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Introduction
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CHAPTER 1
1.1. General Introduction
The basis for technological innovation relies on the knowledge and understanding
of material systems.1 Every application is driven by a specific set of material
properties. For instance, the tensile strength of steel is utilized to construct bridges,
the high energy density of petrol is capitalized for fueling car engines, and the
electrical conductivity of metals like copper is exploited for creating electronic
circuits. In most cases, the constituents of a material enables its innate material
properties. The strength of steel is derived by alloying iron with carbon and other
elements. Petrol has a high combustion rate due to low flashpoint of the
constituent hydrocarbons. A metal conducts electricity as it contains a large
number of free electrons that can flow when an electric field is applied.1
Conceivably, the material composition is modulated to control specific material
properties depending upon the target application.
As we continue to understand material systems better, recent research has
revealed that in addition to the composition of materials, the size of materials play
a pivotal role in determining their fundamental properties.2 This phenomenon has
particularly been observed in certain materials when their dimensions have been
reduced to the nanoscale (10-9 m or ~100000 smaller than the width of human hair),
and such materials have been classified as nanomaterials. Any material that has at
least one dimension that is less than 100 nm can be considered a nanomaterial.3,4
These materials can be found in various shapes and dimensions. Based on their
dimensions, there are four general classifications for nanomaterials: zerodimensional (0D) nanoparticles such as nano-quantum dots, one-dimensional (1D)
nanotubes or wires like carbon nanotubes, two-dimensional (2D) nanosheets and
ribbons like graphene, and three-dimensional (3D) nanostructures such as
nanocubes,3,4 as shown in Figure 1.1. In these nanomaterials, dimensiondependent unique phenomena such as quantum confinement in semiconductors,
surface plasmon resonance in metal nanoparticles, and superparamagnetism in
magnetic nanomaterials give rise to unprecedented physicochemical material
properties, which are otherwise absent in the material’s bulk form.3,5–7 Such special
properties can provide enormous opportunities for fundamental studies and
ultimately create pathways for establishing new technologies.2
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1
Figure 1.1. Schematic illustration of nanomaterials classified based on their dimensions:
zero-dimensional (0D) – quantum dot, one-dimensional (1D) – nanotube, two-dimensional
(2D) – nanosheet, and three-dimensional (3D) – nanocube.

Particularly, over the past decade, the progress on 2D materials has led to
a paradigm shift in the understanding of fundamental properties and development
of a multitude of applications. This is strikingly highlighted by the remarkable story
of ‘graphene’ and the present scientific interest on multi-functional 2D transition
material dichalcogenides (TMDs).2 The exotic physicochemical properties of TMDs
make them particularly interesting and are predicted to have a major impact on a
wide variety of applications ranging from nanoelectronics to catalysis among
others.3,8–10 However, a number of challenges have to be addressed to facilitate the
incorporation of 2D TMDs into functional applications. The most crucial
requirement is to control the growth and material properties of 2D TMDs
depending upon the desired functionality in the target application. This dissertation
focuses on nanoengineering the growth and material properties of one such TMDs
– tungsten disulfide (WS2).
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1.2 Two-Dimensional Transition Metal Dichalcogenides: A Material-Class
with Multi-Functional Application Potential
Among 2D materials, graphene is the most studied material. Graphene, a single
layer of carbon atoms arranged in a hexagonal pattern, is the thinnest material
discovered to date (thickness = 3.3 Å).11,12 It is an excellent electrical conductor
(charge carrier mobility above 200000 cm2/Vs), has high flexibility, and is
transparent over a wide spectral range (30 – 280 µm) with a very low absorption
coefficient (2.3%).11,12 With these unique material properties, graphene has shown
great promise for various applications such as flexible displays/touch screens,
conductive ink, sensing applications etc.12,13 The initial interest in graphene had
however, originated from its potential application in post-silicon nano and optoelectronic applications. However, the zero bandgap of graphene significantly
restricts its potential for such applications.14 At the same time, graphene is
chemically inert and can only be activated by functionalization with chemical molecules,15 which in turn impacts some of its unique properties.2
On the other hand, 2D TMDs exhibit a wider range of material properties
ranging from semiconductors to insulators, semi-metals and superconductors
among others. Most of the TMDs are also chemically reactive unlike graphene.5,16
Basically, TMDs are materials with a generalized formula MX2, where M is a
transition metal (e.g. W, Mo, Ti etc., belonging to groups 4-10 in the periodic table)
and X is a chalcogen atom (S, Se, Te). These materials have layered structures of the
form X-M-X, wherein, a plane of hexagonally packed transition metal atoms are
sandwiched between two planes of chalcogen atoms as shown in Figure 1.2. Within
the layer, the transition metal atom is covalently bonded to the chalcogen atoms
and individual TMD layers are held together by weak van der Waals forces. Each
TMD layer is typically known to have a thickness of 6 to 7 Å. The material properties
of TMDs are diverse, ranging from semiconductors – MoS2, WS2, insulators – HfS2,
semi-metals – WTe2 and TiSe2, and metals – NbS2.2 Some of them exhibit exotic
properties such as superconductivity (e.g. TaS2, NbSe2),2,5 giant magnetoresistance
(e.g. WTe2)17 and charge density wave (e.g. TaS2).18
Depending upon the arrangement of atoms, the transition metal atoms can
have trigonal prismatic or octahedral coordination (Figure 1.2). The TMD layers
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exhibit a variety of polymorphs as an individual MX2 monolayer (ML) itself can be in
either of the two coordination phases.2 The three commonly observed polymorphs
are designated as 1T, 2H and 3R. The numbers (1, 2 and 3) indicate the number of
layers in the unit cell and the letter denotes the crystal symmetry; T – tetragonal, H
– hexagonal and R – rhombohedral (Figure 1.2).2,5,19 The 1T phase is known to be
metallic in nature, while both 2H and 3R phases are known to be semiconducting.
As far WS2 is concerned, the 2H and 3R phases of WS2 are known to be
semiconducting and stable while, the 1T phase is known to be metallic and
metastable in nature.19

Figure 1.2. Metal coordination, top-view, and unit-cell cross sections of 1T, 2H, and 3R
phases of WS2. The 1T phase is known to be metallic in nature, while both 2H and 3R
phases are known to be semiconducting. T-tetragonal, H-hexagonal and R-rhombohedral.
Figure inspired from Toh et al.19
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Individual TMD layers are held together by weak van der Waals forces,
which allows for exfoliation of the material down to a monolayer. In these 2D
nanoscale regimes, quantum confinement effects give rise to unique material
properties. For example, WS2 exhibits an indirect band gap of ~1.4 eV in its bulk
form that transitions into a direct band gap of ~2 eV in its monolayer regime, which
opens up opportunities for many optoelectronic applications.5,14 In addition to the
presence of a sizeable and tunable bandgap, mono-to-multi layers of
semiconducting TMDs exhibit high charge carrier mobilities (theoretical studies
predict values up to 10000 cm2/Vs).5,20 This makes them suitable for application in
various nanoelectronic devices including ultra-scaled field effect transistors (FETs)
for complementary metal-oxide-semiconductor (CMOS) integrated cicruits.9,16
Furthermore, new quantum phenomena such as charge density wave, valleytronics
and topological transport observed in 2D TMDs are expected to open up a wide
range of applications in quantum and neuromorphic computing, sensing, and
“beyond CMOS” technologies among others.21 Unlike graphene, TMDs are
chemically reactive and exhibit versatile chemistry. As a consequence, TMDs also
find application in the field of catalysis and gas sensing.22,23 Recently, TMDs have
been identified as promising catalysts for the electrochemical hydrogen evolution
reaction (HER) through water splitting due to the small Gibbs free energy for
hydrogen adsorption on the reactive edges.24,25
As evident from the discussion above, TMDs are a material-class with multifunctional application potential. In this dissertation we focus on WS2 especially for
nanoelectronic and electrocatalytic applications. A brief background of these
applications for WS2 is presented in the following section.
1.2.1 Nanoelectronic and Electrocatalytic Applications
A. Nanoelectronics
“The number of transistors per area doubles every 18-24 months in integrated
electronic circuits”. This trend was first observed by Gordon Moore in 1965 and is
commonly known as the Moore’s law.26 Moore’s law has been the driving force for
the semiconductor industry and chip manufactures have been shrinking the CMOS
Si FET transistor to keep the transistor count on track with Moore’s law, and
enhance the overall device performance. However, downscaling of the Si channel
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below 10 nm is severely limited by quantum and short-channel effects that have
detrimental impact on the carrier transport properties and thereby, on the
functioning of the device.27,28 Therefore, alternate, atomically thin semiconductors
that can replace Si as the channel material and further advance the CMOS
technology are being investigated in the so called “More Moore” approach.9,21,29
The inherent ultra-thin bodies of 2D TMDs coupled with their high carrier
mobilities have made TMDs a hot candidate to replace Si as the FET channel
material. Among semiconducting TMDs, basal-plane oriented WS2 is particularly
interesting as WS2 layers exhibit a high charge carrier mobility (theoretical
predicated value ~1100 cm2/Vs),20 high ION/IOFF ratios (ION - ON-state current, IOFF OFF-state current),30 a sizeable direct bandgap of ~2 eV and high thermal
stability.31,32 Therefore, WS2 is being extensively investigated as a channel material
in ultra-scaled FETs.31,33,34 From literature reports, it can be noted that WS2 is
natively n-type doped and its semiconducting behavior can be changed to p-type
by extrinsic doping (e.g. with Nb).35,36

(a)

(b)

Figure 1.3. (a) Model of a possible co-integration of fin-FET FEOL device with a planar BEOL
2D transistor proposed by IMEC, Belgium. (b) Cross-section TEM image of the fabricated
2D device that uses WS2 as the channel. Adapted from Schram et al.33 © [2011] IEEE.

Although WS2 based FETs are being researched for implementation in the
CMOS front-end-of-line (FEOL) of processing,30,31 IMEC - Belgium, has predicted the
first implementation of these layers in low-power circuits that have less
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performance requirements (e.g. low ION).34 For instance, low-power transistors and
small circuits can be incorporated in the chip’s back-end-of-line (BEOL). Such
devices are expected to divert and alleviate routing congestions in the FEOL. In line
with this, IMEC demonstrated the integration of WS2 based transistors (Figure 1.3)
in the chip’s BEOL with decent device performance and is currently working to
further increase this performance.33,34
In parallel, 2D TMD based-transistors are expected to find their application
in neural synaptic electronics and artificial neuromorphic network systems.37 For
instance, memristors and transistors using 2D TMDs have been integrated to form
memtransistors that can facilitate artificial neuromorphic learning.38 Furthermore,
2D TMD transistors are also being investigated for memory applications such as
resistive random access memories (RRAMs) and optical random access memories
(ORAMs).39,40 Synaptic ORAM devices based on 2D TMDs can be promising for
applications in diverse areas such as sensing, neural networks, and image
processing.40
B. Electrocatalysis
Electrochemical generation of hydrogen via water splitting is considered to be a
sustainable technique for hydrogen production. However, substantial technological
progress has to be made to enable large-scale implementation of water splitting
technique to become economically viable. One critical requirement is the
development of highly efficient, stable, and inexpensive electrocatalysts for the
hydrogen evolution reaction (HER). Noble metals like Pt are excellent
electrocatalysts for HER but they are very expensive and scarcely available to be
used in mass production.41,42 Theoretical studies have identified abundantly
available TMDs like MoS2 and WS2 as promising catalysts for the HER due to the
small Gibbs free energy for hydrogen adsorption (ΔGH) on their reactive
edges.24,43,44 Note: ΔGH has been shown to be a good indicator for gauging the rate
of reactions involved for the hydrogen evolution, with an optimal binding energy of
ΔGH ~0 as in the case of Pt. In line with the theoretical studies, experimental studies
have confirmed that edges are the active sites for HER whereas the (00l) basalplanes are catalytically inert.45 Several studies have since reported the promising
HER performance for TMD electrocatalysts, suggesting that these materials could
be promising alternatives to Pt. WS2 has been one such electrocatalyst to
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demonstrate high HER activity. Theoretical studies have predicted both W and S
edges to be catalytically active and have similar ΔGH (ΔGH = -0.04 for W {1010} edge
and ΔGH = -0.06 for S {1010} edge).44 Various techniques including CVD, exfoliation,
ALD etc., have been used to synthesize edge-enriched WS2 electrocatalysts.
Strategies such as morphology engineering, introduction of defects, vertical layer
growth, strain control etc., have been adopted to enhance the density of edge-sites
and improve the HER performance of WS2.46

1

Figure 1.4. Schematic of edge-terminated TMD layers envisioned as an electrocatalyst for
hydrogen evolution reaction (HER). Figure adapted with permission from Kong et al.47
Copyright (2013) American Chemical Society.

1.3 Synthesis Techniques for WS2
As 2D TMDs are atomically thin, a suitable synthesis technique that can provide
superior control in terms of thickness, defects and crystallinity without degrading
their functional characteristics is necessary. To date, the two main approaches that
have been used to obtain TMD layers are the top-down and bottom-up synthetic
approaches.48 Following the success story of graphene, bulk of the research on 2D
TMDs have been performed on flakes exfoliated from parent crystals using a scotch
tape in the top-down approach. This technique yields high quality micrometer-sized
crystalline flakes. Although it is a cheap and fast method, the technique does not
provide precise control over the number of layers and material properties, and is
not scalable to industrial standards. Recently, etching processes such as atomic
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layer etching (ALE - the top-down variant of atomic layer deposition) have been
introduced to synthesize TMD layers as part of the top-down approach. Depending
upon the process, TMD layers can be obtained with atomic-scale thickness
control.49 ALE-based processing is still in its infancy and research on this aspect is
on-going.50
On the other hand, bottom-up approaches are considered to be industry
compatible techniques as they offer a wide range of processing parameters that
can be modulated to better control the material properties of TMDs. Most of these
techniques can enable film growth on large-area substrates. Bottom-up processing
of 2D TMDs have focused on conventional thin film deposition techniques such as
physical vapor deposition (PVD), pulsed laser deposition (PLD), chemical vapor
deposition (CVD), and atomic layer deposition (ALD) etc.48 PVD involves sputtering
or evaporation of TMD layers from a bulk target onto the growth surface. The
deposition rate is high with this method and material properties of TMDs such as
composition, crystallinity etc., can be tailored. PLD uses a laser to ablate material
from a target and then deposit it on the growth surface. PLD can be used to grow
TMD layers on large substrates with good control over material properties.
However, controlling thickness in the atomic-scale is challenging with this
technique.
Chemical deposition techniques including CVD and ALD enable film growth
through gas-phase and/or surface reactions of gas-phase precursors. CVD has been
widely used to deposit high-quality crystalline TMD layers with well-defined grains.
Although CVD processes have shown great promise, they typically require high
growth temperatures (T>500 °C) that are not compatible with applications in
temperature sensitive integration environments (e.g. BEOL). Reproducibility and
precise control over the number of layers being deposited are some of the other
challenging attributes to achieve with CVD. ALD on the other hand, offers the key
advantages of atomic-scale thickness control, uniform film growth over large-area
substrates, and conformal coatings of high-aspect-ratio 3D structures. Typically, the
deposition temperature for ALD processes are below 500 °C which makes it suitable
for applications with limited thermal budget (e.g. BEOL of processing).48,51,52
Furthermore, the use of a plasma during ALD (so-called plasma-enhanced ALD
process) offers additional freedom in processing conditions that can be used to
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influence material properties specific to a target application. In this regard, the
synthesis of 2D TMDs via ALD has attracted considerable interest from the scientific
community. The fundamentals of ALD are discussed below.

Table 1.1. Attributes of various thin film deposition techniques that are relevant for
synthesis of 2D TMDs.
Attributes

1

Synthesis methods for 2D TMDs
CVD

Exfoliation

PVD

PLD

ALD

Thickness control

Good

Fair

Fair

Fair

Good

Low-temperature
growth capability

Poor

Good

Good

Good

Good

Scalability

Good

Poor

Good

Good

Good

Conformality

Fair

Poor

Poor

Poor

Good

Deposition rate

Good

Poor

Good

Good

Fair

Crystallinity

Good

Good

Fair

Poor

Poor

1.4 Atomic Layer Deposition
Atomic layer deposition (ALD) is a vapor-phase deposition technique capable of
depositing ultra-thin films over large-areas with angstrom-level thickness control.
An ALD process is a cyclic process that consists of sequential, self-limiting chemical
reactions on the growth surface.51 Through these self-limiting reactions, ALD offers
the key benefits of angstrom-level thickness control, uniform film growth over
large-area substrates, and conformal coatings over high-aspect-ratio 3D structures,
which are otherwise difficult to achieve with other synthesis techniques.51 Initial
research on ALD was carried out in the 1960s and 1970s in the former USSR and
Finland.51 Strong interest in ALD processes started to emerge in mid-1990’s when
the semiconductor industry was in the quest of a technique that could enable
deposition of high quality films with atomic-level thickness control and conformally
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coat high-aspect-ratio structures. Ever since, the semiconductor industry has been
fostering the development of ALD. In 2007, Intel introduced ALD for fabricating Hfbased, high-k gate dielectric layers in transistor devices.53 From the 22 nm onwards,
ALD is used in several critical areas such as transistor gate stack formation and
spacer defined double patterning.54 Other application sectors for ALD include
encapsulation layers in phase change random access memory (PCRAM) devices,55,56
passivation layers in solar cells,57,58 electrodes for nanostructured lithium ion
batteries59,60 etc. The remainder of this section briefly describes the working
principles of ALD.

Figure 1.5. (a-d) Schematic illustration of an atomic layer deposition (ALD) process cycle.
Color coding: purple – precursor, yellow – co-reactant, red – deposited layer and grey –
substrate.
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A schematic of an ALD process is shown in Figure 1.5. In its simplest form,
an ALD process can be divided into two half-cycles. In the first half-cycle, gaseous
precursor molecules (typically metalorganic or inorganic) containing the element
to be included in the film are dosed on the growth surface as illustrated in Figure
1.5a. These precursor molecules adsorb on the surface by chemically interacting
with the available surface groups. Precursor adsorption stops once the surface sites
are depleted and/or due to the steric hindrance from the adsorbed precursor
molecules. ALD precursors, especially metalorganic precursors, contain long chains
of hydrocarbon ligands along with the metal atom that can physically block
adsorption of additional precursor molecules: this effect is referred to as steric
hindrance. Further dosing of the precursor molecules does not lead to any film
growth and for this reason the precursor adsorption on the growth surface is selflimiting. The excess precursor molecules and reaction by-products are purged away
using an inert-gas (Figure 1.5b) to complete the first half-cycle.
In the second half-cycle, a co-reactant is made to react with the adsorbed
precursor molecules in a self-limiting manner (Figure 1.5c). The co-reactant
removes the ligands from the adsorbed precursor molecules and prepares the
surface for the next ALD cycle. At the same time, the co-reactant is typically also
used in ALD processes to incorporate the non-metal atom (e.g. S in case of a metal
sulfide process) in the film. Once the reaction of the co-reactant with the adsorbed
precursor molecule reaches saturation i.e., all the ligands are removed, the reaction
by-products are purged away using an inert gas (Figure 1.5d). Depending upon the
reaction conditions, each ALD cycle deposits a certain amount of material every
cycle, which is commonly quantified by the term growth per cycle (GPC). Based on
the GPC, the ALD cycles are simply repeated until the desired amount of film
thickness is achieved.51
Apart from the precise control over the film thickness, ALD processes can
offer several advantages (Figure 1.6 and Table 1.1) over traditional deposition
techniques like CVD, PVD etc. For example, the self-limiting nature of the ALD
reactions can enable uniform film deposition over large-area substrates. ALD can
conformally coat high-aspect-ratio 3D structures which is difficult to achieve using
techniques like PVD or evaporation. Due to the self-limiting nature of the reactions,
there is no particular need to control the reactant flux homogeneity. Furthermore,
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the separation of precursor and co-react exposures prevents any gas phase
reactions. This enables the use of highly reactive precursors in an ALD process. Due
to the chemical nature of the ALD reactions, the impurity incorporation in films can
be controlled by selecting the right precursor and co-reactant combination. The
self-limiting characteristics of ALD processes are typically best observed at
temperatures below 500 °C depending upon the stability and type of the precursor
and co-reactant used.48 This makes ALD processes suitable for applications that
have limited thermal budgets e.g. BEOL in CMOS processing.

Figure 1.6. Important advantages of atomic layer deposition (ALD).

1.4.1 Plasma-Enhanced ALD
In conventional ALD processes, the ALD reactions are fully driven by thermal energy
which is provided through substrate heating. This variant of ALD is commonly
referred to as thermal ALD.61 Similar to CVD, additional energy can also be provided
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during ALD to stimulate or enhance the ALD chemistry and influence the resulting
material properties.62 Such processes are referred to as energy-enhanced ALD
processes and one such energy-enhanced ALD process is plasma-enhanced ALD
(PEALD). In a PEALD process, plasma species are used typically during the coreactant step of the ALD process. PEALD processes can provide several benefits
over thermal ALD in terms of processing and improving material properties.63 For
instance, the high reactivity of plasma species can enable ALD reactions to occur at
low deposition temperatures. As a consequence of high reactivity of plasma
species, a wide range of precursors can be used and new ALD processes for existing
and emerging materials can be developed.63 Material properties such as
crystallinity, density, stoichiometry etc., can be tailored by exploiting the reactivity
of the plasma species.61,64,65 Likewise, the energy of ions in the plasma can be
modulated to impact growth and material properties through physical effects such
as adatom migration, sputtering, sub–surface or bulk implantation of ions or
displaced atoms etc.61
Besides using plasma during co-reactant exposure in a conventional twostep (AB-type) ALD process, additional plasma exposure(s) can also be incorporated
to an ALD cycle to influence growth behavior and/or improve material properties.
Such ALD processes are often referred to as multi-step (e.g. ABC-type) PEALD
processes.66 In this dissertation, we explore both conventional and multi-step
PEALD processes with modulated plasma processing conditions for synthesizing
and nanoengineering material properties of 2D WS2.

1.5 Challenges of TMD Growth Using ALD
The diverse properties of WS2 make it a promising material for various applications.
Depending upon the desired functionality expected from these layers in the target
application, the growth and material properties of WS2 have to be nanoengineered.
Layers of semiconducting WS2 are considered as promising candidates for
various applications in nanoelectronics. For these applications, growth of smooth,
basal-plane oriented 2D horizontal layers are desired with minimal or no growth of
edge exposing crystals as shown in Figure 1.7a. Growth of edge exposing crystals
e.g. vertical WS2 layers, are not preferred for nanoelectronic applications as the
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electrical conductivity perpendicular to the layers (|| c-axis) is approximately two
orders of magnitude smaller when compared to the conductivity within the layers,
i.e., basal-plane oriented (⊥ c-axis).67–69 Such layers can also effectively scatter
mobile charge carriers in these few-layered films downgrading its electronic
properties. ALD processes for TMDs reported in the literature have been commonly
observed to result in the growth of vertical 3D nanostructures along with the
desired basal-plane oriented 2D horizontal layers.70–72

(a)

(b)

Figure 1.7. Preferred morphologies for enabling applications of WS 2. (a) Horizontal basalplane oriented 2D WS2 layers for nanoelectronic applications such as field effect transistors.
The arrow represents the flow of charge carriers that are highlighted in circles. (b) Edgeexposed vertical layers for catalyzing electrochemical reactions such as hydrogen evolution
reaction (HER). The circles highlight the edges of the layers.

The growth of crystalline layers with well-defined grain sizes are desirable
for nanoelectronic applications. Ideally, the layers are expected to be
monocrystalline as grain boundaries have a high concentration of defects and
hamper electronic transport. However, achieving the growth of crystalline TMD
layers with well-defined grain sizes has turned out to be very challenging. With ALD,
the as-deposited layers have been found to be either amorphous or nanocrystalline
with small grain sizes (<100 nm).70,72–74 Other popular deposition techniques such
as CVD are known to yield micrometer-sized grains.75,76 Research on enhancing the
grain sizes in ALD deposited 2D TMDs remains on-going.
Small levels of impurity incorporation into the TMD layers can dope the
material and change its functional characteristics. Therefore, the material quality
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should be electronic grade with high purity. Achieving atomic-scale thickness
control over large-area substrates is equally important for these applications. Most
of the nanoelectronic applications such as FETs in the BEOL have limited thermal
budget. For such temperature-sensitive applications, WS2 layers have to be
deposited at T≤450 °C.
For applications beyond the 5 nm technology node, selective-growth of
material(s) on predetermined locations is expected to play a key role as precise
patterning and alignment of critical device features is predicted to become even
more challenging, using the current, top-down processing schemes.77 At the same
time, pattering of delicate materials including 2D TMD layers with resist-based
lithography method risks inducing contaminants into the layers that can
significantly impact their functional characteristics. So there is considerable interest
for developing area-selective ALD (AS-ALD) processes for 2D TMDs.
On the other hand, electrocatalytic reactions such as HER benefit from the
growth of vertical layers that expose a high density of the reactive edges (Figure
1.7b), as the edge-sites are known to be catalytically active and the basal-planes to
be inert.25,46 It is important to precisely control the density of edges-sites in order
to modulate the HER performance of a WS2 electrocatalyst. This has to be done in
a reliable and reproducible manner from an application perspective. Other than
morphology, controlling the composition and stoichiometry (S:W ratio) of the WS2
layers is equally important as the chemical nature of the edges sites impact the
chemical reactions involved. The developed ALD process should be able to
conformally coat high-surface area scaffoldings that are commonly used to enhance
the edge-site density. Low-temperature growth would be preferable when
temperature sensitive substrates such as polymers are used.
It is evident from the discussion above that controlling the material
properties such as orientation of layers i.e., horizontal vs. vertical, morphology and
composition etc., are crucial for both nanoelectronic and catalytic applications.
However, controlling such material properties using industry relevant processing
conditions (e.g. T≤450 °C) is not straightforward and not much has been reported
in the literature on this topic.
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1.6 Research Objectives and Dissertation Outline
1.6.1 Research Objectives
As evident from previous sections, TMDs like WS2 are interesting material systems
with potential for multi-functional applications. However, developing industry
relevant processing capability that can modulate growth and material properties to
suit the envisioned application has turned out to be very challenging. The main goal
of this dissertation is to explore PEALD as a new tool to nanoengineer the growth
and material properties of WS2 that are relevant for electrocatalytic and nextgeneration nanoelectronic applications.
The use of ALD processes for depositing 2D TMDs is still in its infancy stage.
Even though some first reports on the ALD of WS2 are available in the literature,
the growth of crystalline and pure WS2 layers over large-area substrates at lowdeposition temperatures has turned out to be very challenging.70–72 Therefore, the
first objective of this dissertation is to:


develop a low-temperature PEALD process that can enable the growth of
pure and crystalline WS2 layers over large-area substrates with precise
control over film thickness.

Controlling the material properties such as orientation of layers (i.e.,
horizontal vs vertical), morphology and composition etc., using the developed
PEALD process is crucial for electrocatalytic and nanoelectronic applications. With
ALD, the growth of horizontal TMD layers is reported to be accompanied by the
growth of vertical layers. A controlled transition between these two orientations
(i.e., horizontal to vertical) requires precise nanoengineering and this has turned
out to be a difficult task to achieve. Therefore, the following objectives will be
addressed in this dissertation:
For electrocatalytic applications (synthesis of edge-enriched vertical WS2 layers):


explore whether the PEALD process parameters (e.g. H2S plasma gas
composition) can be modulated to synthesize vertically oriented WS2 layers
with different morphologies and compositions, and thereby, influence the
electrocatalytic activity (HER performance) of the PEALD WS2 films.
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investigate the application of high surface area PEALD WS2 scaffolds as
templates to support edge-enriched PEALD WS2 electrocatalyst films to
further modulate the HER performance.

For next-generation nanoelectronic applications (synthesis of basal-plane oriented
horizontal WS2 layers):


enable the growth of basal-plane oriented horizontal WS2 layers by
suppressing the growth of undesired vertically oriented WS2
layers/structures.
 as a first-step, probe the origin of vertical structures and understand
the related formation pathways for the vertical structures
 next, devise pathways for the suppression of vertical structures
through physiochemical means (e.g. by incorporating additional
plasmas such as Ar and/or H2 to the PEALD process).

Area-selective growth of crystalline 2D TMD layers is expected to be a major
step towards the bottom-up and lithography-resist-free integration of these layers
into ultra-scaled nanoelectronic devices. In this context, following objectives will be
addressed in this dissertation:


exploit the chemical nature of ALD reactions to enable selective deposition
of 2D WS2 layers on various surfaces (SiO2, Al2O3, HfO2, other TMDs, etc.).

In addition to direct ALD growth, WS2 can also be synthesized using an
indirect ALD-based approach involving the sulfurization of ALD grown WO3. As ALD
is used to deposit WO3, the synthesized WS2 layers are expected to retain the
inherent benefits of the ALD process including thickness control and large-area
growth. The last objective of this study is to:


develop a PEALD process for WO3 so that it can be combined with plasmabased sulfurization techniques to synthesize 2D WS2 layers in the future in
our research group.
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1.6.2 Dissertation Outline
This dissertation is organized in the following manner:
Chapter 2 begins with an overview of the WS2 ALD processes reported in
the literature. These ALD processes are categorized based on the ALD precursor and
co-reactants used. Important growth attributes and material properties obtained
using these ALD processes are highlighted. A brief description about the working
principles of an area-selective ALD process are presented to help the reader to
better understand the results obtained on the AS-ALD of WS2 (Chapter 7). For
convenience, an overview of all the ALD processes developed as part of this
research work is schematically shown. The ALD reactor used during this PhD study
is described.
Chapter 3 describes the basic principles of hydrogen evolution reaction
(HER) and the important figures of merit for evaluating the catalytic activity of
TMDs like WS2.
Chapter 4 and 5 present our PEALD-based approaches to modulate the
electrocatalytic HER performance of WS2 electrocatalysts through nanoengineering
of the reactive edge-sites. Chapter 4 first presents the developed low-temperature
PEALD processes to synthesize WS2 layers over large-area substrates with precise
thickness control. It then describes how plasma gas composition can be modulated
during PEALD to control the material properties of WS2 relevant for the catalytic
application. Chapter 5 demonstrates the implementation of high surface area
PEALD WS2 structures as scaffolds to support edge-enriched PEALD WS2
electrocatalyst films to further modulate the HER performance.
Chapter 6 and 7 focus on advancing the PEALD processing capability for
nanoelectronic applications. PEALD processes developed in Chapter 4 are modified
to nanoengineer the growth and material properties of WS2. Chapter 6 discusses
the origin and suppression of vertically oriented nanostructures during PEALD for
controlling the material properties of 2D WS2 films. Basal-pane oriented WS2 layers
are deposited using novel multi-step PEALD processes at BEOL compatible
temperatures.
Area-selective ALD (AS-ALD) is a key processing technology for the growth
of 2D layers on select areas in a bottom-up fashion. Chapter 7 demonstrates the
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area-selective growth of 2D WS2 layers enabled using a multi-step AS-ALD process.
This approach is a major step towards bottom-up and resist-free-integration of 2D
TMD layers into devices.
Chapter 8 discusses a new PEALD process for WO3. A detailed investigation
on the influence of ALD processing conditions e.g. deposition temperature on the
PEALD WO3 growth and material properties are described.
Chapter 9 concludes this dissertation by highlighting the main findings of
this work and proposes opportunities for future work.
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CHAPTER 2
ALD-Based Processing of WS 2
ABSTRACT: Atomic layer deposition (ALD) is an industry relevant technique for synthesizing 2D
WS2 layers as it offers the key advantages of atomic-scale thickness control and uniform film
growth over large-area substrates. In this Chapter, an overview of the WS2 ALD processes
reported in the literature is presented. The ALD growth behavior and important material
properties obtained using these processes are discussed. The working principles of area-selective
ALD (AS-ALD) processing is briefly discussed to help the reader to better understand the results
obtained on the AS-ALD of WS2 in Chapter 7. An overview of all the ALD processes developed as
part of this PhD study is schematically shown. The ALD reactor used for performing depositions
is briefly described.
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2.1 ALD of WS2
The bulk of the studies focusing on the growth of two-dimensional (2D) transition
metal dichalcogenide (TMD) layers including WS2 has been restricted to exfoliation
and chemical vapor deposition (CVD). Atomic layer deposition (ALD) of 2D TMDs is
still in its infancy stage. However, the interest in developing ALD processes for 2D
materials is gaining momentum due to its suitability for novel applications in
nanoelectronics, catalysis, and energy storage as discussed in Chapter 1. In relation
with these applications, the majority of the ALD studies reported so far have
focused on the most popular TMD material – MoS2. There are only a handful of ALD
processes for WS2 reported in the literature. In this section, we focus on those
reported WS2 ALD processes. Most reports on ALD processes for TMDs use a
combination of a transition metal-based precursor and a chalcogen-based coreactant to deposit TMD layers.
Precursors play a crucial role in ALD as their chemistry defines the growth
and functional properties of the deposited films. As explained in Chapter 1, ALD
precursors chemisorb and react in a self-limiting manner on the growth surface.
Ideally, ALD precursors should be highly volatile, thermally very stable and highly
reactive with the co-reactant. The precursor should readily chemisorb on the
growth surface with no thermal decomposition in the gas phase, in order to achieve
the desired, self-limiting, growth behavior of the ALD surface reactions. For
convenience, ALD precursors can be broadly categorized into two types:
a) inorganic precursors – which do not contain any carbon atoms, e.g. metal
halides
b) metalorganic precursors – which contain carbon atoms in the form of
organic ligands, e.g. metal carbonyls, amides, and β-diketonates etc.
As seen from Table 2.1 both inorganic (WF6, WCl5) and metalorganic
(W(CO)6, (tBuN)2(Me2N)2W) ALD precursors have been used for the growth of WS2.
The co-reactants investigated include diethyl zinc (DEZ), H2S gas, and H2S plasma.
Herein, we discuss the ALD processes based on these precursors and co-reactants.
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Table 2.1. An overview of ALD processes reported in the literature for WS2. Various tungsten
precursors (along with the oxidation state of W in the precursor) and co-reactants used are
listed. Important process attributes such as substrate type, deposition temperature, and
GPC for the respective ALD processes are also compared. WS2 ALD processes listed here,
resulted in the growth of polycrystalline films (depending on the temperature used) except,
in the case of reference 6, where the films were observed to be amorphous. DEZ - diethyl
zinc.
Tungsten
precursor

Oxidation
state

Co-reactant

WF6

+6

H2S

WF6

+6

WCl5

Substrate

Temp.

GPC

(°C)

(Å)

DEZ or ZnS
coated SiO2
and Al2O3

300

1.2

1,2

H2 plasma
and H2S

Al2O3

300-450

0.2

3,4

+5

H2S

SiO2

390

1.2

5

W(CO)6

0

H2S

Al2O3

175-205

0.1

6

W(CO)6

0

H2S plasma

SiO2, Stainless
steel, Ni foam

350

1.0

7

W(CO)6

0

H2S

ZnS/Si

400

3.6

8,9

(tBuN)2(Me2N)2W

+6

H2S

Pre-treated Si
and sapphire

300

1.7

10

(tBuN)2(Me2N)2W

+6

H2S plasma

SiO2,

250-450

0.6-1.6

This
work

glassy carbon,
various TMDs
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(a)

(b)

(c)
Figure 2.1. (a) Mass increase of ALD WS2 and ZnS pulsed sequentially on a SiO2-coated
crystal, as-determined from QCM measurements. (b) XRD spectra of ALD WS2 grown on
silicon at 300 and 350 °C. (c) Raman spectra of ALD WS2 films: as-deposited and ex situ
annealed at 500 °C for 1 hour. Raman spectra of RF sputter deposited WS2 films at room
temperature is shown for comparison. Figures (a,c) are adapted from Scharf et al.1 and are
reproduced with permission. Figure (b) is reprinted from Scharf et al.2 with permission
from Elsevier.
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The first WS2 ALD process was reported by Scharf et al. in 2004 for
synthesizing WS2 solid lubricant films with tribological properties.1 This ALD process
was realized using WF6 as precursor and H2S gas as co-reactant at 300 °C. WS2 films
with thicknesses ranging from ~10-400 nm could be deposited with an overall GPC
of 1 Å as confirmed from quartz crystal microbalance (QCM) measurements (Figure
2.1a). Interestingly, this ALD process entails the use of a catalyst to grow the WS2
films. A single pulse of diethyl zinc (DEZ) or layer(s) of ALD ZnS deposited using DEZ
and H2S on the starting surface enable immediate WS2 film growth.1,2 No growth is
observed without the use of the above mentioned catalytic agents in the
temperature range of 250 °C – 350 °C. It was proposed that the reducing properties
of Zn in the DEZ facilitates the adsorption of WF6 on the starting SiO2 surface.
Depending on the temperature, the as-deposited WS2 films displayed 2H crystalline
phase of WS2 with strong texture and preferential orientation of basal-planes as
evidenced from XRD measurements (Figure 2.1b).
Typical Raman fingerprints were observed with no noticeable changes
between the as-deposited and annealed films at 500 °C (Figure 2.1c). The use of
DEZ leads to high levels of Zn impurity incorporation (~10%) in the deposited
films.1,2 This is not desired for nanoelectronic and catalytic applications as
impurities can severely impact the inherent functional characteristics of the WS2
layer. It should be pointed out that HF released during the ALD reaction can etch
materials like SiO2 and most of the metals that are commonly used in various
semiconductor devices. The tribological behavior was investigated in detail and the
ALD WS2 films exhibited very good lubricating performance with low friction and
wear coefficients.1,2 Although this ALD plus catalytic route is efficient for
synthesizing efficient WS2 solid-lubricant films, it may not be a good synthetic route
for other applications such as nanoelectronics and catalysis. To continue with this
approach, alternate reducing agents can be used in this ALD process instead of DEZ,
and these reducing agents unlike DEZ should not leave behind impurities in the film.
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e

f

g
Figure 2.2. Saturation of RBS W and S content in the as-deposited WS2 films as a function of
(a) WF6 exposure, (b) H2S exposure, and (c) H2 plasma exposure, respectively, at a deposition
temperature of 300 °C. (d) RBS determined S:W ratio as a function of H2 plasma power. (ef) 2-3 WS2 layers with their basal-planes oriented parallel to the substrate at a deposition
temperature of 300 °C on (e) amorphous Al2O3 and (f) crystalline Al2O3. (g) Random
orientation of ~8 WS2 layers at a higher deposition temperature of 450 °C on crystalline
Al2O3. Figures reproduced from Delabie et al.3 with permission from The Royal Society of
Chemistry.
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Delabie et al. identified and investigated alternative reducing agents such
as (1) Si layer and (2) H2 plasma, to enable the growth of WS2 polycrystalline films
using the same WF6 precursor and H2S gas.3 Sacrificial Si layers enabled the
reduction of WF6 into metallic W which could be subsequently sulfurized using H2S
gas in a pulsed CVD approach. Interestingly, H2 plasma was identified as the
reducing agent for the PEALD approach. Unlike the pulsed CVD approach and the
approach used by Scharf et al., the reducing agent was no longer the starting
surface. Instead, the reducing agent was very well incorporated into the ALD cycle
in the form of H2 plasma. In this approach, the ALD reaction cycle consisted of
sequential exposures of WF6, H2 plasma and H2S gas. It was proposed that the H2
plasma reduces the chemisorbed WFx species, which are then sulfurized by the H2S
gas to form WS2.3 The self-limiting nature of the ALD process was demonstrated
using Rutherford backscattering spectroscopy (RBS) measurements (Figure 2.2a-c).
The average GPC was determined to be ~0.2 Å at 300 °C. The H2 plasma power was
shown to significantly impact the film stoichiometry (S:W) and mild plasma powers
(~100 W) were recommended to obtain stoichiometric film growth (Figure 2.2d).
TEM characterizations showcased the formation of polycrystalline WS2 layers with
their basal-planes oriented parallel to the substrate (Figure 2.2e,f). At higher
temperatures (450 °C), the WS2 crystal grains were more randomly oriented (Figure
2.2g).3
For this PEALD process, the reaction mechanisms, especially the redox
chemistry was investigated in detail.4 Through this investigation it was reported
that WF6 adsorbs onto surface S atoms or –SH groups created by the H2S exposure
in the preceding ALD step. The –SH groups most likely were present only at the
reactive edges and not on the relatively inert basal-planes. However, precursor
interaction on the basal-planes via weak adsorption or van der Waals interactions
and through S-defects or interstitials were not excluded. After chemisorption, the
adsorbed W atoms were proposed to remain in the parent oxidation state of +6
due to the lack of a reducing agent and the low deposition temperature (300 °C).
The subsequent H2 plasma exposure caters for the reduction of W from its +6
oxidation state to metallic W (0 oxidation state) or intermediate oxidation states.
The formation of WS2 is completed through sulfurization by H2S gas in the final
reaction step of the ALD cycle. The final oxidation state of W was observed to be +4
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suggesting the sulfurization of surface W species by H2S at the low temperature of
300 °C. The lack of adequate –SH groups was identified as one of the primary
reasons for the observed low GPC of ~0.2 Å at 300 °C.4 As a follow-up to this study,
nucleation mechanisms during the PEALD process were studied and the reader is
referred to the article by Groven et al. for further details.11
Using another halide tungsten precursor WCl5, Browning et al.
demonstrated the ALD growth of WS2 layers in combination with H2S gas, at a
deposition temperature of 390 °C.5 The reduction of W from its +5 oxidation state
in the precursor and its subsequent sulfidation was possible using H2S alone and no
additional reducing agents were used. A GPC of ~1.2 Å was obtained using this ALD
process. The Raman and TEM characterization indicated the growth of
polycrystalline layers (2H phase). Back-gated WS2 transistors were fabricated,
which showed n-type behavior. The ALD process was also used in combination with
a SnS ALD process to fabricate a transistor based on WS2 and SnS heterostructures.5
Typically, halide precursors like WCl5 are thermally stable up to ~500 °C, and as
discussed above, various research groups have exploited this aspect to grow
polycrystalline WS2 films using these precursors. However, the use of halide
precursors can risk inducing halogen impurities into the film which can influence
the electrical performance of the films through doping. Corrosive by-products such
as HCl or HF can have adverse effects on both the material being deposited and on
the reactor.6 In this regard, alternative precursors belonging to the metalorganic
precursor category have been investigated to deposit WS2.
Nandi et al. reported the growth of WS2 using W(CO)6 and H2S gas.6 TEM
and XRD characterizations revealed that the as-deposited films were amorphous in
nature. In line with previous ALD processes reported for WO3 using this precursor,12
QCM studies indicated that the self-limiting ALD growth window was spread over a
small temperature-range of 175-205 °C with a low GPC value of 0.1 Å (Figure
2.3a,b). No growth was observed below 150 °C and the W(CO)6 precursor
decomposed at temperatures above 205 °C (sudden, significant increase in mass
gain/cycle) as evidenced form QCM studies (Figure 2.3b). The self-limiting growth
behavior was also demonstrated using in situ Fourier-transform infrared
spectroscopy (FTIR) and residual gas analyzer (RGA) studies. These studies also
indicated that most of the carbonyl ligands are removed during the ALD process,
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and CO and H2 were identified as the primary by-products. The as-deposited WS2
films were evaluated as a suitable intercalation material for Li-ion battery anode.6
Higher GPC values have been reported using this precursor at elevated
temperatures (T = 400 °C) which might include a CVD component resulting from
precursor decomposition.13

2

Figure 2.3. (a) The self-limiting ALD growth as a function of W(CO)6 dosing, and (b)
identification of ALD temperature window (175-205 °C) that is characterized by a near
constant mass gain per cycle, as-determined from QCM studies. No growth was observed
below 150 °C and the W(CO)6 precursor decomposed at temperatures above 205 °C.
Figures reproduced from Nandi et al.6 with permission from The Royal Society of
Chemistry.

The next tungsten metalorganic precursor that has been investigated for ALD
processing is bis(tert-butylimido)bis(dimethylamido)tungsten (chemical formula:
(tBuN)2(Me2N)2W)). We have investigated this precursor to deposit WO3 thin films
using O2 plasma in a PEALD process (Chapter 8 in this dissertation).14 The precursor
was thermally stable and enabled self-limiting ALD growth with moderate GPC
values over a wide temperature range from 100 to 400 °C. Recently, this precursor
was used to deposit WS2 films in a thermal ALD process using H2S gas as the coreactant at 300 °C.10 No substantial film growth was observed on untreated Si
substrates. However, on Si substrates pre-treated with ozone and water, film
growth was observed after a nucleation delay of ~40 ALD cycles. The
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2

Figure 2.4. (a-d) Schematic overview of various PEALD processes developed in this
work for synthesizing WS2, based on the requirement of a target application or a
functional material property. Details about the ALD processes can be found in the
respective result Chapters (Chapters 4-8).
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pre-treatment was proposed to increase the concentration of surface sites. The
stability (and compatibility) of such pre-treatments on different surfaces and under
different processing conditions, can however, be uncertain. The GPC was
determined to be ~1.7 Å for this approach. Polycrystalline films were obtained as
confirmed from XRD and TEM characterization. In our group too, no growth was
observed with the thermal ALD process on untreated Si and SiO2 using the same
precursor, in combination with H2S gas (investigated for 200 ALD cycles). Plasma
activation was required for growth to ensue as will be shown in Chapter 4.
In summary, four different W precursors have been investigated for ALD of
WS2, while H2S gas is the commonly used S-source. The WS2 ALD processes
developed so far, however, risk impurity incorporation and/or have limited
processing temperature ranges with low growth rates. At the same time, there is
considerable scope to deposit pure and high quality crystalline WS2 films excluding
surface pre-treatments or post-deposition annealing. A WS2 process that allows for
controlling the material properties of WS2 is needed to fulfil the requirements of
targeted applications.
In this research work, we have developed low temperature PEALD
processes using (tBuN)2(Me2N)2W as the precursor and H2S-based plasmas as the
co-reactants. The developed PEALD processes enable the growth of pure and high
quality WS2 films on the wafer-scale over a wide temperature range that extends
up to 450 °C. Film growth can be readily achieved on a variety of substrates without
the need of any surface pre-treatment or impurity inducing reducing agents.
Multiple PEALD processes are designed in order to nanoengineer the growth and
material properties of WS2 (e.g. morphology) that are relevant for applications in
catalysis (Chapter 4 and 5) and nanoelectronics (Chapter 6). An area-selective ALD
process i.e., an advanced ALD process that enables selective film growth (see
section 2.2) is demonstrated for WS2 (Chapter 7). To the best of our knowledge,
this is the first area-selective ALD process for any 2D TMD material. An overview of
various ALD processes developed during this PhD study is shown in Figure 2.4.
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2.2 Area-Selective ALD

2

Figure 2.5. (a-d) Schematic illustration of an area-selective ALD cycle. Color coding: purple
– precursor, yellow – co-reactant, red – deposited layer, grey – growth area and light blue
– non-growth area.

Precise patterning of functional materials (such as 2D TMDs) into nanoscale device
features without alignment issues is challenging to achieve with the current topdown processing techniques.15,16 Moreover, resist-based patterning of 2D TMD
layers also risks inducing contaminants into the layers that can significantly impact
their functional characteristics.17 In this regard, it is crucial to develop bottom-up
processing techniques to selectively deposit 2D TMD layers on predetermined
locations (also called area-selective deposition), before these materials can be
implemented into devices. Recently, area-selective atomic layer deposition (AS-
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ALD) has attracted a lot of attention as a promising alternative pathway to realize
selective growth of materials on predetermined locations.15 This section briefly
describes the working principles of AS-ALD.
Area-selective ALD is an advanced ALD process that enables selective
growth on predetermined areas of the substrate while effectively blocking growth
on other substrate areas (Figure 2.5). As explained in Chapter 1, ALD primarily relies
on the chemical reactions between the precursor and the surface groups. AS-ALD
utilizes this chemical nature of the ALD process to modify the surface and achieve
selective growth. Pre-patterned substrates with multiple areas are used as the
starting surfaces in AS-ALD processes. Areas where growth is desired are active to
ALD chemistry and are referred to as the ‘growth area’. Areas where growth is not
desired are passive to ALD chemistry and are referred to as the ‘non-growth area’.
Conventional AS-ALD approaches include (1) selective precursor
adsorption, (2) selective co-reactant adsorption, and (3) selective functionalization
prior to or during ALD processing. 15 AS-ALD processes based on selective precursor
adsorption utilize the difference in chemical character between the surface groups
on the growth and non-growth areas of the substrate. For example, ALD growth of
metal oxides has been reported to take place on OH-terminated Si while a
nucleation delay is observed on H-terminated Si.18–20 This approach typically allows
for selective growth of few nm thick films on the growth-areas. However, not all
ALD precursors adsorb selectively on different surfaces. Designing precursors that
can adsorb selectively and at the same time satisfy the requirements expected from
an ALD precursor (e.g. high volatility and thermal stability) is challenging.
AS-ALD based on selective co-reactant adsorption is relatively less
explored. In the very few reported studies, the catalytic activity of metal surfaces
are exploited to dissociate co-reactants like O2 or H2 and selectively deposit metals
like Ru or Pt.15,21–23 The dissociated molecules react with the adsorbed precursor
ligands on the catalytic areas resulting in film growth. On the non-catalytic areas,
the O2 or H2 is not reactive enough to remove the precursor ligands and thereby,
no deposition takes place.15
Selective functionalization of predetermined locations is another approach
for AS-ALD.15 In this approach, predetermined areas of the substrate are typically
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blocked/deactivated to ALD growth using a blocking layer. The blocking layer
specifically adsorbs on the non-growth areas and allows ALD growth only on the
unblocked areas of the substrate i.e., the growth areas.15 Self-assembled
monolayers (SAMs) of organic molecules have been the most widely studied
blocking layers.24 Typically SAMs are applied prior to the ALD process and selectivity
depends on either precursor or co-reactant adsorption similar to the two
approaches discussed earlier. Several AS-ALD processes for different materials have
been reported using SAMs.24 However, stability of SAMs and obtaining high
selectivity are some of the key challenges with this approach. Reapplying SAMs
after certain number of ALD cycles has been suggested as one possible approach to
tackle these challenges.25 In line with this approach, blocking agents in the form of
inhibitor molecules, dosed every ALD cycle, have been reported to yield very high
selectivity for AS-ALD of SiO2.26 The inhibitor molecules are very small when
compared to monomers used for SAMs formation and thus, could be vapor-drawn
in short dosing steps in every ALD cycle.
Based on the several approaches discussed above, AS-ALD of metals and
metal oxides have been reported.24 AS-ALD of 2D TMD layers has however,
remained unexplored. Selective growth of 2D TMD layers via bottom-up processing
has been largely restricted to CVD-based processing so far. In this dissertation, an
AS-ALD process for selective deposition of 2D WS2 layers is described in Chapter 7.

2.3 Synthesis of WS2 via Sulfurization of ALD WO3
In addition to direct ALD growth, WS2 can also been synthesized using an indirect
ALD-based approach involving the sulfurization of ALD grown WO3. As ALD is used
to deposit WO3, the synthesized WS2 layers are expected to retain the inherent
benefits of the ALD process including thickness control and large-area growth.
Sulfurization is performed at elevated temperatures (700 -1000 °C) to obtain high
quality WS2 layers. Song et al.27 have reported the use of H2S gas to sulfurize PEALD
WO3 at 1000 °C. The PEALD WO3 films were grown using WH2(iPrCp)2 precursor and
O2 plasma at 300 °C. The synthesized WS2 layers were observed to be polycrystalline
in nature and the presence of a direct bandgap was confirmed using
photoluminescence measurements. The WS2 layers were implemented into FET
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devices that yielded a field effect electron mobility of approximately 3.9 cm2/Vs and
a low subthreshold swing of 0.6 V/decade. Using the WS2 layers synthesized with
the same process, Ko et al. examined the gas sensing capability of the WS2 layers.
An enhanced sensitivity towards NO2 was observed upon functionalization with Ag
nanowires.28 Aluminium-doped WS2 films were synthesized by Li et al. by combining
ALD and CS2 vulcanization.29 Al-doped WOx films were synthesized using ALD pulses
of Al(CH3)3, (tBuN)2(Me2N)2W and O2 plasma at 150 °C. The ALD Al-doped WOx films
were then vulcanized using CS2 at 700 °C. The optical and electrical properties of
WS2 could be tuned by controlling the doping concentration of Al.
Controlling the material properties of the ALD WO3 films are crucial for
obtaining good quality WS2 using the indirect ALD approach. In this dissertation, a
PEALD process for depositing WO3 thin films using (tBuN)2(Me2N)2W and O2 plasma
was developed (Chapter 8). The influence of ALD processing conditions (e.g.
deposition temperature) on the growth behavior, chemical composition,
stoichiometry, and optical properties of the resulting WO3 films are discussed. The
developed ALD process will be combined with plasma-based sulfurization
techniques to synthesize 2D WS2 layers in the future, in our research group. The use
of plasma during sulfurization can bring down thermal budget considerably (to T
~500 °C), which is beneficial when compared to conventional high-temperature
thermal sulfurization (typically T>700 °C).

2.4 ALD Reactor
ALD processes described in this dissertation (Chapters 4-8) were developed in a
commercial FlexAL ALD reactor from Oxford Instruments. The ALD reactor (Figure
2.6a) consists of three major parts: a load lock, a reaction chamber with plasma
source and a precursor cabinet. The components of these major parts are briefly
described below.
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(a)

Precursor
delivery line

Inductively coupled
plasma (ICP) source

Reaction
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lock

2
Precursor
cabinet

(b)

H2S, H2, O2,
N2, SF6, Ar
Inductively coupled
plasma (ICP) source

Precursor injection

ICP gate valve
Ellipsometer

240 mm
substrate table

Reaction chamber

Automated Pressure
Control (APC) valve
Turbomolecular pump

Figure 2.6. (a) Photograph of a FlexAL ALD reactor from Oxford Instruments showing the
load lock, reaction chamber with an inductively coupled plasma (ICP) source, and the
precursor cabinet. The precursor delivery line and an inside view of the precursor cabinet is
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also shown. (b) Schematic representation of the ALD reactor showing the reaction chamber,
turbomolecular pump, automatic pressure control (APC) valve, 240 mm substrate table, ICP
gate valve, ICP source, precursor injection, and the ellipsometer connected through optical
ports. The schematic of the ALD reactor is reprinted with permission from Heil et al.30
Copyright [2007], American Vacuum Society.

The load lock is equipped with a scroll pump that can pump down to vacuum
levels of 1 x 10-4 mTorr. Wafer sizes ranging from 50 mm to 200 mm in diameter
can be transferred from the load lock into the reaction chamber by opening a
pneumatically operated slit valve in the user interface provided. The process recipe
can be configured to make sample transfers manually or automatically into the
reaction chamber. After ALD processing in the reaction chamber, wafers can be
transferred back to the load lock. The load lock is then vented to atmosphere using
N2 purge gas to collect the processed samples.
The reaction chamber (Figure 2.6a,b) is made out of aluminium metal. The
chamber is equipped with a circular substrate table in the center that receives the
samples from the load lock. The substrate table is composed of an Inconel alloy and
has a diameter of 240 mm. The temperature of the table can be varied from roomtemperature to 600 °C depending upon the process requirement. The walls of the
reaction chamber can be heated as well. The wall temperature can be varied from
room-temperature to 150 °C.
A turbomolecular pump (IH60, Edwards) (Figure 2.6b) which is backed by a
rotary pump is used to realize a base pressure of ~10-6 Torr in the reaction chamber.
During ALD processing, the pressure in the chamber can be set using an automated
pressure controller (APC). The APC consists of a fast operating butterfly valve (150
ms from open to close).
An inductively coupled plasma (ICP) source is built on the reaction chamber
as shown in Figure 2.6a,b. It is connected to the top of the chamber through a gate
valve. The ICP source consists of a 65 mm Al2O3 ceramic tube with copper coil
wrapped around it. The plasma source operates at a radio frequency (RF) of 13.56
MHz and it can be supplied with up to 600 W of RF power. The chamber pressure
during the co-reactant plasma exposures is typically in the order of 10 mTorr. A
variety of gases such as H2S, H2, O2, N2, SF6, Ar and their mixtures (e.g. H2S + Ar) can
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be dosed through the plasma source. The gas flow into the plasma source is
regulated using dedicated mass flow controllers. The plasma radicals generated in
the ICP diffuse into the reaction chamber through the opened ICP gate valve. The
ICP gate valve is kept open throughout the ALD process. During the precursor and
purge steps, Ar gas is dosed through the ICP tube in order to restrict precursor
and/or reaction by-product molecules contamination inside the tube.
It is noteworthy to mention that the H2S gas is highly toxic and flammable.
Hence, the H2S gas cylinders were stored in cabinets fitted with gas detection
sensors. After any processing involving H2S plasma or gas, samples were collected
from the load lock after five N2 purge-pump cycles (each cycle ~60 s) in order to
purge-pump away sulfur-based volatile species. Furthermore, due to the van der
Waals nature of bonding, the deposited WS2 and other TMD films were observed
sometimes to delaminate from the substrate table (flaking) as a consequence of
built-up strain release, with time. The flaking issue was tackled through periodic
maintenance of the substrate table (every 5 months – mechanical scrubbing and
conditioning with 100 nm ALD Al2O3 coating).
The reaction chamber is also equipped with a separate inlet (on the side of
the chamber) for gas delivery into the chamber in addition to the ICP source. This
inlet is typically used during purge steps. The ALD precursor is injected into the
reaction chamber via a flange positioned right below the ICP gate valve (Figure
2.6b).
The ALD precursors are stored in stainless-steel canisters (Figure 2.6a) in
the precursor cabinet and, the canisters can be independently heated (up to 200
°C) if necessary. Some ALD precursors (e.g. trimethylaluminium) have enough vapor
pressure at room-temperature while other precursors (e.g. bis(tertbutylimido)bis(dimethylamido)tungsten, used in this PhD study) have to be heated
to increase their vapor pressure. The precursor canisters are connected to the
reaction chamber through delivery lines. From the canister, the precursors are
dosed by fast switching ALD valves (minimum opening time – 10 ms). Depending
upon the vapor pressure of the precursor, the precursor can be either directly
vapor-drawn or bubbled using an inert Ar gas into the reaction chamber. Both the
ALD valves and the delivery lines can be heated (up to 200 °C) to prevent any
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precursor condensation during precursor dosing and/or delivery into the chamber.
The precursor delivery lines can also be purged with Ar gas if needed.

LOAD LOCK
Samples on a carrier wafer
SiO2/Si

Glassy carbon

Al2O3

Sample transfer into reaction
chamber

Pre-heat for ~15 min in Ar atm.
Plasma-based pre-treatment

WS2 plasma-enhanced ALD
cycles

Sample transfer and collection
from load lock

In situ diagnostics
e.g. SE, OES

Ex situ diagnostics
e.g. XPS, TEM, 4-PP

Figure 2.7. Flow-chart showing an example ALD experiment methodology. Detailed
description of the experiments and various ALD processes developed in this study are
provided in the result Chapters (Chapters 4-8).

The reaction chamber is equipped with optical ports to allow for the use of
in situ diagnostics during ALD (Figure 2.6a,b). Optical ports located at 70 °C with the
normal to the substrate table can be used to perform spectroscopic ellipsometry
(SE) measurements. SE is a very useful technique that is used to determine film
thickness and optical properties of thin films. Typically, SE measurements are
performed periodically after a certain number of ALD cycles (e.g. after 1, 5 or 10
ALD cycles). During an SE measurement, the gate valves shielding the optical ports
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are opened for the duration of the measurement (e.g. 40 s). The valves are
otherwise kept closed during processing in order to prevent any deposition on the
windows. The chamber is equipped with an optical port on top to perform optical
emission spectroscopy (OES) measurements. Using this technique, the excited
species in the plasma can be studied. An optical fiber can be mounted on this port
to perform the OES experiments. Another analytical port is provided at the corner
of the chamber for performing residual gas analysis using a using a differentially
pumped quadrupole mass spectrometer (QMS).
For understanding the experimental methodology, a simple flow-chart
visualizing the various steps involved is shown in Figure 2.7. Note: Detailed
description of the experiments and the various ALD processes developed in this
study are provided in the result Chapters (Chapters 4-8).

2.5 References
(1)
(2)

(3)

(4)

(5)
(6)
(7)

Scharf, T. W.; Prasad, S. V.; Mayer, T. M.; Goeke, R. S.; Dugger, M. T. Atomic
Layer Deposition of Tungsten Disulphide Solid Lubricant Thin Films. J. Mater.
Res. 2004, 19, 3443–3446.
Scharf, T. W.; Prasad, S. V.; Dugger, M. T.; Kotula, P. G.; Goeke, R. S.; Grubbs,
R. K. Growth, Structure, and Tribological Behavior of Atomic LayerDeposited Tungsten Disulphide Solid Lubricant Coatings with Applications to
MEMS. Acta Mater. 2006, 54, 4731–4743.
Delabie, A.; Caymax, M.; Groven, B.; Heyne, M.; Haesevoets, K.;
Meersschaut, J.; Nuytten, T.; Bender, H.; Conard, T.; Verdonck, P.; et al. Low
Temperature Deposition of 2D WS2 Layers from WF6 and H2S Precursors:
Impact of Reducing Agents. Chem. Commun. 2015, 51, 15692–15695.
Groven, B.; Heyne, M.; Nalin Mehta, A.; Bender, H.; Nuytten, T.;
Meersschaut, J.; Conard, T.; Verdonck, P.; Van Elshocht, S.; Vandervorst, W.;
et al. Plasma-Enhanced Atomic Layer Deposition of Two-Dimensional WS2
from WF6, H2 Plasma, and H2S. Chem. Mater. 2017, 29, 2927–2938.
Browning, R.; Plachinda, P.; Padigi, P.; Solanki, R.; Rouvimov, S. Growth of
Multiple WS2/SnS Layered Semiconductor Heterojunctions. Nanoscale
2016, 8, 2143–2148.
Nandi, D. K.; Sen, U. K.; Dhara, A.; Mitra, S.; Sarkar, S. K. Intercalation Based
Tungsten Disulfide (WS2) Li-Ion Battery Anode Grown by Atomic Layer
Deposition. RSC Adv. 2016, 6, 38024–38032.
Yeo, S.; Nandi, D. K.; Rahul, R.; Kim, T. H.; Shong, B.; Jang, Y.; Bae, J.-S.; Han,

49

2

CHAPTER 2

(8)

(9)
(10)

(11)

(12)
(13)
(14)

(15)
(16)
(17)
(18)

J. W.; Kim, S.-H.; Kim, H. Low-Temperature Direct Synthesis of High Quality
WS2 Thin Films by Plasma-Enhanced Atomic Layer Deposition for Energy
Related Applications. Appl. Surf. Sci. 2018, 459, 596–605.
Sun, Y.; Chai, Z.; Lu, X.; Lu, J. Tribological Performance of a Tungsten Disulfide
Lubricant Film Prepared by Atomic Layer Deposition Using Tungsten
Hexacarbonyl and Hydrogen Sulfide as Precursors. Tribol. Int. 2017, 114,
478–484.
Sun, Y. F.; Chai, Z. M.; Lu, X. C.; He, D. N. A Direct Atomic Layer Deposition
Method for Growth of Ultra-Thin Lubricant Tungsten Disulfide Films. Sci.
China Technol. Sci. 2017.
Wu, Y.; Raza, M. H.; Chen, Y.-C.; Amsalem, P.; Wahl, S.; Skrodczky, K.; Xu, X.;
Lokare, K. S.; Zhukush, M.; Gaval, P.; et al. A Self-Limited Atomic Layer
Deposition of WS2 Based on the Chemisorption and Reduction of Bis(t Butylimino)Bis(Dimethylamino) Complexes. Chem. Mater. 2019, 31, 1881–
1890.
Groven, B.; Mehta, A. N.; Bender, H.; Smets, Q.; Meersschaut, J.; Franquet,
A.; Conard, T.; Nuytten, T.; Verdonck, P.; Vandervorst, W.; et al. Nucleation
Mechanism during WS2 Plasma Enhanced Atomic Layer Deposition on
Amorphous Al2O3 and Sapphire Substrates. J. Vac. Sci. Technol. A Vacuum,
Surfaces, Film. 2018, 36, 01A105.
Malm, J.; Sajavaara, T.; Karppinen, M. Atomic Layer Deposition of WO3 Thin
Films Using W(CO)6 and O3 Precursors. Chem. Vap. Depos. 2012, 18, 245–
248.
Hao, W.; Marichy, C.; Journet, C. Atomic Layer Deposition of Stable 2D
Materials. 2D Mater. 2018, 6, 012001.
Balasubramanyam, S.; Sharma, A.; Vandalon, V.; Knoops, H. C. M.; Kessels,
W. M. M. (Erwin); Bol, A. A. Plasma-Enhanced Atomic Layer Deposition of
Tungsten Oxide Thin Films Using (tBuN)2(Me2N)2W and O2 Plasma. J. Vac. Sci.
Technol. A Vacuum, Surfaces, Film. 2018, 36, 01B103.
Mackus, A. J. M.; Merkx, M. J. M.; Kessels, W. M. M. From the Bottom-Up:
Toward Area-Selective Atomic Layer Deposition with High Selectivity. Chem.
Mater. 2019, 31, 2–12.
Clark, R.; Tapily, K.; Yu, K.-H.; Hakamata, T.; Consiglio, S.; O’Meara, D.;
Wajda, C.; Smith, J.; Leusink, G. Perspective: New Process Technologies
Required for Future Devices and Scaling. APL Mater. 2018, 6, 058203.
Ryu, B.; Li, D.; Park, C.; Rokni, H.; Lu, W.; Liang, X. Rubbing-Induced SiteSelective Growth of MoS2 Device Patterns. ACS Appl. Mater. Interfaces 2018,
10, 43774–43784.
Longo, R. C.; McDonnell, S.; Dick, D.; Wallace, R. M.; Chabal, Y. J.; Owen, J.
H. G.; Ballard, J. B.; Randall, J. N.; Cho, K. Selectivity of Metal Oxide Atomic

50

CHAPTER 2

(19)

(20)

(21)

(22)
(23)
(24)

(25)
(26)

(27)

(28)

Layer Deposition on Hydrogen Terminated and Oxidized Si(001)-(2×1)
Surface. J. Vac. Sci. Technol. B, Nanotechnol. Microelectron. Mater. Process.
Meas. Phenom. 2014, 32, 03D112.
Mameli, A.; Kuang, Y.; Aghaee, M.; Ande, C. K.; Karasulu, B.; Creatore, M.;
Mackus, A. J. M.; Kessels, W. M. M.; Roozeboom, F. Area-Selective Atomic
Layer Deposition of In2O3:H Using a μ-Plasma Printer for Local Area
Activation. Chem. Mater. 2017, 29, 921–925.
Atanasov, S. E.; Kalanyan, B.; Parsons, G. N. Inherent Substrate-Dependent
Growth Initiation and Selective-Area Atomic Layer Deposition of TiO2 Using
“Water-Free” Metal-Halide/Metal Alkoxide Reactants. J. Vac. Sci. Technol. A
Vacuum, Surfaces, Film. 2016, 34, 01A148.
Mackus, A. J. M.; Mulders, J. J. L.; van de Sanden, M. C. M.; Kessels, W. M.
M. Local Deposition of High-Purity Pt Nanostructures by Combining Electron
Beam Induced Deposition and Atomic Layer Deposition. J. Appl. Phys. 2010,
107, 116102.
Färm, E.; Lindroos, S.; Ritala, M.; Leskelä, M. Microcontact Printed RuOx Film
as an Activation Layer for Selective-Area Atomic Layer Deposition of
Ruthenium. Chem. Mater. 2012, 24, 275–278.
Mackus, A. J. M.; Leick, N.; Baker, L.; Kessels, W. M. M. Catalytic Combustion
and Dehydrogenation Reactions during Atomic Layer Deposition of
Platinum. Chem. Mater. 2012, 24, 1752–1761.
Biyikli, N.; Haider, A.; Deminskyi, P.; Yilmaz, M. Self-Aligned Nanoscale
Processing Solutions via Selective Atomic Layer Deposition of Oxide, Nitride,
and Metallic Films. In Low-Dimensional Materials and Devices 2017;
Kobayashi, N. P., Talin, A. A., Davydov, A. V., Islam, M. S., Eds.; SPIE, 2017; p
20.
Hashemi, F. S. M.; Bent, S. F. Sequential Regeneration of Self-Assembled
Monolayers for Highly Selective Atomic Layer Deposition. Adv. Mater.
Interfaces 2016, 3, 1600464.
Mameli, A.; Merkx, M. J. M.; Karasulu, B.; Roozeboom, F.; Kessels, W. M. M.;
Mackus, A. J. M. Area-Selective Atomic Layer Deposition of SiO2 Using
Acetylacetone as a Chemoselective Inhibitor in an ABC-Type Cycle. ACS Nano
2017, 11, 9303–9311.
Song, J.; Park, J.; Lee, W.; Choi, T.; Jung, H.; Lee, C. W.; Hwang, S.; Myoung,
J. M.; Jung, J.; Kim, S.-H.; et al. Layer-Controlled, Wafer-Scale, and Conformal
Synthesis of Tungsten Disulfide Nanosheets Using Atomic Layer Deposition.
ACS Nano 2013, 7, 11333–11340.
Ko, K. Y.; Song, J. G.; Kim, Y.; Choi, T.; Shin, S.; Lee, C. W.; Lee, K.; Koo, J.; Lee,
H.; Kim, J.; et al. Improvement of Gas-Sensing Performance of Large-Area
Tungsten Disulfide Nanosheets by Surface Functionalization. ACS Nano

51

2

CHAPTER 2
(29)
(30)

2016, 10, 9287–9296.
Li, N.; Feng, L.; Su, J.; Zeng, W.; Liu, Z. Optical and Electrical Properties of
Al:WS2 Films Prepared by Atomic Layer Deposition and Vulcanization. RSC
Adv. 2016, 6, 64879–64884.
Heil, S. B. S.; van Hemmen, J. L.; Hodson, C. J.; Singh, N.; Klootwijk, J. H.;
Roozeboom, F.; van de Sanden, M. C. M.; Kessels, W. M. M. Deposition of
TiN and HfO2 in a Commercial 200 mm Remote Plasma Atomic Layer
Deposition Reactor. J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 2007.

52

CHAPTER 3
Hydrogen Evolution Reaction
ABSTRACT: WS2 is a promising electrocatalyst for sustainable production of hydrogen through
the electrochemical hydrogen evolution reaction (HER). In this Chapter, the basic principles of
HER during the water splitting mechanism are briefly described. The figures of merit for
evaluating the catalytic activity of a TMD electrocatalyst that are relevant for understanding the
results of Chapter 4 and 5 are discussed.
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3.1 Hydrogen Evolution Reaction
3.1.1 Background
Hydrogen is considered as a promising clean energy carrier that can replace the
non-renewable fossil-fuels.1,2 However, for hydrogen to become a viable
alternative, it has to be produced in a clean and sustainable manner. Currently,
three main techniques are being put to use to produce hydrogen including coal
gasification, methane reforming, and water electrolysis.2 The current hydrogen
production is primarily dependent on fossil fuels as most of the hydrogen is
produced using coal gasification and methane reforming while, only 4% of the
hydrogen is generated by water electrolysis.3 The hydrogen production using fossil
fuels cannot be considered clean and sustainable. Therefore, hydrogen production
via water electrolysis holds great prospects as its primary feedstock – water, is a
clean and renewable hydrogen source.3 In essence, electrolysis of water or water
splitting is the decomposition of water into oxygen and hydrogen by passing an
electric current. It is an electrochemical process involving two half-reactions: (1)
hydrogen evolution reaction (HER), the cathodic reaction of the electrochemical
water splitting (equation 1), and (2) oxygen evolution reaction (OER), the anodic
reaction of the electrochemical water splitting (equation 2).4,5 Here, we focus only
on the hydrogen evolution reaction. The efficiency of water splitting is often
increased by the addition of an electrolyte (such as an acid or base), and the use of
electrocatalysts.
Hydrogen evolution reaction: 2𝐻𝐻 + (𝑎𝑎𝑎𝑎) + 2𝑒𝑒 − →

Oxygen evolution reaction:

2H2 O (𝑙𝑙) →

𝐻𝐻2 (𝑔𝑔)

O2 (g) + 4H + (aq) + 4e−

(1)
(2)

In essence, HER via electrochemical water splitting in acidic media consists
of two reaction steps: adsorption and desorption. In the adsorption step, protons
from the electrolyte are attached to the surface sites on the catalyst. Electrons from
the catalyst combine with the attached proton to form hydrogen atoms. Two
hydrogen atoms then combine to form a hydrogen molecule. In the desorption
step, the hydrogen molecule desorbs from the catalyst surface. These reaction
steps of HER are known to take place via the Volmer-Heyrovsky (equations 3 and 4)
or the Volmer-Tafel mechanism (equations 3 and 5).
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Volmer reaction:

𝐻𝐻 + + 𝑒𝑒 − ⇌ 𝐻𝐻𝑎𝑎𝑎𝑎

(3)

2𝐻𝐻𝑎𝑎𝑎𝑎 ⇌ 𝐻𝐻2

(5)

Heyrovsky reaction: 𝐻𝐻𝑎𝑎𝑎𝑎 + 𝐻𝐻 + + 𝑒𝑒 − ⇌ 𝐻𝐻2
Tafel reaction:

(4)

The overall reaction rate for HER is determined by the free energy of
hydrogen adsorption (ΔG H). If the hydrogen to surface bond is very weak (ΔGH is
negative and large), then, the adsorption step will limit the overall reaction rate. If
the hydrogen to surface bond is very strong (ΔGH is positive and large), then, the
desorption step will limit the overall reaction rate.4 Thus, for an optimal
electrocatalyst, the hydrogen should neither bind too strongly nor too weakly i.e.,
ΔGH is almost zero.
Amongst various active electrocatalysts, ΔGH for Pt is almost zero and thus,
Pt is considered as the benchmark electrocatalyst for HER.4 However, the limited
availability of Pt restricts large-scale implementation. In this regard, alternate
electrocatalysts such as TMDs including WS2 are being investigated due to their
relatively small ΔGH.4,6 For these material systems, the edges have been
experimentally identified as the active sites for catalysis.7 Theoretical studies have
revealed the ΔGH to be similar for both W and S edges (ΔGH = -0.04 for W {1010}
edge and -0.06 for S {1010} edge). A higher ΔGH has been reported for the basalplanes (ΔGH = ~2 eV).8
The HER via electrochemical water splitting can be performed in a simple
three-electrode cell configuration as shown in Figure 3.1a. The setup consists of a
working electrode (e.g. WS2), a reference electrode (saturated calomel electrode SCE) and a counter electrode (Pt/graphite rod). The electrodes are immersed in an
electrolyte (e.g. 0.5M H2SO4). A potential is applied for the electrolysis to take place
and this potential is referenced against a reference electrode. This potential is
referred to as the ‘overpotential (η)’ of the electrocatalyst. The electrons generated
by the HER are transported via a counter electrode to a potentiostat to quantify the
current-density.
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Figure 3.1. (a) Schematic illustration of a typical three-electrode cell configuration used for
electrochemical HER measurements. (b) Representative linear sweep voltammograms (LSV)
plotting current density as a function of applied potential for the HER catalysts (sample A
and B), and a bare glassy carbon substrate. The onset region for the HER activity is
highlighted and the overpotential required to reach a current density (η10) of 10 mA/cm2 is
indicated by a dashed line. (c) The Tafel plot from which the Tafel slope (slope of the linear
region) and the exchange current density (linear extrapolation at η = 0) can be extracted.

3.1.2 Figures of Merit for Evaluating the Catalytic Activity
To obtain high efficiency for HER, electrocatalysts are used in order to minimize the
overpotential required to drive the HER. For selection of optimal electrocatalysts,
multiple figures of merit are considered. Firstly, the electrocatalyst should exhibit a
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low overpotential (η) i.e., the electrocatalyst should drive the HER at low η values.
Operation at low η is desired as a large overpotential means a low energy
efficiency.2 The η of an electrocatalyst is typically determined from linear-sweep
voltammetry (LSV) measurements (Figure 3.1b). However, identifying the
overpotential right at its onset can be ambiguous, and can vary from person to
person. In order to avoid this ambiguity, the overpotential required to reach a
specific current density is accepted as a metric for comparing the HER performance
of an electrocatalyst. In this regard, the overpotential required to reach a current
density of 10 mA/cm2 (η10) is commonly accepted as a figure of merit (Figure 3.1b).
Typically the η10 can vary from material to material, and also within the same
material system, depending upon the inherent material and surface properties.
Platinum, the current best HER electrocatalyst is known to exhibit a near-zero
overpotential.9
Another important figure of merit for comparing the HER activity of
electrocatalysts is the Tafel slope. The Tafel slope determines the voltage required
to raise the current density by an order of magnitude. Going by the definition, the
Tafel slope is commonly specified in mV/decade units. For applications, smaller
Tafel slopes are favorable as faster increase in the HER rate can be expected with
increasing overpotentials.9 The Tafel slope is determined form the Tafel plot, which
essentially plots the overpotential and the logarithm (base 10) of current density
(Figure 3.1c). The linear region of the Tafel plot is fit to the Tafel equation (equation
6) to determine the Tafel slope:
𝑖𝑖
𝑖𝑖0

(6)

Tafel equation: 𝜂𝜂 = 𝐴𝐴 ∗ log ( )

where, A is the Tafel slope, i is the current density (A/cm 2), and i0 is the exchange
current density at zero overpotential (A/cm2). The Tafel slope for Pt electrocatalyst
is around 30 mV/decade.
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(a)

(b)
Figure 3.2. (a) Cyclic voltammogram of WS2 films in the presence (black) and absence (red)
of cupric ions. IC, IA correspond to over potential deposition and stripping regions, and IIC,
IIA correspond to the under potential regions. (b) Plot showing the QCu/QH ratio reaching a
plateau of two, which indicates the deposition of same quantity of copper as hydrogen on
the actives sites of the electrocatalyst, at the respective potentials. Reprinted by
permission from Voiry et al.10: Nature Materials, Copyright (2013).
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The exchange current density (i0) that can be determined from the Tafel
equation is another figure of merit that is commonly used for comparing the HER
activity of electrocatalysts. The exchange current density is basically the intrinsic
activity of an electrocatalyst at zero applied potential. An optimal electrocatalyst is
expected to have high exchange current densities.
The long-term cyclic stability of a HER electrocatalysts in acidic (or alkaline)
media is another important aspect from an application perspective. The stability of
the electrocatalyst can be examined by measuring continuous CV cycles or by
measuring the I-t (current-time) curves.2,11 Another figure of merit for evaluating
the HER activity of an electrocatalyst is the turn over frequency (TOF). The TOF is
defined as the number of hydrogen molecules generated on an active site per unit
of time. TOF specifies the catalytic activity per site and not per geometric area. The
TOF can be obtained by measuring the total electrode activity and the number of
active sites separately (e.g. using double layer capacitance or copper
underpotential deposition technique) and then combining them to obtain the
TOF.12
Since the edges are active sites for HER in TMD-based electrocatalysts like
WS2, it is crucial to evaluate the exposed edge-site density. Evaluation of the
exposed edge-site density can enable correlating the catalytic activity of the
electrocatalyst to its material properties such as morphology and composition, and
can provide opportunities to improve the HER performance. Recently, copper
underpotential depositions (Cu-UPD) on metal chalcogenides (e.g. WS2, Pd3P2S8)
has been reported for evaluating the number of electrochemically active sites.10,13
This technique has been well established for determining the number of active sites
for noble metal electrodes such as Pt and Pd.14,15 Essentially, UPD is the deposition
of mono- or sub-monolayers of metal atoms onto an electrode surface at potentials
more positive than those required for bulk metal deposition.15 The electrocatalyst
(WS2) is subjected to cyclic voltammetric scans (Figure 3.2a) in acidic media (e.g.
0.1 M H2SO4), with (e.g. 0.002 M CuSO4) and without cupric ions. The number of
active sites is determined by measuring the charges exchanged during stripping of
the deposited Cu atoms from the electrode at underpotential regions (Figure 3.2a).
The charges exchanged during Cu stripping (QCu) and hydrogen adsorption (QH) in
the presence and absence of cupric ions, respectively, are compared at various
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potentials to establish a charge exchange ratio (QCu/QH). In underpotential regions,
this ratio i.e., QCu/QH should be equal to two (Figure 3.2b). This is because when a
monolayer of Cu is deposited at the same site as hydrogen, copper stripping
involves two electrons while hydrogen adsorption involves one. At lower potentials,
the ratio increases beyond two as higher amounts of Cu are deposited on the
electrocatalyst and on the already deposited Cu atoms resulting in bulk deposition
of Cu.10
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Edge-Site Nanoengineering of WS 2 by
Low-Temperature Plasma-Enhanced
Atomic Layer Deposition for
Electrocatalytic Hydrogen Evolution*

ABSTRACT: Edge-enriched transition metal dichalcogenides, such as WS2, are promising
electrocatalysts for sustainable production of H2 through the electrochemical hydrogen evolution
reaction (HER). The reliable and controlled growth of such edge-enriched electrocatalysts at low
temperatures has, however, remained elusive. In this work, we demonstrate how plasmaenhanced atomic layer deposition (PEALD) can be used as a new approach to nanoengineer and
enhance the HER performance of WS2 by maximizing the density of reactive edge-sites at a low
temperature of 300 °C. By altering the plasma gas composition from H2S to H2 + H2S during PEALD,
we could precisely control the morphology and composition and, consequently, the edge-site
density as well as chemistry in our WS 2 films. The precise control over edge-site density was
verified by evaluating the number of exposed edge-sites using electrochemical copper
underpotential depositions. Subsequently, we demonstrate the HER performance of the edgeenriched WS2 electrocatalyst, and a clear correlation among plasma conditions, edge-site density,
and the HER performance is obtained. Additionally, using density functional theory calculations
we provide insights and explain how the addition of H 2 to the H2S plasma impacts the PEALD
growth behavior and, consequently, the material properties, when compared to only H 2S plasma.
*S. Balasubramanyam, M. Shirazi, M.A. Bloodgood, L. Wu, M.A. Verheijen, V. Vandalon, W.M.M.
Kessels, J.P. Hofmann, and A.A. Bol, Chem. Mater. 2019, 31, 5104.
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4.1 Introduction
Since the discovery of graphene, research on analogous, layered two-dimensional
(2D) materials has garnered significant interest. In this regard, layered transition
metal dichalcogenides (TMDs) have emerged as a promising class of materials due
to their structural similarities with graphene and their unique thickness-dependent
physicochemical properties.1−3 Each layer in a TMD consists of hexagonally packed
transition metal atoms that are sandwiched between two chalcogen atom layers.2
The individual TMD layers are held together by weak van der Waals (vdW) forces
and can be exfoliated into monolayers (MLs).2 Unique material properties emerge
in these 2D nanoscale regimes that can deviate significantly from the bulk, due to
quantum confinement eﬀects.2,4,5 Particularly, semiconducting TMDs such as MoS2
and WS2 exhibit an indirect band gap in their bulk form that transitions into a direct
band gap in the ML regime.6−9 In addition to the presence of a sizeable band gap,
these semiconducting TMDs also exhibit a high carrier mobility, resulting in a high
on/oﬀ ratio, which showcases their potential for future applications in
nanoelectronic and optoelectronic devices.10−12
Interestingly, due to reduced atomic coordination, the edges of these
layered TMD sheets exhibit diﬀerent electronic,13,14 optical,15,16 and chemical17,18
properties when compared to the basal planes. In 2005, theoretical studies
identified MoS2 as a promising catalyst for the electrochemical hydrogen evolution
reaction (HER) for water splitting due to the small Gibbs free energy for hydrogen
adsorption on the reactive edges.19 Subsequent experimental studies
demonstrated that MoS2 edges are indeed the active sites for HER, whereas the
(00l) basal planes are catalytically inert.20−22 Several studies have since reported the
promising HER performance of MoS223−25 and WS226−28 electrocatalysts, further
suggesting that these materials could be promising alternatives to noble metal
catalysts such as Pt, the current benchmark HER electrocatalyst. Many of these
studies focus on enhancing the edge-site densities to improve the HER
performance,26,29−31 however, research on this aspect is still ongoing. The density of
the exposed edge-sites depends on the morphology of the films, and the controlled
synthesis of edge-enriched, nanostructured catalysts is quite challenging.
Previously, edge-enriched MoS2 and WS2-based catalysts have been
synthesized using chemical vapor deposition (CVD),28,29,32 chemical
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exfoliation,23,33,34 sulfurization of the metal or metal oxide using S or H2S,30,35,36
solvent-based chemical methods,31,37−39 etc. To enhance the density of exposed
edge-sites in the as-deposited material, edge-site engineering through ball
milling,26 strain33,40 and defect induction,41−43 basal plane activation,40,44 postdeposition annealing,37,45 vertically aligned layers,30,31,46 etc., have also been
examined. However, a reliable method to precisely control the edge-site density in
these 2D materials has remained elusive, as concurred by Ho et al.47 Conformal film
growth on high surface area three-dimensional (3D) substrates and lowtemperature processing (on temperature-sensitive substrates) are some of the
other challenges that are yet to be addressed.
Recently, controlled growth of edge-enriched MoS247,48 and WS249
nanostructures with promising HER performance has been demonstrated using
atomic layer deposition (ALD) at low growth temperatures (T≤450 °C). ALD is
typically a low-temperature (T<500 °C) cyclic deposition technique characterized by
saturated surface reactions of a precursor and a co-reactant.50−52 The saturated,
self-limiting reactions enable conformal film deposition on high surface area 3D
structures/ substrates that are typically employed for enhancing HER performance,
which is otherwise a challenging endeavor with other synthesis techniques.49,52,53
Furthermore, the use of plasma in one of the steps in an ALD cycle (so-called
plasma-enhanced ALD) oﬀers additional freedom in processing conditions that can
influence material properties.51, 52,54 Therefore, ALD can be a promising synthesis
route for the controlled growth of nanostructured 2D materials that are suitable
for a variety of thin-film applications, including HER catalysts.
In the literature, there are very few reports on the low-temperature (T≤450
°C), controlled growth of edge-enriched electrocatalysts for HER using ALD.47−49 Ho
et al. have reported the ALD growth of edge-enriched MoS2 using a halide precursor
(MoCl5), in combination with H2S as a co-reactant.47 However, the film growth rate
varied laterally across the growth surface (Au/Si, 4 inch wafer), hinting at the
presence of a CVD component in their process. Deviation from the characteristic
self-limiting ALD growth behavior hampers the inherent merits that ALD oﬀers
(thickness control, 3D conformality, uniform growth over large areas, etc.). Yeo et
al. have reported the plasma-enhanced atomic layer deposition (PEALD) growth of
WS2 using a carbonyl precursor (W(CO)6) and a H2S plasma as a co-reactant on 3D,
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Ni-foam substrates.49 However, there was no discussion on controlling the density
of active sites. Sharma et al. demonstrated the temperature-dependent growth of
“out-of-plane oriented (OoPO)” MoS2 using a metalorganic precursor (bis(tertbutylimido)bis(dimethylamido)molybdenum) ((tBuN)2(Me2N)2Mo) and a H2 + H2S
plasma mixture as a co-reactant.48 These OoPO structures were predominantly
edge-terminated, and the density of these structures could be controlled by varying
the temperature.
In this work, we show that the material properties of WS2 spanning the
surface morphology, crystallinity, and stoichiometry can be tailored precisely by
PEALD at 300 °C, by altering the co-reactant plasma gas composition from H2S to H2
+ H2S. Hydrogen is known to be a strong reducing agent, and using density
functional theory (DFT) calculations we describe how the addition of hydrogen to
the H2S plasma can influence the PEALD growth behavior and, consequently,
change the material properties, when compared to only H2S plasma. We
demonstrate that controlling the plasma gas composition during PEALD of WS2
provides a reliable method to tailor the morphology and composition and,
consequently, the edge-site density and chemistry. The precise control over edgesite density was evaluated using electrochemical copper underpotential
depositions (Cu-UPD), which has recently been reported by Voiry et al.33 as a
reliable technique to probe catalytically active edge-sites of WS2. Subsequently, the
HER performance of the edge-enriched WS2 electrocatalyst is demonstrated, and a
clear correlation among plasma conditions, edge-site density, and the HER
performance is obtained.

4.2 Experimental Section
4.2.1 PEALD of WS2
WS2 thin films were synthesized by PEALD in a commercial FlexAL ALD reactor from
Oxford instruments. The reactor was equipped with an inductively coupled plasma
(ICP) source, and the plasma power was fixed at 500 W for all depositions. A base
pressure of 10−6 Torr was realized in the reaction chamber using a turbomolecular
pump. The reaction chamber wall temperature was set to 150 °C, whereas the
substrate table temperature was set to 300 °C. Using these settings, the substrate
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temperature was estimated to be ~240 °C (using a thermocouple on reference
samples), due to limited thermal contact in vacuum. Prior to deposition, the
reaction chamber walls and the substrate table were preconditioned with 500 ALD
cycles (~50 nm) of Al2O3 and 300 ALD cycles (~25 nm) of WS2. All substrates were
subjected to a 20 min preheating step in a 200 mTorr Ar environment to stabilize
the substrate temperature. Squares of crystalline silicon (c-Si) with 450 nm thick
thermally grown SiO2 on top (2 × 2 cm2) (N-type doped, SIEGERT Wafer) and glassy
carbon (2 × 2 cm2, Goodfellow) were used as substrates. The glassy carbon
substrates were polished with a 0.3 μm alumina suspension to obtain a mirror finish
before use. The bis(tert-butylimido)bis(dimethylamido)tungsten metalorganic
precursor (chemical formula = (tBuN)2(Me2N)2W) (99% purity, Sigma Aldrich) was
used as the tungsten source. The precursor was stored in a canister heated to 50 °C
and was bubbled into the reaction chamber through delivery lines heated to 70 °C.
Ar (50 standard cubic centimeters per minute – sccm flow) was used as the carrier
gas to deliver precursor vapor from the canister to the reaction chamber.
Two PEALD processes were developed using the (tBuN)2(Me2N)2W
precursor with two plasma combinations as co-reactants: (1) H2S plasma and (2) H2
+ H2S plasma. The tungsten precursor used in this work has been previously used
to deposit WO3 in a PEALD process over a wide temperature range from 100 to 400
°C, with little to no carbon impurity incorporation (Chapter 8).55 In the investigated
temperature range, the precursor was found to be thermally stable without any
signs of thermal decomposition. In this work, all depositions were carried out at
300 °C as this was the lowest temperature at which the WS2 films crystallized.
During the co-reactant step, the H2S and H2 + H2S gas delivery into the ICP source
was always accompanied by Ar. For the H2S + Ar plasma gas mixture, the respective
flow rates into the ICP source were fixed at 10 sccm for H2S and 40 sccm for Ar. For
the H2 + H2S + Ar plasma gas mixture, the respective flow rates into the ICP source
were fixed at 30 sccm for H2, 2 sccm for H2S, and 40 sccm for Ar. These particular
flow rates were optimized after a series of experiments in which the flow rates of
H2S and H2 gas were varied, and the impact of flow rate on the resulting surface
morphology and crystallinity was studied. This is further described in detail in
Appendix 4 (Figure A4.1).
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Based on the saturation curves for precursor dosage (Figure A4.2a) and
plasma exposure (Figure A4.2b), a WS2 PEALD cycle with the following step
sequence was adopted: 10 s precursor dosing, 10 s purge, 3 s pre-plasma time, 30
s plasma exposure, and 15 s purge. The pre-plasma time in the ALD cycle was
utilized to stabilize the gas flows into the ICP source, and the plasma was ignited
only during the subsequent plasma exposure step. The reaction chamber pressure
was maintained at (1) 30 mTorr during precursor dosing and precursor purge steps,
and at (2) 15 mTorr during plasma exposure and plasma purge steps.
4.2.2 Material Characterization
For material characterization, WS2 films grown on c-Si with 450 nm thermal oxide
substrates were utilized, unless stated otherwise. The WS2 apparent film thickness
(tApp) was monitored in situ during PEALD using spectroscopic ellipsometry (SE).
Ellipsometric spectra were recorded after every 10th PEALD cycle using a rotating
compensator ellipsometer (M2000 U, J.A. Woollam, Inc.) over a spectral range of
1−5 eV. The measured ellipsometric data were fitted using a material model based
on a B-spline function to determine the apparent film thickness. Due to the rough
morphology of the 3D structures (especially in the case of the H2 + H2S process), the
thickness could not be determined as accurately as on planar surfaces. However,
the thickness values could be determined with an error margin and can be
considered reliable within that error margin, as done in this work. Multiple in situ
and ex situ SE measurements on a set of samples yielded very similar values, and
the thickness determined by in situ SE was in good agreement with the thickness
estimated from cross-section scanning transmission electron microscopy (STEM)
images.
The absolute film composition, stoichiometry, and mass density were
determined using Rutherford backscattering spectroscopy (RBS) and elastic recoil
detection (ERD) measurements. The RBS and ERD measurements were performed
by Detect 99 (Eindhoven, The Netherlands) using a 2000 keV He+ beam. X-ray
photoelectron spectroscopy (XPS) was also used to study the film composition. XPS
studies were carried out using a Thermo Scientific KA1066 spectrometer with a
monochromatic Al Kα X-ray source (hν = 1486.6 eV); the XPS data processing was
performed using the Avantage software. All elemental binding energies were
calibrated with respect to the sp3 carbon 1s peak at 284.8 eV. To study the
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microstructure of the films, high-angle annular dark field (HAADF) STEM images
were taken on a probe-corrected JEOL JEM-ARM200F transmission electron
microscope (TEM) operated at 200 kV. For top-view TEM studies, WS2 was grown
on Si3N4 TEM windows coated with 5 nm of ALD SiO2. For cross-section TEM studies,
WS2 films deposited on Si3N4 TEM windows were coated with an additional SiO2
protective layer on top, and a focused ion beam was used to create a cross-sectional
sample.
Further surface morphology studies were carried out by scanning electron
microscopy (SEM) using a Zeiss Sigma microscope operated at 2 keV acceleration
voltage. The crystallinity of the WS2 films was studied using X-ray diﬀraction (XRD)
measurements. XRD measurements were performed using a PANalytical X’Pert Pro
MRD system using a Cu Kα X-ray source (λ = 1.54 Å). To obtain an overview of the
reactive species present in the plasmas used in this work, optical emission
spectroscopy (OES) was performed using a USB4000 spectrometer from
OceanOptics.
4.2.3 Electrochemical Characterization
All electrochemical measurements were performed using a standard threeelectrode cell setup and an AUTOLAB potentiostat (model PGSTAT302N). A Pt wire
and a saturated calomel electrode (Hg/Hg2Cl2 in saturated KCl) were used as the
counter and reference electrodes, respectively. WS2 films on glassy carbon
substrates were used as the working electrodes. Prior to electrochemical
measurements, the electrolyte was degassed with Ar for 15 min. WS2 grown on
glassy carbon was held in a circular (polyether ether ketone) holder that exposed a
working electrode area of 3.14 cm2 to the electrolyte and was connected to a
rotating disk. Linear sweep voltammetry (LSV) was performed at a scan rate of 50
mV/s in 100 mL of 0.5 M H2SO4 electrolyte. During LSV measurements, the working
electrodes were rotated at 800 rpm. The Tafel slope was calculated by fitting the
linear portion at the low-overpotential region to the Tafel equation using LSV
curves corrected by uncompensated resistance (IR correction). Electrochemical
impedance spectroscopy (EIS) was performed over a frequency range of 1 Hz to 100
kHz. Copper underpotential deposition (Cu-UPD) measurements were used to
evaluate the number of active sites in the WS2 films using the method described by
Voiry et al. and Green et al.33,56 WS2 films grown on glassy carbon substrates were
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also utilized in Cu-UPD experiments. All Cu-UPD measurements were carried out in
0.1 M H2SO4 and 0.002 M CuSO4 solution at a linear voltammetric scan rate of 50
mV/s. For background correction, charges obtained from the electrode in 0.1 M
H2SO4 (cupric ions free) were subtracted from the charges obtained for Cu stripping.
4.2.4 Computational Details
To study the adsorption of (tBuN)2(Me2N)2W precursor on the growing WS2 thin film
surface in the steady-state regime, self-consistent DFT calculations in the
generalized gradient approximations were employed. Here, the dimethylamido
ligand and the tert-butylimido ligand are represented by X = N(CH3)2 and Y =
NC(CH3)3, respectively. Reaction energies (ΔE) of the precursor adsorption were
calculated in a 3D periodic model, using Vienna Ab initio Simulation package.57 In
these calculations, the electronic energies were approximated using the projectoraugmented wave58 description of atomic cores and the functional of Perdew, Burke,
and Ernzerhof.59 The plane wave cut-oﬀ energy was set to 600 eV. For W atoms
6s25d4, S atoms 3s23p4, N atoms 2s22p3, C atoms 2s22p2, and O atoms 2s22p4
electrons were included as valence electrons. The self-consistent steps were
converged to an energy diﬀerence of at least 10−4 eV. Geometries were optimized
using the conjugate-gradient scheme without symmetry restraints or fixed atoms,
to a convergence of energy gradients of less than 10−3 eV/Å. Since the magnetic
properties are essential for an accurate description of the energetics and kinetics,
all calculations were carried out spin-polarized. More computational details can be
found in a previous work.60
In principle, the following ALD reactions can be included: adsorption,
protonation of ligands, desorption of the protonated ligands, densification,
cooperative eﬀects, and ligand exchange. A complete list of ALD reactions of the
amide precursor can be found in previous studies.60−62 In this study, we only looked
at the adsorption energy of the W precursor and the consequence of ligand
protonation on the adsorption of the W precursor.
Details on how we build the simulation boxes, the adsorption of the W
precursor on the WS2 basal plane ({001} facet), and consequences of proton
transfer on the W precursor adsorption (complementary calculations) on the WS2
edge structure ({010} facet) can be found in Appendix 4 (computational section).
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4.3 Results and Discussion
4.3.1 PEALD of WS2
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Figure 4.1. (a) Apparent film thickness (tApp) as a function of number of PEALD cycles for the
H2S and H2 + H2S processes at a deposition temperature of 300 °C, as-determined from in
situ SE measurements. The error bars are a cumulative sum of the measurement error and
the SE model fitting error. (b) GPCRBS (atoms/nm2) in terms of number of deposited W and
S atoms showing an analogous trend as GPCSE for the H2S and H2 + H2S processes. GPCRBS
was determined after 400 PEALD cycles. (c) Thickness uniformity map of WS 2 films (H2S
process) on a 4 inch SiO2/Si wafer, as-determined from room-temperature ex situ SE
measurements. The black squares on the wafer represent the SE measurement points with
a 5 mm edge exclusion.

71

4

CHAPTER 4
The growth behavior of WS2 films during the H2S and H2 + H2S PEALD processes was
investigated using in situ SE at a deposition temperature of 300 °C. Figure 4.1a
shows the apparent film thickness (tApp) as a function of the number of PEALD cycles
for the H2S and H2 + H2S processes. For the H2S process (blue circles), the thickness
increased linearly with the number of cycles exhibiting characteristic ALD growth
behavior, and a growth per cycle (GPCSE) of ~0.8 ± 0.05 Å was recorded after 400
cycles. For the H2 + H2S process (red diamonds), a drastic increase in thickness was
observed after ~60 cycles, and a doubled GPCSE value of ~1.6 ± 0.1 Å was recorded
after 400 cycles. A similar GPC trend in terms of the deposited W and S atoms/nm2
was observed from RBS measurements (Figure 4.1b). GPCRBS was determined by
dividing the total number of deposited W or S atoms/nm2 by the total number of
ALD cycles. After 400 cycles, the GPCRBS in terms of the deposited W atoms/nm2 was
determined to be ~1.00 ± 0.05 for the H2S process and ~1.95 ± 0.05 for the H2 + H2S
process, in line with the trend observed by GPCSE. Film growth was observed right
after the very first ALD cycle on the starting surface for both processes (Figure 4.1a)
and repeated depositions yielded similar “thickness versus number of ALD cycles”
profiles, indicating the high reproducibility of both PEALD processes. The GPCSE
saturation for precursor dosing and plasma exposure time, which confirm selflimiting ALD growth, are discussed in Appendix 4 (Figure A4.2). No film growth was
observed with the thermal ALD variant using the same precursor used in this work
in combination with H2S gas (investigated for 200 ALD cycles). Plasma activation is
required for growth to ensue.
Large-area, uniform film growth is very important from an application point
of view, and ALD ideally yields uniform film growth over large-area substrates due
to its self-limiting growth behavior.52,53,63,64 To investigate this aspect, the WS2
thickness uniformity on a 4 inch SiO2/Si wafer was analyzed using roomtemperature ex situ SE measurements, as shown in Figure 4.1c. A WS2 film
deposited with 400 ALD cycles using the H2S process was utilized for the uniformity
check. Over the mapped area, a small variation in WS2 thickness was observed with
a thickness non-uniformity of ~4% (non-uniformity = std. deviation/avg.). This
indicated good thickness uniformity and the feasibility of this WS2 PEALD process
for growth on large-area substrates.

72

CHAPTER 4
The material properties of the WS2 films were studied next. Films with
comparable thicknesses were deposited for an accurate comparison (tApp ~32 nm).
Following the established GPC values for both processes (Figure 4.1a), 400 cycles
were required for the H2S process, whereas 240 cycles were suﬃcient for the H2 +
H2S process to produce tApp ~32 nm films. Comparing the chemical composition of
WS2 films deduced from RBS measurements (Table 4.1), the H2S process yielded a
sulfur-rich film (S/W = 2.2), whereas a sulfur-deficient film (S/W = 1.8) was obtained
from the H2 + H2S process (see also Table A4.1 for S/W ratios determined via XPS).
The tungsten W 4f core-level spectrum acquired from XPS measurements is shown
in Figure A4.3a,b in Appendix 4. For the H2S process (Figure A4.3a), the
characteristic doublet peaks W4f7/2 and W4f5/2 were observed at binding energies
of 32.5 and 34.6 eV, respectively, suggesting a W4+ oxidation state. Slight peak shifts
(~0.5 eV) toward higher binding energies were observed (Figure A4.3b) for the
sulfur-deficient H2 + H2S process (S/W = 1.8), which could be due to the filling of
sulfur vacancies with oxygen as a consequence of exposure to air prior to XPS
measurements. For both processes, carbon, oxygen, and nitrogen impurities were
observed only on the surface and not in the bulk of the films, as revealed by depth
profiling with Ar ions (Figure A4.3c,d). This indicated the growth of relatively pure
tungsten disulfide films.

Table 4.1. GPCRBS and film composition of WS2 films (tApp ~ 32 nm) grown using the H2S and
H2 + H2S PEALD processes. The stoichiometry (S/W) and number of deposited W and S
atoms/(nm2 cycle) were deduced from RBS measurements, whereas the hydrogen content
was determined from ERD measurements. The error in the measurement of absolute
number of W and S atoms/nm2 was 1 and 2%, respectively. The mass density was
determined by combining the RBS results and in situ SE determined thickness.

PEALD
W
S/W
2
process (atom/(nm cycle))

W

S

[H]

(atom/nm ) (atom/nm ) atom %
2

2

mass density
(g/cm3)

H2S

1.00 ± 0.05

2.2 ± 0.1 3.9 × 1016

8.6 × 1016

8.7 ± 0.5

5.4 ± 0.3

H2 + H2S

1.40 ± 0.05

1.8 ± 0.1 3.4 × 1016

6.1 × 1016

13.3 ± 0.7

4.5± 0.6
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The number of deposited W and S atoms/nm2 (per geometric area) were
higher for the H2S process. The mass density (Table 4.1) was also found to be higher
for the film grown using the H2S process (5.4 ± 0.3 g/cm3) when compared with the
H2 + H2S process (4.5 ± 0.6 g/cm3). However, as observed in Figure 4.1a, the GPCSE
was higher for the H2 + H2S process, which was also in agreement with the GPCRBS
in Table 4.1. This implies that the growth behavior was diﬀerent for the H2 + H2S
process and will be discussed in morphological terms later in this Chapter.
Hydrogen was observed in the WS2 films obtained from both PEALD
processes with the H2 + H2S process exhibiting a higher hydrogen content (Table
4.1). Hydrogen species generated during the dissociation of the gas mixtures in the
plasma can contribute to the observed hydrogen content in the WS2 films. Apart
from the plasma, the H content in the films may emanate from the ligands of the
precursor (a single precursor molecule has 30 H atoms), residual water in the PEALD
reactor, and/or from exposure to the ambient environment. From the plasma gas
composition, one can expect a higher H content in the hydrogen-diluted H2 + H2S
plasma when compared to only H2S plasma. The higher H content in the hydrogendiluted H2 + H2S plasma is validated when comparing the atomic H emission line
intensities of both plasmas from OES data (Figure A4.4). The abundantly available
H in the H2-diluted H2S plasma can scavenge S from the film growth surface, as H is
known to be a strong reducing agent, and can explain the growth of substoichiometric films in the case of the H2 + H2S process (Table 4.1).
4.3.2 Computational Results
The ALD growth behavior is strongly influenced by the adsorption rate of the
precursor on the growth surface. The abundantly available hydrogen in the H2 + H2S
plasma not only scavenges S atoms (Table 4.1) but can also modify the −SH surface
coverage, which can significantly impact the precursor−surface interaction. To
further understand the impact of these two eﬀects on the growth behavior, DFT
calculations were performed to investigate the precursor adsorption on two
diﬀerent crystalline facets of WS2 containing S deficiencies and diﬀerent −SH
coverages. The precursor adsorption on both the WS2 basal plane ({001} facet) and
edge structure ({010} facet) is discussed. Here, we show the main results, and for
further details, the reader is referred to the computational section in Appendix 4.
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Figure 4.2. Chemical adsorption of WX2Y2 on the WS2 {010} facet at diﬀerent H coverages,
including vdW interactions. (a)−(e) correspond to reactions 1−5 in Table 4.2 depicting only
final configurations. The increase of H coverage makes the precursor adsorption less
favorable. However, proton transfer from the surface to the dimethylamido ligand (e)
makes the precursor adsorption more favorable. Color coding in the figure: violet = W,
yellow = S, dark blue = N, white = H, dark gray = C, and red = transferred proton. The
dimethylamido ligand and the tert-butylimido ligand are represented as X = N(CH3)2 and Y =
NC(CH3)3, respectively.

Table 4.2. Adsorption energies (ΔE) of the W precursor with and without vdW interactions
for diﬀerent −SH coverages on the {010} WS2 facet. The dimethylamido ligand and the tertbutylimido ligands are shown by X = N(CH3)2 and Y = NC(CH3)3, respectively. aIndicates the
physisorbed precursor and ML = monolayer.
reaction

−SH coverage

ΔE (eV)

ΔE (eV)
incl. vdW

1

WX2Y2(g) → WX2Y2(s)

2 ML S and 0 ML H

-0.74

−0.54

2

WX2Y2(g) → WX2Y2(s)

2 ML S and 0.5 ML H

-0.48

−0.80

3

WX2Y2(g) + S(s) → WX2Y2(s) + S(s)

2 ML S and 1.0 ML H

-0.32

−0.59

4

WX2Y2(g) + S(s) → WX2Y2(s) + S(s)

2 ML S and 1.5 ML H

-0.07

−0.29

5

WX2Y2(g) + SH(s) → WHX2Y2(s) + S(s)

2 ML S and 2 ML H

0.37

−1.05

6

WX2Y2(g) + SH(s) → WHX2Y2(s) + S(s)

2 ML S and 1.0 ML H

-0.28

−1.95

7

WX2Y2(g) + SH(s) → WHX2Y2(s) + S(s)

2 ML S and 1.5 ML H

0.03

−1.47

8

WX2Y2(g) → WX2Y2a

1.75 ML S and 1.5 ML H

0.21

−0.72

9

WX2Y2(g) → WX2Y2a

1.5 ML S and 1.0 ML H

-0.07

−0.12

10

WX2Y2(g) → WX2Y2a

1.25 ML S and 0.5 ML H

-0.25

−0.99

11

WX2Y2a

1 ML S and 0 ML H

-0.55

−1.07

WX2Y2(g) →
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A. Precursor Adsorption on WS2 Basal Planes ({001} Facet)
Diﬀerent −SH coverages were considered to simulate the abundantly adsorbed H
atoms and S deficiencies in the WS2 layers (Table A4.2 in Appendix 4). The
introduction of the W precursor to the WS2 basal planes ({001} facet) with varying
−SH coverage did not lead to strong precursor adsorption (Table A4.2, reactions
1−5). The introduction of precursor to the S atoms only led to the physisorption of
the precursor, which was not energetically favorable (Figure A4.6a,b). Similarly, the
introduction of precursor to W atoms resulted in the precursor being physisorbed
(Figure A4.6c,d). Under specific conditions, the precursor chemisorbed on the
surface, and the reaction became exothermic when the adsorbed H was accessible
to the precursor ligands (Table A4.2, reaction 5). This could be considered as a seed
precursor for the nucleation on the basal planes and, consequently, formation of a
new layer (Figure A4.6e). For further details regarding the precursor adsorption on
the basal plane, the reader is referred to the computational section in Appendix 4.
B. Precursor Adsorption on WS2 Edges ({010} Facet)
The W precursor adsorption on the WS2 edge structure ({010} facet) was studied
next (Figure 4.2). Due to the under-coordination of the S atoms at the edges, the
edges are known to be very reactive when compared to the S atoms at the basal
planes.2,18 Thus, the precursor adsorption on WS2 edges ({010} facet) was expected
to be much stronger than that on the basal planes ({001} facet). To investigate the
consequence of the abundantly adsorbed H atoms on the WS2 edge structure,
diﬀerent H coverages were considered, while maintaining a full S coverage (2 ML S)
(Table 4.2, reactions 1−5). In each calculation, the W precursor was introduced to
the same S atom at the edge structure. On these edge structures, the introduction
of H atoms breaks the bonds between neighboring S atoms (Figure 4.2a-e),
resulting in varying degrees of −SH termination. Our simulations indicate that the
precursor adsorption energy (ΔE) increases from −0.74 to 0.37 eV with increasing
−SH coverage implying a weaker adsorption with increased H coverage (reactions
1−5 in Table 4.2).
A similar trend was observed upon the inclusion of vdW interactions with
increasing −SH coverage. Interestingly, however, ΔE became exothermic by 1.05 eV
implying a stronger precursor adsorption at full H coverage (Figure 4.2e and
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reaction 5, Table 4.2). This change was due to a proton transfer from the surface
to the dimethylamido ligand (X) of the precursor (red sphere in Figure 4.2e) and
was further investigated.
The consequence of proton transfer on the adsorption of the W precursor
was investigated by considering two H coverages of 1.0 ML and 1.5 ML (Table 4.2,
reactions 6 and 7). For these studies, H atoms were relocated at the surface to be
accessible to the N atom of the dimethylamido ligand.60,61 It was observed that the
proton transfer from the surface −SH group to the dimethylamido ligand occurs
during the optimization (Figure A4.7), leading to a reduction in the overall system
energy. Hence, proton transfer is eﬀectively barrier less. Upon the inclusion of vdW
interactions, the proton transfer made a significant diﬀerence in the adsorption
energy. At a 1.0 ML H coverage, the adsorption energy was exothermic by 1.95 eV
(Table 4.2, reaction 6), which was more favorable than the same adsorption in the
absence of proton transfer by 1.36 eV (ΔE = −0.59 eV, Table 4.2, reaction 3). A
similar trend was observed at a higher H coverage of 1.5 ML (Table 4.2, reaction 7).
This clearly indicated that the precursor adsorption is strongly promoted by
increased H coverage upon inclusion of vdW interactions.
Proton transfer in the absence of vdW interaction did not make a large
diﬀerence in the adsorption energy (ΔE ≤ 0.1 eV). Proton transfer to the
dimethylamido ligand gave rise to the chemical adsorption of the W precursor,
whereas the absence of proton transfer to the W precursor resulted in only physical
adsorption at the surface (Figure A4.8).
To investigate the consequence of removal/etching of S atoms from the
WS2 edge structure, one S and two H atoms were randomly removed from the WS2
{010} surface with a full −SH coverage. The removed atoms were considered as a
desorbed H2S molecule (Figure 4.3). After desorption of H2S, surface reconstruction
ensued with S atom relocation, eﬀectively minimizing the surface energy (Figure
A4.9). Reactions 8−11 in Table 4.2 reveal an exothermic precursor adsorption with
decreased −SH coverage, implying that the reduction of the WS2 surface (by
removal of S atoms) also makes precursor adsorption more favorable.
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Figure 4.3. Physical adsorption of WX2Y2 on the WS2 {010} facet at diﬀerent −SH coverages,
including vdW interactions. The surface is reduced from (a) to (d) by desorption of a H 2S
molecule creating diﬀerent −SH coverages. The reduction of the WS2 {010} surface makes
precursor adsorption more favorable. This schematic corresponds to reactions 8−11 in
Table 4.2. The color code and ligand abbreviations are the same as in Figure 4.2.

To summarize, DFT calculations confirm that the W precursor adsorption at
the edge structure ({010} facet) is strongly promoted by increased H coverage and
S deficiency. A higher precursor adsorption rate can translate into a higher GPC.
The higher GPC observed previously for the H2 + H2S process (Figure 4.1 a,b) can be
explained by such an enhanced precursor adsorption.
4.3.3 Crystallinity and Morphology
To evaluate the crystallinity of the as-grown WS2 films (tApp ~32 nm), gonio-XRD
measurements (θ − 2θ) were performed, and the corresponding diﬀraction
patterns are shown in Figure 4.4a. The XRD peaks corresponding to hexagonal 2HWS2 were observed, which confirmed the growth of crystalline films at a very low
deposition temperature of 300 °C for both PEALD processes. The H2S process
exhibited a relatively intense (002) peak, indicating the growth of crystalline WS2
with a preferential orientation of the (00l) series. The H2 + H2S process also
exhibited an intense (002) peak, as well as a peak corresponding to the (010) plane,
suggesting the growth of crystalline WS2 with significant contributions from two
diﬀerent preferential orientations. Based on these observations, we can conclude
that tuning the plasma gas composition enables the growth of WS2 layers with
varied orientations and allows for controlling the texture of nanostructured WS2
during PEALD.
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Figure 4.4. (a) Gonio-XRD patterns of WS2 films (tApp ~32 nm) grown using H2S and H2 + H2S
PEALD processes. The powder diﬀractogram of 2H-WS2 is included as a reference65 and is
represented by vertical bars at the bottom of the figure. (b−g) HAADF-STEM images of WS2
films (tApp ~32 nm): (b) Top-view and (c, d) cross-sectional images of WS2 grown using the
H2S process. The edge termination of the WS2 layers is highlighted with a rectangle in (d).
(e) Top-view and (f, g) cross-sectional images of WS2 grown using the H2 + H2S process.
Dashed lines follow the triangular-fin outline in (g).
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We studied the morphology of the WS2 films using HAADF-STEM to obtain
further insights about the ALD growth behavior. The top-view and cross-sectional
STEM images in Figure 4.4b-g show morphological diﬀerences in the WS2 films (tApp
~32 nm). WS2 grown using the H2S process (Figure 4.4b) yielded densely packed
“nanoflakes” with individual lateral flake sizes ranging from ~10 to 20 nm. In stark
contrast, the H2 + H2S process led to the growth of high surface area open structures
(Figure 4.4e). For the H2S process, cross-sectional STEM images (Figure 4.4 c,d)
revealed that the initial few layers of WS2 grew in a two-dimensional (2D) laterally
oriented fashion on the substrate. Upon increasing the film thickness beyond a few
layers, a change in the growth direction was observed, with the layers now forming
three-dimensional (3D) features at oblique angles with the surface normal. The
edges of these obliquely oriented, dense layers appeared to predominantly
terminate on the top surface (Figure 4.4d). In contrast, for the H2 + H2S process
(Figure 4.4f,g), after the growth of a few initial 2D horizontal layers of WS2 on the
starting surface, subsequent layers started to form 3D fin-like triangular structures
with their edges tapering toward the top surface (Figure 4.4g). For these films, the
apparent thickness can be interpreted as the average value of film thickness from
the growth surface (substrate) to the peak.
A growth model was postulated by Sharma et al. to explain the
morphological transition from 2D horizontal basal planes to 3D structures as a
function of the number of cycles in PEALD-grown MoS2.48 This model can also be
adopted to explain the morphology transition in our WS2 films grown using both
H2S and H2 + H2S processes, owing to the similarities between the MoS2 and WS2
material systems and the PEALD processes used. According to this model, the initial
film growth starts with the formation of islands with basal planes oriented parallel
to the substrate. The growth at the edges of these islands is faster than growth on
top of the basal planes due to the higher reactivity of edges. This aspect is well
supported by the DFT results obtained in our work. Next, with increasing cycle
number, competition between laterally expanding islands (2D planes) leads to
defect-mediated growth at the grain boundaries, forcing the layers to grow in outof-plane orientations (3D structures) at those boundaries. After this transition in
morphology (2D to 3D growth), subsequent film growth results in the steady-state
film morphology depicted in Figure 4.4.
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Furthermore, based on RBS measurements (Table 4.1), we observed that
the H2 + H2S plasma leads to the formation of S-deficient films. DFT calculations
revealed that the removal of S atoms from the WS2 film leads to a lower S coverage
at edge-sites (Figure A4.9 in Appendix 4). Consequently, lower S coverage at the
edges leads to weaker densification of the W precursor than in the case of complete
S coverage.60,61 Growth on such low-coverage surfaces can strongly influence the
resulting material properties including crystallinity and morphology, as observed in
the case of the H2 + H2S process. The lower S coverage can induce the migration of
surface S atoms to reduce the surface energy (Figure A4.9) and lead to film growth
along new crystal planes, as confirmed from XRD measurements (Figure 4.4a). This
may explain the formation of the observed fin-like 3D structures in Figure 4.4f,g.
The increase in GPC after ~60 cycles observed in Figure 4.1a for the H2 + H2S
process can now be attributed to this change in the surface morphology from
horizontal basal planes to vertical triangular-fin-like 3D structures. The fin-like
structures with high surface area expose a significantly higher number of edge-sites
than the horizontal basal planes. The adsorption of the W precursor is enhanced on
such edge-sites ({010} crystal facet), as observed earlier from DFT calculations, and
therefore, leads to an increase in the GPC, as seen in Figure 4.1a. The enhanced
precursor adsorption for the H2 + H2S process (S-deficient and higher H coverage)
can be confirmed by a relatively higher number of deposited W atoms/(nm2 cycle)
for the H2 + H2S process (1.4 ± 0.05) when compared to the H2S process (S-rich and
lower H coverage) (1 ± 0.05), as deduced previously from RBS measurements (Table
4.1). Furthermore, upon doubling the WS2 film thickness to ~64 nm for the H2 + H2S
process, the number of deposited W atoms/(nm2 cycle), and the density of the films
and the density of triangular fins increased (Table A4.3 and Figure A4.10).
However, the absolute number of W and S atoms per geometric area (nm2) was
observed to be lower for the H2 + H2S process, as discussed in Table 4.1. This
indicates that the WS2 films grown using the H2 + H2S process have less material per
unit area than those grown using the H2S process, which is corroborated by the
open, triangular-fin-like 3D structures, as observed in Figure 4.4f,g. Although a
change in surface morphology was observed also for the H2S process, no drastic
increase in GPC was observed in Figure 4.1a. The densely packed nanoflake-like
structures formed after the morphology transition seem to oﬀer a lower number of
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sites for precursor adsorption due to their lower surface area, when compared to
the triangular-fin-like structures obtained with the H2 + H2S process. Thus, no
drastic change in GPC is observed in Figure 4.1a.
4.3.4 Evaluation of Number of HER-Active Edge-Sites
The HER performance of TMDs such as WS2 is significantly dependent on the density
of exposed edge-sites. Above, we showed that the morphology of the WS2 films
could be modulated by varying the plasma gas composition (Figure 4.4b-g). As a
consequence of their contrasting surface morphologies, WS2 films synthesized in
this work using the H2S and H2 + H2S PEALD processes appeared to exhibit diﬀerent
edge densities on the surface (Figure 4.4b-g). Since the edges are the active sites
for HER, a higher density of the exposed edge-sites is expected to lead to a better
HER performance. There are many reports in the literature that focus on increasing
the density of exposed edge-sites, but only a few have actually made an attempt to
evaluate their numbers.33,66,67 The electrochemical performance of a TMD
electrocatalyst is dependent upon several factors, such as the number of exposed
active sites, hydrogen binding energy, degree of crystallinity, charge transfer
resistance, etc. Therefore, an evaluation of the number of exposed active sites can
provide additional insights toward understanding and provide opportunities to
enhance the HER performance. Benck et al. and Shin et al. estimated the number
of active sites from the electrochemically active surface area (determined using
electrochemical capacitance measurements) in combination with a model based on
the surface structure, which assumes a flat MoS2 surface with negligible surface
roughness.66,67 This approach takes into account several assumptions and is not
convenient for crystalline films with nanostructured morphology, which do not
have atomically flat surfaces.
Taking a cue from Green et al.,56 who utilized the Cu-UPD technique to
determine the surface area of Pt and Ru in Pt−Ru electrocatalysts, Voiry et al. used
Cu-UPD to estimate the number of active sites in strained, chemically exfoliated
WS2 nanosheets.33 Using this technique, it is experimentally possible to estimate
the number of active sites by comparing the charge of hydrogen adsorption and
copper deposition at underpotential regions.33 Cu-UPD has also been used by Zhang
et al.68 to evaluate the number of active sites in lithium-incorporated palladium
phosphosulfide. In this work, we used Cu-UPD to evaluate the number of active
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sites per geometric area (cm2) of PEALD WS2 films using the method described by
Voiry et al. and Green et al.33,56 Details regarding the evaluation of the number of
active sites from the Cu-UPD measurements are discussed in Appendix 4 (Figure
A4.11). Glassy carbon substrates were used for Cu-UPD measurements, and
through SEM (Figure A4.12), it was confirmed that the morphology of the WS2 films
grown on glassy carbon substrates was consistent with that of the WS2 films grown
on SiO2 (450 nm)/Si substrates.
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Figure 4.5. (a) Number of active sites per geometric area (cm2) determined from Cu-UPD
measurements for WS2 films with various thicknesses (tApp) grown using the H2S and H2 +
H2S PEALD processes. (b) IR-corrected cathodic polarization curves (LSV) and (c)
corresponding Tafel plots. (d) Stability of the overpotential required to reach a current
density of 5 mA/cm2 (η5) for over 25 h. The WS2 electrocatalyst (~8 nm) synthesized using
the H2S process was used for the stability test.
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Figure 4.5a shows the number of exposed active sites per geometric area
(cm ) for the WS2 films, as-determined from Cu-UPD measurements. An order of
magnitude diﬀerence was found between the PEALD processes irrespective of the
film thickness: 1015 sites/cm2 for the H2S process and 1014 sites/ cm2 for the H2 + H2S
process. This significant diﬀerence in the number of exposed active sites can be
attributed to the diﬀerences in surface morphology and density of the respective
WS2 films (Figure 4.4b-g, Table 4.1). The predominantly edge-terminated and
denser WS2 films from the H2S process contribute to a higher density of active sites
per geometric area than the lower density, tapered-fin structures in the H2 + H2S
process. Although the surface area is greater in the case of the H2 + H2S process
(Figure 4.4), the fin tapering leads to lower exposure of active edges on the top
surface. Other than morphology and film density, the stoichiometry can also
influence the number of active sites. The Cu-UPD process on S-rich (H2S process)
and S-deficient (H2 + H2S process) WS2 surfaces can be quite diﬀerent. From the CuUPD cyclic voltammograms in Figure A4.11, it was observed that the underpotential
regions for the H2S and H2 + H2S processes have similar potentials. So the relative
comparison of the number of sites between the two processes can be treated as
qualitatively fair.
2

For the H2 + H2S process in particular, an increase in film thickness from ~8
to ~32 nm resulted in an increase in the number of active sites/cm2 from ~3.7 × 1014
to 7.5 × 1014 (Figure 4.5a). With increasing thickness, the film density increases as
more WS2 layers are added to the open structures, which can lead to an increase in
the fin density and the exposed sites. The increase in fin density was observed
previously when the thickness was increased from ~32 to ~64 nm (Figure 4.4f,g and
A4.10b,c). A similar behavior can be expected in this scenario with the increase in
thickness shown here.
On the other hand, an increase in film thickness for the H2S process from ~8
to ~32 nm resulted in the reduction of the number of active sites/cm2 from ~5.6 ×
1015 to ~1.4 × 1015. This reduction in the edge-site density can be understood from
the evolution of the texture; layers that are not growing vertically (obliquely angled)
will eventually be blocked by vertically growing layers (Figure A4.13). As a result,
the top facet of the former layers containing the active sites will no longer be
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accessible for the adsorption of Cu in the electrolyte. Eﬀectively, this leads to a
reduction in the number of active sites per geometric area for Cu adsorption.
To summarize, with increasing film thickness, the WS2 films exhibited a
decrease in the number of active sites per geometric area in the case of the H2S
process, whereas an increase in the number of active sites per geometric area was
observed for the H2 + H2S process. The number of active sites determined for the
WS2 films grown using the H2S process (5.6 × 1015 sites/cm2) was relatively higher
than that reported by Voiry et al. (4.5 × 1014 − 2 × 1015 sites/cm2) for their chemically
exfoliated, strained WS2 nanosheets. However, this cannot be directly compared to
our results as they utilized relatively thinner WS2 films (~1 nm) with a diﬀerent
phase (1T) and a larger lateral grain/flake size (100−800 nm). For ~1 nm thick WS2
films grown in this study, the number of sites could not be estimated as the current
density was too low to clearly identify the Cu stripping and UPD regimes. This
suggested that the density of active sites was very low at this thickness and could
be due to the fact that the film nanostructure was composed of a single or bilayer
of horizontal basal planes (Figure 4.4 d,g), which expose a significantly lower
number of active sites than the out-of-plane structures.
4.3.5 Hydrogen Evolution Reaction (HER) Performance
The HER performance of WS2 films was investigated using linear sweep
voltammetry (LSV). Figure 4.5b shows a typical LSV plot for WS2 films with
comparable thicknesses and a bare glassy carbon substrate as the reference. From
the LSV plot, it is evident that the WS2 films exhibited significantly lower onset
potential (~−200 mV) for HER than the reference bare glassy carbon substrate. Most
importantly, the HER performance of WS2 films was significantly better for the H2S
process than for the H2 + H2S process in terms of the cathodic current density per
geometric area (cm2). This is in line with the Cu-UPD results (Figure 4.5a), where
the number of active sites per geometric area (cm2) was determined to be
significantly higher for the H2S process. Therefore, these data demonstrate the
strong correlation between the HER performance and the number of active sites in
our WS2 films, which we control by varying our plasma settings.
To investigate the thickness dependence of the HER performance, the
overpotential required to reach a current density of 10 mA/cm2 (η10) (from Figure
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4.5b) was compared amongst our WS2 films with different thicknesses, as shown in
Table 4.3. For the H2S process, an increase in thickness from ~8 to ~32 nm resulted
in an increase in η10 from −394 to −432 mV, indicating a degradation in the HER
performance. This behavior can be predominantly attributed to a decrease in the
number of active sites per geometric area with increased thickness, as shown in
Figure 4.5a. Additionally, a thicker film can also oﬀer a higher impedance for charge
transfer, possibly adding to the degradation of the HER performance (Figure A4.14).
An increase in resistance to charge transfer with increasing thickness has been
previously reported for MoS2.29,47,48
For the H2 + H2S process, the increase in film thickness also led to a
degradation in the HER performance (increase in η10 from −461 to −506 mV).
However, this trend was not in accordance with the correlation between the
number of active sites and film thickness shown in Figure 4.5a. This divergence can
be largely attributed to the higher impedance of the thicker WS2 films (Figure
A4.14).

Table 4.3. Figures of merit for the HER performance of WS2 films with varying thicknesses
grown using the H2S and H2 + H2S processes.

PEALD
process
H2S

H2 + H2S

apparent film
thickness (nm)

η10

Tafel slope

(mV)

(mV/decade)

~8

−394

122

~32

−432

111

~8

−461

129

~32

−506

177

The HER activity is further illustrated by the Tafel slopes extracted from the
Tafel plots in Figure 4.5c. A smaller Tafel slope is favorable for practical applications
as a swift increase in HER activity can be expected with increasing
overpotentials.26,69 The calculated Tafel slopes were in the range of 110 − 180
mV/decade (Table 4.3), indicating that the Volmer reaction was the rate-
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determining step for HER.29,37 The stability of the WS2 electrocatalyst (~8 nm)
synthesized using the H2S process was investigated by recording the overpotential
required to reach a current density of 5 mA/cm2 (η5) for over 25 h. As seen in Figure
4.5d, η5 remained largely stable over time with the η5 value ranging from ~−340 mV
at the start of the stability test to ~−370 mV after 25 h.
The ~8 nm WS2 film grown using the H2S process displayed eﬃcient
hydrogen evolution activity with a high current density of 83 mA/cm 2 at an
overpotential of −0.63 mV versus RHE. However, the η10 value of −394 mV is
relatively high when compared with other literature reports for WS2.28,30,37 The HER
performance of our WS2 films seems to be largely limited by the relatively high
resistance to charge transfer.28,37 This could be improved by enhancing the intrinsic
conductivity of the WS2 films by further fine-tuning the PEALD process (deposition
temperature, plasma gas mixture, etc.) or by doping, which can be easily
implemented with ALD.70,71 We believe that the density of active sites can be
further improved to enhance the HER performance. Employing high surface area
3D substrates and further optimizing process conditions such as plasma pressure,
power, deposition temperature, etc., may be some of the possible ways to enhance
the density of the active sites.

4.4 Conclusions
By altering the co-reactant plasma gas composition from H2S to H2 + H2S, the growth
behavior and material properties of WS2 (stoichiometry, crystallinity, and surface
morphology) were tailored precisely using PEALD at a low temperature of 300 °C.
The calculated adsorption energies by DFT indicated that the W precursor
adsorption is stronger at the edge structure than at the basal plane. The abundantly
adsorbed H atoms and S deficiency that result from the H2 + H2S plasma further
increase the adsorption rate and, consequently, lead to a higher GPC than in the
case of the H2S plasma. Adsorbed H atoms are transferred to the ligands of the W
precursor and make a large contribution to the adsorption energy of the W
precursor upon the inclusion of van der Waals interactions. These DFT results
strongly correlate with our experimental findings. We demonstrated how PEALD
can be used as a method to reliably nanoengineer the edge-site density and
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chemistry in our WS2 films. The edge-enriched WS2 electrocatalysts synthesized in
this work showcased high HER eﬃciency. The predominantly edge-terminated and
sulfur-rich WS2 electrocatalysts synthesized using the H2S process outperformed
the tapered and sulfur-deficient electrocatalysts synthesized using the H2 + H2S
process. Furthermore, the evaluation of the exposed active sites per geometric area
through Cu-UPD enabled us to correlate the HER performance with the edge-site
density. These results demonstrate how PEALD can be a reliable technique for the
growth of edge-enriched WS2 electrocatalysts and, potentially, a viable technique
for growing similar 2D materials for relevant applications.
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Impact of Plasma Gas Mixture on Film Properties
The flow rate of the gases (H2S and H2) into the plasma source during the plasma
co-reactant step of the PEALD cycle was varied, and its impact on the WS2 film
properties (morphology and crystallinity) was investigated. As a starting point,
WS2 was deposited with an optimized H2S gas flow of 10 sccm and, subsequently,
the H2S gas was diluted with H2 gas. Figure A4.1 shows the SEM images of WS2
(after 200 ALD cycles) deposited with (a) H2S and with (b-e) different flow rates of
H2-diluted H2S plasma gas mixture. WS2 films deposited with H2S plasma (Figure
A4.1a) appeared to consist of nanoflakes with individual flake sizes in the range of
~10-20 nm. Doubling the H2S flow rate to 20 sccm had no significant impact on the
morphology (data not shown). Dilution of H2S with H2 gas (30% dilution, H2-H2S: 37 sccm, Figure A4.1b), seemed to cause a slight increase in the nanoflakes size
and also cause a reduction in the number of flakes. The WS2 films deposited with
both of these plasma gas mixtures exhibited a strong (002) peak in the XRD
diffractogram (Figure A4.1f), suggesting the growth of crystalline WS2 with a
preferential orientation (with respect to powder diffractogram shown in Figure
4.4a of the main text).
Increasing the H2 gas dilution (70% dilution H2-H2S: 7-3 sccm and ~81%
dilution, H2-H2S: 30-7 sccm, Figure A4.1c and Figure A4.1d, respectively) led to a
significant change in surface morphology, with the nanoflakes now transformed
into fin-like structures. In addition to the strong (002) peak, an additional peak
corresponding to the (010) crystal plane was observed (Figure A4.1f), which
suggested the growth of crystalline WS2 with a different texture in comparison
with the aforementioned cases (no dilution, 0-10 sccm and 30% dilution, 3-7
sccm). Further increasing the H2 dilution (~94% dilution, H2-H2S: 30-2 sccm) led to
an increase in the intensity of the (010) peak, thus, enhancing the degree of
preferential orientation (Figure A4.1f). This was accompanied by sharpening of
the fin-like structures as observed in Figure A4.1e. Due to the contrasting material
properties in terms of surface morphology and texture, which could influence the
HER performance, the flow rates of ‘0-10 (no H2 dilution) and 30-2 (~94% H2
dilution)’ were selected for further studies. As mentioned in the main text
(Section 4.2.1), the H2-H2S gas flow into the ICP source was always accompanied
with Ar gas (40 sccm).
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Figure A4.1. (a-e) SEM images of WS2 after 200 PEALD cycles deposited with different H2 H2S plasma gas mixture flow rates: (a) 0-10, (b) 3-7, (c) 7-3, (d) 30-7, and (e) 30-2 sccm. (f)
Gonio-XRD diffractograms of WS2 films deposited with different H2-H2S plasma gas mixture
flow rates.
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WS2 PEALD Saturation Curves
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Figure A4.2. WS2 PEALD saturation curves showing the GPC as a function of (a) precursor
dosing (precursor molecule in inset) and (b) co-reactant plasma exposure for the H2S (blue
circles) and H2 + H2S process (red diamonds). The solid lines serve as a guide to the eye.
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The plots in Figure A4.2 show the self-limiting ALD growth behavior observed
during the (a) precursor dosing and (b) plasma exposure half cycles for the H2S
and H2 + H2S processes at 300 °C. For precursor saturation studies (Figure A4.2a),
the plasma exposure was fixed at 30 s while varying the precursor dose. For
plasma saturation studies (Figure A4.2b), the precursor dose was fixed at 10 s
while varying the plasma exposure. For all the PEALD experiments reported in, a
precursor dosing time of 10 s was adopted in order to ensure that GPC is well in
saturation, although, the GPC appeared to saturate already at around 6 s (Figure
A4.2a). Similarly, the H2S plasma exposure was fixed at 30 s although the GPC
appeared to saturate already at around 20 s (Figure A4.2b). For the H2 + H2S
process, the error in GPC determination is relatively higher owing to the rough
surface morphology.
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XPS Analysis
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Figure A4.3. Resolved tungsten W4f core-level spectra as-determined from XPS
measurements for the WS2 films grown using the (a) H2S and (b) H2 + H2S processes,
respectively. The red solid lines indicate the raw experimental data and the dashed black
lines indicate the fit. The XPS peak fitting for the W4f doublet was performed with two
constraints: intensity ratio of 0.75 and binding energy difference of 2.17±0.2 eV between
the W4f7/2 and W4f5/2 orbital. (c) Carbon 1s and (d) nitrogen 1s peak was observed on the
surface, and disappeared after depth profiling with Ar ions (energy = 500 eV) for the WS2
films grown using the H2S process.
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Table A4.1. The stoichiometry of WS2 films deposited using H2S and H2 + H2S processes, asdetermined from XPS and RBS measurements.

PEALD
process

S:W

S:W

(XPS)

(RBS)

H2S

2.35±0.15

2.20±0.10

H2 + H 2 S

1.92±0.10

1.80±0.10
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Optical Emission Spectroscopy of the H2S Based Plasmas
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Figure A4.4. (a) Optical emission spectra (OES) of the H2S and H2 + H2S plasmas1–3 that
were utilized in this work. The atomic hydrogen, atomic sulfur, and the H xSy emissions are
highlighted in the spectra. The respective intensities of the (b) atomic hydrogen lines and
(c) atomic sulfur lines are compared for both plasmas. The dashed lines in (a) and (b)
indicate the OES detector saturation and the Hα emission line intensity was found to be
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beyond the maximum detection range of the detector. The optical emission spectra
acquisition parameters were optimized such that the relevant peaks with varying
intensities could be detected for the utilized ALD reactor and OES detector configuration.
The Ar emission lines (696 and 707 nm, data not shown) exhibited comparable intensities
(696 nm ~5.3 x 104 counts and 707 nm ~ 6 x 104 counts) in both the plasmas.

Computational Section
A. Computational Details
In order to investigate the chemical reactivity of different facets toward the W
precursor, we built two simulation boxes as shown in Figure A4.5. The first
simulation box (Figure A4.5a) represents the basal plane of WS2 (crystalline {001}
facet). Converged values of the surface energies of the WS2 show that three layers
of WS2 {001} is enough to be considered as slab. For this surface, we use a 5x5x1
supercell to include the bulky precursor. Therefore, the simulation box contains
272 atoms, including the W precursor (Figure A4.5a). To avoid slab-slab
interaction in the periodic model, a vacuum region of 20 Å above the surface is
imposed for both the simulation boxes.
The second simulation box (Figure A4.5b) represents the edge structure of
WS2 (crystalline {010} facet). Converged values of the surface energies shows that
four layers of WS2 {010} surface is enough to be considered as a slab. The cleavage
of {010} facet terminates to the bare W atoms. To follow the course of ALD
reactions, we remove the bare W from this facet and then expand the slab to
build the surface. For this surface, we use a 1x4x1 supercell to include the bulky
precursor. Therefore, the simulation box has 183 atoms in total. This includes the
W precursor (Figure A4.5b).
The k-point sampling in reciprocal space is performed by the Monkhorst–
Pack method. 6x6x6 grid size is enough to utilize for the bulk optimization. 6x6x1
and 3x3x3 grid sizes are utilized for the slab of basal plane and edge structure,
respectively. The k-point sampling is reduced to 1x1x1 for both simulation boxes.
The edge structure consists of two layers of WS2 (Figure A4.5b) in which
four W atoms are located in the sub-layer. Therefore, in total 8 W and 16 S atoms
are located at the edge surface. The −SH coverage is calculated as the ratio of −SH

102

CHAPTER 4
atoms to W atoms in the first simulation box. Each layer of the basal plane in the
second slab has 25 W atoms and is considered as a monolayer (ML). The coverage
of −SH atoms is similarly calculated based on the number of −SH atoms divided by
the number of W atoms in a ML.

(b)

(a)

4

Figure A4.5. (a) Represents the interaction of the (tBuN)2(Me2N)2W precursor with the
pristine basal plane of WS2 (crystalline {001} facet). This simulation box contains 272
atoms. (b) Represents the interaction of the W precursor with the edge structure of WS2
(crystalline {010}) facet). This simulation box contains 183 atoms. (violet=W, yellow=S,
dark blue=N, white=H, dark gray=C).

To generate the different −SH coverage at the surface, we assumed that
either 2H atoms have been removed as molecular H2 or 2H and S atoms have been
removed as H2S molecule. In both cases, the desorbed molecule are closed shell
molecule. Therefore, we keep the simulation boxes neutral.
To include van der Waals (vdW) interactions, the vdW functional
‘optPBEvdW’4,5 was chosen to treat the adsorption energy of the W precursor at
the WS2 surface, since there is good agreement between the vdW functionals
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(opt) and the random phase approximation (RPA) calculation. As a general trend,
the inclusion of vdW interactions makes the adsorption energy more negative.
B. Adsorption of W Precursor on the Basal Plane – {001} Facet
To investigate the adsorption of the W precursor on the reduced basal plane, S
atoms were randomly removed from the surface. Removed S atoms also render
the W atom accessible to the WX2Y2 precursor. Since W deficiencies were not
observed experimentally, they were not considered in our calculations.
As a general trend, H-atoms also intended to desorb as molecular H2 at the
reduced basal plane. In some case (Figure A4.6b), when there was no thiol group
(−SH) in neighboring H-atoms, single H-atom bonded to S and remained at the
surface (Figure A4.6d and A4.6e). Hence, the W precursor was introduced to both
S and W atoms at the basal plane with different −SH coverage (Figure A4.6).
The introduction of W precursor to the S atom at the reduced basal plane
did not give rise to chemical adsorption. The precursor only physically adsorbed at
the S atom (Figures A4.6a and A4.6b). The adsorption was exothermic by 0.02 eV
at 0.6 ML S and endothermic by 0.27 eV at 0.8 ML S and 0.4 ML H (Table A4.2,
reaction 1 and 2). The inclusion of vdW interaction did not lead to a large
difference. The aforementioned reactions were exothermic by 0.31 eV and 0.39
eV, respectively, upon inclusion of vdW interactions.
In the next step, the W precursor was introduced to the W atom at the
reduced surface of WS2 {001}. The adsorption was endothermic by 0.31 eV at 0.6
ML S (Figure A4.6c) and endothermic by 1.68 eV at 0.8 ML S and 0.4 ML H (Figure
A4.6d) (Table A4.2, reaction 3 and 4). The inclusion of vdW interaction made the
aforementioned adsorption exothermic by 0.71 eV and 0.31 eV, respectively. The
introduction of W precursor did not give rise to a chemical adsorption of W
precursor (Figure A4.6).
As mentioned above, there is a minor case that H-atom remains at S atom
which is close to the S defects. If proton is being accessible to the dimethylamido
ligand of the introduced W precursor, then proton transfer could lead to a strong
adsorption of the W precursor (Table A4.2, reaction 5). This adsorption is
exothermic by 2.12 eV. This could be considered as a seed precursor for the
nucleation and consequently formation of a new layer (Figure A4.6e).
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view). The W precursor is introduced to both S and W atom at the different −SH coverage (top view). (a) and (b)

Figure A4.6. Physical adsorption of WX2Y2 at the reduced surface of WS2 ({001} facet), including vdW interactions (side
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Table A4.2. Adsorption energies (ΔE) of W precursor for different −SH coverages on the
WS2 basal planes ({001} facet). The dimethylamido ligand and the tert-butylimido ligand
are shown by X=N(CH 3)2 and Y=NC(CH3)3, respectively. *shows the physisorbed precursor.
ΔE for reaction 5 could not be determined.

Reaction

−SH coverage

∆E (eV)

∆E (eV)
including vdW

1

WX2Y2(g)+S(s)WX2Y2*+S(s)

0.6 ML S and 0.0 ML H

-0.02

-0.31

2

WX2Y2(g)+S(s)WX2Y2*+S(s)

0.8 ML S and 0.4 ML H

0.27

-0.39

3

WX2Y2(g)+W(s)WX2Y2*+W(s)

0.6 ML S and 0.0 ML H

0.31

-0.71

4

WX2Y2(g)+W(s)WX2Y2*+W(s)

0.8 ML S and 0.4 ML H

1.68

-0.31

5 WX2Y2(g)+SH(s)WHX2Y2*+S(s)

0.8 ML S and 0.4 ML H

--

-2.12

C. Complementary Calculations: Proton Transfer and Reduction of WS2 Edge
Structure
The adsorption of precursor and protonation of ligand are often considered as
distinct reaction steps. Here, we observed that the proton transfer occurs during
the adsorption of W precursor on the WS2 edge structure ({010} facet). The
proton transfer depends on the accessibility of H-atoms at the surface to the
ligands of the precursor. To distinguish the adsorption of precursor and proton
transfer, we reorder H-atoms at the surface in such a way to be accessible to N of
dimethylamido ligand or not. The reordering has been done by hand for the same
−SH coverage. In addition, we calculated the adsorption energy in the presence
and absence of vdW interaction.
When the H-atom is accessible to the N, the proton transfer is barrier-less
and it occurs during the adsorption. Figure A4.7a and A4.7b show the strong
adsorption of W precursor at the edge structure of WS2 at the H-coverage of 1.0
ML and 1.5 ML, respectively. In the presence of vdW, this proton transfer makes a
large contribution (>1.0 eV) in the adsorption energy.
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(a)

(b)

4
Figure A4.7. Chemical adsorption of the W precursor at the full S-coverage of 2 ML with
the H-coverage of 1.0 ML (a) and the H-coverage of 1.5 ML (b), corresponding to the
reactions 6 and 7 in Table 4.2 in the main text, respectively. The vdW interaction is
included for both configurations. The color code is the same as Figure A4.5. The
transferred proton is identified by a red sphere.
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(a)

(b)

(c)

(d)

Figure A4.8. Chemical adsorption of the W precursor due to the proton transfer to the
dimethylamido ligand at the full S-coverage of 2 ML with the H-coverage of 1.0 ML (a) and
the H-coverage of 1.5 ML (b). If proton transfer does not occur, the W precursor only
physically adsorbed at the above coverages, the −SH coverage at (c) and (d) are
corresponding to (a) and (b), respectively. The vdW interaction is not considered in all
configurations.

In the absence of vdW interactions, similar proton transfer is observed
during the adsorption of precursor, if the H-atom at the surface is accessible to
the N (Figure A4.8a and b). This proton transfer makes a small contribution (<0.1
eV) in the adsorption energy. If the proton is not accessible to the N, the W
precursor only physically adsorbed to the surface in the absence of vdW
interactions (Figure A4.8c and d).

108

CHAPTER 4

(a)

(b)

(c)

(d)

4

Figure A4.9. Reduction of the edge structure of WS 2 from (a) to (d), corresponding to the
reaction 8 to 11 in Table 4.2 in the main text. Desorption of H2S molecules leads to the
relocation of more S atoms to the bridging sites (a) to (d) (blue element). Due to the
relocation of S atoms, the W surface atoms remained inaccessible to the W precursor at
the S-coverage of 1 ML.
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TEM Images of WS2 (tApp~64 nm) Synthesized Using H2 + H2S Process

Figure A4.10. TEM images of WS2 (tApp~64 nm): (a) Top-view and (b and c) cross-section
images of WS2 grown using the H2 + H2S process. In image (c), a tapered fin on the top
surface is highlighted with a rectangle around it and the dashed lines follow the triangularfin outline. The triangular fin is projected onto other, differently oriented fins as the
sample thickness is larger than the lateral fin dimensions.

Film Properties of WS2 (tApp~64 nm) Synthesized Using H2 + H2S Process
Table A4.3. Film composition and mass density of WS 2 (tApp ~64 nm) grown using H2 + H2S
PEALD process. The stoichiometry and number of deposited W atoms per nm 2 per cycle
were deduced from RBS measurements while the atomic hydrogen content was
determined from ERD measurements. The mass density was determined by combing the
RBS results and in situ SE determined thickness.

PEALD
process

S:W

W (atom/(nm2 cycle))

[H] at.%

Mass density
(g/cm3)

H2 + H2 S

1.9±0.1

1.95±0.05

10.3±0.5

5.0±0.5
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Current density (mA/cm2)

Copper UPD – Evaluation of the Number of Active Sites

1

0

H2S:

8 nm
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32 nm
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Figure A4.11. Cyclic voltammetry showing the underpotential deposition regions between
460 to 610 mV for the WS2 films on glassy carbon substrates in 0.002 M CuSO4 and 0.1 M
H2SO4 with a scan rate of 50 mV/s.

The number of active sites was determined using the method adopted by Voiry et
al.6 The amount of charges generated during Cu stripping (QCu) was calculated by
integrating the area under the Cu stripping peak (460-610 mV). From this we
could calculate the amount of copper deposited:
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
96500∗2∗𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

The number of active sites per geometric area (number of deposited Cu
atoms per geometric area) was determined by multiplying the above equation
with the Avogadro’s number (6.023*1023 mol-1). As mentioned in Section 4.2.3, to
account for background correction, charges obtained from the electrode in 0.1 M
H2SO4 (without Cu2+) were subtracted from the charges obtained for copper
stripping.
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Surface Morphology of WS2 on Different Substrates

Figure A4.12. SEM images showing the identical surface morphology of WS 2 with
comparable thickness (tApp~32 nm) deposited using H2S and H2 + H2S process on: (a, b) Si
substrate with 450 nm thermally grown SiO2 and (c, d) glassy carbon substrates.
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Blocking of Layers in a WS2 Film

4

Figure A4.13. TEM image displaying the blocking (highlighted by the yellow circle) of
obliquely angled (non-vertical) layers in the WS2 film (tApp~32 nm) grown using the H2S
process.
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Electrochemical Impedance Spectroscopy Data
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Figure A4.14. Electrochemical impedance spectroscopy (EIS) data of WS2 films deposited
using H2S and H2 + H2S process on glassy carbon substrates. The EIS was recorded at open
circuit potential over a frequency range of 1 Hz to 100 kHz. For the WS2 films grown using
the H2S process with thickness (tApp) of ~8 and ~32 nm the Z’ values are ~40 and ~140 Ω,
respectively. For the WS2 films grown using the H 2 + H2S process with thickness of ~8 and
~32 nm the Z’ values are ~140 and ~1070 Ω, respectively.

References
(1)
(2)
(3)
(4)

R. W. B. Gaydon and A. G. Pearse. The Identification of Molecular Spectra;
Chapman and Hall: London, 1950.
Kosaraju, S.; Marino, J. A.; Harvey, J. A.; Wolden, C. A. Plasma-Assisted CoEvaporation of β-Indium Sulfide Thin Films. Sol. Energy Mater. Sol. Cells
2006, 90, 1121–1135.
Kuhs, J.; Hens, Z.; Detavernier, C. Plasma Enhanced Atomic Layer
Deposition of Aluminum Sulfide Thin Films. J. Vac. Sci. Technol. A Vacuum,
Surfaces, Film. 2018, 36, 01A113.
Klimeš, J.; Bowler, D. R.; Michaelides, A. Chemical Accuracy for the van Der

114

CHAPTER 4
(5)
(6)

Waals Density Functional. J. Phys. Condens. Matter 2010, 22, 022201.
Klimeš, J.; Bowler, D. R.; Michaelides, A. Van Der Waals Density Functionals
Applied to Solids. Phys. Rev. B 2011, 83, 195131.
Voiry, D.; Yamaguchi, H.; Li, J.; Silva, R.; Alves, D. C. B.; Fujita, T.; Chen, M.;
Asefa, T.; Shenoy, V. B.; Eda, G.; et al. Enhanced Catalytic Activity in
Strained Chemically Exfoliated WS2 Nanosheets for Hydrogen Evolution.
Nat. Mater. 2013, 12, 850–855.

4

115

CHAPTER 5
Synthesis of Edge-Enriched WS2 on High
Surface Area ALD Grown WS2 Scaffolds for
Electrocatalytic Hydrogen Evolution
Reaction*

ABSTRACT: Transition metal dichalcogenides (TMDs) are promising electrocatalysts for the
hydrogen evolution reaction (HER). Several approaches have been adopted to increase the
density of the catalytically active edge-sites including the use of high surface area threedimensional (3D) templates. In this work, we report the implementation of high surface area WS2
scaffolds grown using plasma-enhanced atomic layer deposition (PEALD) as templates to support
edge-enriched PEALD grown WS2 electrocatalyst films. We show that these combined WS2
template-electrocatalyst configurations show better HER performance than the individual
constituents. Material properties of the combined configurations including the morphology and
composition are investigated. A correlation between material properties and the HER
performance is observed. This facile pathway could lead to a new route for creating high surface
area electrocatalyst systems via ALD.

S. Balasubramanyam, M.A. Bloodgood, Y. Zhang, M.A. Verheijen, W.M.M. Kessels, J.P.
Hofmann and A.A. Bol (to be submitted).
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5.1 Introduction
Electrochemical water splitting is a simple and efficient method for the sustainable
production of hydrogen, a promising renewable energy source.1,2 Well-known
electrocatalysts for the hydrogen evolution reaction (HER) including platinum and
other rare earth metals are highly efficient, however, their limited availability and
high cost restrict large-scale implementation.3,4 Recently, abundantly available
transition metal dichalcogenides (TMDs) such as MoS2 and WS2 have shown
promise as low-cost, alternative electrocatalysts for hydrogen production by HER.5,6
The edge-sites of these two-dimensional (2D) materials have been identified as
active sites for catalysis whereas the basal planes are catalytically inactive.6 Several
studies have focused on improving the HER efficiency of these materials by
increasing the edge-site density through various strategies including morphology
variation,3 basal plane activation,7 and the introduction of strain8,9 and
defects,10,11among others. Recently, three-dimensional (3D) templates with high
surface areas, e.g. 3D sponges,12 carbon fiber paper,13 Ni foam14 etc., have been
utilized to expose a higher number of catalytically active edge-sites. These high
surface area 3D templates act as scaffolds to host the TMD electrocatalyst and such
templated-catalysts have shown increased HER activity.
Here, we report the implementation of high surface area WS2 scaffolds as
templates to support edge-enriched WS2 electrocatalyst films. Various
morphological configurations were realized by combining our previously
established plasma–enhanced atomic layer deposition (PEALD) processes15 for WS2
that yielded (1) edge-enriched nanoflakes or (2) high surface area, open, triangular
fin structures (fins), depending on the plasma gas composition used during PEALD.
These combined configurations resulted in consistent WS2 growth over a 3D
template with no interfacial incompatibilities due to material differences. We
discuss how the combined configuration, shows relatively better HER performance
compared to its individual constituents.
In our previous work,15 edge-enriched and catalytically superior “WS2
nanoflakes” were synthesized using H2S plasma as the PEALD co-reactant in a
process that we referred to as the “H2S process”. The high surface area “WS2 fins”
were synthesized using a H2 diluted H2S plasma as the PEALD co-reactant in a
process that we referred to as the “H2 + H2S process”.15 For both of the processes,
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the best HER performance was obtained for WS2 films deposited with ~100 PEALD
cycles reaching ~8 nm in thickness.15 In this work, various process configurations
were studied for HER activity by combining the above two PEALD processes. For
convenience, 100 cycles of the H2S and H2 + H2S processes have been designated as
configurations A and B, respectively, and are considered the reference processes
relative to the combined configurations. The A and B configurations acted as the
building blocks to create the combined catalyst-template film configurations
described in this work. Both possible configurations i.e., A on B and B on A were
studied. Of the two combined configurations, the deposition of edge-enriched WS2
nanoflakes (A) over the high surface area template (B) was the configuration
expected to most significantly improve HER performance.

5.2 Experimental Methods
The WS2 films were deposited in a commercial FlexAL ALD reactor from Oxford
Instruments. The ALD reaction chamber consists of a 240 mm substrate table, a
turbo molecular pump that enables a base pressure of 10-6 Torr, and an inductively
coupled plasma (ICP) source. In the H2S process, the WS2 films were deposited using
bis(tert-butylimido)bis(dimethylamido)tungsten precursor and a H2S plasma. In the
H2 + H2S process, the same precursor was used in combination with a H2 + H2S
plasma to deposit WS2 films. For both processes, the following ALD step sequence
was adopted: 10 s precursor dosing, 10 s purge, 3 s pre-plasma time, 30 s plasma
exposure (plasma power = 500 W), and 15 s purge. Further details regarding the
ALD processes can be found in our earlier work.15
A probe-corrected JEOL JEM-ARM200F TEM operated at 80 kV was utilized
to obtain high-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) images. For top-view STEM studies, WS2 films were deposited on
Si3N4 windows coated with 5 nm of ALD SiO2. The film composition was determined
using Rutherford backscattering spectroscopy (RBS). RBS measurements were
performed at Detect 99, Eindhoven, The Netherlands, using a 2000 keV He+ beam.
A standard three-electrode cell setup connected to an AUTOLAB
potentiostat (model PGSTAT302N) was used to perform electrochemical
measurements. PEALD WS2 films deposited on glassy carbon substrates were used
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as the working electrodes. A saturated calomel electrode (Hg/Hg2Cl2 in saturated
KCl) and a Pt wire were used as the reference and counter electrodes, respectively.
All linear sweep voltammetry (LSV) measurements were carried out in 100 mL of
0.5 M H2SO4 electrolyte using a scan rate of 50 mV/s. The working electrodes were
rotated at 800 rpm during the LSV measurements. Copper underpotential
deposition (Cu-UPD) measurements were carried out at a linear voltammetric scan
rate of 50 mV/s in 0.1 M H2SO4 and 0.002 M CuSO4 solution. Background correction
was carried out by subtracting the charges obtained from the electrode in 0.1 M
H2SO4 (cupric ions free) from the charges obtained for Cu stripping in 0.002 M CuSO4
solution. Further information regarding the LSV and Cu-UPD measurements can be
found in our previous work.15

5.3 Results and Discussion

Figure 5.1. Top-view HAADF-STEM images (a-e) of WS2 electrocatalyst films with various
process configurations. Reference configurations A and B correspond to 100 cycles of
deposition using the previously reported H2S and H2 + H2S WS2 PEALD processes,
respectively.15

Top-view, HAADF-STEM images of WS2 films obtained from the reference (Figure
5.1a,b) and combined process configurations (Figure 5.1c-e) depicting the
morphological variation are shown in Figure 5.1. Figure 5.1a shows the edgeenriched reference configuration A (WS2 nanoflakes) that is catalytically superior to
the high surface area reference configuration B (WS2 fins) in Figure 5.1b.15 These
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two reference configurations appear quite different in surface morphology. Both
configurations show a high contrast between the flakes and fins (bright features).
Configuration A possesses much wider flakes, whereas configuration B has much
thinner fins. These differences contribute to the overall density of the films and the
number of exposed sites for catalysis. In our previous work, 15 we observed that for
both configurations (A and B) the WS2 layers initially grew laterally (basal-plane
parallel to surface) and, then transitioned towards a vertical growth direction
(forming ‘flakes and fins’) after ~4 nm or 60 ALD cycles (see Appendix 5, Figure
A5.1). The images in Figure 5.1a and 5.1b are obtained after ~8 nm or 100 ALD
cycles i.e., after transition to the vertical growth direction.
Figures 5.1c-e show top-view HAADF-STEM images of the WS2 films with
various combined configurations. These images highlight the variation in
morphology when changing the configuration (e.g. from B to A on B) and the
number of ALD cycles (thickness) of the top layer. As seen in Figure 5.1c, deposition
of A on B results in broadening of the fin structures remaining from the initial
configuration B. This results in the film appearing more closed and implies an
increase in the overall film density. Doubling the number of PEALD cycles of
configuration A, i.e., 200 PEALD cycles of A on B — 2A on B, led to further
broadening of the fins and film densification (Figure 5.1d). Thus, the addition of A
on B (Figure 5.1c and 5.1d) contributed to the overall densification of these
catalyst-template configurations. Additionally, the images in Figure 5.1c and 5.1d
appear similar to the ~32 nm thick films of configuration A from our previous work
(see Appendix 5, Figure A5.1).15 Cross-sectional imaging of the ~32 nm films
revealed a high density of edge-sites exposed on the top-surface that turned out to
be crucial for high HER activity.15 In this work, further increasing the number of
PEALD cycles of configuration A beyond 200 (e.g. 4A on B), led to continued fin
broadening (see Appendix 5, Figure A5.2) resulting in a more particle-like
appearance of the film.
A HAADF-STEM image of the reversed configuration, B on A, is shown in
Figure 5.1e. This process configuration appears to sharpen rather than broaden the
flakes remaining from process A as observed in the high prevalence of thin, bright
lines on the top of the flake-like structures from A. The B on A process appears to
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possess a higher film density than the reference B process, but a lower density than
the A on B configuration.

Figure 5.2. Schematic illustration showing the evolution of individual configurations (a) A
and (b) B into combined configurations (c,d) A on B and (e,f) B on A, respectively.

The hypothesized morphological evolution between the various
configurations can be better understood from the schematic illustrated in Figure
5.2. Configurations A and B are represented in Figure 5.2a and 5.2b, respectively,
showing the various feature shapes (flakes and fins) extrapolated from Figure 5.1a
and 5.1b, respectively. The feature shapes of configurations A and B were observed
in the cross-sectional imaging of our previous work (Appendix 5, Figure A5.1).15
With the addition of configuration A on configuration B, we predict that new
horizontal and vertical layer growth occurs starting after a few ALD cycles of A as
shown in Figure 5.2c. With additional ALD cycles of A (Figure 5.2d), more vertical
layers are added in line with the results observed in our previous work.15 The
addition of vertical layers broadens the underlying fins from configuration B,
causing a densification of the film. This results in a shift in the surface morphology
to one more closely resembling that of configuration A (Figure 5.2a). Such a shift in
surface growth can explain the surface morphology variation observed in Figure
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5.1c and 5.1d. This change in surface morphology from B to A should create a higher
number of exposed edge-sites resulting in increased HER activity.
A contrasting shift in surface morphology is expected with the addition of
configuration B to configuration A, Figure 5.2e and 5.2f. With the addition of H2 to
the H2S plasma in configuration B, we predict that the more uniform flakes from
configuration A begin to taper, and more closely resemble configuration B after a
few ALD cycles of B (Figure 5.2e). Tapering of the nanoflakes is mostly due to
accelerated growth on sulfur-deficient edges and plasma induced etching effects.15
Continued deposition of configuration B leads to significantly tapered fin growth
and relatively slow basal plane deposition, Figure 5.2f. The tapering of the existing
fins should increase the number of exposed edge-sites quite slowly when compared
to the densification of edge-exposing layers of the ‘A on B’ configuration. This
prediction is supported by Figure 5.1e, which shows sharp fin centers and a more
open surface morphology than for the A on B configurations (Figure 5.1c-d).

Table 5.1. Stoichiometry (S:W ratio) of tungsten disulfide films for various configurations,
as-deduced from Rutherford backscattering spectroscopy (RBS) measurements. The RBS
data reported here for configurations A and B are adapted from our previous work. 15
Configuration

S:W

A

2.2±0.1

A on B

2.0±0.1

B on A

1.9±0.1

B

1.8±0.1

With the observed shifts in surface morphology, we would also expect
variations in the stoichiometry due to the different plasmas used in the A and B
PEALD processes. We have previously15 shown that configurations A and B vary in
stoichiometry (also shown in Table 5.1 here). Rutherford Backscattering
spectroscopy (RBS) studies established the following S to W ratios for
configurations A and B: Process A yielded S-rich films with S:W=2.2, whereas
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process B yielded S-deficient films with S:W=1.8.15 In that study, we also related the
stoichiometry to the growth and morphology for the reference A and B
configurations making it an important parameter for HER activity.15
Our current RBS studies revealed that the addition of an A or B configuration
to the top of each film yielded stoichiometric variation (Table 5.1). The A on B
configuration yielded overall stoichiometric films (S:W=2). On the other hand,
configuration B on A resulted in the growth of slightly sub-stoichiometric films
overall (S:W=1.9) (Note: The error in S:W ratio = 0.1). It is possible that the
stoichiometry varies along the normal to the growth surface with configuration
variation. As RBS is a bulk measurement technique, these values may represent an
average of the two distinct regions as opposed to a compositionally homogeneous
film. The A on B configuration may represent this stratification when comparing the
measured stoichiometry to an average of the two reference processes. Although,
some top configuration influence can be seen on the scaffold in the B on A
configuration for example. The slightly sub-stoichiometric nature of the B on A films
shows that some etching of S atoms from the top layers of configuration A occurs,
resulting in a stoichiometry slightly below the expected value of 2.
Summarizing the morphological and stoichiometric changes with
configuration, it appears that the configuration order of the two combined
processes (A on B and B on A) is highly significant. Configuration A appears to grow
on the B framework in a manner closely resembling the growth of configuration A
and leads to an overall stoichiometric composition for the combined A on B
configuration. Conversely, configuration B can have a S etching component on the
A framework resulting in a surface morphology more closely resembling process B,
and an average composition that is similar to, yet less than, the combined A on B
process.
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Figure 5.3. (a) Cathodic polarization curves (LSV) and (b) corresponding Tafel plots for the
WS2 films with configurations A on B (blue), 2A on B (red), and B on A (black).

Table 5.2. Figures of merit for the HER performance of WS2 films of various configurations:
(1) overpotential required to reach a current density of 10 mA per geometric area (η10) and
(2) Tafel slope. The number of sites per geometric area (cm2) determined from Cu-UPD
measurements for the WS2 films are also shown. The figures of merit reported here for
configurations A and B are adapted from our previous work.15
Configuration

η10

Tafel slope

(mV)

(mV/decade)

No. of sites per
cm2

A

-394

122

5.6 x 1015

A on B

-393

134

1.5 x 1015

2A on B

-360

128

1.3 x 1015

B on A

-538

135

5.0 x 1014

B

-461

129

3.7 x 1014

With the material property changes from process variation investigated, the
HER performance and figures of merit were evaluated for the WS2 films with various
configurations. The HER performance was tested using linear sweep voltammetry
(LSV) as shown in Figure 5.3a. The overpotential required to reach a cathodic
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current density of 10 mA per geometric area (η10) was compared for the various
configurations (Table 5.2). As seen from Table 5.2, configuration A on B exhibits a
similar η10 of ~-394 mV as reference configuration A, suggesting a similar HER
performance. This η10 supports the growth pathway hypothesized in Figure 5.2 for
the A on B configuration that results in a surface morphology similar to that of
configuration A. Interestingly, configuration 2A on B exhibited a lower η10 of ~-360
mV indicating that a better HER performance is achieved when the top A
configuration is doubled in the number of ALD cycles. The increase in HER
performance may be attributed to the implementation of a high surface area
scaffold (configuration B) with a more HER active surface morphology
(configuration A). Further increasing the number of cycles for configuration A [i.e.,
3A on B (300 cycles of A on 100 cycles of B)], however, resulted in an increase in η10
(to ~-420 mV) signifying a decrease in the HER performance. This decrease in
performance may be a consequence of a lower number of sites exposed due to
crowding effects from the vertical and obliquely aligned layers.15 The reverse
configuration (B on A) resulted in a significant increase in the η10 to ~-538 mV (Table
5.2). This decrease in performance most likely arises from the tapering effects and
the lower film density, which limit the number of exposed sites. These results show
that the addition of configuration A to a B framework increases the HER
performance and reaches an optimal activity before the performance degrades
beyond 200 ALD cycles of configuration A. The addition of configuration B to an A
framework, however, had the opposite effect, decreasing the HER activity.
Additionally, the Tafel slopes for the A on B, 2A on B, and B on A configurations
were determined to be 134, 128, and 135 mV/decade, respectively, suggesting that
the Volmer reaction was the rate-determining step for HER in all three films (Figure
5.3b and Table 5.2).16,17
To help further rationalize the HER activity variations, copper
underpotential deposition (Cu-UPD) was used to evaluate the number of active
sites as reported in our previous work.15 The number of active sites was determined
to be significantly higher for the A on B and 2A on B configurations (~ 1.5 x 1015 sites
per cm2) when compared to the opposite B on A configuration (~5 x 1014 sites per
cm2), see Table 5.2. The higher number of active sites can help explain the lower
η10 (better HER performance) for the A on B configurations relative to the B on A
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configuration, and this correlation is similar to our previous results comparing
process A to process B.15 When comparing the A on B configurations to reference
configuration A, however, a seemingly anomalous behavior is observed. The
number of active sites for the configurations A on B (1.5 x 1015 sites per cm2) and
2A on B (1.3 x 1015 sites per cm2) were both lower than the number of sites for
configuration A (5.6 x 1015 sites per cm2). However, the films with combined
configuration possessed comparable and lower η10 values, respectively. This
suggests that the comparable and better HER performances observed for the A on
B and 2A on B configurations, respectively, do not primarily arise from an increase
in active sites related to edge-site density. Electrochemical impedance can also
influence the HER performance in addition to the density of active sites. However,
the electrochemical impedance spectra were observed to be similar for all of these
configurations (A, A on B and 2A on B – see Appendix 5, Figure A5.3). It could be
possible that the Cu-UPD measurements underestimate the number of active sites
for configurations A on B and 2A on B. This underestimation may arise from various
factors including the accessibility of the sites for Cu adsorption, clustering of Cu
atoms, etc., however, detailed investigations are needed to better understand this
aspect.

5.4 Conclusions
Using PEALD, we synthesized edge-enriched WS2 electrocatalysts (A) on PEALD
grown high surface area WS2 scaffolds (B). It was observed that the combined
catalyst and scaffold configurations (A on B) showed improvements in HER
performance compared to the individual constituents. We found that the surface
morphology of this catalyst-template system depended strongly on the PEALD
process used to synthesize the electrocatalyst layer (top layer). Additionally, an
increase in the number of ALD cycles (thickness) of the catalyst layer (A) led to a
further improvement in the HER performance. These results demonstrate that
PEALD is a suitable technique for synthesizing edge-enriched WS2 catalyst-template
systems for HER applications. We believe that this facile approach can be extended
to other TMD-based electrocatalyst systems due to the growth similarities amongst
these materials.
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Morphology of ~32 nm Thick WS2 Films: H2S (Configuration A) and H2 +
H2S (Configuration B) PEALD Processes

5

Figure A5.1. (a) Top-view and (b-c) cross-section HAADF-STEM images of a WS2 film (~32
nm thick) grown using the H2S PEALD process (configuration A). The edge termination of the
WS2 layers is highlighted with a rectangle in (c). (d) Top-view and (e-f) cross-section HAADFSTEM images of a WS2 film (~32 nm thick) grown using the H2 + H2S PEALD process
(configuration B). Dashed lines follow the triangular-fin outline in (f). Figure adapted from
our previous work.1
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SEM Images

Figure A5.2. Top-view scanning electron microscopy (SEM) images of WS2 films with various
configurations: (a) B, (b) A on B and (c) 4A on B. SEM images were acquired using a Zeiss
Sigma microscope operated at 2 keV acceleration voltage.
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Electrochemical Impedance Spectroscopy Data
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Figure A5.3. Electrochemical impedance spectroscopy data of WS2 films having various
configurations.
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Probing the Origin and Suppression of
Vertically Oriented Nanostructures of
2D WS 2 Layers*

ABSTRACT: Two-dimensional (2D), layered, transition metal dichalcogenides (TMDs) like WS2 are
promising materials for nanoelectronic applications. However, growth of the desired horizontal
basal-plane oriented 2D TMD layers is often accompanied by the growth of vertical
nanostructures that can hinder charge transport and, consequently, hamper device application.
In this work, we discuss both the formation and suppression of vertical nanostructures during
plasma-enhanced atomic layer deposition (PEALD) of WS 2. Using scanning transmission electron
microscopy studies, formation pathways of vertical nanostructures are established for a twostep (AB-type) PEALD process. Grain boundaries are identified as the principal formation centers
of vertical nanostructures. Based on the obtained insights, we introduce an approach to
suppress the growth of vertical nanostructures, wherein, an additional step (C) – a chemically
inert Ar plasma or a reactive H2 plasma – is added to the original two-step (AB-type) PEALD
process. This approach reduces the vertical nanostructure density by 80%. It was confirmed that
suppression of vertical nanostructures goes hand in hand with grain size enhancement. The
vertical nanostructure density reduction, consequently, lowers film resistivity by an order of
magnitude. Insights obtained in this work can contribute towards devising additional pathways,
besides plasma treatments, for suppressing the growth of vertical nanostructures and
improving material properties of 2D TMDs that are relevant for nanoelectronic device
applications.
*S. Balasubramanyam, M.A. Bloodgood, M. van Ommeren, T. Faraz, V. Vandalon, W.M.M. Kessels,
M.A. Verheijen, and A.A. Bol, ACS Appl. Mater. Interfaces 2020, 12(3), 3873-3885.
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6.1 Introduction
Layered, semiconducting, transition metal dichalcogenides (TMDs), e.g. MoS2, WS2,
WSe2, etc., are being investigated for applications in next-generation
nanoelectronics, such as low-power devices in the back-end-of-line (BEOL).1–6 This
interest arises from their high carrier mobility, sizeable bandgap, and ultra-thin
two-dimensional (2D) structures.1,7–10 To facilitate the integration of these
materials into nanoscale devices, it is crucial to synthesize high quality, crystalline,
TMD materials with precise thickness control to attain the desired performance
levels.1,2,7 Additionally, wafer-level scalability and conformal deposition over highaspect-ratio three-dimensional structures (3D) at BEOL compatible temperatures
(T≤450 °C) are some of the other key requirements.11,12 To date, a variety of
techniques have been used to synthesize monolayer to few-layer TMDs. These
techniques include chemical13–15 or mechanical16–18 exfoliation, chemical vapor
deposition (CVD),19–24 thermal vapor sulfurization of the metal or metal oxide,25–28
physical vapor deposition (PVD),29–33 electrochemical synthesis,34,35 atomic layer
deposition (ALD),5,11,36–39 etc. ALD offers several benefits over other techniques due
to the self-limiting nature of its gas-surface reactions.38,40 In essence, ALD is a cyclic
thin film deposition technique based on sequential reactions of self-limiting
precursor (step A) and co-reactant (step B) exposures on the growth surface.41,42
Through these reactions, ALD offers the key advantages of angstrom-level thickness
control, uniform film growth over large-area substrates, and conformal coatings of
high aspect ratio 3D structures, which are otherwise difficult to achieve with other
synthesis techniques.12,40–42 Typically, the deposition temperature for most ALD
processes has been reported to be below 500 °C.11,38,41 In this regard, the synthesis
of 2D TMDs via ALD has attracted considerable interest from the scientific
community.38 Furthermore, the use of a plasma during the co-reactant exposure
(step B) of an ALD cycle (so-called plasma-enhanced ALD process) offers additional
freedom in processing conditions that can influence material properties.42–45
To date, mono to few-layered semiconducting TMDs such as MoS2,12,36,46–51
WS2,5,11,37,52,53 WSe2,54 etc., have been synthesized using both thermal and plasmaenhanced ALD on large-area substrates with precise thickness control and excellent
conformality.38 However, the as-deposited layers were either amorphous or
nanocrystalline with small grain sizes (<100 nm).12,48,51,52 Research on enhancing

136

CHAPTER 6
the grain sizes in ALD deposited 2D TMDs remains on-going. Recently, Groven et
al., demonstrated how the grain sizes in WS2 films can be increased by controlling
the nucleation density during ALD.11
From an application perspective, another bottleneck in the progress of ALD
of 2D TMDs is the growth of vertical 3D nanostructures along with the desired
basal-plane oriented (00l) 2D horizontal layers.12,49,51 The presence of vertical
nanostructures amidst 2D layered films can lower film conductivity that hampers
device performance in turn. This effect can be attributed to the anisotropic
electrical conductivity of these materials.25,55–57 The conductivity perpendicular to
the layers (|| c-axis) is approximately two orders of magnitude smaller when
compared to the conductivity within the layers, i.e., basal-plane oriented (⊥ caxis).55–57 Furthermore, the vertical nanostructures can effectively scatter mobile
charge carriers in these few-layered films as these nanostructures have been
observed right from the film nucleation stage.12,49,51 Moreover, the growth of such
vertical nanostructures is not restricted to TMD films synthesized using ALD alone,
but has also been reported in the literature for TMD films obtained by CVD,24,58
thermal sulfurization of metal,25,26,28 sputtering,59 etc. In this context, suppressing
the growth of vertical nanostructures in TMD films is of crucial importance for
device applications. To effectively suppress the growth of vertical nanostructures,
it is important to understand how they form. Understanding the formation
pathways involved in the growth of vertical nanostructures can provide insights
that can assist in devising methods for suppressing their growth. Although the
growth of vertical nanostructures with ALD and CVD has been reported in the
literature,24,49,51,58 a comprehensive formation mechanism is yet to be established.
And, to the best of our knowledge, there are no literature reports on suppressing
the vertical nanostructure growth.
In this work, we discuss both the formation and suppression of vertical
nanostructures during plasma-enhanced ALD (PEALD) of WS2. Pathways involved in
the formation of vertical nanostructures in a two-step (AB) WS2 PEALD process are
established based on extensive scanning transmission electron microscopy (STEM)
studies. Through fast Fourier transform (FFT) analysis of atomic resolution STEM
images, we demonstrate how vertical nanostructures predominantly form at grain
boundaries (GBs). Furthermore, we provide insights regarding the impact of grain
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orientation and grain boundary angles on the formation of vertical nanostructures.
The suppression of vertical nanostructures during WS2 PEALD was enabled through
plasma-based treatments. The addition of a plasma step C to the AB process,
enables a significant suppression of the vertical nanostructures formed during the
AB steps. We discuss how the plasma exposure in step C enables the suppression
of vertical nanostructures through physical or chemical interactions as these
nanostructures form and the importance of suppressing the vertical nanostructures
during their nucleation. By suppressing the density of vertical nanostructures by
the ABC PEALD method, we report an order of magnitude decrease in film resistivity
relative to the WS2 films deposited by an AB-only process.

6.2 Experimental Section
6.2.1 PEALD Process

Figure 6.1. Plasma-enhanced ALD (PEALD) recipe of the (a) two-step AB and the (b) threestep ABC process used in this work. In the ABC process, an Ar gas purge step was also used
after the Ar and/or H2 plasma step C (purge step not shown in Figure 6.1b).
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All WS2 depositions were performed in a commercial FlexAL ALD reactor from
Oxford instruments. The reaction chamber was equipped with a remote inductively
coupled plasma (ICP) source, a turbomolecular pump that enables a base pressure
of 10-6 Torr and a 240 mm substrate table.
WS2 films were deposited with a two-step AB or a three-step ABC PEALD
process using the recipe shown in Figure 6.1. In the AB process, WS2 films were
deposited using bis(tert-butylimido)bis(dimethylamido)tungsten precursor (step A)
and H2S plasma (step B), by adopting the PEALD recipe reported in our earlier
work.60 The precursor and plasma-activated co-reactant saturation curves asserting
the typical ALD behavior for the AB process are shown and further discussed in
Appendix 6 (Figure A6.1).
In the ABC process, an Ar and/or H2 plasma was added as step C to the AB
process as shown in Figure 6.1b. In the newly added step C, the plasma exposure
was 50s long, the plasma power was fixed at 500 W and the chamber pressure was
maintained at 15 mTorr. The Ar and H2 gas flows into the ICP source were fixed at
50 sccm (standard cubic centimeters per minute) during step C. Argon gas purges
were utilized between all steps during the deposition. The ‘thickness vs. number of
ALD cycles’ profile and the growth per cycle (GPC) for the AB and ABC processes are
shown in Figure A6.2 and Table A6.1, respectively. WS2 films deposited using AB
process were used for studying the formation of vertical nanostructures whereas
films deposited using ABC processes were used for studying the suppression of
vertical nanostructures. To study the suppression of vertical nanostructures, WS2
films of approximately 6 nm (~9 WS2 layers) were utilized unless stated otherwise.
This thickness was chosen as the suppression of vertical nanostructures could be
clearly visualized in these films.
6.2.2 Material Characterization and Analytical Techniques
In situ spectroscopic ellipsometry (SE) was used to monitor the WS2 film thickness
during PEALD using a J.A. Woollam M2000F ellipsometer. A B-spline function-based
fitting model was used to extract the film thickness from the raw SE data.
To study the surface morphology and microstructure, a probe-corrected
JEOL JEM-ARM200F transmission electron microscope (TEM) operated at 80 kV was
utilized to obtain high-angle annular dark field scanning transmission electron
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microscopy (HAADF-STEM) images. For STEM imaging, WS2 films were deposited on
Si3N4 TEM windows, coated with a 5 nm ALD SiO2 film. Cross-sectional TEM samples
were made with a focused ion beam (FIB) using the standard lift-out method.
Rutherford backscattering spectroscopy (RBS) was used to study the
absolute film composition and stoichiometry. The RBS measurements were
performed by Detect 99, Eindhoven, The Netherlands, using a 2000 keV He+ beam.
X-ray photoelectron spectroscopy (XPS) was also used to study the film
composition. XPS measurements were performed using a Thermo Scientific KA1066
spectrometer with a monochromatic Al Kα X-ray source (hν = 1486.6 eV). XPS data
processing was performed using Avantage software and XPS peaks were referenced
to the adventitious carbon 1s peak (binding energy = 284.8 eV) for necessary charge
corrections. The electrical sheet resistance was measured using a Signatone fourpoint probe (4-PP) in combination with a Keithley 2400 source measurement unit
that played the dual role of current source and voltage meter. The electrical
resistivity was determined from the slope of the generated I-V curve and the SEdetermined film thickness.
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6.3 Results and Discussion
6.3.1 Formation of Vertical WS2 Nanostructures

6
Figure 6.2. Formation pathways of vertical nanostructures in PEALD WS2 thin films. (a)
Schematic of coalescing grains that result in grain boundaries (GBs). Schematics and
representative cross-sectional HAADF-STEM images for type I (b,e), a type II (c,f), and a type
III (d,g) formation pathways. White arrows represent the origin for the respective growth
transition.

Formation mechanisms of vertical nanostructures have been briefly discussed in
previous CVD,24,58 thermal sulfurization of metal,25,26 and ALD studies,12,51 however,
a comprehensive formation mechanism has not yet been established. These
formation mechanisms begin with laterally expanding grains following Frank-van
der Merwe growth61 as depicted by Li et al.24 All grains are considered to have their
basal-planes parallel to the substrate with rotational freedom around the surface
normal. A grain boundary (GB) is then formed between neighboring, coalescing
grains (Figure 6.2a) during the ALD process. Precursor adsorption ensues at the WS2
edges forming the GB rather than on the chemically inert basal-planes as illustrated
for ALD of Al2O3 on MoS2.62 Subsequent film growth occurs across the newly formed
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GB resulting in the formation of vertical nanostructures. These vertical
nanostructures most likely form from the culmination of several factors, including
minimization of surface energy,25,63 relaxation of accumulated strain, and defectmediated growth (at vacancies, GBs, edge/surface relocation, etc.) in as-deposited
films.24,64,65 Here, we describe three formation pathways of vertical nanostructures
that have been observed in PEALD WS2 films: type I, type II and type III pathways. A
schematic of each formation pathway can be seen in Figure 6.2b-d. For these
studies, WS2 films that were deposited at 300 °C on Si substrates with 450 nm oxide
using a previously established PEALD AB process were utilized.60
The type I formation pathway (Figure 6.2b) arises from the continued
expansion and orientation transition of one grain, while the second grain is eclipsed
and expansion of the grain at this GB is terminated. This pathway begins with graingrain interactions resulting in preferential precursor adsorption at the edge-sites of
one of the two grains forming the GB. This preferential adsorption results in the
continued growth of the “preferred” grain at the GB, thus, blocking further
precursor adsorption at the edge-sites of the second grain. Further expansion of
the second grain at this GB is then impracticable due to the inaccessibility of the
edge-sites to precursor molecules. The horizontal-to-vertical transition is fully
realized as the eclipsed grain forces the continually expanding, “preferred” grain to
grow in a new orientation of arbitrary angle to the planes oriented parallel to the
substrate. The cross-sectional STEM image in Figure 6.2e clearly illustrates this
formation pathway with the transition site indicated by the white arrow. In this
image, the WS2 grain on the left is terminated by the “preferred” growth of the
grain expanding from the right. Continued deposition at these newly oriented edgesites forms a vertical nanostructure. Propagation and expansion of these vertical
nanostructures occurs with further precursor adsorption at the now vertically
oriented reactive edge-sites (Figure A6.3). Precursor adsorption on the vertical
nanostructure results in increased height and in-plane width of the vertical
nanostructures. Thickening of the vertical nanostructures however, follows a
different adsorption pathway wherein precursor adsorbs on a basal-plane creating
a new WS2 layer. This new layer can then expand conformally on the surface
resulting in vertical nanostructures with increased numbers of layer. Basal-plane
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nucleation on van der Waals materials during ALD, however, is not currently a well
understood phenomenon.
Next, a second type of formation was evident from our cross-sectional
STEM studies involving the synergistic expansion and orientation transition of both
grains forming the GB (Figure 6.2c). This formation contrasts with the single grain
orientation transition observed in the type I pathway. We refer to this second route
as the type II formation pathway. After grain coalescence, interactions between the
grains forming the GB cause a transition in growth direction for both grains. This
synergistic orientation transition results in the formation of vertical structures
consisting of both grains. The simultaneous transition of both grains is supported
by cross-sectional STEM imaging, Figure 6.2f. This image clearly shows the
cooperative horizontal-to-vertical transition of the coalescing grains as similarly
described by Li et al., in their “Type II” growth model.24 Further WS2 deposition
results in the propagation and expansion of the vertical nanostructure as described
for the type I pathway.
Finally, we observed a third formation pathway for vertical nanostructures
in PEALD WS2 thin films. This pathway stands out from the other two pathways due
to its seemingly disjointed or incoherent growth (Figure 6.2d). We have designated
this the type III formation pathway. The two prior pathways exhibit a continuous
growth of at least one of the grains forming the GB. We believe, however, that
precursor adsorption can also occur on the GB resulting in growth nearly
perpendicular to the horizontally oriented basal-planes as seen in Figure 6.2g. The
unique characteristics of this GB, however, result in the formation of a new
vertically oriented WS2 grain. This pathway may result from enhanced precursor
adsorption at GBs that can possess a high density of defects or dislocation
concentrations.51,66 Analogous to the other two pathways, vertical nanostructures
formed by this pathway propagate with continued WS2 deposition. However,
thickening of Type III vertical nanostructures results from new layer formation at,
and expansion from, the GB instead of from lateral expansion described for the
previous two pathways. Precursor molecules adsorb at the edge-sites of the
horizontally oriented planes, yet interactions with the vertically oriented layers may
lead to a continued horizontal-to-vertical orientation transition. The expanding
width of the type III nanostructures may explain the observed, v-shaped origin of
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these vertical nanostructures (Figure 6.2g). This phenomenon, as well as an
atomistic mechanism of formation for all three formation pathways will be
investigated as part of another study.

Figure 6.3. (a) High resolution top-view HAADF-STEM image of a vertical nanostructure in a
PEALD WS2 film. The four squares [red, yellow, green, and blue] correspond to the similarly
outlined FFTs (b-e). The circles and numbers indicate crystallographically equivalent spots
and the angle of the selected spot relative to the horizontal, respectively.

We show in the above depictions that the vertical nanostructures form at
GBs (Figure 6.2). To corroborate this, we utilized top-view high resolution HAADFSTEM imaging, as shown in Figure 6.3a. We studied grain orientations on opposing
sides of several vertical nanostructures in 2 nm thick WS2 films. The vertical
nanostructures are recognizable in STEM imaging from not only the increased
contrast, but also by the larger spacing between the (00l) lattice planes. A vertical
nanostructure is presented in Figure 6.3a with four color-coded areas indicating the
regions where fast Fourier transforms (FFTs) were obtained. The FFTs of selected
areas in the STEM images were utilized to establish the local, in-plane grain
orientation by measuring the in-plane position of crystallographically equivalent
(010) spots. In Figure 6.3b-e, representative (010) spots are indicated by circles.
These measurements reveal very similar in-plane orientations of the red, green,
and blue areas, however, there is a misorientation of ~7° between these three areas
and the yellow area. This misorientation angle indicates a difference in grain
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orientation implying the presence of a new grain at this location.67 Additional
measurements around several vertical nanostructures presented similar results, as
will be shown below, supporting the hypothesis that vertical nanostructures
originate at GBs.

6

Figure 6.4. Abundance of the misorientation angles measured from FFTs on opposing sides
of GBs with (red) and without (blue) vertical nanostructures. Both types of GBs are
represented by an equal number of measurements.

Next, grain orientation studies were carried out in regions around GBs
lacking vertical nanostructures. An interesting trend arises when comparing
misorientation angles of GBs with and without vertical nanostructures: vertical
nanostructures predominantly form at GBs with low misorientation angles (lowangle GBs). Around vertical nanostructures, the average misorientation angle was
~5.6°, whereas grain boundaries lacking a vertical nanostructure had an average
misorientation angle of ~16.4°. The measured misorientation angles at GBs with
and without vertical nanostructures are shown in Figure 6.4. It is worth noting that
grain misorientation angles above 30° are indistinguishable from those below 30°
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due to the hexagonal symmetry of WS2 as demonstrated by the hexagonal pattern
in the FFTs (Figure 6.3b-e). Thus, all misorientation angles are reported as 30° or
less. Thicker, 6 nm WS2 films deposited by the same process yielded analogous
misorientation angles at GBs with and without vertical nanostructures. We believe
that this predisposition to form at low misorientation angles can be partially
attributed to the defect concentration and strain associated at GBs. Azizi et al.,
showed that higher misorientation angles result in higher local strain and
dislocation concentrations at GBs.66 However, these two attributes also result in a
higher dislocation mobility. Higher mobility of edge defects/dislocations could
significantly affect precursor adsorption and edge stability, thereby, decreasing the
likelihood of vertical nanostructure formation at higher misorientation angles.
6.3.2 Suppression of Vertical WS2 Nanostructures
The presence of vertical nanostructures in 2D thin films like WS2 can hinder charge
transport and, consequently, hamper device performance. Conceivably, there are
methods by which the formation of these undesired nanostructures could be
reduced or eliminated. Based on the insight presented above (section 6.3.1), one
method would be to increase the grain size in the deposited film. From the previous
section (6.3.1), we established that vertical nanostructures form predominantly at
GBs. It then follows that larger grains would lead to a lower density of GBs and, in
turn, a decrease in the areal density of vertical nanostructures. A second method
could be to remove vertical nanostructures through physical or chemical means.
Physical sputtering and chemical etching of vertical nanostructures are two
pathways that could be employed during or after deposition to remove vertical
nanostructures. Due to reduced atomic coordination, the edges of the vertical
nanostructures are highly reactive when compared to the basal-planes and, thus,
could be preferentially removed. A third method may be post-deposition high
temperature annealing to force the vertical nanostructures to realign parallel to the
substrate – the more thermodynamically stable state.12 However, this method risks
incompatibility with BEOL processes.
Recently, plasma treatments during or post-deposition have been reported
to enhance grain size in thin films.68,69 Various plasma gas compositions, from
chemically inert to highly reactive, have been used to affect this change. Kim et al.,
demonstrated the efficacy of a chemically inert Ar plasma in a post-deposition
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treatment to enhance grain size in SnS2 films by physical sputtering of surface
atoms.68 On the other hand, Macco et al., reported the use of a reactive plasma
during ALD for grain size enhancement in zinc oxide thin films.69 The H2 plasma was
proposed to chemically etch some nucleating sites resulting in a lower nucleation
site density on the surface. The lower nucleation density allowed for increased
lateral growth of the established grains.69 These reports suggest that a plasma
treatment can be a suitable method to suppress vertical nanostructure formation.
Thus, we considered plasma treatments both during and after ALD growth. The
results of the plasma treatments obtained during ALD are discussed first here.
To investigate the impact of plasma treatments on vertical nanostructure
suppression during ALD, we implemented an additional plasma exposure step to
our previously established two-step ‘AB’ WS2 PEALD process.60 This additional
plasma treatment was incorporated into our AB PEALD process as a third step to
form a three-step ‘ABC’ process. These processes are designated by an ABC-type
naming system: AB for the standard PEALD process, ABCAr when an Ar plasma step
C was used, and ABCH2 when a H2 plasma step C was used. Depositions were
performed using AB and ABC processes at 450° C, unless stated otherwise, as the
film resistivity was lowest at this temperature in the investigated temperature
range (100-450 °C, Table A6.2).

Figure 6.5. Top-view HAADF-STEM images of WS2 films (~6 nm) grown using the (a) AB, (b)
ABCAr and (c) ABCH2 processes.
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The impact of the Ar and H2 plasma exposure on the areal density of the
vertical nanostructures was investigated by HAADF-STEM images. Figure 6.5 shows
top-view, low magnification (500 kx) HAADF-STEM images of WS2 films (~6 nm)
deposited using the AB, ABCAr and ABCH2 processes. As seen from Figure 6.5b and
6.5c, the areal density of vertical nanostructures, identified by brighter contrast and
lattice lines in some cases, is reduced significantly by both the ABCAr and ABCH2
processes relative to the AB process (Figure 6.5a). This reduction in areal density
appeared to be larger with the ABCAr process on initial inspection and then was
confirmed by quantifying the average areal density of the vertical nanostructures
as shown in Table 6.1. The average areal density of vertical nanostructures was
determined from multiple measurements on high magnification HAADF-STEM
images (image area ~380x380 nm2). The average areal density was determined to
be ~706 nanostructures per µm2 in case of the AB process, which reduced
substantially by ~80% to ~145 nanostructures per µm2 for the ABCAr process. In case
of the ABCH2 process, the average areal density reduced by ~29% to ~504
nanostructures per µm2. The absence of vertical nanostructures in the cross-section
STEM images, further corroborates their suppression with the ABC processes
(Figure A6.4). The reduction in the areal density of vertical nanostructures was also
observed in the nucleation-phase of film growth (Figure A6.5). In this initial growth
phase, the Ar plasma in step C was again found to be more effective in suppressing
the growth of vertical nanostructures when compared to the H2 plasma.

Table 6.1. Average areal density of vertical nanostructures and the average lateral grain size
determined from high magnification HAADF-STEM images of WS2 deposited using AB, ABCAr,
and ABCH2 processes. The RBS-determined stoichiometry (S:W) of the films is shown for the
three processes.
PEALD
process

Average areal density of vertical
nanostructures ( per µm2)

Average lateral grain
size (nm)

S:W

AB

706±55

13.6±0.9

2.0±0.1

ABCAr

145±14

24±2

2.0±0.1

ABCH2

504±41

19±1

1.6±0.1
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Having realized a significant reduction in vertical nanostructure formation,
we now turn our attention towards possible mechanisms for the suppression of
vertical nanostructures. The various mechanisms that may influence suppression
include grain size enhancement, sputtering and etching, thermal annealing effects,
etc., introduced by the plasma exposure in step C. These suppression mechanisms
are discussed below.
A. Grain Size Enhancement
With the observed decrease in the areal density of vertical nanostructures, it is
important to determine the effect of the additional plasma step C on the grain size.
Average lateral grain sizes for the AB, ABCAr, and ABCH2 processes (Table 6.1) were
determined from multiple grain measurements on high magnification HAADF-STEM
images (Figure A6.6 and Table A6.3). Because of the poor visibility of the grains and
their boundaries in the atomic resolution images, grain size measurements were
carried out using a live FFT in Digital Micrograph software to establish all edges of
the measured grains. The average grain size was determined to be 13.6 nm for the
reference AB process. For both the ABCAr and ABCH2 processes, an enhancement in
the lateral grain size was observed with respect to the AB process (Table 6.1). The
grain size enhancement was substantial for the ABCAr process, wherein, the average
grain size increased to ~24 nm, a 76% increase. For the ABCH2 processes, the grain
size enhancement was less substantial, wherein, the grain size increased to ~19 nm,
a 40% increase. These results demonstrate that both Ar and H2 plasma treatments
induce considerable grain size enhancements that contributes to an effective
reduction in the areal density of vertical nanostructures (Figure 6.5).
The grain size enhancements induced by the plasma treatments can arise
from various plasma-surface interactions depending upon the constituents of the
plasma. The ions in the chemically inert Ar plasma are known to influence growth
and material properties in thin films exclusively through physical effects.43,70,71
Through ion bombardment, the energetic ions transfer energy and momentum to
the growth surface. Depending upon the kinetic energy of ions, Ar ion
bombardment on the growth surface can lead to several physical effects including
adatom migration, desorption of physically adsorbed species, displacement of
lattice atoms in the surface or bulk, sputtering, sub–surface or bulk implantation of
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ions or displaced atoms, etc.43,70,71 The mean energy of Ar ions used in our PEALD
process was measured to be ~12 eV using a retarding field energy analyzer (RFEA)
(Figure A6.7). At these low ion energies, ion implantation during Ar plasma
exposure in step C, from or to the WS2 surface, is highly unlikely to occur.43,70 The
ion energy is on the borderline for mild sputtering of S atoms.72,73 Therefore,
adatom migration and displacement of lattice atoms in the laterally oriented grains
are most likely to occur.70 These physical effects can cause structural
rearrangements on the growth surface which subsequently may lead to an
enhancement in the grain size.
The use of a reactive H2 plasma entails both ion-surface and radical-surface
interactions having physical and chemical components.43 Due to its low mass, H ions
are very unlikely to contribute to physical effects through momentum transfer. 74
On the other hand, reactive species in the H2 plasma, e.g. radicals, have been
reported to influence a wide range of properties (including grain size) in thin films
growing through various processes.43,69,75 The H2 plasma in the step C can etch away
isolated/unstable nucleating sites on the WS2 surface, thereby, reducing the
nucleation density and allowing established grains to continue expanding laterally.
Estimating the degree of suppression in vertical nanostructure areal density
enabled by grain size enhancement is not straightforward. However, estimating the
reduction in GB density resulting from grain size enhancement could enable us to
ascertain the degree of suppression in vertical nanostructure areal density enabled
by grain size enhancement alone. Assuming random grain orientation angles, the
areal density of vertical nanostructures should follow a linear relationship with the
grain boundary density. Here, we used a Voronoi grain-based model to estimate
the density of GBs for the AB, ABCAr and ABCH2 processes based on the average grain
size (see Table A6.4 in Appendix 6 for more information about the Voronoi grainbased model). Using this model, we would expect a 68±5% reduction in GB density
for the observed grain size increase of 76±8% for the ABCAr process (grain size
reported in Table 6.1). Similarly, we expect a 46±3% GB density reduction for the
observed grain size increase of 40±3% for the ABCH2 process. Following a linear
relationship assumption, the areal density of vertical nanostructures should also be
suppressed by similar degrees suggesting that the suppression of vertical
nanostructures should predominantly arise from grain size enhancements.
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From Table 6.1, the reduction in areal density of vertical nanostructures
was determined to be 80±10% for the ABCAr and 29±3% for the ABCH2 process,
relative to the AB process. For the ABCAr process, the experimentally determined
reduction (80%) is larger than the expected reduction from the model (68%). Grain
size enhancement accounts for a significant portion of vertical nanostructure
suppression, however, deviation from the one to one correlation suggests that
there could be contribution from other physicochemical effects. Conversely, the
ABCH2 process exhibits a lower vertical nanostructure suppression (29%) than the
reduction expected from the model (46%). This suggests that grain-size
enhancement does significantly contribute to the suppression of vertical
nanostructures, but seems to be significantly offset by physicochemical effects. The
hydrogen in the plasma may promote the growth of vertical nanostructures during
plasma-surface interactions partially mitigating suppression from grain size
enhancement.60 Thus, it is apparent that grain size enhancement alone cannot fully
account for vertical nanostructure suppression and other physicochemical effects
like etching of S atoms, thermal annealing effects etc., may play an important role.
This warrants a further investigation and we discuss this below.
B. Etching of S Atoms
Besides aiding grain size enhancement, plasma-surface interactions can occur
directly at the formation sites of vertical nanostructures. These interactions may be
instrumental in mitigating the vertical nanostructure formation during the
deposition of WS2. The two plasmas, however, may interact with the surface in very
different ways.
Beyond the reaction with surface nuclei, the reactive species in the H2
plasma can also react with the established surface. We have recently shown that
an abundance of H species in a H2 diluted H2S plasma will react with WS2 surfaces
leading to S atom removal.60 Due to their higher reactivity, the edge atoms are more
vulnerable to plasma etching than the relatively inert basal-planes and are likely to
be preferentially etched. In this work, exposure to H2 plasma in step C can etch the
edge-terminated vertical nanostructures that begin to form at GBs during the
preceding AB steps in every ALD cycle. The relatively thinner vertical nanostructures
observed in Figure 6.5c may be a consequence of H2 plasma etching, an aspect not

151

6

CHAPTER 6
observed with the AB or ABCAr processes (Figure 6.5a and 6.5b). In addition, H2
plasma exposure results in more S-deficient WS2 lateral and vertical nanostructure
edges (S:W=1.6, Table 6.1). Importantly, Azizi et al., have shown that S-deficient
dislocations at GBs result in higher dislocation mobility along grain edges.66 As
stated earlier (section 6.3.1), higher dislocation or defect mobility at grain edges
may significantly impact the formation of vertical nanostructures. This could be
attributed to surface/edge reconstruction during deposition mitigating the
formation of vertical nanostructures. Hence, the etching of S atoms from edge-sites
could play an important role in the suppression of vertical nanostructure formation.
However, tungsten precursor adsorption (step A) is also more energetically
favorable on such S-deficient surfaces60 leading to enhanced growth rates (Figure
A6.2 and Table A6.1). This competition between vertical nanostructure formation
and etching, may limit the etching effect induced by the H2 plasma as film growth
proceeds.60 The reduced etching effect seems to limit grain-size enhancements.
These effects may explain the significant deviation observed in vertical
nanostructure suppression determined experimentally (29%) and from the model
(46%) (Table A6.4).
On the other hand, an Ar plasma does not have a similar level of reactivity
as a H2 plasma. Thus, chemical etching is not the likely outcome from the interaction
of Ar ions with the WS2 surface, although, vertical nanostructure suppression is
observed to be more significant from Ar plasma exposure than from H2 plasma
exposure. The significantly higher mass of Ar ions as compared to hydrogen ions
most likely plays a key role in the effect of surface bombardment during plasma
exposure. The higher energy imparted to the surface from the heavier Ar+ may be
responsible for stronger surface reconstruction at defect/dislocation and edgesites. Komsa et al., calculated displacement energy thresholds for WS2 revealing a
lower required energy for edge-site displacement.76 These calculations corroborate
the “preference” for edge-site reconstruction versus surface reorganization. Edge
reconstruction from Ar+ bombardment may have the same, yet a more
pronounced, end result as with H2 plasma exposure: edge reconstruction resulting
in the suppression of vertical nanostructures. Although vertical nanostructure
formation is suppressed with both plasmas, the two processes seem to affect this
change through two different physicochemical pathways.
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The effect of plasma on the suppression of vertical nanostructures was
further investigated by comparing the ABC process, as discussed above, to an AB
process with a plasma treatment after finishing the ALD growth (Figure A6.8). These
post-ALD plasma exposure processes are referred to as ABpost-Ar plasma process when
an Ar plasma was used or ABpost-H2 plasma process when a H2 plasma was used. The
areal density of vertical nanostructures did not vary significantly between the
reference AB and the ABpost-plasma processes with Ar or H2 plasma (Figure A6.8). This
clearly indicates that the post-ALD plasma exposures are not efficient in
suppressing the growth of the well-established vertical nanostructures. In
hindsight, the etching of S atoms by H2 plasma is limited to the top-edges of vertical
nanostructures. Downward etching of the vertical nanostructures, would involve
the complete removal of S and W atoms from layers. Such an etching effect would
lead to significant changes in the surface morphology relative to the reference AB
process – a change which we do not observe in Figure A6.8. Thus, the etching and
thereby the surface/edge reconstruction is limited to the top-edges of vertical
nanostructures and, consequently, no significant reduction in the areal density of
vertical nanostructures is observed due to post-growth plasma exposure. A similar
behavior can also be expected in case of Ar plasma, where the surface/edge
reconstruction enabled by Ar+ bombardment due to displacement of atoms is
limited on the well-established vertical nanostructures. Therefore, these findings
emphasize that the suppression of the vertical nanostructures through plasma
exposure is more effective during the nucleation of vertical nanostructures when
compared to their established growth.
C. Thermal Annealing During Deposition
The total deposition time of the ABC processes are ~1 hour longer than the AB
process due to the additional step C (duration of step C = 50 s per ALD cycle). This
means that, the samples in the ABC processes underwent extra processing time at
the deposition temperature (450 °C). This extra processing time may induce
thermal annealing effects that can influence the structural profile of the films
including the areal density of vertical nanostructures. Thermal energy from
annealing can cause surface restructuring via diffusion of the constituents, resulting
in the morphology that is known to be most thermodynamically favorable, i.e., a
film with horizontally aligned basal-planes exclusively.12 Oh et al., have reported a
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similar observation when the temperature was increased during post-sulfurization
of ALD deposited MoS2 films.12 To investigate the effect of annealing on the areal
density of vertical nanostructures, the Ar plasma exposure in step C was replaced
by an Ar gas exposure. Ar gas exposure in step C should not influence the film
growth as it does not entail any physical effects like ion-bombardment unlike an Ar
plasma exposure. Hence, thermal annealing effects introduced by step C, if any,
could be determined by comparing the areal density of vertical nanostructures
resulting from ABCgas and ABCplasma processes.
Figure 6.6a-c shows the top-view STEM images of WS2 films deposited using
AB, ABCAr-gas, and ABCAr-plasma processes, respectively. Upon visual inspection, there
does not appear to be an obvious difference between the AB and ABCAr-gas
processes. A more quantitative approach was then taken to estimate the areal
density of vertical nanostructures over a 400 x 400 µm2 area. The areal density of
vertical nanostructures resulting from the ABCAr-gas process was found to be nearly
equal (~91% relative to AB) to the vertical nanostructures formed during the AB
process. This suggested that the extra-processing time from step C had minimal
effect on the reduction in the areal density of vertical nanostructures. Similar
experiments were performed with H2 gas in the place of H2 plasma and no
significant difference in the areal density of vertical nanostructures was observed
between the AB and ABCH2-gas processes. These observations confirm that any
thermal annealing effects from increased deposition time in the ABC processes do
not play a major role in the suppression of vertical nanostructures. However, there
could be some minor annealing effects on the bottom layers that cannot be
ascertained from the top-view STEM images. These effects are discussed later in
terms of film resistivity. Additionally, these results also confirmed that a plasma
exposure (Ar or H2) is needed to achieve significant reduction in the areal density
of vertical nanostructures in our WS2 films and gas exposures do not yield the same
results.

154

CHAPTER 6

Figure 6.6. Top-view HAADF-STEM images of WS2 films deposited using (a) AB, (b) ABCAr-gas,
and (c) ABCAr-plasma processes.

D. Grain Boundary Angle
From the formation studies (section 6.3.1), we established that vertical
nanostructures in the AB process, predominantly form at low-angle GBs with an
average misorientation angle of ~5.6° (Figure 6.4). Here, we investigate if the
misorientation angles at GBs without vertical nanostructures were influenced by
the Ar or H2 plasma exposure in step C of the ABC processes. Variation in the
misorientation angle could have led to a reduction or increase in the areal density
of vertical nanostructures if the average misorientation angle was higher or lower,
respectively.
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Figure 6.7. Abundance of misorientation angles without vertical nanostructures by sample:
AB (red), ABCAr (blue), and ABCH2 (orange).

Grain misorientation angles were studied from HAADF-STEM images of the
AB, ABCAr, and ABCH2 processes. For a comprehensive study, 50 GBs for the AB
process, and 47 GBs for both ABC processes were examined. The abundance of
misorientation angles by process is presented in Figure 6.7. An initial inspection of
the data does not reveal any obvious differences between the AB and ABC
processes. The average misorientation angle from each process (17.1° for AB, 17.0°
for ABCAr, and 16.7° for ABCH2) confirms that there is no significant variation with
plasma exposure in step C. This suggests that the orientation angles are determined
in the very early stages of nucleation, where all nuclei can be treated independently
and can adopt all possible rotational orientations around the normal to the 2-D
layers.
In summary, grain size enhancement is the major factor enabling the
suppression of vertical nanostructures. Other physicochemical effects such as
etching of S atoms, thermal annealing etc., have smaller contributions.
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E. Impact of Combining Ar and H2 Plasma Gas Mixtures (in Step C) on the
Suppression of Vertical Nanostructures
Both Ar and H2 plasma exposures led to a reduction in the density of vertical
nanostructures per geometric area in WS2 films through physicochemical effects
(Figure 6.5b and c). When combined, a plasma exposure could exhibit the reduction
qualities of both individual plasma resulting in a cooperative effect. In principle, the
ion-bombardment of ions in the Ar plasma coupled with the high reactivity of
plasma species in the H2 plasma could lead to a further reduction of the areal
density of vertical nanostructures. Cooperative effects of the Ar and H2 plasma on
the areal density of vertical nanostructures were investigated by gradually mixing
the Ar and H2 plasma gases in step C (process = ABCAr+H2).

6

Figure 6.8. Top-view HAADF-STEM images of WS2 films (~6 nm) grown using the (a) ABCAr,
(b)-(d) ABCAr+H2, and (e) ABCH2 processes, respectively. The Ar:H2 plasma gas mixture ratio in
sccm is indicated above each image.
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Table 6.2. Average areal density of vertical nanostructures per geometric area determined
from multiple measurements on HAADF-STEM images of WS2 deposited using the ABCAr,
ABCAr+H2 and ABCH2 processes.
PEALD
process

Ar:H2 flow
(sccm)

Areal density of vertical
nanostructures (per µm2)

ABCAr

40:00

~145±14

ABCAr+H2

30:10

~252±27

ABCAr+H2

20:20

~308±34

ABCAr+H2

10:30

~399±35

ABCH2

00:40

~504±41

Figure 6.8 shows a series of top-view HAADF-STEM images of WS2 films (~6
nm) synthesized using the ABCAr, ABCAr+ H2, and ABCH2 processes. In this series, gas
flow rates were decreased or increased by a 10 sccm increment for Ar or H2,
respectively. With the addition of just 10 sccm H2 to the Ar plasma gas, noticeable
changes are observed in the areal density and the appearance of the vertical
nanostructures (Figure 6.8b). The vertical nanostructures were relatively thinner
and their appearance was much closer to that observed for ABCH2 (Figure 6.8e)
showing that a small addition of H2 to the plasma gas has an immediate effect.
Interestingly however, the addition of H2 did not decrease the areal density of
vertical nanostructures, rather, an increase was observed. This increase in areal
density continued in a nearly linear fashion with the increase of H2/decrease of Ar
in the plasma. Table 6.2 shows the areal density of vertical nanostructures with
plasma gas modulation determined from multiple measurements on high
magnification HAADF-STEM images of WS2 (image area ~380x380 nm2). Starting
from ABCAr, a change in the plasma gas composition to 25% H2 results in an increase
in the areal density of vertical nanostructures from ~145 to ~252 nanostructures
per µm2. This is an increase of approximately 74% relative to the ABCAr process. As
the plasma gas composition is further changed to include 50%, 75%, and 100% H2,
the areal density of vertical nanostructures increases to ~308, ~399, and ~504
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nanostructures per µm2, respectively. These increases in areal density are
approximately 22%, 30%, and 26%, respectively, relative to the preceding mixture.
This nearly monotonic change corroborates the significant effect of H2 in the plasma
on plasma-surface interactions. Even a relatively small amount of H2 in the plasma
modifies the observed plasma-surface interactions to act more similarly to a pure
H2 plasma. The chemical reactivity of H2 species in the plasma seems to overshadow
the physical effects enabled by Ar plasma (adatom migration, displacement of
lattice S atoms, etc.) which could play a key role in suppressing the growth of
vertical nanostructures as discussed earlier (sub-section A and B in 6.3.2). Coupled
to this, the hydrogen species may lower the diffusivity of constituents on the
growth surface (S-atoms) enabled by the Ar ion bombardment and, thus, reduce
the impact of the physical effects like adatom migration, displacement of lattice S
atoms, etc. At the same time, the growth rate and density of vertical nanostructures
is higher on S-deficient surfaces enabled by the H2 species in the plasma, as
discussed earlier (sub-section B in 6.3.2). Thus, we see an increase in the areal
density of vertical nanostructures for the ABCAr+ H2 processes. Furthermore, the
nearly linear increase in vertical nanostructure areal density with the modulation
of the plasma gas composition from Ar to Ar+H2 to H2 reveals an absence of any
cooperative effect between the generated plasma species.
6.3.3 Impact of Plasma Exposure (Step C) on Other Material Properties
Apart from causing a reduction in the areal density of vertical nanostructures, the
plasma exposure in step C had a significant impact on the film stoichiometry (S:W
ratio) and resistivity. Figure 6.9 compares the film stoichiometry (S:W, determined
by XPS, left y-axis) and the resistivity (determined by 4-PP, right y-axis) for the AB,
ABCAr, ABCAr+H2, and ABCH2 processes. The AB and ABCAr processes yielded nearly
stoichiometric (S:W = ~2) films (see Figure A6.9 for raw XPS data). Upon the
addition of H2 to the Ar plasma, a decrease in stoichiometry was observed. The S:W
ratio decreased to approximately 1.7 in all of the ABCAr+H2 processes as seen from
the center points of Figure 6.9. Eliminating Ar from the plasma gas mixture further
decreased the S:W ratio to 1.6 for the ABCH2 process. This significant change in the
S:W ratio shows that the presence of H2 species in the plasma removes S atoms
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from the growth surface corroborating the surface etching discussed above
(section 6.3.2).

ABCAr + H2

Ar plasma

ABCH2

Ar+H2 plasma mixture

H2 plasma

S:W
Resistivity ABC process
Resistivity AB process
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40:0

30:10

20:20
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Figure 6.9. Stoichiometry (S:W ratio) (red, left y-axis) and resistivity (black, right y-axis) of
the tungsten disulfide films (~6 nm) synthesized using the ABC processes, as-determined
from XPS and 4-PP measurements, respectively. The resistivity of films deposited using the
AB process is represented by a black-dashed line.

The resistivity of a WS2 film (~6 nm) deposited by the AB process was found
to be approximately 106 µΩ•cm. With the addition of the plasma step C, the
resistivities of films synthesized with the various ABC processes were found to be
an order of magnitude lower (~105 µΩ•cm) when compared to the AB process. This
decrease in resistivity can be attributed to several factors and we discuss them
below.
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The reduced areal density of vertical nanostructures observed for the ABC
processes (Table 6.2), could directly contribute to the observed decrease in film
resistivity due to the following reasons. First, the electrical resistivity perpendicular
to the layers (|| c-axis) is known to be about twice the resistivity within the layers,
(⊥ c-axis).55,56 Thus, the presence of vertical nanostructures amidst basal-plane
oriented layers may cause a rise in film resistivity. Second, the vertical
nanostructures can cause scattering of mobile charge carriers as the vertical
nanostructures were observed right from the film nucleation regime (Figure A6.5).
This effect is elucidated by the comparatively low film resistivity observed in the
film nucleation stage for the ABC processes (Figure A6.10). In the film nucleation
stage, the ABC processes had lower areal density of vertical nanostructures when
compared to the AB process as discussed before (Figure A6.5). In this context, the
presence of such vertical nanostructures amidst the basal-plane oriented layers is
highly undesirable for obtaining films with low resistivity.
Film-doping induced by the S-deficiencies (S:W <2) from the ABCAr+H2 and
ABCH2 processes (Figure 6.9) may contribute to the decrease in film resistivity.
Given the higher areal density of vertical nanostructures (Table 6.2), a relatively
higher film resistivity was anticipated for the ABCAr+H2 and ABCH2 processes when
compared to the ABCAr process. However, the film resistivity did not vary
significantly between the ABCAr, ABCAr+H2, and ABCH2 processes. Film-doping induced
by the S-deficiencies observed with the ABCAr+H2 and ABCH2 processes (Table 6.2)
seems to lower film resistivity and compensate for the presence of the relatively
higher areal density of vertical nanostructures. Tungsten disulfide films exhibiting
acute S-deficiencies (WS1.6) have typically caused n-type doping.77,78
The grain size enhancement observed previously for the ABC processes
(Table 6.1) may also contribute to the lowered resistivity of the films. Larger grains
result in a lower number of GBs which may result in less charge scattering at GBs.
Furthermore, thermal annealing effects from increased deposition time in the ABC
processes can have small contributions to the drop in film resistivity. The resistivity
of films deposited using the ABCgas processes (Figure 6.6b - ABCgas processes) was
observed to be lower when compared to the reference AB process as shown in
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Figure A6.11. However, the drop in resistivity induced by thermal annealing effects
is minor when compared to the plasma–induced drop in resistivity.

6.4 Conclusions
In conclusion, we discussed formation pathways for the growth of vertical 3D WS2
nanostructures and introduced an approach to effectively suppress their growth
during PEALD. We established formation pathways for the vertical nanostructures
and through extensive STEM studies, we demonstrated how these nanostructures
originate at grain boundaries. The formation pathway insights obtained in this
work, improve the current level of understanding of the vertical nanostructure
growth reported in the literature. For suppressing the growth of vertical
nanostructures, we introduced a new low-temperature PEALD process. This
process effectively suppresses the growth of vertical 3D nanostructures during the
growth of 2D WS2 layers, by incorporating additional plasma treatment steps in the
PEALD cycles. By adding the plasma treatment steps the grain boundary density
drastically decreased, which together with other physicochemical effects of the
plasma, led to an 80% reduction of the vertical nanostructure density relative to its
original value. As a consequence, the resistivity of the films reduced by an order of
magnitude. The observed relation between grain boundary density and vertical
nanostructures will lay the foundation for further studies on vertical nanostructure
suppression, not only during ALD but also during other commonly used 2D TMD
growth techniques such as CVD. The established growth pathways and our
approach to vertical nanostructure suppression during PEALD will likely extend to
other 2D TMD systems.

6.5 References
(1)
(2)
(3)

Fiori, G.; Bonaccorso, F.; Iannaccone, G.; Palacios, T.; Neumaier, D.;
Seabaugh, A.; Banerjee, S. K.; Colombo, L. Electronics Based on TwoDimensional Materials. Nat. Nanotechnol. 2014, 9, 768–779.
Chhowalla, M.; Jena, D.; Zhang, H. Two-Dimensional Semiconductors for
Transistors. Nat. Rev. Mater. 2016, 1, 16052.
Schram, T.; Smets, Q.; Groven, B.; Heyne, M. H.; Kunnen, E.; Thiam, A.;

162

CHAPTER 6

(4)
(5)
(6)
(7)
(8)

(9)
(10)

(11)

(12)

(13)
(14)

(15)

Devriendt, K.; Delabie, A.; Lin, D.; Lux, M.; et al. WS2 Transistors on 300 mm
Wafers with BEOL Compatibility. In 2017 47th European Solid-State Device
Research Conference (ESSDERC); IEEE, 2017; pp 212–215.
Nourbakhsh, A.; Zubair, A.; Sajjad, R. N.; Tavakkoli K. G., A.; Chen, W.; Fang,
S.; Ling, X.; Kong, J.; Dresselhaus, M. S.; Kaxiras, E.; et al. MoS2 Field-Effect
Transistor with Sub-10 nm Channel Length. Nano Lett. 2016, 16, 7798–7806.
Browning, R.; Plachinda, P.; Padigi, P.; Solanki, R.; Rouvimov, S. Growth of
Multiple WS2/SnS Layered Semiconductor Heterojunctions. Nanoscale
2016, 8, 2143–2148.
Das, S.; Appenzeller, J. WSe2 Field Effect Transistors with Enhanced
Ambipolar Characteristics. Appl. Phys. Lett. 2013, 103, 103501.
Wang, Q. H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, J. N.; Strano, M. S.
Electronics and Optoelectronics of Two-Dimensional Transition Metal
Dichalcogenides. Nat. Nanotechnol. 2012, 7, 699–712.
Butler, S. Z.; Hollen, S. M.; Cao, L.; Cui, Y.; Gupta, J. A.; Gutiérrez, H. R.; Heinz,
T. F.; Hong, S. S.; Huang, J.; Ismach, A. F.; et al. Progress, Challenges, and
Opportunities in Two-Dimensional Materials Beyond Graphene. ACS Nano
2013, 7, 2898–2926.
Choi, W.; Choudhary, N.; Han, G. H.; Park, J.; Akinwande, D.; Lee, Y. H. Recent
Development of Two-Dimensional Transition Metal Dichalcogenides and
Their Applications. Mater. Today 2017, 20, 116–130.
Gutiérrez, H. R.; Perea-López, N.; Elías, A. L.; Berkdemir, A.; Wang, B.; Lv, R.;
López-Urías, F.; Crespi, V. H.; Terrones, H.; Terrones, M. Extraordinary
Room-Temperature Photoluminescence in Triangular WS2 Monolayers.
Nano Lett. 2013, 13, 3447–3454.
Groven, B.; Nalin Mehta, A.; Bender, H.; Meersschaut, J.; Nuytten, T.;
Verdonck, P.; Conard, T.; Smets, Q.; Schram, T.; Schoenaers, B.; et al. TwoDimensional Crystal Grain Size Tuning in WS2 Atomic Layer Deposition: An
Insight in the Nucleation Mechanism. Chem. Mater. 2018, 30, 7648–7663.
Oh, S.; Kim, J. B.; Song, J. T.; Oh, J.; Kim, S.-H. Atomic Layer Deposited
Molybdenum Disulfide on Si Photocathodes for Highly Efficient
Photoelectrochemical Water Reduction Reaction. J. Mater. Chem. A 2017, 5,
3304–3310.
Eda, G.; Yamaguchi, H.; Voiry, D.; Fujita, T.; Chen, M.; Chhowalla, M.
Photoluminescence from Chemically Exfoliated MoS2. Nano Lett. 2011, 11,
5111–5116.
Xu, D.; Xu, P.; Zhu, Y.; Peng, W.; Li, Y.; Zhang, G.; Zhang, F.; Mallouk, T. E.;
Fan, X. High Yield Exfoliation of WS2 Crystals into 1–2 Layer Semiconducting
Nanosheets and Efficient Photocatalytic Hydrogen Evolution from WS2/CdS
Nanorod Composites. ACS Appl. Mater. Interfaces 2018, 10, 2810–2818.
Voiry, D.; Yamaguchi, H.; Li, J.; Silva, R.; Alves, D. C. B.; Fujita, T.; Chen, M.;

163

6

CHAPTER 6

(16)
(17)
(18)

(19)
(20)

(21)
(22)

(23)
(24)
(25)
(26)
(27)

Asefa, T.; Shenoy, V. B.; Eda, G.; et al. Enhanced Catalytic Activity in Strained
Chemically Exfoliated WS2 Nanosheets for Hydrogen Evolution. Nat. Mater.
2013, 12, 850–855.
Li, H.; Wu, J.; Yin, Z.; Zhang, H. Preparation and Applications of Mechanically
Exfoliated Single-Layer and Multilayer MoS2 and WSe2 Nanosheets. Acc.
Chem. Res. 2014, 47, 1067–1075.
Plechinger, G.; Nagler, P.; Kraus, J.; Paradiso, N.; Strunk, C.; Schüller, C.; Korn,
T. Identification of Excitons, Trions and Biexcitons in Single-Layer WS2. Phys.
status solidi - Rapid Res. Lett. 2015, 9, 457–461.
Georgiou, T.; Jalil, R.; Belle, B. D.; Britnell, L.; Gorbachev, R. V.; Morozov, S.
V.; Kim, Y.-J.; Gholinia, A.; Haigh, S. J.; Makarovsky, O.; et al. Vertical FieldEffect Transistor Based on Graphene–WS2 Heterostructures for Flexible and
Transparent Electronics. Nat. Nanotechnol. 2013, 8, 100–103.
Jeon, J.; Jang, S. K.; Jeon, S. M.; Yoo, G.; Jang, Y. H.; Park, J.-H.; Lee, S. LayerControlled CVD Growth of Large-Area Two-Dimensional MoS2 Films.
Nanoscale 2015, 7, 1688–1695.
Wang, H.; Yu, L.; Lee, Y.-H.; Fang, W.; Hsu, A.; Herring, P.; Chin, M.; Dubey,
M.; Li, L.-J.; Kong, J.; et al. Large-Scale 2D Electronics Based on Single-Layer
MoS2 Grown by Chemical Vapor Deposition. In 2012 International Electron
Devices Meeting; IEEE, 2012; pp 4.6.1-4.6.4.
Zhang, Y.; Zhang, Y.; Ji, Q.; Ju, J.; Yuan, H.; Shi, J.; Gao, T.; Ma, D.; Liu, M.;
Chen, Y.; et al. Controlled Growth of High-Quality Monolayer WS2 Layers on
Sapphire and Imaging Its Grain Boundary. ACS Nano 2013, 7, 8963–8971.
Pawbake, A. S.; Pawar, M. S.; Jadkar, S. R.; Late, D. J. Large Area Chemical
Vapor Deposition of Monolayer Transition Metal Dichalcogenides and Their
Temperature Dependent Raman Spectroscopy Studies. Nanoscale 2016, 8,
3008–3018.
McCreary, K. M.; Hanbicki, A. T.; Jernigan, G. G.; Culbertson, J. C.; Jonker, B.
T. Synthesis of Large-Area WS2 Monolayers with Exceptional
Photoluminescence. Sci. Rep. 2016, 6, 19159.
Li, H.; Wu, H.; Yuan, S.; Qian, H. Synthesis and Characterization of Vertically
Standing MoS2 Nanosheets. Sci. Rep. 2016, 6, 21171.
Kong, D.; Wang, H.; Cha, J. J.; Pasta, M.; Koski, K. J.; Yao, J.; Cui, Y. Synthesis
of MoS2 and MoSe2 Films with Vertically Aligned Layers. Nano Lett. 2013, 13,
1341–1347.
Jung, Y.; Shen, J.; Liu, Y.; Woods, J. M.; Sun, Y.; Cha, J. J. Metal Seed Layer
Thickness-Induced Transition From Vertical to Horizontal Growth of MoS2
and WS2. Nano Lett. 2014, 14, 6842–6849.
Lin, Y.-C.; Zhang, W.; Huang, J.-K.; Liu, K.-K.; Lee, Y.-H.; Liang, C.-T.; Chu, C.W.; Li, L.-J. Wafer-Scale MoS2 Thin Layers Prepared by MoO3 Sulfurization.
Nanoscale 2012, 4, 6637.

164

CHAPTER 6
(28)

(29)

(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)

(38)
(39)
(40)
(41)
(42)

Woods, J. M.; Jung, Y.; Xie, Y.; Liu, W.; Liu, Y.; Wang, H.; Cha, J. J. One-Step
Synthesis of MoS2/WS2 Layered Heterostructures and Catalytic Activity of
Defective Transition Metal Dichalcogenide Films. ACS Nano 2016, 10, 2004–
2009.
Muratore, C.; Hu, J. J.; Wang, B.; Haque, M. A.; Bultman, J. E.; Jespersen, M.
L.; Shamberger, P. J.; McConney, M. E.; Naguy, R. D.; Voevodin, A. A.
Continuous Ultra-Thin MoS2 Films Grown by Low-Temperature Physical
Vapor Deposition. Appl. Phys. Lett. 2014, 104, 261604.
Tao, J.; Chai, J.; Lu, X.; Wong, L. M.; Wong, T. I.; Pan, J.; Xiong, Q.; Chi, D.;
Wang, S. Growth of Wafer-Scale MoS2 Monolayer by Magnetron Sputtering.
Nanoscale 2015, 7, 2497–2503.
Huang, J.-H.; Chen, H.-H.; Liu, P.-S.; Lu, L.-S.; Wu, C.-T.; Chou, C.-T.; Lee, Y.J.; Li, L.-J.; Chang, W.-H.; Hou, T.-H. Large-Area Few-Layer MoS2 Deposited
by Sputtering. Mater. Res. Express 2016, 3, 065007.
Koçak, Y.; Akaltun, Y.; Gür, E. Magnetron Sputtered WS2 ; Optical and
Structural Analysis. J. Phys. Conf. Ser. 2016, 707, 012028.
Ellmer, K. Preparation Routes Based on Magnetron Sputtering for Tungsten
Disulfide (WS2) Films for Thin-Film Solar Cells. Phys. status solidi 2008, 245,
1745–1760.
Li, Q.; Newberg, J. T.; Walter, E. C.; Hemminger, J. C.; Penner, R. M.
Polycrystalline Molybdenum Disulfide (2H−MoS2) Nano- and Microribbons
by Electrochemical/Chemical Synthesis. Nano Lett. 2004, 4, 277–281.
Valappil, M. O.; Anil, A.; Shaijumon, M.; Pillai, V. K.; Alwarappan, S. A SingleStep Electrochemical Synthesis of Luminescent WS2 Quantum Dots. Chem. A Eur. J. 2017, 23, 9144–9148.
Tan, L. K.; Liu, B.; Teng, J. H.; Guo, S.; Low, H. Y.; Loh, K. P. Atomic Layer
Deposition of a MoS2 Film. Nanoscale 2014, 6, 10584–10588.
Delabie, A.; Caymax, M.; Groven, B.; Heyne, M.; Haesevoets, K.;
Meersschaut, J.; Nuytten, T.; Bender, H.; Conard, T.; Verdonck, P.; et al. Low
Temperature Deposition of 2D WS2 Layers from WF6 and H2S Precursors:
Impact of Reducing Agents. Chem. Commun. 2015, 51, 15692–15695.
Hao, W.; Marichy, C.; Journet, C. Atomic Layer Deposition of Stable 2D
Materials. 2D Mater. 2018, 6, 012001.
Browning, R.; Padigi, P.; Solanki, R.; Tweet, D. J.; Schuele, P.; Evans, D.
Atomic Layer Deposition of MoS2 Thin Films. Mater. Res. Express 2015, 2,
035006.
Tan, L. K.; Liu, B.; Teng, J. H.; Guo, S.; Low, H. Y.; Loh, K. P. Atomic Layer
Deposition of a MoS2 Film. Nanoscale 2014, 6, 10584–10588.
Puurunen, R. L. Surface Chemistry of Atomic Layer Deposition: A Case Study
for the Trimethylaluminum/Water Process. J. Appl. Phys. 2005, 97, 121301.
George, S. M. Atomic Layer Deposition: An Overview. Chem. Rev. 2010, 110,

165

6

CHAPTER 6
(43)
(44)
(45)
(46)
(47)
(48)
(49)

(50)

(51)

(52)

(53)

(54)

111–131.
Profijt, H. B.; Potts, S. E.; van de Sanden, M. C. M.; Kessels, W. M. M. PlasmaAssisted Atomic Layer Deposition: Basics, Opportunities, and Challenges. J.
Vac. Sci. Technol. A Vacuum, Surfaces, Film. 2011, 29, 050801.
Biyikli, N.; Haider, A. Atomic Layer Deposition: An Enabling Technology for
the Growth of Functional Nanoscale Semiconductors. Semicond. Sci.
Technol. 2017, 32, 093002.
Knoops, H. C. M.; Faraz, T.; Arts, K.; Kessels, W. M. M. (Erwin). Status and
Prospects of Plasma-Assisted Atomic Layer Deposition. J. Vac. Sci. Technol.
A 2019, 37, 030902.
Liu, L.; Huang, Y.; Sha, J.; Chen, Y. Layer-Controlled Precise Fabrication of
Ultrathin MoS2 Films by Atomic Layer Deposition. Nanotechnology 2017, 28,
195605.
Valdivia, A.; Tweet, D. J.; Conley, J. F. Atomic Layer Deposition of Two
Dimensional MoS2 on 150 mm Substrates. J. Vac. Sci. Technol. A Vacuum,
Surfaces, Film. 2016, 34, 021515.
Pyeon, J. J.; Kim, S. H.; Jeong, D. S.; Baek, S.-H.; Kang, C.-Y.; Kim, J.-S.; Kim, S.
K. Wafer-Scale Growth of MoS2 Thin Films by Atomic Layer Deposition.
Nanoscale 2016, 8, 10792–10798.
Ho, T. A.; Bae, C.; Lee, S.; Kim, M.; Montero-Moreno, J. M.; Park, J. H.; Shin,
H. Edge-On MoS2 Thin Films by Atomic Layer Deposition for Understanding
the Interplay between the Active Area and Hydrogen Evolution Reaction.
Chem. Mater. 2017, 29, 7604–7614.
Mattinen, M.; Hatanpää, T.; Sarnet, T.; Mizohata, K.; Meinander, K.; King, P.
J.; Khriachtchev, L.; Räisänen, J.; Ritala, M.; Leskelä, M. Atomic Layer
Deposition of Crystalline MoS2Thin Films: New Molybdenum Precursor for
Low-Temperature Film Growth. Adv. Mater. Interfaces 2017, 4.
Sharma, A.; Verheijen, M. A.; Wu, L.; Karwal, S.; Vandalon, V.; Knoops, H. C.
M.; Sundaram, R. S.; Hofmann, J. P.; Kessels, W. M. M. (Erwin); Bol, A. A.
Low-Temperature Plasma-Enhanced Atomic Layer Deposition of 2-D MoS2:
Large Area, Thickness Control and Tuneable Morphology. Nanoscale 2018,
10, 8615–8627.
Groven, B.; Heyne, M.; Nalin Mehta, A.; Bender, H.; Nuytten, T.;
Meersschaut, J.; Conard, T.; Verdonck, P.; Van Elshocht, S.; Vandervorst, W.;
et al. Plasma-Enhanced Atomic Layer Deposition of Two-Dimensional WS2
from WF6, H2 Plasma, and H2S. Chem. Mater. 2017, 29, 2927–2938.
Mattinen, M.; Hatanpää, T.; King, P. J.; Meinander, K.; Mizohata, K.;
Jalkanen, P.; Räisänen, J.; Ritala, M.; Leskelä, M. Crystalline Tungsten Sulfide
Thin Films by Atomic Layer Deposition and Mild Annealing. J. Vac. Sci.
Technol. A 2019, 37, 020921.
Browning, R.; Kuperman, N.; Solanki, R.; Kanzyuba, V.; Rouvimov, S. Large

166

CHAPTER 6

(55)
(56)
(57)
(58)
(59)
(60)

(61)
(62)

(63)

(64)
(65)

(66)

Area Growth of Layered WSe2 Films. Semicond. Sci. Technol. 2016, 31,
095002.
Evans, B. L.; Young, P. . Optical Absorption and Dispersion in Molybdenum
Disulphide. Proc. R. Soc. London. Ser. A. Math. Phys. Sci. 1965, 284, 402–422.
Kautek, W. Electronic Mobility Anisotropy of Layered Semiconductors:
Transversal Photoconductivity Measurements at n-MoSe2. J. Phys. C Solid
State Phys. 1982, 15, L519–L525.
Thakurta, S. R. G.; Dutta, A. K. Electrical Conductivity, Thermoelectric Power
and Hall Effect in p-Type Molybdenite (MoS2 ) Crystal. J. Phys. Chem. Solids
1983, 44, 407–416.
Dumcenco, D.; Ovchinnikov, D.; Lopez Sanchez, O.; Gillet, P.; Alexander, D.
T. L.; Lazar, S.; Radenovic, A.; Kis, A. Large-Area MoS2 Grown Using H2S as
the Sulphur Source. 2D Mater. 2015, 2, 044005.
Kim, H.-S.; Kumar, M. D.; Kim, J.; Lim, D. Vertical Growth of MoS2 Layers by
Sputtering Method for Efficient Photoelectric Application. Sensors Actuators
A Phys. 2018, 269, 355–362.
Balasubramanyam, S.; Shirazi, M.; Bloodgood, M. A.; Wu, L.; Verheijen, M.
A.; Vandalon, V.; Kessels, W. M. M.; Hofmann, J. P.; Bol, A. A. Edge-Site
Nanoengineering of WS2 by Low-Temperature Plasma-Enhanced Atomic
Layer Deposition for Electrocatalytic Hydrogen Evolution. Chem. Mater.
2019, 31, 5104–5115.
Oura, K.; Katayama, M.; Zotov, A. V.; Lifshits, V. G.; Saranin, A. A. Surface
Science; Advanced Texts in Physics; Springer Berlin Heidelberg: Berlin,
Heidelberg, 2003.
Zhang, H.; Chiappe, D.; Meersschaut, J.; Conard, T.; Franquet, A.; Nuytten,
T.; Mannarino, M.; Radu, I.; Vandervorst, W.; Delabie, A. Nucleation and
Growth Mechanisms of Al2O3 Atomic Layer Deposition on Synthetic
Polycrystalline MoS2. J. Chem. Phys. 2017, 146, 052810.
Coleman, J. N.; Lotya, M.; O’Neill, A.; Bergin, S. D.; King, P. J.; Khan, U.;
Young, K.; Gaucher, A.; De, S.; Smith, R. J.; et al. Two-Dimensional
Nanosheets Produced by Liquid Exfoliation of Layered Materials. Science
(80-. ). 2011, 331, 568–571.
Zhu, M.; Wang, J.; Holloway, B. C.; Outlaw, R. A.; Zhao, X.; Hou, K.;
Shutthanandan, V.; Manos, D. M. A Mechanism for Carbon Nanosheet
Formation. Carbon N. Y. 2007, 45, 2229–2234.
Jiang, L.; Yang, T.; Liu, F.; Dong, J.; Yao, Z.; Shen, C.; Deng, S.; Xu, N.; Liu, Y.;
Gao, H.-J. Controlled Synthesis of Large-Scale, Uniform, Vertically Standing
Graphene for High-Performance Field Emitters. Adv. Mater. 2013, 25, 250–
255.
Azizi, A.; Zou, X.; Ercius, P.; Zhang, Z.; Elías, A. L.; Perea-López, N.; Stone, G.;
Terrones, M.; Yakobson, B. I.; Alem, N. Dislocation Motion and Grain

167

6

CHAPTER 6

(67)
(68)
(69)
(70)
(71)
(72)
(73)
(74)

(75)

(76)

(77)
(78)

Boundary Migration in Two-Dimensional Tungsten Disulphide. Nat.
Commun. 2014, 5, 4867.
Zhou, S.; Wang, S.; Shi, Z.; Sawada, H.; Kirkland, A. I.; Li, J.; Warner, J. H.
Atomically Sharp Interlayer Stacking Shifts at Anti-Phase Grain Boundaries
in Overlapping MoS2 Secondary Layers. Nanoscale 2018, 10, 16692–16702.
Kim, J. H.; Yun, S. J.; Lee, H. S.; Zhao, J.; Bouzid, H.; Lee, Y. H. Plasma-Induced
Phase Transformation of SnS2 to SnS. Sci. Rep. 2018, 8, 10284.
Macco, B.; Knoops, H. C. M.; Verheijen, M. A.; Beyer, W.; Creatore, M.;
Kessels, W. M. M. Atomic Layer Deposition of High-Mobility HydrogenDoped Zinc Oxide. Sol. Energy Mater. Sol. Cells 2017, 173, 111–119.
Takagi, T. Ion–Surface Interactions during Thin Film Deposition. J. Vac. Sci.
Technol. A Vacuum, Surfaces, Film. 1984, 2, 382–388.
Mattox, D. M. Particle Bombardment Effects on Thin‐film Deposition: A
Review. J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 1989, 7, 1105–1114.
Ma, L.; Tan, Y.; Ghorbani-Asl, M.; Boettger, R.; Kretschmer, S.; Zhou, S.;
Huang, Z.; Krasheninnikov, A. V.; Chen, F. Tailoring the Optical Properties of
Atomically-Thin WS2 via Ion Irradiation. Nanoscale 2017, 9, 11027–11034.
Ghorbani-Asl, M.; Kretschmer, S.; Spearot, D. E.; Krasheninnikov, A. V. TwoDimensional MoS2 under Ion Irradiation: From Controlled Defect Production
to Electronic Structure Engineering. 2D Mater. 2017, 4, 025078.
Faraz, T.; Arts, K.; Karwal, S.; Knoops, H. C. M.; Kessels, W. M. M. Energetic
Ions during Plasma-Enhanced Atomic Layer Deposition and Their Role in
Tailoring Material Properties. Plasma Sources Sci. Technol. 2019, 28,
024002.
Faraz, T.; Knoops, H. C. M.; Verheijen, M. A.; van Helvoirt, C. A. A.; Karwal,
S.; Sharma, A.; Beladiya, V.; Szeghalmi, A.; Hausmann, D. M.; Henri, J.; et al.
Tuning Material Properties of Oxides and Nitrides by Substrate Biasing
during Plasma-Enhanced Atomic Layer Deposition on Planar and 3D
Substrate Topographies. ACS Appl. Mater. Interfaces 2018, 10, 13158–
13180.
Komsa, H.-P.; Kotakoski, J.; Kurasch, S.; Lehtinen, O.; Kaiser, U.;
Krasheninnikov, A. V. Two-Dimensional Transition Metal Dichalcogenides
under Electron Irradiation: Defect Production and Doping. Phys. Rev. Lett.
2012, 109, 035503.
Regula, M.; Ballif, C.; Moser, J. H.; Lévy, F. Structural, Chemical, and Electrical
Characterisation of Reactively Sputtered WSx Thin Films. Thin Solid Films
1996, 280, 67–75.
Cong, C.; Shang, J.; Wu, X.; Cao, B.; Peimyoo, N.; Qiu, C.; Sun, L.; Yu, T.
Synthesis and Optical Properties of Large-Area Single-Crystalline 2D
Semiconductor WS2 Monolayer from Chemical Vapor Deposition. Adv. Opt.
Mater. 2014, 2, 131–136.

168

CHAPTER 6

APPENDIX 6

6

S. Balasubramanyam, M.A. Bloodgood, M. van Ommeren, T. Faraz, V. Vandalon, W.M.M. Kessels,
M.A. Verheijen, and A.A. Bol, ACS Appl. Mater. Interfaces 2020, 12(3), 3873-3885.

169

CHAPTER 6
WS2 PEALD Saturation Curves
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Figure A6.1. Saturation curves showing the growth per cycle (GPC) saturation as a function
of (a) precursor dosing and (b) co-reactant plasma exposure, at 450 °C for the AB process.
The solid lines in the plots serve as a guide to the eye.
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PEALD Growth: AB, ABCAr and ABCH2 Processes
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Figure A6.2. Thickness of WS2 films as a function of number of PEALD cycles for the AB,
ABCAr, and ABCH2 PEALD processes, as-determined from in situ SE. The number of PEALD
cycles required to grow ~6 nm WS2 films were 96, 88, and 75 for the AB, ABCAr, and ABCH2
processes, respectively. The error in thickness determined from in situ SE measurement is
~0.2 nm.

Table A6.1. Growth per cycle (GPC) in terms of thickness, as-determined from in situ SE
measurements shown in Figure A6.2 (GPCSE), and GPC in terms of deposited W atoms/nm2,
as-determined from ex situ RBS measurements (GPCRBS).
PEALD process

GPCSE

GPCRBS

(Å)

W (atoms•nm-2•cycle-1)

AB

0.62±0.05

1.03±0.02

ABCAr

0.68±0.05

1.20±0.02

ABCH2

0.80±0.05

1.30±0.03
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From Table A6.1, it can be seen that the ABCH2 process yields a higher growth per
cycle (GPC) when compared to the AB and ABCAr processes, as confirmed from both
in situ SE and ex situ RBS measurements.

Propagation and Expansion of Vertical Structures

Figure A6.3. Schematic of 3D structure propagation indicating the three directions of
expansion. The arrows indicate the increase in height (blue), in-plane width (green) and
thickness (red).

Temperature Dependent WS2 Film Resistivity: AB Process
Low-resistive WS2 thin films are desirable for nanoelectronic applications. All
depositions in this work were performed at 450 °C unless stated otherwise as the
film resistivity was found to be the lowest at 450 °C in the investigated temperature
range (Table A6.2). Due to limited thermal contact in vacuum between the
substrate and the table, the substrate temperature was lower than the deposition
temperature (set table temperature). The substrate temperature (c-Si with 450 nm
oxide on top) was estimated using a thermocouple on reference samples in a
separate experiment. Depositions were limited to temperatures below or at 450 °C
to be back-end-of-line (BEOL) compatible and to avoid the risk of precursor
decomposition.
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Table A6.2. Temperature dependent resistivity of WS 2 films (~12 nm) grown using the ‘AB’
PEALD process, as-determined from four-point probe measurements. The estimated
substrate temperature (c-Si with 450 nm oxide on top) as-determined from thermocouple
measurements is also compared with the deposition temperature (set table temperature).

Deposition
temperature (°C)

Film resistivity

Estimated substrate

(µΩ•cm)

temperature (°C)

100

Below measurement range

~96

300

(3.5±2.2 ) × 106

~240

450

(1.0 to 1.5) × 106

~350

6
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Cross-Sectional STEM Images of WS2 Films

Figure A6.4. Cross-sectional bright field TEM images of WS2 films deposited using (a) AB, (b)
ABCAr, and (c) ABCH2 PEALD processes. The vertical nanostructures are encircled in yellow.

174

CHAPTER 6
Nucleation-Phase of WS2 Films

6

Figure A6.5. Top-view HAADF-STEM images of WS2 films (a-i) after 10, 20 and 40 PEALD
cycles for the AB, ABCAr, and ABCH2 processes. The vertical nanostructures are encircled in
red.

From the top-view STEM images it can be observed that the vertical nanostructures
start to form already after 20 PEALD cycles (~1.4 nm). After 40 cycles, it was
observed that the Ar plasma was more effective in suppressing the vertical
nanostructures when compared to the H2 plasma.
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Grain Size Determination from STEM Images

Figure A6.6. High-resolution STEM images of WS2 films (magnification = 2500 kx) deposited
using (a) AB, (b) ABCAr, and (c) ABCH2 PEALD processes that were utilized for determining the
lateral grain size. The grains were identified using a live FFT in the Digital Micrograph
software. The individual identified grains are highlighted in yellow.
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Table A6.3. Individual grain sizes in the WS2 films determined from the high magnification
STEM images (example images in Figure A6.6) using a live FFT in Digital Micrograph
software.
PEALD
process

Individual lateral grain
sizes (nm)

Averaged lateral
grain size (nm)

Standard deviation

13.6

0.9

24

2

(nm)

13.7
AB

14.4
12.4
14.0
24.3

ABCAr

26.0
21.6
18.2

ABCH2

17.7

19

18.2
20.0
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Figure A6.7. Ion flux-energy distribution function versus ion kinetic energy for the Ar and H 2
plasma used in step C of the ABC processes, as-determined using a retarding field energy
analyzer (RFEA). These measurements were performed for the plasma conditions reported
in the main text (plasma power = 500 W, Ar and H2 gas flow = 50 sccm, chamber pressure =
15 mTorr), on a FlexAL ALD reactor similar to that used in this work. The mean ion energy
for the Ar plasma was determined to be ~12 eV and the mean ion energy for the H 2 plasma
was determined to be ~20 eV. Note that in these measurements, the ion flux registered
close to 0 eV, can arise from collisions of the ions with gas phase species.

Estimating the Reduction in the Areal Density of Vertical Nanostructures
Enabled by Grain Size Enhancement
Grain size enhancement can significantly contribute to the reduction in vertical
nanostructure density as larger grains per geometric area would reduce the density
of grain boundaries and, in turn reduce the density of vertical nanostructures
(section 6.3.1 of main text: vertical nanostructures form predominantly at grain
boundaries (GBs)). The reduction in the number of GBs (NGBs) arising particularly
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from grain size enhancements can be determined by adopting the following
relation used commonly in case of Voronoi grain-based model1:

where, s is the grain size.

𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺 =

3
𝑆𝑆 2

(1)

Table A6.4. Increase in grain size (s) and reduction in areal density of vertical nanostructures
for the ABCAr and ABCH2 processes relative to the AB process, as-determined from
experimental data in Table 6.1 of the main text. Also shown are the number of grain
boundaries (NGBs) determined using equation 1 based on the Voronoi grain model and the
relative change (%) in the NGBs for ABCAr and ABCH2 processes, relative to the AB process. To
simplify our calculation, we assumed the grains to be circular and identical.

Process

Experimental data

From the Voronoi Model

Increase in grain
size (s) relative to
AB process (%)

Reduction in areal
density of vertical
nanostructures
relative to AB
process (%)

AB

--

ABCAr
ABCH2

per µm

Reduction in
NGBs relative
to AB process
(%)

--

16219±716

--

76±8

80±10

5208±289

68±5

40±3

29±3

8765±316

46±3
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Suppression of Vertical Nanostructures via Plasma Exposure after ALD
Film Growth

Figure A6.8. Top-view STEM images of WS2 films synthesized using (a) AB, b) ABpost-Ar plasma,
and (c) ABpost-H2 plasma processes.

Figure A6.8 shows the top-view STEM images of WS2 films synthesized using the (a)
reference AB, (b) ABpost-Ar plasma, and (c) ABpost-H2plasma processes, respectively. In this
experiment, the areal density of vertical nanostructures did not vary significantly
between the reference and both the ABpost-plasma processes. This clearly indicated
that the post-ALD plasma exposures are not efficient in suppressing the growth of
the well-established vertical nanostructures.
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XPS Analysis of WS2 Films
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Figure A6.9. (a) Raw tungsten 4f core-level XPS spectra of the WS2 films deposited using the
AB, ABCAr, ABCH2, and ABCAr+H2 (Ar:H2 = 20:20 sccm) PEALD processes. (b) Example of a
resolved W4f peak, for the reference AB process showing predominant peaks
corresponding to WS2. The XPS peak fitting for the W4f doublet was performed with two
constraints: intensity ratio of 0.75 and binding energy difference of 2.17±0.2 eV between
the W4f7/2 and W4f5/2 orbitals. The W5p3/2 peak and a doublet corresponding to WO3 is also
shown. (c) Raw sulfur 2p core-level XPS spectra of the WS2 films deposited using the AB,
ABCAr, ABCH2, and ABCAr+H2 (Ar:H2 = 20:20 sccm) PEALD processes. (d) Example of a resolved
S2p peak, for the reference AB process showing predominant peaks corresponding to WS 2.
The XPS peak fitting for the S2p doublet was performed with a binding energy difference
constraint of 1.2 eV between the S2p3/2 and S2p1/2 orbitals. (e) Carbon 1s peak observed on
the surface of a WS2 film synthesized using the reference AB process, which disappeared
after depth profiling with Ar ions (energy = 500 eV). The red solid lines in (b, d, and e)
indicate the raw experimental data and the black dotted lines indicate the fit.

Film Resistivity: AB vs ABC Processes
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Figure A6.10. Resistivity of WS2 films deposited using AB, ABCAr, and ABCH2 PEALD processes,
as-determined from 4-PP measurements for various film thicknesses.
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Process
Figure A6.11. Resistivity of WS2 films deposited using AB, ABCgas, and ABCplasma PEALD
processes, as-determined from 4-PP measurements. In the figure: g-gas and p-plasma.
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CHAPTER 7
Area-Selective Atomic Layer Deposition
of 2D WS 2 Nanolayers*

ABSTRACT: With downscaling of device dimensions, two-dimensional (2D) semiconducting
transition metal dichalcogenides (TMDs) such as WS2 are being considered as promising
materials for future applications in nanoelectronics. However, at these nanoscale regimes,
incorporating TMD layers in the device architecture with precise control of critical features is
challenging using current top-down processing techniques. In this work, we pioneer the
combination of two key avenues in atomic-scale processing: area-selective atomic layer
deposition (AS-ALD) and growth of 2D materials, and demonstrate bottom-up processing of 2D
WS2 nanolayers. Area-selective deposition of WS2 nanolayers is enabled using a ABC-type plasmaenhanced ALD process involving acetylacetone (Hacac) as inhibitor (A), bis(tertbutylimido)bis(dimethylamido)tungsten as precursor (B), and H2S plasma as the co-reactant (C)
at a low deposition temperature of 250 °C. The developed AS-ALD process results in the
immediate growth of WS2 on SiO2 while effectively blocking growth on Al2O3 as confirmed by insitu spectroscopic ellipsometry and ex-situ X-ray photoelectron spectroscopy measurements. As
a proof of concept, the AS-ALD process is demonstrated on patterned Al2O3/SiO2 surfaces. The
1
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1𝑔𝑔 ) peaks on SiO2, a fingerprint of crystalline
AS-ALD WS2 films exhibited sharp Raman (𝐸𝐸2𝑔𝑔

WS2 layers, upon annealing at temperatures within the thermal budget of semiconductor backend-of-line processing (T≤450 °C). Our AS-ALD process also allows selective growth on various
TMDs and transition metal oxides while blocking growth on HfO2 and TiO2. It is expected that this
work will lay the foundation for area-selective ALD of other 2D materials.
*S. Balasubramanyam, M.J.M. Merkx, W.M.M. Kessels, A.J.M. Mackus, and A.A. Bol (under
review).
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7.1 Introduction
The downscaling of dimensions in nanoelectronic devices has led to the exploration
of alternate, two-dimensional (2D) semiconductors for future nanodevice
applications.1–6 In this regard, semiconducting transition metal dichalcogenides
(TMDs) such as WS2 have attracted a lot of interest due to their high carrier mobility
and direct bandgap in the monolayer regime.3,7 In ultra-scaled nanoelectronic
devices, it is crucial to precisely incorporate TMD layers at desired locations in the
device architecture with consistent layer characteristics. Conventionally,
lithography-based top-down processing techniques are used to pattern films into
device features. Precise patterning and alignment of critical device features will
become challenging using the current top-down processing schemes especially in
sub-5 nm technology nodes.8–10 At the same time, patterning 2D TMD layers with
resist-based lithography risks inducing contaminants into the layers, that can
significantly impact their functional characteristics.11–14 In this regard, selectivegrowth of TMD layers on predetermined locations (also referred to as areaselective deposition) via bottom-up approaches has attracted significant interest
from both academia and industry.14 By directly depositing TMD layers on specific
areas, area-selective deposition can enable self-aligned fabrication of functional
layers in nanoscale devices without the need of patterning the TMD layer. This
approach therefore also decreases the number of lithography and etching steps
and, thus, can enable cost-effective device fabrication schemes for future
technology nodes.
Area-selective deposition of TMD layers has been sparingly reported in the
literature. Flakes of MoS2 have been deposited at predetermined locations by using
lithography patterned nucleation seeds or topological features in chemical vapor
deposition (CVD) processes.15,16 In these reported methods, the removal of seeds
after fabrication is not straightforward.14,17 The control over thickness and shape of
the seeded TMD structures is also a point of concern.17 Area-selective growth of
CVD MoS2 has also been enabled by enhancing the reactivity of predetermined
areas to CVD surface reactions through chemical treatments17 and mechanically
induced triboelectric effects.14 The use of seed layers were mitigated in these
processes. However, the longevity and stability of the enhanced surface reactivity
of predetermined areas is uncertain with these methods. Gallium ion beams have
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been used to control the density of surface hydroxyl groups on the initial substrate
(SiO2) and achieve patterned growth of MoS2 in a CVD process.18 Recently, WS2 was
selectively deposited using pre-patterned a-Si sacrificial layers in a pulsed CVD
process.19 Conceivably, to date, area-selective growth of TMD layers has been
restricted to CVD-based processes14–16 that typically involves high temperature
processing (≥700 °C ). Moreover, these methods do not necessarily offer atomiclevel thickness control over the TMD layer being deposited.
Recently, area-selective atomic layer deposition (AS-ALD) has attracted a lot
of attention as a promising alternative pathway to realize selective growth of
materials on predetermined locations.20,21 AS-ALD is an advanced ALD process that
limits growth to predetermined areas by taking advantage of the surface chemistry
differences between the growth and non-growth areas.22,23 The chemospecific
characteristic of the process coupled with the atomic level accuracy of ALD is
exploited to enable bottom-up growth of materials at precise locations without
requiring any additional patterning of the film being deposited.20,22,24 To date,
especially AS-ALD of metals21,25–29 and dielectrics21,23,30 has been reported in the
literature. These studies are being considered promising in terms of patterning ALD
grown films for applications in nanoelectronics22,31,32 and catalysis.33,34 Areaselective ALD of 2D TMD layers has however, remained unexplored. Ideally, an ASALD process should enable area-selective growth and at the same time offer the
merits of conventional ALD processes including: angstrom-level thickness control,
uniform and conformal film growth over large-area substrates and high aspect ratio
three-dimensional (3D) structures, and low-temperature processing capability
(typically T≤450 °C).35–40 Therefore, there is considerable interest in developing ASALD processes for selectively depositing 2D TMD layers.
Selective growth via AS-ALD can be realized by deactivating the non-growth
area for a specific ALD chemistry.20,21 Select areas of the substrate can be
decativated with a blocking layer that allows growth only on the non-deactivated
areas of the substrate.20 Self-assembled monolayers (SAMs) and small inhibitor
molecules have been investigated as blocking agents in AS-ALD processes. Recently,
Mameli et al. showcased the efficacy of vapor-phase dosed acetylacetonate
inhibitor molecules (referred to as Hacac) in blocking precursor adsorption and
thereby, blocking film growth on Al2O3 surfaces during AS-ALD of SiO2.23 The Hacac
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molecules were dosed every cycle unlike the one time application of SAMs in other
AS-ALD processes, which makes the approach compatible with a wider range of
processes including plasma-enhanced ALD (PEALD). Taking a cue from these results,
in this work, we use Hacac as inhibitor to selectively deposit mono-to-multilayers
of WS2. Selective growth was realized on (1) SiO2 (commonly used substrate for the
growth of 2D TMD layers), (2) 2D TMDs such as MoS2, NbS2, and TiS2 and (3)
transition metal oxides such as MoO3, Nb2O5 and WO3 while effectively blocking
growth on Al2O3 and HfO2 surfaces at a low deposition temperature of 250 °C. We
expect this first AS-ALD process for 2D WS2 to enable exploration of area-selective
ALD processes for other functional 2D materials.

7.2 Experimental Details
All depositions were performed in a commercial FlexAL ALD reactor from Oxford
Instruments. In essence, the reaction chamber is equipped with a remote
inductively coupled plasma (ICP) source, a 240 mm substrate table, and a
turbomolecular pump which enables a base pressure of 10-6 Torr. The reaction
chamber wall temperature was set to 150 °C and the substrate table temperature
was set to 250 °C. With these settings, the substrate temperature was estimated to
be ~200 °C using a thermocouple on reference samples. The mismatch between the
set and the estimate temperature can arise from limited contact in vacuum. Table
A7.1 in Appendix 7 compares the set temperature (referred to as deposition
temperature) and estimated substrate temperatures. Throughout this work,
deposition temperatures are used for discussion. The WS2 AS-ALD process was
primarily tested and characterized on SiO2 (growth area) and Al2O3 (non-growth
area). Both SiO2 and Al2O3 (~30 nm) were deposited on c-Si with 450 nm thermal
oxide using well-established ALD processes. Other starting surfaces reported in this
work (various 2D TMDs and transition metal oxides) were also deposited using ALD.
All substrates were subjected to a 20 minute preheating step in a 200 mTorr Ar
environment to stabilize the substrate temperature. The substrates were then
subjected to a H2 plasma for 5 min prior to the AS-ALD process. The H2 plasma
power was set to 500 W and the pressure in the chamber was maintained at 50
mTorr. The two-step (BC) WS2 PEALD recipe employing the tungsten precursor and
H2S plasma pulses, reported in our previous work was used as a starting point to
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build our AS-ALD recipe.41 The following optimized exposures were used for our ASALD recipe in this work: 3 pulses of 5 s each for the Hacac dose (Step A), 10 s for the
bis(tert-butylimido)bis(dimethylamido)tungsten precursor dose (Step B), and 60 s
for the H2S plasma exposure (Step C). The Hacac inhibitor (Sigma Aldrich, ≥99%
purity) was stored in a canister at room temperature and was vapor drawn into the
reaction chamber. The growth inhibition on Al2O3 and thereby, the selectivity of our
process was observed to be significantly dependent on ALD processing conditions
including H2S plasma exposure time, H2 plasma pre-treatment of Al2O3 and
deposition temperature. This is further described in Appendix 7 (Figure A7.1 and
A7.2). Frequent usage of H2S plasma exposures beyond 60 s led to flaking of
deposited material on the substrate table. Thus, H2S plasma exposures were
seemingly limited to 60 s during most of our processing.
In situ spectroscopic ellipsometry (SE) was used to measure the WS2 film
thickness using a B-spline function or Cauchy-based parametrization to model the
experimental SE data. All in situ SE measurements were performed using a J.A.
Woollam M2000F ellipsometer. X-ray photoelectron spectroscopy (XPS) was used
to detect the presence of W on SiO2 and Al2O3 surfaces. The XPS detection limit for
W on top of SiO2 and Al2O3 was determined to be below ~0.01 monolayer (~2 x 1012
atoms/cm2).42 All XPS studies were carried out using a Thermo Scientific KA1066
spectrometer with monochromatic Al Kα X-ray source (hν = 1486.6 eV). The spot
size of the incident X-rays was ~70 µm. XPS data analysis was carried out using the
Avantage XPS software.
Scanning electron microscopy (SEM) images were obtained using a Zeiss
Sigma microscope with an in-column, secondary electron detector. The
acceleration voltage of the electron beam was 2 keV. Raman spectroscopy was
performed to investigate the characteristic vibrational modes in WS2 films. Raman
spectra were obtained using a Renishaw Invia Raman microscope equipped with a
514 nm laser. The laser spot size was ~5 µm and a laser power of ~0.5 mW was
used.
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7.3 Results and Discussion

Figure 7.1. Schematic illustration of the WS2 area-selective ALD process using ABC-type ALD
cycles. The Al2O3/SiO2 patterned surface is shown before (1), during (2), and after (3) ALD
processing. The individual ALD steps of the ABC-type ALD cycle are designated as: Step A –
Hacac dose, Step B – bis(tert-butylimido)bis(dimethylamido)tungsten precursor dose, and
Step C – H2S plasma exposure. Using this process, WS2 is selectively deposited on SiO2 in
presence of Al2O3.

A schematic of our AS-ALD approach is shown in Figure 7.1 for the pre-patterned
Al2O3 (non-growth area) and SiO2 (growth area) surfaces. It is based on a three-step
(i.e., ABC-type) ALD process. In step A, we dose Hacac molecules that adsorb only
on the Al2O3 surface and not on the SiO2 surface. In step B, the precursor adsorption
is blocked by the adsorbed Hacac inhibitor molecules on the Al2O3 surface, while
the tungsten precursor (bis(tert-butylimido)bis(dimethylamido)tungsten) readily
adsorbs on the SiO2 surface. In the final step C, the H2S plasma functions as the ALD
co-reactant enabling the growth of WS2 on SiO2. On the Al2O3 surface, it removes
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the adsorbed inhibitor molecules. Such ALD cycles are repeated to selectively
deposit WS2 films on SiO2 surfaces. The BC steps of the ABC cycles used in this work
were adopted from our previously reported WS2 ALD process which resulted in the
growth of WS2 films.41
2
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Figure 7.2. (a) Film thickness as a function of number of ALD cycles for the ABC-type WS2
process on SiO2 (growth area) and Al2O3 (non-growth area), as-determined from in situ SE.
(b) The integrated area of XPS W4f peaks after various number of ALD cycles determined
for the Al2O3 and SiO2 surfaces. (c) Raw XPS spectra of the W4f core-level after 20 ALD cycles
on the Al2O3 and SiO2 surfaces. Depositions were performed at 250 °C.
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Figure 7.2a shows the nucleation curves for the ABC-type WS2 ALD process
on SiO2 (growth area) and Al2O3 (non-growth area), as-determined from in situ
spectroscopic ellipsometry (SE). On SiO2 surface, WS2 grows readily without any
growth delay as seen from the plot. The film thickness increases linearly with
number of ALD cycles, a characteristic of the ALD growth behavior, with a growth
per cycle (GPC) of ~0.6 Å. On the other hand, for the same ABC-type WS2 ALD
process on Al2O3, a growth delay of ~20 ALD cycles is observed. These results
indicate that ~1 nm of WS2 (at least one monolayer) can be selectively deposited
on SiO2 while blocking growth on Al2O3. When performing BC cycles (without the
use of Hacac), no growth delay was observed on Al2O3 as evidenced by a linear
increase in thickness with the number of ALD cycles (Figure A7.3).
The nucleation behavior of our process was corroborated with XPS
measurements (Figure 7.2b-c). In line with the in situ SE data, the integrated area
of the XPS W4f peaks increased linearly with number of ALD cycles on SiO2,while a
growth delay of ~20 ALD cycles was observed on Al2O3 (see Figure A7.4a-d for W
and S XPS peak evolution). As shown in Figure 7.2c, distinct W4f doublet peaks
corresponding to WS2 (W+4 oxidation state, binding energy = ~32.1 eV and 34.2 eV)
were observed on the SiO2 surface, whereas no W4f core-level (W+4) signals were
observed on the Al2O3 surface after 20 ALD cycles. Note: the XPS detection limit for
W on top of SiO2 and Al2O3 was estimated to be below 0.01 monolayer or ~2 x 1012
atoms/cm2.42 A film stoichiometry (S:W) of 2.3 was determined from XPS
measurements on SiO2 similar to our previous work.41
On SiO2, the adsorption of Hacac molecules is known to be very minimal
relative to Al2O323 and in line with this, no growth delay was observed in this work
as discussed above (Figure 7.2a,b). Furthermore, XPS depth profiling of the WS2
films revealed no carbon impurity incorporation from Hacac molecules (Figure
A7.4e). These results confirm that the addition of Hacac (step A) to the WS2 ALD
process (steps B, C) does not influence the WS2 deposition on a SiO2 starting surface
and on the WS2 itself. Therefore, our process can be used to selectively deposit pure
WS2 (at least ~2 layers) with angstrom-level thickness control on SiO2 in presence
of Al2O3.
To quantify the area-selectivity of our process, we use the accepted
definition of selectivity in the field of area-selective deposition43,44:
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𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝜃𝜃𝐺𝐺𝐺𝐺 − 𝜃𝜃𝑁𝑁𝑁𝑁𝑁𝑁
𝜃𝜃𝐺𝐺𝐺𝐺 + 𝜃𝜃𝑁𝑁𝐺𝐺𝐺𝐺

where, 𝜃𝜃𝐺𝐺𝐺𝐺 and 𝜃𝜃𝑁𝑁𝑁𝑁𝑁𝑁 represent the amount of material present (WS2 in this case)
on the growth and non-growth areas, respectively. Using this definition, the
selectivity of the ABC-type WS2 ALD process was calculated using the number of XPS
W counts shown in Figure 7.2b. After 20 ALD cycles, a high selectivity value of ~0.95
was obtained. This corresponds to a selective deposition of WS2 with a thickness of
~1 nm, which is more than one monolayer (one monolayer of WS2 ~0.65 nm). After
30 cycles, the selectivity was determined to be ~0.82. This corresponds to a
selective deposition of ~3 layers of WS2. With increasing number of ALD cycles, the
selectivity starts to decrease drastically (0.45 after 50 ALD cycles). The loss in
selectivity primarily arises from ineffective blocking of precursor adsorption by
Hacac with increasing number of ALD cycles. The poor blocking of the precursor
adsorption by Hacac can emanate from surface modification of the non-growth
area induced by the exposure to the ALD chemistry. To retain high selectivity,
correction steps including various gas or plasma treatments have been proposed to
be incorporated in the ALD process.20 However, this requires detailed investigation
and lies outside of the scope of this work.
To explore the versatility of our process on various surfaces, the ABC-type
WS2 ALD cycles were performed on several starting surfaces including TMDs and
transition metal oxides as shown in Figure 7.3. The integrated area of the XPS
W4p3/2 peaks on these surfaces were used to compare the ALD growth. The W4p3/2
peaks were used for establishing the nucleation curves in Figure 7.3 instead of the
W4f peaks as the W4f peaks overlap with some of the elemental XPS peaks of the
surface constituents (e.g. Hf5p3/2 and Ti3p3/2, Figure A7.5). Among various starting
surfaces investigated, a growth delay of ~10 ALD cycles was observed on HfO2
(Figure 7.3). Even after 50 ALD cycles, the integrated W4p3/2 peak area on HfO2 was
significantly lower when compared to the peak area determined for a monolayer
of WS2 deposited on SiO2 (dotted black line). The integrated W4p3/2 peak area was
observed to be also significantly lower on TiO2.
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Figure 7.3. Integrated area of XPS W4p3/2 peaks as a function of number ALD cycles for the
ABC-type WS2 process on various starting surfaces. The dotted black line serves as a
reference to the integrated area of XPS W4p3/2 peak (2.7 x 104 counts/s.eV) corresponding
to a monolayer of WS2 deposited on SiO2 (prepared using ~12 ALD cycles, Figure 7.2a).

On the other hand, characteristic XPS W4p3/2 peaks with relatively large
integrated peak areas were observed on 2D TMDs including MoS2, NbS2, and TiS2
starting surfaces, which indicated WS2 film growth without any significant growth
delay. As WS2 grows readily on several TMD surfaces, our process can be also used
to selectively grow 2D TMD vertical heterostructures (e.g. WS2 on MoS2) in
presence of the non-growth areas (i.e., Al2O3 and HfO2). Immediate film growth was
also observed on transition metal oxides such as MoO3 and Nb2O5 surfaces.
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Figure 7.4. (a) Scanning electron microscopy (SEM) images of the Al2O3/SiO2 patterned
1
) and out-of-plane (𝐴𝐴1𝑔𝑔 )
samples. (b) Raman spectra showing the characteristic in-plane (𝐸𝐸2𝑔𝑔
Raman modes of WS2 on SiO2 after annealing at 450 °C, and (c) the corresponding Raman
1
peak intensity line scans over the Al2O3/SiO2 patterned samples after 20 ABC-type WS2
𝐸𝐸2𝑔𝑔

ALD cycles. (d) XPS elemental W and Al line scans after 20 ABC-type WS2 ALD cycles on the
Al2O3/SiO2 patterned samples.

Growth of crystalline WS2 layers is important for achieving good electrical
transport of charges and consequently, device application.1,45,46 Raman
spectroscopy is a widely used technique to establish and characterize the growth
of crystalline TMD layers. Raman measurements revealed that our as-deposited ASALD WS2 films on SiO2 at 250° C were amorphous in nature, as signature WS2 Raman
fingerprints were not observed. In order to obtain crystalline WS2, the samples
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were annealed at 450 °C in a H2S gas atmosphere for 30 min in the same ALD reactor
without vacuum break (pressure during annealing = 300 mTorr). WS2 is considered
as a promising material for applications such as low-power devices in the back-endof-line (BEOL).3 Hence, the films were annealed within the thermal budget of BEOL
compatible processing (T≤450 °C). Upon annealing, signature Raman vibration
modes for crystalline WS2 were observed on SiO2 (Figure 7.4b). The two
characteristic Raman modes at 356 cm-1 and 418 cm-1 wavenumbers correspond to
1
the WS2 in-plane (𝐸𝐸2𝑔𝑔
) and out-of-plane (𝐴𝐴1𝑔𝑔 ) vibrations.47–49 No Raman peaks were
observed on Al2O3 as expected (Figure 7.4b).

As a proof-of-concept, we tested our ABC-type AS-ALD process on
patterned Al2O3/SiO2 surfaces. ALD grown Al2O3 was patterned on ALD grown SiO2
(Figure 7.4a) using a regular lift-off process. After performing 20 ALD cycles, the
patterned samples were annealed at 450 °C in a H2S atmosphere. Raman
spectroscopy line scans were performed to investigate the selectivity over the
1
Raman mode over the patterned
patterned surfaces. The line scan of the 𝐸𝐸2𝑔𝑔
surface revealed very clear and sharp transitions at the SiO2-Al2O3 interfaces with
steep slopes (Figure 7.4c).

XPS line scans were also performed on the patterns to investigate the
selectivity. The XPS line scans in Figure 7.4d show strong W signals in the SiO2
regions whereas, no W signals were observed in the Al2O3 regions. The overlap of
the W and Al line scans at the interface can be attributed to the large spot size of
the X-ray beam (~70 µm), which is comparable to the region of overlap and much
larger than the spot size of the Raman laser (~5 µm).

7.4 Conclusions
In conclusion, we have demonstrated the area-selective deposition of 2D WS2
nanolayers using ALD in a bottom-up processing approach. Area-selective-ALD of
WS2 was achieved using an acetylacetone (Hacac) inhibitor (A), bis(tertbutylimido)bis(dimethylamido)tungsten precursor (B), and H2S plasma (C) pulses in
an ABC-type ALD process at a low deposition temperature of 250 °C. With this
approach, WS2 nanolayers are readily deposited on SiO2, various 2D TMDs and
transition metal oxides, while growth on Al2O3 and HfO2 surfaces is effectively
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blocked. On the growth areas, pure WS2 is deposited with angstrom-level thickness
control. The AS-ALD WS2 films exhibited sharp Raman peaks, a fingerprint of
crystalline film growth, upon annealing at BEOL compatible temperatures (≤450 °C).
As a proof of concept, the AS-ALD process has been demonstrated on patterned
Al2O3/SiO2 surfaces. Raman line scans over the SiO2/Al2O3 patterns showed very
sharp peak intensity transitions at the interface. The selectivity of our process was
quantified and after 20 ALD cycles (at least one monolayer) a high selectivity of 0.95
is obtained. The results obtained in this work can be used as a platform to further
explore the area-selective deposition of other 2D TMD materials.
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Set Temperature vs. Estimated Substrate Temperature
The mismatch between the set and the estimate temperature arises from limited
thermal contact between the table and the substrate in vacuum. Table A7.1
compares the set temperature (referred to as deposition temperature) and
estimated temperatures. Set (deposition) temperatures are used for discussion in
the main text.

Table A7.1. Set temperature (deposition temperature) versus the estimated substrate
temperature (c-Si with 450 nm oxide on top). The substrate temperature was estimated
from thermocouple measurements on reference samples.
Set temperature or deposition temperature

Estimated substrate temperature

(°C)

(°C)

150

~145

200

~170

250

~200

300

~240

350

~270

450

~350

Impact of Processing Conditions on the Growth Inhibition on Al2O3
Surface
The growth inhibition on Al2O3 and thereby, the selectivity of our process was
observed to be significantly dependent on the ALD processing conditions. The
impact of the processing conditions including H2S plasma exposure time, H2 plasma
pre-treatment of Al2O3, and deposition temperature are described here.
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Figure A7.1. (a) The XPS W peaks measured on Al2O3 for various H2S plasma exposures in
step C after 20 ABC-type ALD cycles. (b) XPS W peak signal acquired after 20 ABC-type ALD
cycles on untreated and H2 plasma pre-treated Al2O3 surface. The H2 plasma treatment on
Al2O3 was performed prior to the ALD process. (c) XPS C peaks on untreated and H2 plasma
treated Al2O3 surface (without ALD processing).

The measured XPS W4f peak counts after 20 ABC-type ALD cycles on Al2O3
showed a strong dependence on the H2S plasma exposure in step C as shown in
Figure A7.1a. With a 30 s H2S plasma exposure, W4f peaks corresponding to both
WS2 (W+4, binding energy = ~32.1 eV and 34.2 eV) and WO3 (W+6, binding energy =
~36 eV and ~38.1 eV) were observed. The observed WS2 forms during the BC steps
of the ALD process. WO3 can form during the ALD processing steps or from the
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oxidation of W metal traces on the Al2O3 surface upon exposure to ambient prior
to XPS measurements. When the H2S plasma exposure was increased to 60 s, the
W4f peak counts dropped significantly and only W4f peaks corresponding to WO3
(W+6) were observed. Further increasing the H2S plasma exposure to 90 s resulted
in zero W4f peak counts, suggesting better selectivity.
Interestingly, the measured XPS W4f peak counts also depended on
whether the Al2O3 starting surface was subjected to a H2 plasma treatment or not,
prior to the ALD process (Figure A7.1b). Without the H2 plasma treatment, the W4f
peak counts after 20 ALD cycles were relatively higher, and W4f peaks
corresponding to both WS2 (W+4) and WO3 (W+6) were observed. With the inclusion
of the H2 plasma treatment before ALD, the W peak counts after 20 ALD cycles
dropped significantly and only W4f peaks corresponding to WO3 (W+6) were
observed (Note: these experiments were performed with a H2S plasma exposure of
60 s). To understand the influence of the H2 plasma treatment on the growth
inhibition, the chemical composition of untreated and H2 plasma treated Al2O3
samples (without ALD processing) was investigated using XPS. From XPS studies it
was observed that the carbon (C-C) content on the H2 plasma treated Al2O3 surface
was ~54% lower when compared to the untreated Al2O3 surface (raw XPS carbon
peaks, Figure A7.1c). The H2 plasma seems to clean the Al2O3 surface of any organic
contamination, and offers a cleaner surface on which the adsorption of Hacac
appears to be enhanced. In line with this, the better selectivity for longer H2S
plasma exposure observed earlier (Figure A7.1a) can be due to effective removal
of the adsorbed Hacac molecules by the long H2S plasma exposures. Short H2S
plasma exposures can leave behind (organic) fragments of adsorbed Hacac
molecules. Such fragmented molecules can act as sites for precursor adsorption in
step (B) in the subsequent ALD cycle, thereby, degrading the selectivity.
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Figure A7.2. (a) Film thickness versus number of ALD cycles for the ABC-type ALD process
on Al2O3 for various deposition temperatures, as-determined from in situ SE. For reference,
the corresponding data without the use of Hacac (step A) at 250 °C is represented by dotted
black lines. (b) Integrated area of XPS W4f peaks at various deposition temperatures relative
to the integrated area of the XPS W4f peaks observed at 250 °C. (c) In situ FTIR absorption
spectra determined after Hacac dosing on Al2O3-coated substrate at various temperatures.
The spectra shown here is referenced to the starting Al 2O3 surface. (d) Integrated
absorbance of Hacac molecules on Al2O3 determined from the spectra shown in (c). A
relatively higher amount of Hacac adsorbs on Al2O3 at 250 °C.1 Hacac starts to decompose
at temperatures around 250-300 °C. Hence, a lower amount of Hacac is measured at a
higher temperature in (d).
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The deposition temperature had a strong influence on the extent of the
growth delay on the Al2O3 surface. As observed from in situ SE and ex situ XPS
studies in Figure A7.2a,b, the longest growth delay is observed at 250 °C in the
investigated temperature range of 150-350 °C. This behavior can be predominantly
attributed to the temperature dependent blocking of W precursor by Hacac
molecules on Al2O3. From in situ infrared absorption spectroscopy studies (Figure
A7.2c,d) the amount of Hacac molecules adsorbed on the Al2O3 surface was
determined to be highest at 250 °C. At temperatures below 250 °C, the Hacac
adsorption was observed to be relatively lower due to lower reactivity of Hacac
molecules on the Al2O3 surface at these temperatures. At temperatures above 250
°C, Hacac molecules tend to start desorbing from the surface. Consequently, the
blocking of the W precursor by Hacac would be best at 250 °C in the investigated
temperature range as observed in Figure A7.2a,b.

In Situ Fourier Transform Infrared Spectroscopy (FTIR) Measurements
In situ Fourier transform infrared spectroscopy (FTIR) was performed on an IR setup
which was mounted on a home-built ALD reactor. The IR setup consisted of a Bruker
Vector 22 FTIR spectrometer with a mid-infrared light source (Globar ~10000 - 50
cm-1) and a liquid N2 cooled mercury cadmium tellurium (MCT) detector (Brucker D
316) with a spectral range of 4000-700 cm-1. KBr windows with shutters were used
on both the source and detector sides of the IR setup, connected to the ALD reactor.
FTIR measurements were performed on ALD Al2O3 coated SiO2 powder (Aerosil
OX50). The SiO2 powder was pressed against a tungsten mesh which was heated
using a simple resistive heating method. The tungsten mesh was mounted onto a
sample manipulator (PREVAC, four axes manipulator), which allowed for a wellcontrolled movement of the sample in all dimensions. The infrared absorption (A)
was determined using the relation A = -log (I2/I1), where I1 and I2 are the measured
transmittance of the sample before and after Hacac adsorption.
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Film Growth on Al2O3: With and Without Hacac
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Figure A7.3. Film thickness as a function of number of ALD cycles for the WS2 ALD process
with and without Hacac inhibitor molecules (step A) on the Al2O3 surface, as-determined
from in situ SE.
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XPS Data: W and S Peak Evolution and Depth Profiling of the Carbon Peak
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Figure A7.4. Evolution of W (a,b) and S (c,d) raw XPS peaks with increasing number of ALD
cycles on SiO2 (growth area) and Al2O3 (non-growth area), respectively. (e) Carbon 1s peak
that was observed on the surface and was not visible after depth profiling with Ar ions
(energy = 500 eV).
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Overlap of XPS Ti and Hf Peaks With W4f Peaks
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Figure A7.5. (a) W4p3/2 peaks used for establishing the nucleation curves in Figure 7.3 of the
main text. These peaks were used for establishing the nucleation curves instead of the W4f
peaks as the W4f peaks overlapped with the Hf (5p3/2) and Ti (3p3/2) peaks as shown in (b).
All XPS spectra shown here were recorded after performing 20 ABC-type ALD cycles.
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Plasma-Enhanced Atomic Layer
Deposition of Tungsten Oxide Thin
Films Using ( t BuN) 2 (Me 2 N) 2 W and O 2
Plasma*

Deposition temperature (°C)

ABSTRACT: A new plasma-enhanced atomic layer deposition (PEALD) process for tungsten oxide
(WO3) is developed and characterized. The PEALD process for WO3 is developed using the bis(tertbutylimido)bis(dimethylamido)tungsten precursor and O2 plasma as co-reactant over a wide
table temperature range of 100-400 °C. The influence of deposition temperature on the growth
behavior and film properties is investigated. The developed WO3 PEALD process yields relatively
high growth per cycle values that vary from ~0.7 Å at 100 °C to ~0.45 Å at 400 °C, as-determined
by in situ spectroscopic ellipsometry. Using this process, WO3 films can be deposited with
angstrom-level thickness control and excellent uniformity over 8 inch Si wafers. Rutherford
backscattering spectrometry (RBS) measurements revealed a mass density of 5.9 g/cm3 and a
near-stoichiometric film composition (O/W=2.9). Both RBS and X-ray photoelectron spectroscopy
measurements confirmed no detectable C as well as N impurity incorporation. Grazing incidence
X-ray diffraction measurements indicated that the films deposited at 400 °C were polycrystalline
in nature. The developed WO3 ALD process will be combined with sulfurization techniques to
synthesize 2D WS2 layers in the future, in our research group.
*S. Balasubramanyam, A. Sharma, V. Vandalon, H.C.M. Knoops, W.M.M. Kessels, and A.A. Bol,
J. Vac. Sci. Technol. A. 2018, 36, 01B103.
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8.1 Introduction
Transition metal oxides exhibit interesting electrical, optical, and mechanical
properties, which classifies them as multifunctional for several applications.
Among them, tungsten oxide (WO3) has been of particular interest for
electrochromic,1–4 gas-sensing,5,6 and catalytic7,8 applications. In particular, WO3
is extensively studied for electrochromic applications such as smart windows
for automobiles and buildings.9,10 WO3-based electrochromic auto-dimming
rear view mirrors for automobiles are commercially available. 11 Recently, WO3
thin films (i.e., having 5–10 nm thickness) have attracted interest as a highly
transparent hole-selective contact for c-Si solar cells.12–14 Furthermore, WO3
can be used for the synthesis of its two-dimensional transition metal
dichalcogenide (2D TMD) counterpart – tungsten disulfide (WS2), through the
sulfurization of the oxide.15,16 The application of WO3 thin films for solar cells
and 2D TMD synthesis are particularly gaining a lot of interest lately.
WO3 has been previously deposited using a wide range of deposition
techniques including evaporation,17,18 sputtering,19,20 sol-gel deposition,21,22
chemical vapor deposition (CVD), 23,24 and atomic layer deposition (ALD).8,16,25-35
Growth of thin films via ALD has gained increasing popularity over the last few
decades because of its ability to deposit ultra-thin, uniform films with precise
thickness control, and its low temperature growth possibility. These merits of
ALD are particularly valuable for the application of WO3 thin films for solar cells
and 2D TMD synthesis. However, there are only a few reports on ALD of WO3 in
the literature. Tägtström et al. have reported a WO3 ALD process using in situ
generated oxyfluorides as precursor and H2O as co-reactant.25 However,
controlling the in situ generated oxyfluoride species was difficult. Dezelah et al.
utilized a metalorganic precursor W2(NMe2)6 and H2O in an ALD process which
resulted in W2O3 films, instead of WO3.26 Malm et al.27 and Nandi et al.28
investigated the ALD growth of WO3 using the hexacarbonyl precursor W(CO)6
and O3. This process was characterized by relatively low growth per cycle (GPC)
values of ~0.2 Å for temperatures below 250 °C, and, for temperatures above
250 °C, the precursor decomposes thermally, which leads to carbon impurity
incorporation in the films.27 Furthermore, an initial incubation delay of around
200 ALD cycles was reported.27 Mamun et al.30 and Zhang et al.31 have also
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reported a GPC of 0.2 Å using the same hexacarbonyl precursor W(CO)6 and
H2O. Recently, Song et al. utilized a plasma-enhanced ALD (PEALD) process for
WO3 using WH2(iPrCp)2 and O2 plasma, in their attempt to synthesize 2D WS2
nanosheets by sulfurizing WO3 layers.16 Their WO3 ALD process yielded a high
GPC of ~0.9 Å at 300 °C with the formation of sub-stoichiometric tungsten oxide
(O/W=2.4). Bergum et al. investigated the application of WOCl4 precursor and
H2O to deposit WO3 by ALD. They observed that WO3 grew on the surfaces of
select substrates but the film growth was limited as WO3 did not appear to grow
on itself.29 The metalorganic precursor bis(tert-butylimido)bis(dimethylamido)tungsten, chemical formula: (tBuN)2(Me2N)2W, used in this work, has been
previously used to deposit WO3 by ALD using H2O as co-reactant.8,29,32 This
process offers a high GPC of ~1 Å at 350 °C, but relatively small GPC values
(<0.2 Å) were observed for temperatures below 300 °C.8,32 Furthermore, Bergum
et al. have reported a CVD-type of growth for substrate temperatures above 350 °C
for this process.29 From these literature reports, it is evident that there is interest
to develop a WO3 ALD process with all of the following attributes: (1) high GPC
(>0.2 Å), (2) low impurity incorporation, (3) wide temperature window, and (4)
stoichiometric film composition (WO 3).
In this study, we report a PEALD process for tungsten oxide thin films
using ( BuN)2(Me2N)2W and O2 plasma over a wide table temperature range of
100–400 °C. The application of plasma can enable film growth with acceptable
growth rates and improved material properties such as, high film density and
low impurity content at lower deposition temperatures. Previous studies have
demonstrated that the usage of the metalorganic precursor (tBuN)2(Me2N)2W
along with N2, H2/N2, and NH3 plasmas for a WNx ALD process have resulted in
very low levels of carbon impurities (<2 at.%).36 Here, we provide a detailed
study on the tungsten oxide PEALD process and the material properties of the asdeposited films. The influence of deposition temperature on GPC, chemical
composition, stoichiometry, and optical properties of the resulting WO3 films is
investigated.
t

213

8

CHAPTER 8
8.2 Experimental Details
In this section, the ALD process conditions for WO3 film deposition are
discussed. Various techniques used for characterizing the deposited film are
mentioned.
8.2.1 Film Deposition
WO3 thin films were deposited in a FlexAL ALD reactor from Oxford
Instruments. The reactor is equipped with an inductively coupled plasma (ICP)
source, a turbomolecular pump which enables a base pressure of ~10-6 Torr, and
a 240 mm substrate table. A detailed description of the ALD reactor can be
found in an earlier work of the group.37 Prior to deposition, the reactor walls
were preconditioned with 300 ALD cycles of Al2O3 and 300 ALD cycles of WO3
itself. All depositions were performed on c-Si substrates (2 × 2 cm) with a thin
native oxide layer (~1.5 nm) unless mentioned otherwise.
Table 8.1 summarizes the utilized processing conditions. Depositions
were performed at different temperatures by varying the temperature of the
substrate table from 100 to 400 °C. The estimated substrate temperatures asdetermined from thermocouple measurements on reference samples were
lower than the deposition temperatures (commonly referred to as table
temperature), due to poor thermal contact in vacuum. Table A8.1 in Appendix
8 compares the deposition temperatures (table temperature) with the
estimated substrate temperatures. Throughout this work, the deposition
temperatures are used for discussion unless mentioned otherwise. The
reaction chamber wall temperature was set to 120 °C for all deposition
temperatures except for depositions at 100 °C for which the wall temperature
was set to 100 °C as well. The tungsten precursor (tBuN)2(Me2N)2W (99% purity,
Sigma Aldrich) was stored in a bubbler maintained at 50 °C and was bubbled
into the reaction chamber using Ar (100 standard cubic centimeters per minute
– sccm flow) as a carrier gas to enhance precursor delivery. The precursor
delivery line to the reaction chamber was heated to 70 °C to prevent any
possible precursor condensation.
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Table 8.1. Overview of process parameters for the PEALD of WO3 from
(tBuN)2(Me2N)2W and O2 plasma.
Deposition temperature

100-400 °C

Chamber wall temperature

100-120 °C

Bubbler temperature

50 °C

Precursor line temperature

70 °C

Chamber base pressure

10-6 Torr

Pressure during precursor dosing

30 mTorr

Pressure during co-reactant exposure

15 mTorr

Precursor dosing

3s

Precursor purge time

5s

Pre-plasma time

2s

Co-reactant O2 plasma exposure

3s

Co-reactant purge time

5s

O2 plasma power

250 W

A standard PEALD recipe (Table 8.1) was utilized to perform depositions
in this work. The saturated precursor dosing was fixed at 3 s, and a chamber
pressure of 30 mTorr was maintained during the precursor dosing step. A preplasma time of 2 s was used to stabilize the O2 gas flow into the ICP source. The
saturated co-reactant O2 plasma exposure was fixed at 3 s. The plasma power
was fixed at 250 W, and a chamber pressure of 15 mTorr was maintained during
the plasma exposure step. After the respective ALD half cycle, Ar gas (100 sccm)
was used to purge the reaction chamber for 5 s, resulting in a chamber pressure
of 30 mTorr.
8.2.2 Film Analysis
In situ spectroscopic ellipsometry (SE) was used to monitor the growth of PEALD
WO3 films using a rotating compensator ellipsometer (RCE) of type M2000U from
J.A. Woollam, Inc. Ellipsometric spectra were recorded after every ten ALD cycles
in the high accuracy mode over a wavelength range of 245–1000 nm. An optical
stack model was used to translate the raw ellipsometric spectra into film thickness
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and optical parameters (n, k) by using the CompleteEASE software. The optical
stack model (from bottom to top) consisted of a (1) Si substrate modeled by ‘Si
Temp JAW (Temp Library)’ material model available in the software library, (2)
~1.5 nm native oxide modeled by ‘NTVE_JAW’ material model, and (3) a WO3
layer whose dielectric functions were parameterized by using the Tauc-Lorentz
oscillator. The thickness and optical constants of the WO 3 layer were obtained
using the following fitting methodology: In the recorded SE spectral range (245–
1000 nm), tungsten oxide films are transparent for wavelengths from 400 to
1000 nm, and thus, a Cauchy dispersion equation was used to extract the
thicknesses of the respective films in this range. Using these thickness values,
the optical constants were then determined by using the B-spline material
model over the entire recorded SE spectra (245–1000 nm). For this fitting, a
bandgap of ~3.1 eV was assumed,38,39 and an initial value of 2.1 was used for
the refractive index which was obtained from the Cauchy dispersion model at
the largest wavelength (1000 nm). Subsequently, the optical constants were
parameterized using the Tauc-Lorentz oscillator.
To investigate the chemical composition of the as-deposited films, X-ray
photoelectron spectroscopy (XPS) was performed using a Thermo Scientific
KA1066 spectrometer with mono-chromatic Al Ka X-rays having an energy of
1486.6 eV. Rutherford backscattering spectrometry (RBS) and elastic recoil
detection (ERD) measurements were also carried out to determine the film
composition. The RBS and ERD measurements were performed by Detect 99 B.V
Eindhoven, The Netherlands, using a 1.9 MeV He+ beam. The respective areal
densities of the constituent elements were determined by simulations. To
investigate the crystallinity and crystal structure, grazing incidence X-ray diffraction
(GI-XRD) measurements were performed using a PANalytical X’Pert Pro MRD
system which utilized a Cu Kα X-ray source (λ=1.54 Å ). The surface roughness
was investigated using a NT-MDT Solver P47 atomic force microscope (AFM).
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8.3 Results and Discussion
8.3.1 Film Growth and Uniformity
Figure 8.1 shows the WO3 film thickness as a function of number of ALD cycles for
the investigated deposition temperatures, as-determined by in situ SE. For all
temperatures, 500 ALD cycles were performed on the starting substrates. As seen
from Figure 8.1, the thickness incremented linearly with number of ALD cycles for
all temperatures without any nucleation delay. This thickness increment decreased
with increasing temperature in the investigated temperature range (100–400 °C).
40
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Figure 8.1. WO3 film thickness in progression of number of ALD cycles for deposition
temperatures ranging from 100 to 400 °C, as-determined by in situ SE.

Figures 8.2a,b show the saturation curves for the precursor dosing and
plasma exposure steps, respectively, at various temperatures (100, 300, and 400
°C). For the precursor saturation curves (Figure 8.2a), the O2 plasma exposure time
was fixed at 4 s while varying the precursor dosing, and for the O2 plasma saturation
curves (Figure 8.2b), the precursor dosing time was fixed at 4 s while varying the O2
plasma exposure. ALD saturating behavior was observed over the entire
investigated temperature range for both precursor and plasma half-cycles. A
decrease in GPC with increasing temperature was observed for both the half-
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reaction steps. In Figure 8.2a, the GPC was already in the region of saturation for a
corresponding precursor dosing time of 3 s independent of temperature. For the
O2 plasma saturation in Figure 8.2b, the GPC also exhibited a saturating behavior
starting from 3 s for all investigated temperatures. A small non-ideal component
might be present at 100 °C for longer (≥5 s) precursor doses (Figure 8.2a) and O2
plasma exposure times (Figure 8.2b). Note: The saturation curves were repeated
three times to calculate the average GPC value, the standard deviation, and thereby
the respective error bars.
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Figure 8.2. Saturation curves as-determined by in situ SE: GPC as a function of (a)
precursor dosing, and (b) O2 plasma exposure, for deposition temperatures of 100, 300,
and 400 °C. The dotted lines indicate the respective chosen precursor/O2 plasma
saturation times (3 s) for the WO3 PEALD process. The solid lines serve as guide to the
eye.
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Deposition temperature (°C)
Figure 8.3. GPC in terms of thickness, as-determined by in situ SE (GPCSE—left axis), and
GPC in terms of deposited number of W atoms/nm2, as-deduced from RBS studies
(GPCRBS—right axis), for the investigated deposition temperatures. GPCSE (squares) was
calculated by averaging the respective slopes in Figure 8.1, for the last 100 out of 500
ALD cycles. GPCRBS (triangles) was calculated by dividing the total number of deposited
W atoms/nm2 by the total number of ALD cycles.

Figure 8.3 compares the GPC in terms of thickness, as-determined by in situ
SE (GPCSE—left axis), with the GPC in terms of deposited number of W atoms/nm2,
as-deduced from RBS studies (GPCRBS—right axis), for the investigated deposition
temperatures. The GPCSE (squares) was calculated from Figure 8.1 by taking the
average of the respective slopes for the last 100 out of 500 ALD cycles. As seen from
Figure 8.3, the GPCSE decremented significantly from ~0.7 Å at 100 °C to ~0.45 Å at
300 °C, and then stabilized at ~0.45 Å for higher temperatures. Increasing the purge
time to 10 s from the standard purge time of 5 s had no effect on the GPC. This was
verified at 200 °C.
Samples with thickness of ~20 nm were utilized for RBS measurements.
GPCRBS (triangles) was calculated by dividing the total number of deposited W
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atoms/nm2 by the total number of ALD cycles. As seen from Figure 8.3, GPCRBS
decreased significantly from ~1 W at./nm2 at 100 °C to ~0.6 W at./nm2 at 300 °C
and then, stabilized at ~0.6 W at./nm2 for higher temperatures, which is
analogous to the trend exhibited by GPCSE. Similar results have been reported
for O2 plasma-enhanced ALD processes for Al2O3 as well as SiO2 (utilizing
metalorganic precursors) where, the decrease in GPC with temperature have
been attributed to a reduction of –OH surface reactive groups due to thermallyactivated dehydroxylation reactions.40-44 These processes reported in literature
are similar to our WO3 ALD process, and the GPC decrement with temperature
from 100 to 300 °C in our case (Figure 8.3) can also be due to surface
dehydroxylation. The fact that the GPC does not decrease further and stabilizes
at temperatures above 300 °C suggests that the observed GPC values can result
from a combined effect of reduced –OH surface reactive group density,44 and a
transition toward polycrystalline growth, which is shown later using GI-XRD
studies (Figure 8.7).
For low deposition temperatures (T≤200 °C), the observed GPC values
are higher than the GPC values reported in literature. For instance, Malm et al.
and Nandi et al. have reported a GPC of ~0.2 Å at around 200 °C using the
hexacarbonyl W(CO)6 precursor, which is lower than the observed GPC value of
~0.55 Å in our case.27,28 The observed GPC values are also higher compared to
the process developed by Liu et al. who have reported GPC values of <0.2 Å
using the same precursor (tBuN)2(Me2N)2W and H2O for temperatures below
300 °C.8 The utilization of O2 plasma as co-reactant could be the primary reason
for the reasonably higher GPC for our process.
Figure 8.4 shows the WO3 thickness uniformity on an 8 inch (200 mm)
Si wafer, evaluated by mapping the thickness over the whole wafer area, using
ex situ SE. For this experiment, 350 WO 3 ALD cycles were performed on the 8
inch Si wafer at 200 °C with a corresponding GPC of ~0.55 Å. The thickness nonuniformity determined by dividing the standard deviation (σ) with the average
mean WO3 thickness, was less than 2.5%. This indicates very good thickness
uniformity, and the developed WO3 PEALD process can potentially be a viable
technique for the growth of WO3 films on large area substrates.
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Figure 8.4. Thickness uniformity of WO3 film on an 8 inch (200 mm) Si wafer, asdetermined by room temperature ex situ SE mapping. The WO3 film was deposited at
200 °C.

8.3.2 Film Characterization
The WO3 films of ~20 nm in thickness that were deposited at various
temperatures (100–400 °C) were used to study the film properties including
chemical composition, optical properties, and crystallinity. Table 8.2 lists the
O/W ratio and H content in the as-deposited WO3 films, deduced from RBS and
ERD measurements, respectively. Typically, tungsten oxide thin films tend to
grow sub-stoichiometrically, and the level of oxygen deficiency depends on the
type of preparation as well as process conditions.45 In our case, the O/W ratio
was found to be constant at 2.9 for all investigated temperatures. With respect
to previous WO3 ALD reports, the O/W ratio of 2.9 is comparable to values (i.e.,
~3) reported by Marim et al.27 and is relatively higher than the value (i.e., 2.4)
reported by Song et al.16 The effect of the ambient on the film stoichiometry
cannot be ruled out as the samples were stored in air prior to RBS/ERD
measurements. The H content in as-deposited films decreased from ~11 at.%
at 100 °C to ~2.5 at. % at 300 °C and then increased to ~6 at.% at 400 °C. This
H content in the films can originate from the ligands of the precursor (a single
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precursor molecule has 30 H atoms), and/or from the residual water in the ALD
reactor, and/or from exposure to the ambient.

Table 8.2. Important film properties of WO3 including (1) GPC determined by in situ SE,
(2) number of deposited W at.nm-2 cycle-1, (3) O/W ratio as well as (4) mass density
deduced from RBS measurements, and (5) H content determined from ERD
measurements, for various deposition temperatures. C and N impurity content in the
as-deposited films (bulk) were below the RBS detection limit of 3 and 2 at.%,
respectively. The error margins for the respective parameter are indicated along with
the first value in each column. RBS/ ERD measurements were not performed on the
samples deposited at 350 °C.

Deposition
temperature (°C)

GPC (Å)

W
(at.nm-2 cycle-1)

O/W

[H] (at.%)

Mass density
(gcm-3)

100

0.68±0.03

1.06±0.08

2.9±0.1

11.3±0.8

5.8±0.1

200

0.53

0.85

2.9

2.5

5.9

300

0.44

0.62

2.9

2.5

5.9

350

0.43

--

--

--

--

400

0.43

0.62

2.9

6.2

5.9

The mass density of the WO3 films were deduced from RBS/ERD
measurements in conjunction with the WO3 layer thickness determined from in
situ SE measurements (Table 8.2). The mass density was found to be ~5.9 g/cm3
throughout the deposition range (100–400 °C), which is lower than the bulk
density of WO3 (7.16 g/cm3). The C and N impurity concentration in the bulk of
the films was lower than the RBS detection limit of 3 and 2 at.%, respectively,
suggesting a relatively high purity of the as-deposited films.
Figure 8.5a shows the W4f core-level spectra of as-deposited WO3 films
(at 100 and 400 °C) acquired by XPS measurements. The measured spectrum
was deconvoluted into a doublet and a loss feature. The doublet comprised of
a W4f7/2 peak at ~36.1 eV and a W4f5/2 peak at ~38.28 eV, with the peaks having
an intensity ratio of 0.75 as well as a difference of ~2.17 eV in their binding
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energies, which corresponds to the W6+ oxidation state.45,46 The O1s XPS spectra
(Figure 8.5b) comprised of 2 peaks: one at ~531.1 eV, which can be assigned to
O bound to W atoms, and a smaller peak at ~532.4 eV, which might originate
from residual water adsorbed on the sample surface.18
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Figure 8.5. XPS spectra of WO3 films deposited at 100 and 400 °C. (a) W4f peaks—fitted
W4f core-level spectra involving a doublet and a loss feature. A W4f 7/2 peak at ~36.1 eV
and a Wf5/2 peak at ~38.3 eV constituted the doublet. (b) O1s peaks—fitted O1s corelevel spectra which includes a peak at ~531 eV corresponding to the valency of W6+ and
another peak at ~532.5 eV which might correspond to residual water adsorbed on the
surface.

C as well as N were present on the surface, and their concentration was
reduced to negligible amounts upon depth profiling, which involves sputtering
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of the sample with Ar+ ions (data not shown). Depth profile measurements
resulted in the reduction of W6+ to lower oxidation states due to preferential
sputtering of O atoms. Therefore, the spectra in Figure 8.5 were acquired prior
to sputtering to assess the chemical states correctly.
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Figure 8.6. In situ SE determined (a) refractive index (n), and (b) extinction coefficient
(k) spectra, of the WO3 films deposited over the temperature range of 100–400 °C. The
inset in figure (b) shows the Tauc-plot for the film deposited at 400 °C. The dotted line
in the inset indicates the extrapolated linear fit.
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Table 8.3. SE determined refractive index (n) and bandgap of the WO3 films deposited
at various temperatures. The refractive index is reported at a corresponding photon
energy of 1.96 eV.
Deposition
temperature (°C)

Refractive index (n)

Bandgap (eV)

100

2.10±0.03

3.23±0.04

200

2.22

3.17

300

2.27

3.15

350

2.27

3.13

400

2.28

3.12

Figure 8.6 compares the (a) dispersion of the refractive index n, and (b)
extinction coefficient k, of the WO3 films for various deposition temperatures
(100–400 °C). The respective n and k values were determined through SE
measurements using the optical model described in section 8.2.2. As seen in
Figure 8.6a, the refractive index varied between 2.05 and 2.95 over the
spectral range of 1.2–5 eV. For illustration, the refractive indices at a photon
energy of 1.96 eV are listed in Table 8.3 for various deposition temperatures.
As seen from Table 8.3, the refractive index increased from ~2.1 at T=100 °C
to ~2.28 for T≥300 °C. These values are in good agreement with the refractive
index values reported for WO3 in literature.47,48
The extinction coefficient (Figure 8.6b) was zero up to ~3.0 eV and then
increased towards the absorption edge. This increase in absorption can be
attributed to the electronic transitions between the valence and conduction
band, related to the bandgap. The absorption can be mathematically expressed
by the Tauc relation:
αhν ~ (hν – Eg)n

(1)

where α is the absorption coefficient, hν is the incident energy of photons, Eg is
the optical bandgap, and the exponent n is related to the type of bandgap
transition. Typically, n=1/2, 3/2, 2, and 3 for transitions corresponding to direct
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allowed, direct forbidden, indirect allowed, and indirect forbidden,
respectively.2,49 Assuming an indirect transition,45,47,50 the bandgap for WO3 can
be evaluated by extrapolating the linear part of the Tauc plot [(αhν)1/2 vs. hν] as
shown in Figure 8.6b inset. The bandgap determined using this procedure are
listed in Table 8.3 for various deposition temperatures. (Note: The absorption
coefficient ‘α’ was determined from SE measurements.) The observed bandgap
values (3.12–3.23 eV) are in agreement with literature values for WO3 films.45,47,49
With respect to deposition temperature, the bandgap decreased marginally from
~3.23 eV at T=100 °C to ~3.12 eV for T≥350 °C.

55

60

2Theta ()
Figure 8.7. Grazing incidence X-ray diffraction (GI-XRD) spectra of the WO3 films
deposited at various temperatures. For the WO3 film deposited at 400 °C, the respective
peaks are indexed according to monoclinic WO 3.

Figure 8.7 shows the grazing incidence X-ray diffraction (GI-XRD) spectra
of the as-deposited WO3 films at 100, 300, 350, and 400 °C. The GI-XRD spectra
of the films deposited at 100 and 300 °C were featureless. The AFM images in
Appendix 8 (Figure A8.1a) also exhibit a featureless and relatively smooth surface
at these temperatures. These results suggested that the respective films were
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amorphous. Even though no XRD peaks were observed for the films deposited at
350 °C, small crystallite like features were observed in the AFM image (Figure
A8.1b). This suggested the growth of a partially crystalline film. The presence of
multiple XRD peaks at 400 °C suggested the growth of a polycrystalline film and
the respective peaks could be indexed according to monoclinic WO38,51 The AFM
image showcased a higher density of the crystallite-like features at 400 °C (Figure
A8.1c) in comparison with films deposited at 350 °C. This transition from
amorphous growth at temperatures below 300 °C to polycrystalline film growth
at temperatures above 300 °C could also explain the GPC stabilization at
temperatures above 300 °C in Figure 8.3.

8.4 Conclusions
A new PEALD process for WO3 has been developed using (tBuN)2(Me2N)2W and
O2 plasma over a wide table temperature range of 100–400 °C. The influence of
deposition temperature on the film growth as well as film properties has been
studied. The application of oxygen plasma, judicious optimization of process
conditions, and the right choice of precursor enabled us to develop a new WO3
ALD process characterized by: (1) a relatively high GPC with very good
uniformity, (2) low impurity incorporation, (3) wide temperature window, and
(4) near-stoichiometric film composition. Due to the relatively high purity of the
films and the capability to deposit at low temperatures, the developed PEALD
process is likely to be suitable for many applications including electrochromic
displays, solar cells, and synthesis of 2D WS2 using sulfurization techniques.
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Deposition Temperature vs. Estimated Substrate Temperature
Table A8.1 compares the deposition temperatures (commonly referred to as table
temperature) with the estimated substrate temperatures. The substrate
temperature was estimated from thermocouple measurements on reference c-Si
substrates positioned on the table. The difference observed between the
deposition temperature and estimated substrate temperature can arise from poor
thermal contact between the table and the c-Si substrate within the vacuum
conditions of the ALD deposition chamber. Throughout this work, the deposition
temperatures are used for discussion unless otherwise specified. The WO3 ALD
process was developed on a FlexAL ALD reactor similar to the one described in
Chapter 2 (not the same reactor used for WS2 ALD processes).

Table A8.1. Deposition temperature (table temperature) vs. estimated substrate (c-Si with
native oxide) temperature.

Deposition temperature (°C)

Estimated substrate temperature (°C)

100

91±5

200

164

300

215

350

245

400

286
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AFM Images of the WO3 Films

Figure A8.1. Atomic force microscope (AFM) images of ~20 nm thick WO 3 films deposited
at (a) 100 °C, (b) 350 °C, and (c) 400 °C, respectively, over a scan area of 1000 nm × 1000
nm. The root mean square (rms) surface roughness values at 100 °C, 350 °C, and 400 °C
were 0.1 nm, 0.3 nm, and 0.5 nm, respectively. AFM images of films deposited at 200 °C
and 300 °C (not shown) exhibited no features and had rms surface roughness values
similar to the film deposited at 100 °C (Figure A8.1a).
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9.1 Conclusions
The diverse properties of layered, two-dimensional (2D) WS2 make it a promising
material for a multitude of applications. To facilitate the integration of such multifunctional materials into target applications, their growth and material properties
have to be modulated depending upon the desired functionality expected. In this
dissertation, plasma-enhanced atomic layer deposition (PEALD) is explored as a
new tool to nanoengineer the growth and material properties of 2D WS2 layers that
are relevant for electrocatalytic and next-generation nanoelectronic applications.
The following general conclusions can be drawn from the work presented:


High quality and uniform WS2 layers with precise control over the number
of layers can be deposited over large-area substrates using PEALD. The use
of plasma during ALD enables the growth of (poly)crystalline WS2 at low
temperatures (T=300 °C), which makes the ALD process relevant for
applications with limited thermal budget (e.g. back-end-of-line (BEOL)
processing). Material properties such as basal-plane orientation,
morphology, composition etc., can be controlled to suit the target
application by modulating the PEALD process parameters - especially the
plasma parameters. Vertically oriented layers with different morphologies
and compositions can be synthesized by fine tuning the PEALD co-reactant
plasma gas composition for modulating the electrocatalytic activity of WS2.
High surface area WS2 structures grown using PEALD can be used as
scaffolds to support edge-enriched PEALD WS2 electrocatalyst films. To
make the WS2 layers relevant for nanoelectronic applications, a transition
from vertically oriented 3D layers to horizontally oriented 2D layers can be
made by incorporating additional plasmas (e.g. Ar and/or H2) to the PEALD
process.



The chemical nature of the ALD reactions can be exploited to selectively
deposit 2D WS2 layers on select surfaces (e.g. SiO2) without requiring any
additional patterning of the 2D WS2 layers. To this end, chemoselective
inhibitor molecules (acetylacetonate) that selectively adsorb and block ALD
reactions on a non-growth area (e.g. Al2O3) can be used in a PEALD process
to enable “area-selective ALD” (AS-ALD) of WS2 layers on predetermined
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growth areas (e.g. SiO2). This approach is a major step towards bottom-up
and lithography-resist-free integration of 2D transition metal
dichalcogenide (TMD) layers into ultra-scaled devices.
Based on the work presented in this dissertation, important conclusions from each
chapter is presented below:


Edge-enriched TMDs, such as WS2, are promising electrocatalysts for
sustainable production of H2 through the electrochemical hydrogen
evolution reaction (HER). In Chapter 4, a new approach based on PEALD is
introduced to nanoengineer the edge-sites of WS2 electrocatalysts for
modulating the HER. By altering the plasma gas composition from H2S to H2
+ H2S during PEALD, the morphology and composition and, consequently,
the edge-site density as well as chemistry can be controlled precisely in WS2
films at a low-temperature of 300 °C. By controlling such material
properties, the HER efficiency of WS2 films can be strongly influenced. The
edge-site density is evaluated using the copper-under potential deposition
(Cu-UPD) technique, and a nice correlation between the evaluated edgesite density and the HER performance is obtained. The results obtained in
this work demonstrate how PEALD can be a reliable technique for the
growth of edge-enriched WS2 electrocatalysts, and potentially, a viable
technique for growing similar 2D materials for relevant applications.



In Chapter 5, as an extension of the results obtained in Chapter 4, the H2S
and H2 + H2S processes were stacked on top of each other to further
influence the HER performance of the WS2 electrocatalysts. The high
surface area WS2 structures synthesized using the H2 + H2S process were
used as scaffolds to support the edge-enriched WS2 electrocatalyst films
synthesized using the H2S process. Improvements in the HER performance
were observed for this combined configuration when compared to the
individual constituents, indicating that PEALD is well suited to create such
a combined configuration.



Horizontally oriented 2D WS2 layers are promising candidates for various
nanoelectronic applications. However, growth of the desired horizontal
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basal-plane oriented 2D TMD layers is often accompanied by the growth of
vertical nanostructures that hinder charge transport, and, consequently,
hamper device application. In Chapter 6, formation pathways for the
growth of vertical 3D WS2 nanostructures are discussed, and an approach
to effectively suppress their growth during PEALD is introduced. Grain
boundaries are identified as principle formation centers for the vertical 3D
structures using scanning transmission electron microscopy studies. The
growth of vertical 3D nanostructures is suppressed by incorporating
additional plasma treatment steps (Ar and/or H2) in the PEALD cycles. The
additional plasma treatment drastically decreased the density of grain
boundaries, which together with other physicochemical effects of the
plasma, led to an 80% reduction of the vertical nanostructure density
relative to its original value. As a consequence of suppressing the 3D
vertical structure growth, the resistivity of the films reduced by an order of
magnitude.


In Chapter 7, area-selective ALD of WS2 nanolayers is demonstrated at a
low temperature of 250 °C by using chemoselective acetylacetonate
molecules as inhibitors. The inhibitor molecules selectively adsorb and
block ALD reactions on the non-growth area, while regular ALD growth
proceeds on the growth areas. Using this approach, WS2 nanolayers are
readily deposited on SiO2, various 2D TMDs, and transition metal oxides,
while growth on Al2O3 and HfO2 is effectively blocked. On the growth areas,
pure WS2 layers are deposited with angstrom-level thickness control. The
as-deposited amorphous layers turn polycrystalline upon annealing at BEOL
compatible temperatures (T≤450 °C). These results demonstrate that the
chemical nature of ALD reactions can be well exploited, and ALD is a
suitable technique to enable selective deposition of 2D WS2 layers.



In Chapter 8, a new PEALD process for WO3 is developed that can be
combined with plasma-based sulfurization techniques to synthesize 2D WS2
layers in the future. This indirect ALD-based approach can potentially yield
different material properties relative to direct WS2 ALD growth due to the
differing growth mechanisms involved. The developed PEALD process for
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WO3 uses (tBuN)2(Me2N)2W as the precursor and O2 plasma as the coreactant. Using this process WO3 films can be deposited with angstromlevel thickness with excellent uniformity over 8 inch Si wafers. The
influence of deposition temperature on the growth behavior and film
properties is investigated comprehensively. Characteristic ALD growth is
observed over a wide temperature range from 100 to 400 °C, resulting in
the growth of both amorphous and polycrystalline WO3 thin films. Due to
the relatively high purity of the films and the capability to deposit at low
temperatures, the presented ALD process is likely to be suitable for many
applications including synthesis of 2D WS2 via sulfurization techniques.

9.2 Recommendations and Outlook
In this dissertation, PEALD is explored as a new tool to nanoengineer the growth
and material properties of 2D WS2 layers that are relevant for electrocatalytic and
next-generation nanoelectronic applications. Based on the findings reported in this
dissertation, some recommendations can be made for expanding the research in
the following directions:


Along with a high density of active edges, efficient transport of charges
through the electrocatalyst is equally important for obtaining high HER
efficiency. In the literature, it has been shown that the electrical properties
of TMDs like WS2 can be enhanced by doping with metals like Co or V.1,2
ALD is known to be very good technique to introduce controlled doping in
films through the addition of a dose step of the desired dopant to a PEALD
cycle.3 Such doping approaches can be incorporated during PEALD, and the
effect of doping on the electrical properties and the HER efficiency can be
investigated. Another approach to increase the electrical conductivity
would be to include another TMD with higher conductivity as a “conductive
substrate”, and grow a WS2/conductive TMD heterostructure. For instance,
the conductivity and HER performance of a WS2/CoS2 heterostructure has
been shown to be higher when compared to its individual constituents.4
Here too, ALD can be a suitable technique to synthesize conformal and
uniform heterostructured electrocatalysts. The adhesion of WS2 on such
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TMDs, and the conditions for transfer of charges at interface have to be
taken into account for this approach.


Cu-UPD was used to evaluate the density of active edge-sites per geometric
area of the WS2 electrocatalysts. Although it provides a fair comparison of
number of active edge-sites amongst WS2 films with various morphologies,
it could be possible that the Cu-UPD measurements underestimate the
number of active sites for relatively dense nanostructures (Chapter 5 configurations A on B and 2A on B). This under-estimation may arise from
various factors including the accessibility of the sites for Cu adsorption,
clustering of Cu atoms, etc., however, detailed investigations are needed to
better understand this aspect.



WS2 layers with improved electronic properties (low resistivity and low
vertical structure density) were synthesized using the ABCAr and ABCH2
processes relative to the reference AB process in Chapter 6. The next step
would be to implement these modified layers in nanoelectronic device
configurations and test their performance. Due to the small sizes of the
crystal grains obtained (20-30 nm), as a starting point, we would
recommend to test these layers in low-power circuits that have less
performance requirements (e.g. lower on-current). For instance, the WS2
layers can be used in transistors and small circuits that can be incorporated
into the complementary metal-oxide-semiconductor (CMOS) BEOL
configuration.



The WS2 films synthesized using PEALD are polycrystalline in nature with
grain sizes ranging up to 30 nm. The grain sizes can potentially be enhanced
using different approaches. One method would be to lower the nucleation
density on the growth surface. This could be accomplished by altering the
ALD processing conditions. This can include: lowering the tungsten
precursor adsorption rate on the starting surface by operating in subsaturating ALD conditions, by lowering the reactivity of the H2S plasma by
tuning the plasma parameters, and by further increasing the “substrate
temperature” to enhance the mobility of the adsorbed species. The

240

CHAPTER 9
substrate temperature can be effectively increased by ~75 °C by improving
the thermal contact between the heater and the substrate (for instance by
adding a helium backflow between the substrate and the heater). The
nucleation density could also be lowered by adsorbing inhibitor molecules
such as Hacac on the growth surface. The inhibitor molecules consume
nucleation sites on the growth surface and lower the density of nucleation
sites for W precursor adsorption. Unlike the AS-ALD approach, the inhibitor
molecules are not required here, to block a large number of nucleation
sites. Salts of K and Na can also be tested to lower the nucleation density.5
Alternately, substrates such as sapphire that have low lattice mismatch and
coinciding symmetry with the WS2 lattice could be used to lower the
density of randomly oriented crystallites, resulting in the formation of
grains with well-defined boundaries.6 However it has to be considered that
sapphire might be less attractive for applications due to various challenges
associated with it e.g. its cost, complexities involved in gating etc.




The selectivity obtained using the AS-ALD process can be further improved
by adding correction steps to the process in order to bring the non-growth
area back to its initial state. These correction steps can include various gas
or plasma treatments during the ALD cycle or after a certain number of ALD
cycles for selective removal of material on the non-growth area.7 For
instance, an Ar plasma can be added as a correction step ‘D’ to our ABCtype AS-ALD process. The Ar plasma can be modulated to sputter away
nuclei on the non-growth area while not significantly altering the
established WS2 layers on the growth area. Alternately, other inhibitor
molecules having similar or better functionality compared to the Hacac
molecules can be investigated to realize the AS-ALD of WS2 layers. This will
entail the screening of various organic molecules in surface science and
catalysis literature for their adsorption on inorganic surfaces.
The AS-ALD approach adopted in this work for WS2 can be tested for other
popular semiconducting TMDs such as MoS2, WSe2 etc. AS-ALD processes
developed for multiple TMDs can be combined to realize the selective
growth of TMD heterostructure stacks. Such multilayered TMD stacks are
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promising for a wide range of applications in nano and opto-electronics. A
schematic of a MoS2/WS2 vertical heterostructure stack fabricated using ASALD without the need of lithography-resist based patterning of TMD layers
is shown in Figure 9.1.

Selective deposition of MoS2
AS-ALD MoS2

AS-ALD WS2
Non-growth area
Growth area
MoS2
WS2

Selective deposition of
MoS2/WS2 heterostructure

Figure 9.1. A schematic illustration of the area-selective deposition of MoS2/WS2
heterostructures using AS-ALD processing.



The developed WO3 PEALD process can be combined with H2S plasmabased sulfurization techniques to synthesize WS2 layers as an alternate,
indirect, ALD-based approach. This approach can potentially yield different
material properties relative to direct ALD growth, due to the differing
growth mechanisms involved. For instance the growth of vertical structures
can possibly be mitigated as the starting WO3 film does not contain any
such structures. The potential growth of such structures during the
sulfurization process (typically performed at high temperatures T>700 °C)
is expected to be minimized due to temperature-induced annealing effects.
The same ALD reactor that is used to deposit WO3 can also be used to
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perform the H2S plasma sulfurization without any vacuum break in
between. The impact of H2S plasma parameters such as power, pressure
and composition on the growth and resulting material properties of WS2
layers can be studied. The application of plasma for sulfurization can bring
down the thermal budget to T~500 °C, which is beneficial when compared
to the conventional high-temperature thermal sulfurization processing
(typically T>700 °C). The material properties of WS2 layers synthesized using
this approach can be compared with the WS2 layers synthesized using
PEALD in order to analyze the influence of the deposition technique on the
synthesized layers. In terms of growth behavior, the conversion route from
the oxide to the sulfide is not yet well understood. Performing in situ TEM
studies during the sulfurization of WO3 can be a good starting point.
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Summary
Due to their unique material properties in the nanoscale regime, transition metal
dichalcogenides (TMDs) such as WS2 have emerged as an important group of twodimensional (2D) materials with potential for next-generation applications in
electrocatalysis and nanoelectronics. Vertically aligned WS2 layers that expose a
high density of reactive edges are promising candidates for electrocatalytic
applications such as hydrogen evolution reaction (HER). On the other hand, monoto multilayers of horizontally aligned WS2 are being explored for applications in
nano and opto-electronics due to their high carrier mobility and sizeable bandgap.
To facilitate the implementation of WS2 layers into envisioned applications, it is
crucial to precisely nanoengineer their growth and material properties according to
the application requirements using industry compatible synthesis techniques. In
this regard, atomic layer deposition (ALD) can be a suitable technique for synthesis
of 2D materials as it can offer angstrom-level thickness control, conformal coating
of high-aspect-ratio 3D structures, and low-temperature processing capability
(typically T≤500 °C). The use of plasma in one of the steps in an ALD cycle (plasmaenhanced ALD or PEALD) offers additional freedom in processing conditions that
can influence material properties. In this dissertation, PEALD is explored as a new
tool to nanoengineer the growth and functional properties of WS2 for
electrocatalytic and nanoelectronic applications.
In Chapter 4, PEALD is used to nanoengineer and enhance the HER
performance of WS2 by maximizing the density of reactive edge-sites at a low
temperature (300 °C). Two PEALD processes were developed using the
(tBuN)2(Me2N)2W precursor with two plasma combinations as co-reactants: (1) H2S
plasma and (2) H2 + H2S plasma. These PEALD processes enabled precise control
over the morphology and composition, and consequently, the edge-site density and
chemistry in the WS2 films. The HER performance of the edge-enriched WS2
electrocatalysts has been demonstrated. By evaluating the number of exposed
edge-sites using copper underpotential deposition technique, a clear correlation
between the plasma conditions, the edge-site density, and the HER performance is
obtained. As an extension to this approach, the H2S and H2+H2S processes were
stacked on top of each other to further influence the HER performance in Chapter
5. High surface area WS2 structures synthesized using the H2 + H2S process were
used as scaffolds to support the edge-enriched WS2 electrocatalyst films
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synthesized using the H2S process. This facile pathway could lead to a new route
for creating high surface area electrocatalyst systems via PEALD.
For nanoelectronic applications, horizontally aligned mono-to multilayers
of WS2 are desirable. However, the growth of desired, horizontal basal-plane
oriented 2D WS2 layers is often accompanied by the growth of vertical
nanostructures that can hinder charge transport and, consequently, hamper device
performance. In Chapter 6, both the formation and suppression of vertical
nanostructures during PEALD of WS2 are discussed. Formation pathways of vertical
nanostructures are established for a two-step (AB-type) PEALD process. Based on
the obtained insights, an approach to suppress the growth of vertical
nanostructures is introduced, wherein, an additional step (C) – a chemically inert Ar
plasma or a reactive H2 plasma – is added to the original two-step (AB-type) PEALD
process. This approach reduces the vertical nanostructure density by 80%. The
vertical nanostructure density reduction, consequently, lowers film resistivity by an
order of magnitude.
Area-selective growth of 2D TMD layers is expected to be a major-step
towards the bottom-up integration of TMD layers into ultra-scaled nanoelectronic
devices. In Chapter 7, area-selective deposition of 2D WS2 nanolayers is
demonstrated in a bottom-up processing approach by combining two key avenues
of atomic-scale processing: area-selective growth and ALD of 2D materials. Areaselective deposition of WS2 nanolayers is enabled using a three-step ABC-type
PEALD process using inhibitor molecules at a low deposition temperature (250 °C).
The developed area-selective ALD (AS-ALD) process results in the immediate
growth of WS2 on multiple surfaces including SiO2, several TMDs, while effectively
blocking growth on surfaces such as Al2O3 and HfO2. The AS-ALD WS2 films turned
crystalline upon annealing at temperatures within the thermal budget of
semiconductor back-end-of-line of processing (T≤ 450 °C).
In Chapter 8, a new PEALD process for WO3 is developed so that it can be
combined with plasma-based sulfurization techniques to synthesize 2D WS2 layers
in the future, as an alternate synthesis approach. This indirect ALD-based approach
can potentially yield different material properties relative to direct ALD growth due
to the differing growth mechanisms involved. The developed WO3 PEALD process
enables characteristic ALD film growth over a wide temperature range from 100 to
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400 °C. Using this process WO3 films can be deposited with angstrom-level
thickness with excellent uniformity over 8 inch Si wafers.
To conclude, this dissertation elucidates that PEALD can be used to
nanoengineer the growth and functional properties of WS2 for applications in
electrocatalysis and nanoelectronics. It serves to exemplify how ALD process
design, and modulation of plasma parameters can be exploited to control material
properties of WS2 layers in the nanoscale regime. The various approaches
presented herein, can potentially be extended to other 2D TMDs.
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