefore,
to further elucidate the nucleation mechanism of MoS2 on
SiO2/Si and gain deeper insight into the observed morphology
transformation, HAADF-STEM analysis was performed on
films grown at 450 °C at different stages of growth by varying
the number of ALD cycles from 5 till 200. The corresponding
images are shown in Fig. 5(a–f ). A clear progression from
nucleation of the film to the formation of OoPO films can be
observed. A close inspection reveals that the film growth starts

Fig. 4 (a) Grazing X-ray diffractograms of as-deposited MoS2 films on

SiO2/Si substrates at various growth temperatures (200 cycles each). The

position of peaks corresponding to (002), (100) and (110) is highlighted

with dotted lines. The powder diffractogram for 2-H MoS2 (JCPDF 037-

1492) is shown as a reference for the reader (top panel). Gonio scans

(symmetric θ–2θ) for (b) films deposited at 350 °C and 450 °C (200

cycles each) (c) films deposited with varying number of cycles at 450 °C.
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with the formation of discrete flat MoS2 islands which appear
as triangular or star shaped domains as highlighted in
Fig. 5(a). The formation of such flat triangular or star shaped
domains with in-plane orientation is typical for synthesis of
MoS2 via bottom up techniques as mentioned earlier.

After 10 ALD cycles, these discrete islands are found to
extend in the lateral direction and merge at certain points to
form an almost continuous film. Some bi- to few-layer frag-
ments can be observed as well. Thereafter, in case of 20 cycles,
the emergence of stripe-like patterns representing nano-scale
out-of-plane nanostructures, can be observed which have been
highlighted in Fig. 5(c). This suggests that the transformation
from in-plane to out-of-plane plane growth mode is thickness
dependent and takes place after a closed film of horizontally

oriented domains is formed. The size and density of these out-
of-plane nanostructures is found to increase with increasing
number of ALD cycles. At 200 cycles, the out-of-plane growth
mode is clearly dominating as shown Fig. 5(f ). Fig. 5(g) shows
the corresponding selective area electron diffraction (SAED)
patterns for films grown with increasing number of cycles. It
can be observed that the film after 5 cycles has weak, diffuse
diffraction rings as can be expected because of the limited size
of the islands.

In case of 20 cycles, a set of sharp diffraction rings is
present, characteristic for a polycrystalline film with small
grain sizes. In the present case of SAED under normal inci-
dence of the electron beam on the sample, the vertically
oriented crystallographic planes are visualized in the SAED

Fig. 5 (a–f ) HAADF-STEM images showing the nucleation of MoS2 on SiO2/Si substrates as a function of number of ALD cycles and the variation of

morphological structures. The in-plane flat, triangular domain and out-of-plane stripe-like patterns are highlighted by encircling (dashed line) in (a),

(c) respectively. (g) The formation of textured and out-of-plane standing MoS2 nanostructures is supported by the electron diffraction patterns

showing bright rings corresponding to (002) and (006) crystal orientations. The diffraction patterns are labelled with the corresponding number of

ALD cycles (5, 20, 200) accordingly. (h) Cross sectional TEM image of a MoS2 thin film deposited at 450 °C (200 cycles) on SiO2/Si substrate with a

top SiO2 layer deposited for protection during sample preparation. (i) The magnified view reveals the transformation from in-plane growth to out-

of-plane standing structures. ( j) Schematic showing the growth model for the development of OoPO nanostructures with random orientations.
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pattern. The absence of (002) and (006) rings and the presence
of the closed (100) and (110) rings indicates the presence of a
<001> texture within in-plane rotational freedom of the
domains.

For a higher number of cycles (200 cycles), the intensity of
the rings increases as more volume is probed. In addition,
(002) and (006) orientations are clearly visible, representing
the out-of-plane orientation of the 2-D planes, in agreement
with the observation of nanostructures for this sample.

To further elucidate the morphology of the OoPO growth
mode, cross-sectional TEM analysis was carried out on a thick
MoS2 film as depicted in Fig. 5(h). The magnified image in
Fig. 5(i) clearly shows the two types of morphologies: 2-D
layers parallel to the substrate surface close to the interface
and emergence of OoPO nanostructures which seem to start
out from a large variation in orientations but are driven out-of-
plane due to crowding with increasing film thickness. A close
look reveals that the transformation from in-plane to out-of-
plane growth mode occurs most likely at the grain boundaries.
The final resulting film therefore comprises of a mixed
morphology as shown earlier (Fig. S4 in ESI†). The in-plane
orientation of the first few layers points towards the negligible
role of the substrate on the out-of-plane growth mode. To prove
this hypothesis, we considered various substrates (ALD grown
Al2O3, Au coated Si, exfoliated MoS2 flakes, Glassy carbon) and
carried out similar depositions under identical conditions. The
resulting film morphology (i.e. OoPO) was consistent irrespec-
tive of the substrate used including the mechanically exfoliated
MoS2 flakes. This indicates that the development of the OoPO
growth mode is independent of the substrate used and is rather
related to the growth mechanism for this material. The corres-
ponding top view SEM images are shown in Fig. S5 (ESI†).

Based on these results, a growth model is postulated and
schematically illustrated in Fig. 5( j). In this model, it is shown
that the film growth starts with the formation of islands with
horizontal basal plane orientation on the substrate. The
growth at the edges of these islands is faster than growth on top
of the basal planes. This can be ascribed to the fact that the
edge of a 2-D layer consist of dangling bonds, which act as pre-
ferable sites for precursor adsorption, unlike the inert basal
planes. Adding a new 2-D layer on top of the basal plane implies
nucleation of a new layer, which is energetically less favourable
than lateral growth of already existing planes. Next, when the dis-
crete islands coalesce, defect sites at the grain boundaries might
occur due to the different in-plane orientations of the individual
crystals (as concluded from SAED). These defect sites can act as
new active sites for precursor adsorption, from which new MoS2
crystals form. However, due to crowding effects these new
crystals do not necessarily grow in-plane, but have random out-
of-plane orientation as observed above.

Overall, the morphology transformation can be a result of a
complex interplay of different factors. To sum up, we hypoth-
esize an additional possible governing mechanism i.e. the
enhanced adsorption of precursor on the edge and defect sites
during ALD growth ultimately giving rise to out-of-plane
growth mode.

3.2 Hydrogen evolution reaction (HER) performance

Electrolytic water splitting is one of the most efficient and sus-
tainable ways to produce hydrogen from water.70 Out-of-plane
oriented transition metal dichalcogenides (TMDs) thin films
with catalytically active edge sites synthesized by various
bottom-up methods have emerged as an inexpensive alternative
to the precious noble metals (e.g. Pt) for HER.21,71 ALD provides
an excellent opportunity to modulate the thickness and height
of the out-of-plane oriented films which can be a great advan-
tage over other bottom-up synthesis techniques. In past, several
groups have demonstrated the HER performance of ALD syn-
thesized amorphous and polycrystalline MoS2 films.72,73

However, the poor stability of amorphous films and require-
ment of post annealing calls for further investigation of ALD
synthesized MoS2 films for HER mechanism. In this work, we
therefore focus on assessment of the HER performance of as-
deposited polycrystalline films with different morphologies
which can be easily modulated by using our PEALD process and
might be a valuable asset for electrocatalysis applications.

Glassy carbon (GC) plates were chosen as substrates since
they are conductive, chemically stable, electrochemically inert
in a large potential window and can be polished to a mirror
finish. These substrates were subjected to an increasing
number of ALD cycles (10–600 cycles) at 450 °C under
optimum conditions. While a flat film was obtained after 10
cycles (as shown previously), for 100, 400 and 600 cycles, OoPO
films of different thicknesses were obtained. Fig. 6(a) shows
the cathodic polarization curves for MoS2 films and a bare GC
substrate as reference. It is clearly observed that all MoS2
coated samples possess a much lower onset overpotential (η)
for HER than the bare GC substrate. Notably, the sample with
10 ALD cycles shows a substantial catalytic activity which
suggests the presence of active edge sites in the early growth
stages of the film. This confirms the TEM observation that for
10 ALD cycles the layer is not completely closed yet and edges
of 2-D islands are exposed. The samples possessing OoPO
films (100, 400 and 600 cycles) have higher cathodic current
densities (at η = 500 mV). This indicates an enhanced HER per-
formance owing to an increased number of active edge sites of
the OoPO nanostructures.

Table 1 summarizes the figures of merit for all investigated
samples. Generally, the overpotential required to drive a catho-
dic current density of 10 mA cm−2 (η10) is used as a figure of
merit for the overall performance of electrocatalysts.74 It is to
be noted that the value of η10 reduces with an increase in ALD
cycles from 10 to 100 most likely due to morphology trans-
formation implying an increase in the number of edge sites
causing a higher HER performance. However, the further
increment in number of ALD cycles (from 100 till 600) does
not show a considerable improvement in HER performance
which is attributed to the saturation of active surface area as
reflected in double layer capacitance measurements shown in
Fig. S6(a) (ESI†). It should be noted that the double layer
capacitance value for the sample with 10 cycles is overesti-
mated, because of the high surface roughness (RMS 3.6 nm) of
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the polished GC substrate as shown in the inset of Fig. S6(a).†
Furthermore, the corresponding Tafel plots are shown in
Fig. 6(b) revealing Tafel slopes for the investigated samples in
the range of 98–125 mV per dec.

In literature, the value of Tafel slope for MoS2 based cata-
lysts has shown a large spread ranging from 40 to 220 mV per
dec depending on the material preparation and modification
methods.75 It is worth mentioning that the HER performance
of our OoPO MoS2 films (Tafel slopes: 98–125 mV per decade
and exchange current density values: 1.8–1.9 μA cm−2) is com-
parable to the films with similar morphology (viz. vertically
aligned, edge enriched MoS2 thin film etc.) prepared by other
techniques as reported in the literature.22,75 The stability of as-
deposited OoPO MoS2 films was assessed by taking continuous
cyclic voltammograms (CV). The corresponding CV curves
before and after 1000 cycles are shown in Fig. 6(c).
Interestingly, the performance is improved after 1000 cycles of
continuous CV test which can be attributed to the formation
of sulphur vacancies during HER. It is well known that the
introduction of sulphur vacancies may result in higher reactiv-
ity owing to the generation of additional catalytic sites.76,77

It is important to mention that all samples subjected to
HER tests have been used as-deposited and therefore further
optimization of the overall HER performance should be poss-
ible and follow-up work will be done accordingly. Yet, these
results confirm the viability of the PEALD process to modulate
the film morphology and thickness of out-of-plane nano-
structures for efficient utilization in electrocatalysis. The large
area growth and low temperature processing possible by
PEALD are the other virtues which can be highly advantageous
for eletrocatalytic applications.

4. Conclusions

In summary, we report on a large-scale, low temperature
PEALD process for synthesizing uniform, high quality 2-D
MoS2 films. Our process shows precise thickness control down
to a monolayer and provides possibilities to tune the mor-
phology of the layers by varying the growth temperature from
150–450 °C. Extensive film characterization has helped in
understanding the influence of growth temperature on film
morphology, crystallinity and chemical composition.
Moreover, based on the detailed TEM investigation, we have
proposed that during ALD growth, the enhanced precursor
adsorption on the highly energetic edge sites of MoS2 may play
a role in the transformation to out-of-plane oriented films at
450 °C. Furthermore, the excellent control over morphology is
showcased in electrocatalysis using the hydrogen evolution
reaction (HER) in which the out-of-plane oriented films out-
perform flat, in-plane oriented films. These results show that
ALD might be instrumental in realizing not only the uniform
large area growth of high-quality 2-D materials but can also be
applied as a tool to control the morphology of thin films
which might result into interesting structures (including
heterostructures) for multiple applications.

Fig. 6 (a) HER polarization curve (linear sweep voltammetry) for OoPO

MoS2 films deposited on GC substrate showing an onset overpotential

of around −0.26 V. In the inset, a cartoon is shown where the hydrogen

evolution by splitting of water molecule assisted by OoPO films is

depicted. (b) Tafel plot showing the calculated Tafel slopes for all the

investigated samples. (c) Cyclic voltammetry repeated for 1000 cycles

showing an improved activity for the as-deposited OoPO MoS2 film (400

ALD cycles).

Table 1 Key parameters extracted from the electrochemical character-

ization of different samples with varying number of PEALD cycles

Sample Tafel slope (mV per decade) η10 (mV)

10 cycles 125 −553
100 cycles 99 −487
400 cycles 104 −503
600 cycles 98 −488
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