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General Introduction 

 

 

 

 

 

 

 

 

 

 

 

In this introduction chapter, first a short overview of various layered nanomaterials is 

provided. The chapter then discusses some background of transition metal chalcogenides 

(TMCs): transition metal dichalcogenide (TMDCs) and transition metal trichalcogenides 

(TMTCs). The chapter also introduces atomic layer deposition, which forms the basis 

deposition method for the work described in this dissertation. The chapter then addresses 

three aspects of TMDC/TMTC related research that form the core of this thesis. Two of the 

three aspects addressed deals with the challenges associated with TMCs synthesis: phase-

engineering and heterostructures, and the last one attends to the application of TMCs: 

hydrogen evolution reaction (HER). The chapter concludes by providing context for the 

research goals and the rest of the chapters in this dissertation. 
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2   Chapter 1: General Introduction 

1.1 Layered Nanomaterials 

Nanoscience has emerged as a separate field of study since the concept was first 

introduced in 1959 during a lecture entitled “There’s Plenty of Room at the Bottom” at the 

annual meeting of American Physical Society by Richard P. Feynman. During this talk, 

Feynman contemplated miniaturization down to the atomic level would be ‘an invitation to 

enter a new field of physics´1. Even though he never coined the word nanoscience or 

nanotechnology, he is broadly credited for introducing the concept by bringing attention to 

this new area of science, which has emerged as one of the most widely studied areas of 

materials science. 

 

Figure 1.1 Family of 2D layered materials. 



1.1 Layered Nanomaterials  3 
 

Any material with at least one of its dimensions smaller than 100 nm (1 nm = 10-9 m) is 

regarded as nanomaterial2. In general, nanomaterials can be classified into three groups 

depending on their dimensionality: two-dimensional (2D) layers, one-dimensional (1D) 

wires, and zero-dimensional (0D) particles2. Interestingly, in comparison to the 3D bulk 

counterpart, nanomaterials offer size-dependent properties such as quantum confinement, 

surface plasmon resonance, etc.3,4,5. Due to their large surface to bulk ratio, the chemically 

inert bulk materials can become extremely reactive in their nano form, leading to 

applications in fields such as catalysis6. The expansion of nanomaterials and their 

development into a major field of research can be traced back to the discovery of the carbon 

nanotube (1D) in 19917 subsequent to the fullerene (0D) discovery in 19858. However, 2D 

layered materials emerged into a leading research area only after discovering graphene (2D) 

in 2004, which was soon recognized with the Physics Nobel prize in 20109. The layered 

materials are a class of nanomaterials with strong in-plane chemical bonds (such as covalent 

bonding) and weak coupling (such as van der Waals and/or electrostatic interactions) 

between the individual layers in the out-of-plane direction. 

Since the successful isolation of graphene (monolayer) from the bulk graphite using 

simple scotch tape, there has been a surge in discovery and identification of new layered 

materials, which is continuously expanding the family of 2D layered materials as illustrated 

in Figure 1.1. This family of layered materials include X-enes (mono-elemental 2D form of X 

= C, Si, Ge, Sn etc.), X-anes (ligand functionalized derivatives of X-enes), transition metal 

chalcogenides (TMCs) (e.g. MoS2, TiS3, etc.), MXenes (discovered in 2011, by selective 

etching of A-group elements in the MAX phase `e.g. Ti3AlC2´ to result in MX `e.g. Ti3C2OH´ 

with 2D morphology10), perovskites, metal oxides, metal halides etc.11,12,13,14. Note that this 

list is by no means complete and is extending almost on a daily basis. Among this huge pool 

of layered materials, TMCs have attracted considerable attention. Due to their outstanding 

electrical and optical properties, TMCs have emerged as promising materials for electronics 

and optoelectronic device-based applications such as field-effect transistors (FETs)15,16,17, 

photodetectors18,19, light-emitting diodes20,21, solar cells22–24 and lasers21. This dissertation 

focuses on synthesizing TMCs with a layered structure such as two-dimensional (2D) 

transition metal dichalcogenide (MX2; TMDCs) and quasi-one-dimensional transition metal 

trichalcogenides (MX3; TMTCs), where M and X correspond to transition metals and 

chalcogens, respectively. 
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1.2 Background on 2D Transition Metal Chalcogenides 

TMCs have gained significant research interests in the past decade due to their layered 

structure with thickness dependent properties. TMCs in their bulk form are not new to the 

materials science community, as they have been synthesized and studied extensively over 

the last 60 years. TMCs are a class of materials consisting of a transition metal from the d-

block and chalcogens, specifically S, Se, or Te, from group XVI of the periodic table. They 

have been found to exist in various transition metal to chalcogenide ratios, especially TMCs 

with transition metal to chalcogenide ratio of 2 (TMDC) and 3 (TMTC) have been of interest 

lately. Among the two popular classes of TMCs, TMDCs were the first to be studied using 

naturally occurring MoS2 crystals back in 192325. From the 1940s, there were serious efforts 

to study and synthesize various TMDCs. Subsequently, by the late 1960s, almost 60 types of 

TMDCs (MX2) were identified, with more than two-thirds of them being layered materials. 

Their structure and properties will be discussed in detail in Chapter 2. These materials are 

widely used as dry lubricants and were also extensively studied as cathode materials in 

batteries. On the other hand, TMTCs were synthesized in the late 1940s, but their structure 

was eventually understood only in the 1960s. By the end of the 1970s, most of the known 

TMTCs were synthesized in their bulk form. These materials were initially used to study 

electrical conductivity in one-dimensional and as cathode material (similar to TMDCs) in 

batteries. The TMTC structure and properties will also be discussed in Chapter 2. 

Recently, especially layered semiconducting TMDCs like MoS2 and WS2 gained renewed 

attention for having a natural direct band gap in the monolayer regime, contrary to 

graphene, which lacks a band gap and is semi-metallic in nature26. The first report on using 

adhesive tape for producing the ultrathin MoS2 layer was way back in 196327, and the first 

exfoliation of a monolayer using an intercalation method was reported later in 198628. 

Following the successful isolation of graphene in 2004, interests in the TMDCs class of 

material reemerged, which led to an array of research efforts uncovering unusual properties 

such as bandgap transition from indirect to direct by decreasing the thickness from bulk to 

monolayer29,30, valley polarization (the process of selectively populating one of the 

momentum valleys at the first Brillouin zone)31,32, etc. In terms of device applications, the 

field took off in 2011, when Kis et al. showed the first TMDC based FET using exfoliated 

monolayer MoS2 as the channel material33. Since then, a plethora of device applications 

using various exfoliated semiconducting TMDCs were demonstrated, such as 

photodetectors34,35, photoemitters36–38, etc. As a result, it initiated significant efforts 

towards the scalable synthesis of TMDCs over a large area using various thin-film synthesis 
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techniques. Now, semiconductor foundries and leading-edge research organizations such 

as TSMC, IMEC, etc. have turned their efforts towards semiconducting TMDCs15,16,17, as an 

alternative channel material to replace Si and to keep continuing the trend of Moore´s law 

while maintaining the device performance. 

So far, especially semiconducting TMDCs from group VI have gained importance for their 

excellent electrical and optical properties. However, there are also equal and considerable 

demands for less explored metallic TMDCs in group IV and V for (opto)electronic device and 

electrochemical applications. In terms of (opto)electronics, there is a need for TMDCs with 

metallic behavior to act as a contact material for 2D semiconducting channels. According to 

experimental studies, 2D metals offer better device performance with low contact 

resistance over their 3D metal counterparts39. Furthermore, metallic TMDCs have also 

gained interest in electrochemical applications for HER, as they show better catalytic activity 

over their semiconducting counterparts40. 

In addition to the TMDCs (both metallic and semiconducting) in their primitive forms, 

several derivatives of TMDCs have emerged, which include alloys and van der Waals 

heterostructures, which widens the already broad range of TMDC properties and 

application potential in fields such as (opto)electronics41, electrochemistry42, 

photovoltaics43, quantum computing44, etc. Among them, van der Waals heterostructures 

have gained interest in (opto)electronic devices for band engineering, 2D-2D metal-

semiconductor contacts, etc. for constructing a next-generation ultra-thin device as 

illustrated in Figure 1.2. 

 

Figure 1.2 Schematic illustration of 2D transistor containing various layered materials acting 

as metal (source (S), gate (G), and drain (D)), semiconductor (channel: Ch) and insulator 

(gate oxide: GO). 
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In comparison to TMDCs, TMTCs are a less studied class of materials in terms of both 

synthesis and device applications. The first reports on a photodetector and a FET based on 

exfoliated TMTC were in 201445 and 201546, respectively. Since then, there have been a 

decent number of reports on using TMTCs in both (opto)electronic47,19,48,49 and 

electrochemical50 applications. However, almost all the reports on TMTCs were based on 

exfoliated material, indicating a need to synthesize them in the thin-film form over a large 

area, so their potential could be explored further51. 

From the discussion above, it follows that there is a need for synthesizing metallic 

TMDCs, TMTCs, and their heterostructures using a scalable (large area) technique. This 

dissertation focuses on synthesizing them using a thin-film technique known as atomic layer 

deposition (ALD). 

1.3 Atomic Layer Deposition 

ALD is a variant of chemical vapor deposition (CVD), which involves self-limiting and 

saturated growth of ultra-thin films with nanoscale control. This surface chemistry driven 

thin-film synthesis technique provides various advantages over other techniques such as 

precise thickness control, large area uniformity (scalability), and excellent conformality over 

complex 3D structures at low deposition temperatures, as illustrated in Figure 1.3. One of 

the first reports on ALD was in 1974 by Finnish inventors Suntola and Antson. Nevertheless, 

there were also reports from the researchers in USSR even before the 1970s52. Significant 

interests in ALD from industry emerged in the 1990s, as the need for control over the 

conformal growth of new materials on high aspect ratio structures arose. Resultantly, in 

1998, ALD was reported to be used in the production of DRAM52. In 2007, Intel reported the 

introduction of ALD grown HfO2 as the high-K gate oxide material in field-effect 

transistors53. Since then, with the drive for continuous downscaling of device dimensions 

and moving from 2D planar FETs to 3D finFETs, ALD has increasingly played a crucial role in 

the front-end-of-line (FEOL) of the semiconductor device fabrication process. Besides the 

semiconductor industry, ALD has also been implemented in other industries, one of them 

being the solar cell industry for depositing passivation layers54. A more detailed description 

of the ALD technique itself will follow in Chapter 2. 
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Figure 1.3 Schematic illustrating the key merits of ALD such as thickness control, uniformity 

over a large area, and conformality over the complex 3D structure. 

Although ALD of oxides and nitrides is heavily studied, lately, ALD of 2D materials, 

particularly TMDCs, have gained momentum because of the benefits ALD offers with 

respect to uniformity, scalability, conformality, and precision thickness control. However, 

thus far, it is mostly restricted to the direct ALD of semiconducting and group VI TMDCs in 

general. In the direct ALD approach, both the transition metal and chalcogenide precursors 

are exposed to the growth substrate in a step by step cyclic manner to deposit the targeted 

TMDC, as will be described in Chapter 2. Besides, ALD has also been used to grow TMDCs 

by the indirect approach known as chalcogenization. In this approach, the targeted 

transition metal is first grown in the form of a transition metal oxide (e.g., WO3) by ALD. 

Then the transition metal is followed by the final step of chalcogenization treatment at high 

temperature in a targeted chalcogen environment (e.g., S or H2S) to form the final TMDC 

(e.g., WS2) film55. Like direct ALD, this indirect method has been reported only to synthesize 

semiconducting group VI TMDCs. On the other hand, ALD could also be suitable for the 

synthesis of TMTCs, as in comparison to TMDC growth, low temperature is ideal for TMTC 

formation, as will be discussed in Chapter 2. However, the growth of TMTCs has not been 

investigated using ALD. 

It is apparent from the above discussion that ALD processes for the growth of metallic 

TMDCs, both by direct and indirect methods, are unexplored. In this dissertation, the focus 

is on extending the ALD toolbox with the deposition of conducting group IV and V TMDCs 

with metallic/ semi-metallic properties, and TMTCs through phase-engineering. 

Additionally, the stacking of TMDC and TMTC on top of one other to form vertical 

heterostructures using ALD will also be explored. 
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1.4 Phase-engineering 

As mentioned in previous sections, to fabricate FETs (for example), all sorts of materials 

exhibiting various properties such as metal, semiconductor and insulator are required. 

Beneficially, layered TMCs, which exist in multiple phases, polymorphs and polytypes, can 

offer a wide range of electronic properties while containing analogous elements. For 

example, MoS2 can exhibit both semiconducting and metallic properties, depending on its 

phase ((2H or 1T). Therefore, by acquiring control over the materials’ phase, 2H-MoS2 can 

be implemented as channel material while 1T-MoS2 can act as a source, drain and gate in 

the transistor device39. Duly, phase-engineering has gained much consideration to achieve 

control over both phases and properties of TMCs56. Nevertheless, some of these material 

phases/polytypes (say metallic 1T phases of MoS2 and WS2) are metastable, and 

synthesizing these metastable phases is a persisting challenge57. 

There are plenty of phase-engineering strategies proposed and reported to modulate 

the TMCs phase and properties, and they can be classified into two types: phase transition 

and phase-controlled synthesis58. Phase transition involves the transformation process in 

which a stable phase of a TMC is converted into the metastable phase (Figure 1.4) or vice 

versa either by chemical or physical methods59, which includes intercalation (with alkali 

metals and alkaline earth metals)60, alloying, charge transfer, irradiation, thermal 

treatment61, and stress induction. Even if the targeted phase can be efficiently obtained in 

a controlled way by the aforementioned methods, it might come at a cost such as 

unexpected doping or defects that sacrifices the intrinsic properties of the material. Also, 

there are other shortcomings like phase reversibility once the external factors inducing 

phase transformation are retracted.  

Alternatively, the phase-controlled synthesis focuses on the direct fabrication of the 

targeted phase (also including the metastable phase) from the starting precursors (both 

transition metal and chalcogenide), see Figure 1.4. For example, phase-controlled synthesis 

between 2H- and 1´T- phases of MoTe2 can be obtained by controlling the synthesis 

temperature between 670 and 710 °C while using the MoO3 and Te as starting precursor62. 

Similarly, the control over the phase can also be obtained by optimizing the different 

reaction conditions such as precursor, pressure, temperature, etc63. 
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Figure 1.4 Schematic illustration of two phase-engineering types. Phase transition involves 

a transformation process, while phase-controlled synthesis involves direct fabrication of the 

targeted materials’ phase. 

Thus far, most reports on the phase-engineering focused on achieving phase control 

between metal and semiconducting polytypes of TMDCs such as 1T-MoS2 Vs. 2H-MoS2, 1T-

WS2 Vs. 2H-WS2, 1T-VSe2 Vs. 1´T-VSe2, 1´T-MoTe2 Vs. 2H-MoTe2, etc. In addition to these, 

there are also many other unexplored layered TMCs offering similar combinations. 
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Interestingly, some of the TMDC counterparts in the TMTC class of materials with analogous 

elements exhibit complementing properties. For example, group IV TMDC 1T-TiS2 is a 

metal/semi-metal, while its TMTC counterpart TiS3 is a semiconductor with a direct band 

gap, independent of its thickness. Phase-engineering between TMDCs and TMTCs with 

complementing material properties has not yet gained much attention. Similar to the 

controlled synthesis between two TMDC phases, the phase-controlled synthesis between 

TMDCs and TMTCs can be obtained by carefully tuning the temperature and precursor 

pressure, as will be addressed in Chapter 3 and 5. Consequently, phase-controlled synthesis 

could be extended to an extra dimension by synthesizing TMDCs and TMTCs in a controlled 

manner, as illustrated in Figure 1.4. 

1.5 Heterostructures 

Dissimilar layered materials with strong in-plane covalent bonds and weak out-of-plane 

van der Waals interactions can be stacked on top of each other, forming a new 

composite64,65,66. In traditional 3D heterostructures like III-Vs on Si, there are challenges 

such as lattice mismatch and dangling bonds that result in defects and strain at the 

interface, restricting the viability of these kinds of heterostructures in (opto)electronic 

device applications67. However, in the case of layered materials, the heterostructures can 

be potentially fabricated without the constraints of lattice crystal structure mismatch and 

the creation of defects at the interface, due to the weak van der Waals interaction between 

the material layers68,65,69. To that end, these layered materials could be very suitable for 

next-generation (opto)electronic device fabrication and integration64,70. Furthermore, 

flexibility in stacking various layered materials on top of each other opens up new 

possibilities in terms of both unexplored properties and applications69. 

An example is the coupling of charge carriers (holes and electrons) from different 

material layers in the heterostructure under electrical or optical excitation, emitting indirect 

excitons at lower energy than those from the respective individual materials in the 

heterostructures71,72,73. The interlayer excitons generated at the interface of the dissimilar 

layers (heterostructure) create opportunities to construct tunable (opto)electronics devices 

such as photoemitters, photodetectors, photovoltaics, etc. with a thickness of bilayer and 

more. 

In terms of device performance, for example, in 2D TMDC FETs, recent reports have 

shown that metal-semiconductor heterostructures consisting of a 2D-2D layered material 
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architecture offer advantageous over a 3D-2D architecture74,75,76. 2D-2D TMDC 

heterostructures offer, for example, low contact resistance as the result of low Schottky 

barrier height77,41. However, synthesizing such 2D-2D heterostructures over a large area is 

a persisting challenge which restricts their prospects for large scale device fabrication and 

implementation69,78. Additionally, devices made of only layered materials are worth 

exploring for improved and efficient device performance69,79. 

 

Figure 1.5 Schematic illustration of conformal coverage of TMDC based heterostructures in 

a 2D FETs with a complex structure (top) and a TMDC-TMTC heterostructure (bottom). The 

S, D, and G contacts correspond to the source, drain, and gate in the FET. 

The methods commonly used to fabricate 2D-2D TMDC heterostructures are top-down 

mechanical exfoliation and transfer, and bottom-up CVD20,80. While the former method 

provides flexibility to stack almost any 2D material on one another, it has limitations such 

as contamination, poor scalability, and reproducibility80,69. The latter bottom-up CVD 

method can overcome the above limitations by directly synthesizing the target 2D material 

on another 2D material75. However, this method also suffers from limitations such as poor 

uniformity and thickness control along with the requirement of higher processing 
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temperatures (> 450 °C), restricting its integration with the semiconductor device 

processing steps78. In addition to the aforementioned limitations, there is also a need for 

fabricating such 2D-2D TMDC heterostructure conformally (see Figure 1.5 (top)) over 

complex 3D structures (which will be discussed in Chapter 4), as device architectures 

continue to become increasingly complex with the continuous trend in downscaling of 

device dimensions. Hence, there is a necessity to explore alternative methods to overcome 

all or most of these limitations. 

On the other hand, to the best of our knowledge, experimentally integrating TMTCs in 

the heterostructure configuration is yet to be reported, as the primary research focus has 

been on TMDC-TMDC heterostructures configurations. In literature, low contact resistivity 

has been reported for metal-semiconductor heterostructures synthesized using analogous 

elements39,65. As mentioned in the previous section, TMDCs and TMTCs with analogous 

elements in both groups, IV and V, have complementing electrical properties exhibiting both 

semiconducting and metallic behavior, respectively. Therefore, for high-performance 

device applications, it is worth exploring the fabrication of metal-semiconductor 

heterostructures based on TMDC-TMTC configuration with analogous elements (see 

Chapter 5), as shown in Figure 1.5 (bottom). 

1.6 Application of TMCs 

As discussed, TMCs have been investigated for a broad range of applications. However, 

within the scope of this dissertation, we focus on implementing ALD-prepared TMCs for 

electrochemical applications, specifically the hydrogen evolution reaction (HER). 

1.6.1 Hydrogen Evolution Reaction (HER) 

Renewable green energy sources are gaining significant interests because of the 

expected depletion of traditional energy sources such as fossil fuels and coal, and increasing 

levels of global warming due to the use of fossil fuels81. Hydrogen is an important candidate 

as a renewable energy source due to its abundance, clean, and renewable nature. 

Electrochemical water splitting is a well-known method to generate hydrogen and oxygen. 

A catalyst is the key component for the electrochemical HER. Noble metals like Pt have been 

considered the most effective electrocatalysts for HER, but their high cost and low 

abundancy make the scalable use expensive and unsustainable. Thus, there is a quest to 

find low cost, abundant alternative catalysts offering equal or better HER efficiency. In 
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recent times, 2D TMDCs have emerged as promising alternative electrocatalysts40,81. Among 

them, semiconducting group VI TMDCs such as MoS2, WS2, etc. have been studied 

extensively. Such semiconducting TMDCs are HER active only at the edges of their basal 

planes, while the top of the basal planes (holding the significant share of surface area) are 

HER inert40. So, to harvest from the active edge sites with high efficiency, there is a 

requirement to synthesize edge enriched semiconducting TMDC films82. 

 

Figure 1.6 Schematic illustration of two forms of electrocatalytically active sites in TMDC 

class of materials: basal plane and edge sites. 

On the contrary, based on theoretical predictions, metallic TMDCs of group V have 

emerged as an alternative option, as they have HER active sites both on the edges and basal 

planes40, as shown in Figure 1.6. Theoretical calculations predict close to thermoneutral 

Gibbs free energy for hydrogen adsorption on the basal plane of group V TMDCs83. 

Correspondingly, experimental studies have shown excellent HER performance for NbS2 and 

TaS2
84–89. Nevertheless, such superior HER performance was observed as a result of a self-

optimizing depletion/ delamination process over an extensive number of reaction cycles. 

Meaning, the HER activity improvement was at the cost of the catalyst stability. It is 

detrimental since both activity and stability are essential for a good catalyst. Thus, casting 
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doubt over the use of metallic TMDCs for catalytic applications. This depletion problem was 

reported for catalysts synthesized by solid state reactions or CVD with inadequate area 

coverage and/or with weak interaction with the substrate. Therefore, there is a quest for 

an alternate synthesis technique that provides TMDCs layers with a stronger adhesion to 

the substrate and better substrate coverage (as will be discussed in Chapter 6). 

1.7 Aim of this Research  

The research interests in the thin-film synthesis of layered TMCs are continuing to grow. 

Among various thin-film synthesis methods, lately, ALD has gained significant interest for 

the synthesis of TMCs. As mentioned in the previous section, most of the ALD research 

interests have been primarily focused on group VI semiconducting TMDCs such as MoS2, 

WS2, etc. As discussed, in addition to semiconducting TMDCs, there is also a need to explore 

other layered group IV and V TMCs with exciting properties, which include metallic TMDCs 

and their semiconducting TMTCs counterparts. Although other thin-film techniques have 

been utilized to synthesize metallic TMDCs, the quest to achieve precise thickness control 

over a large area with uniform coverage persists, to successfully and efficiently implement 

them in the device and catalytic applications. As evident from the above discussions, for 

implementation of TMTCs in device fabrication and applications, thus far, a multi-step top-

down approach are required to thin the bulk crystals. Hence, there is a clear need for 

scalable synthesis of TMTC thin films over a large area with precise thickness control and 

excellent uniformity and conformality. As discussed in the previous section, ALD is expected 

to be able to fulfill most of the abovementioned synthesis requirements at low processing 

temperatures. 

ALD for TMC (TMDC and TMTC) Synthesis 

The first objective of this research is to expand the ALD toolbox to synthesize both 

TMDCs and TMTCs of group IV and V by direct ALD and indirect ALD (e.g., by 

chalcogenization of transition metal oxides) approaches. To do so, we choose Ti and Nb 

based sulfide and oxide systems, respectively, because TMDC and TMTC of TiSx and NbSx 

systems were identified to offer complementing material properties (metal and 

semiconductor). The following objectives are addressed in this research: 
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• Develop new direct ALD processes to synthesize both TiSx and NbSx material systems 

with precise thickness control over a large area at low temperatures (Chapter 3, 4 and 

5). 

• Assess if ALD can be a viable technique to achieve phase-engineering between TMDC 

and TMTC of the TiSx and NbSx material systems (Chapter 3 and 5). 

Next, as discussed before, in addition to the direct ALD growth, there is an alternative 

high temperature approach to synthesize TMDCs. However, thus far, this indirect ALD based 

approach has been reported only to synthesize semiconducting group VI TMDCs. Therefore, 

the following objective is addressed in this research: 

• Develop an indirect ALD based process for the growth of a metallic TMDC (NbS2) by 

chalcogenization of ALD grown transition metal oxide film at high temperature and 

compare its material and film properties with the NbS2 synthesized by direct ALD 

(Chapter 6, 7). 

ALD for Heterostructure Formation 

As mentioned in previous sections, there is a prevailing challenge to fabricate TMC-TMC 

based heterostructures over a large area with good thickness control, uniformity, and 

conformality. This challenge could be tackled by using ALD at low processing temperatures. 

However, this has yet to be explored experimentally. Also, experimental studies on 

integrating TMTCs with TMDCs in a heterostructure configuration have yet to be explored. 

Therefore, the following objectives are addressed in this research work: 

• Fabricate TMDC-TMDC (e.g., TiS2-NbS2) heterostructures over a large area at low 

temperatures using ALD, and to achieve excellent uniformity and precise thickness 

control of the individual material layers within the heterostructure (Chapter 4). 

• Explore the capability of ALD to grow heterostructures conformally over a 3D substrate 

with good thickness control and uniformity (Chapter 4). 

• Explore whether the TMTC synthesized by phase-engineering can be integrated with the 

corresponding TMDC to synthesize TMDC-TMTC (e.g., NbS2-NbS3) heterostructures 

directly using ALD (Chapter 5). 
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ALD of TMDCs for Electrochemical Applications 

In terms of application, as discussed in the previous section, metallic group V TMDCs 

(e.g., NbS2) have gained interests as an alternative electrocatalytic material for HER. 

However, the observed superior catalytic performance of NbS2 was a result of depletion/ 

delamination of poorly covered electrodes, which raises serious doubts about the stability 

and reliability of these metallic TMDCs. ALD might offer a better adhesion of the TMDC to 

the electrode because of the ALD process’s chemical nature and provide uniform coverage 

over a large area. Hence, the following objective involving uniformly covered metallic 

TMDCs formed by various ALD processes will be covered in this thesis:  

• Investigate and compare the catalytic HER activity and stability of direct and indirect 

ALD grown metallic TMDC electrodes (e.g., NbS2) with uniform coverage over a large 

area (Chapter 6). 

1.8 Outline of the Thesis 

An overview of the crystal structures and properties of both TMDCs and TMTCs is 

provided in Chapter 2. The chapter also includes a brief discussion on various structural 

polytypes of TMDCs and TMTCs. The wide range of properties observed for various 

combinations of transition metals and chalcogenides are described. The chapter also 

illustrates various synthesis methods for the fabrication of both TMDCs and TMTCs, 

including the ALD technique. 

Chapter 3 presents a new ALD process developed for TiSx using a metal organic 

precursor and H2S (gas or plasma) as coreactant. The chapter deals with the role of 

deposition temperature and coreactant (H2S gas or H2S plasma) in the phase-controlled 

synthesis of TiS2 (TMDC) and TiS3 (TMTC) by ALD. This work is the first to report on the 

synthesis of TMTCs by ALD. 

Chapter 4 describes ALD´s capability to grow TMDC-TMDC heterostructures in the form 

of TiSx-NbSx on both planar and 3D substrates. This chapter also presents a new ALD process 

developed for the deposition of NbSx by thermal ALD. This work also demonstrates the 

efficacy of ALD to precisely control the thickness of the individual material layer in a 

heterostructure. It then presents the ability of ALD to deposit multilayer TiSx-NbSx 

heterostructures conformally over a nanowire array. 
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Chapter 5 introduces a new plasma enhanced ALD (PE-ALD) process for the phase-

controlled synthesis of NbS2 and NbS3. This chapter also discusses the role of the coreactant 

plasma composition in obtaining phase-control between TMDC and TMTC, in addition to 

achieving control by deposition temperature. This work includes the deposition of NbS2-

NbS3 heterostructures by PE-ALD at a constant deposition temperature. 

Chapter 6 addresses the HER performance of ALD-derived NbS2. Various ALD synthesis 

routes for NbS2, including direct ALD-grown NbS2 and sulfurized ALD-grown Nb2O5 

(indirect), are compared in terms of HER activity and stability. 

The development of a new ALD process for the synthesis of Nb2O5 films is presented in 

Chapter 7. Both thermal ALD and PE-ALD processes are developed using H2O and O2 plasma 

as coreactant, respectively. The role of coreactant and temperature on material properties 

and composition are compared. 

Chapter 8 concludes this thesis by summarizing the contents of this dissertation and 

providing an outline for future research on low-dimensional TMCs using the ALD toolbox.
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Transition Metal Di- and Tri- 
Chalcogenides: Structure, 
Properties, and Synthesis 

 

 

This chapter provides an overview of the structure, properties and synthesis of transition 

metal di- and tri-chalcogenides. First, the crystal structure and polymorphism of transition 

metal di- (TMDCs) and tri-chalcogenides (TMTCs) are discussed. The associated relation 

between the structural polytype and composition with their functional properties is briefly 

described. Finally, various synthesis techniques to fabricate both TMDCs and TMTCs are 

reviewed.  
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2.1 Structure and Properties 

Transition metals and chalcogenides are highly reactive with each other, constructing a 

number of transition metal chalcogenide (TMC) combinations with various structural 

polymorphs and stoichiometric ratios. Among the various TMCs, TMDCs (transition metal 

dichalcogenides) have multiple structural polymorphs (polytypes), determining their 

functional properties. For example:  octahedral (2H) MoS2 is a semiconductor, while trigonal 

prismatic (1T) MoS2 is a metal1. Similarly, transition metal dichalcogenides and transition 

metal trichalcogenides (TMTCs) containing analogous elements but with different 

stoichiometry have distinct properties. For example, TiS2 is a metal/semi-metal, while TiS3 

is a direct band gap semiconductor2. Therefore, for effective control over material 

properties during synthesis, it is imperative to know the TMC’s crystal structures and 

associated structural polymorphs. In the next section, we will discuss the crystal structure 

and various phases (structural polymorphs) observed for TMDCs, which will be followed by 

a discussion on the crystal structure of TMTCs. 

2.1.1 Transition Metal Dichalcogenides (TMDCs) 

In recent times, TMDCs (MX2) have become one of the most studied classes of layered 

two-dimensional materials. These materials have a transition metal to chalcogenide ratio of 

1:2, and each layer consists of three sub-layers of atoms packed hexagonally where the 

middle sub-layer consisting of transition metal atoms are sandwiched between two sub-

layers of chalcogenide atoms, see Figure 2.1a. Within a layer (in-plane direction), all the 

atoms are covalently bonded to each other, while weak van der Waals forces bond one layer 

to another (out-of-plane direction)3. Therefore, there is an anisotropy in the material´s 

properties, i.e., between in-plane and out-of-plane orientations. The transition metal atoms 

in TMDCs are in the +4 oxidation state, while the chalcogenide atoms are in the -2 oxidation 

state, sharing two electrons each in the structural formula (M)+4((X)-2)2
4. Each TMDC can 

exist in various polymorphs, which determine their electronic properties. 

To describe the possible polymorphs, first, the stacking options within a monolayer will 

be discussed, after which the permutations of stacking the two types of layers will be 

presented. 
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Figure 2.1 (a) Schematic illustration of 2D TMDC down the b-axis using two monolayers. The 
red and dark grey spheres correspond to transition metal and chalcogenide atoms, 
respectively. (b) The two local coordination’s of the transition metal in TMDCs are: trigonal-
prismatic (left) and octahedral coordination (right). 

In TMDCs, each transition metal is coordinated to six chalcogenide atoms forming MX6 

units.  Within one 2D monolayer, the transition metal atoms can be found in two possible 

coordination geometries: trigonal-prismatic and octahedral, as illustrated in Figure 2.15. As 

TMDCs have a hexagonal lattice structure, the coordination geometries can be described 

using a close-packed stacking of spheres arrangement, where the stacking sequence is 

expressed using A, B, and C, indicating the position of the sphere. Note, the upper-case 

letters represent the row of chalcogenide atoms while the lower-case represents the middle 

row containing the transition metal atoms.  In the trigonal-prismatic arrangement, the 

chalcogenide atoms are stacked directly above each other with a stacking sequence of AbA, 
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while in the octahedral arrangement, the upper chalcogenide plane is rotated 180⁰ with 

respect to the lower one, leading to a stacking sequence of AbC. In general, most of the 

TMDCs crystal structures have naturally only one of these coordination geometries, but 

there are also few instances like polytype 4H, 6R, etc. (see Table 2.1 and Figure 2.2), where 

both the geometries are found in a single crystal structure as alternative layers6. 

 

Figure 2.2 The three most common polytype structures for TMDCs are 1T (with trigonal 
symmetry, one layer per unit cell and has octahedral metal coordination), 2H (with 
hexagonal symmetry, two layers per unit cell and has trigonal-prismatic metal 
coordination), and 3R (with rhombohedral symmetry, three layers per unit cell and has 
trigonal-prismatic metal coordination). The upper row displays views parallel to the 2D 
layers of all three polytype crystal structures, each with a unit cell (in black rectangular box) 
is shown (view down b-axis). The central row shows the atomic arrangement when looking 
orthogonal to the 2D layers (view down c-axis). The corresponding top-view scanning 
transmission electron microscopy (STEM) images of 1T-TiS2

7, 2H-MoS2
8, and 3R-NbS2

9 are 
displayed in the bottom row. 

The layers with the above-mentioned coordination geometries can be stacked on top of 

each other in various ways forming several distinct structures known as polytypes, see Table 

2.1. Most of the TMDC polytypes can be categorized into three symmetries called T, H and 
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R, and a significant amount of TMDCs are usually found in at least one of the three polytypes 

called 1T, 2H and 3R, as shown in Figure 2.2. In the literature, polytypes of TMDCs are 

generally expressed according to the Ramsdell notation, for example, 2H, where the 

number (2 in this case) represents the number of MX2 layers (each with the formula unit 

MX2) within a unit cell (represented as Z in Table 2.1), and it is followed by a letter 

representing the observed symmetry10. The notation T, H and R correspond to trigonal, 

hexagonal and rhombohedral symmetry, respectively. Both H and R symmetries have 

trigonal-prismatic transition metal coordination while T has the octahedral metal 

coordination11. While 1T, 2H and 3R being the most common polytypes, other polytypes 

such as 4H and 6R also exist, see Table 2.1 and Figure 2.312. Among the polytypes mentioned 

above, both 2H and 4H have an added level of stacking variation within the individual unit 

cell of 2 and 4 MX2 layers, and this is commonly represented in the literature by adding a 

lower-case letter a, b, c,.. etc. to the Ramsdell notation like 2Ha12. This letter indicates 

differences in stacking arrangement; for example, 2Ha and 2Hc have stacking sequences of 

AbA CbC and AcA CaC, respectively. There are also other stacking sequences like 2Hb, which 

are observed for TMDCs crystals with excess intercalated transition metal atoms, e.g., 

Ta1+xSe2
11. Note that these notations a, b and c are not followed uniformly in the literature, 

which might lead to confusion. Thus, there are more than 11 experimentally known 

polytypes for TMDCs, see Table 2.112. Additionally, there are also TMDCs with distorted (1´T) 

structures (see Figure 2.3). They develop a periodic distortion of the crystal lattice leading 

to the formation of metal-metal pairs11. These distorted TMDCs have been observed in 

various structural symmetries such as monoclinic, orthorhombic and triclinic depending on 

the material11. In the literature, all of them are commonly represented as 1´T, and seldom 

they are represented in various notations such as Td, 1T´ etc. Apart from the above 

mentioned layered TMDCs, there are other non-layered TMDCs which are mostly observed 

for transition metals of Group 8 and beyond, and they are not discussed here13. 

As mentioned earlier, structural variation related to polymorphism in TMDCs has a 

significant effect on material properties. Likewise, the chemical composition of the TMDCs 

also influences the properties, see Table 2.2. The electrical properties of a TMDC are 

primarily dependent on the valence d electron count of the transition metal, which varies 

from d0 for group IV to d6 for group X4. When the number of valence electrons in the 

transition metal is even (fully occupied orbitals), the material is semiconducting 4,14. On the 

other hand, materials with an odd number of valence electrons (partially occupied orbitals) 

are metallic4,14. In comparison, the effect of chalcogenide atoms (six valence electrons in s 

and p orbitals) on the TMDC band structure is minor4,14. Although, a trend in band structure 
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in terms of band gap can be observed with the increasing atomic number of the chalcogen 

atom from S to Te. For example: the band gap decreases from 1.3 eV for 2H-MoS2 to 1 eV 

for 2H-MoTe2
13. Below, the properties of the TMDCs will be discussed separately for each 

group of transition metals. 

 

Figure 2.3 The cross-section view (down b-axis) of less common polytypes of TMDCs such 
as 4H, 6R, and distorted (1’T). 

The TMDCs containing group IV transition metals such as Ti, Zr and Hf most commonly 

exists in 1T as the stable phase. They likely exhibit semiconducting properties, as the 

number of valence electron is even (d0). Veritably, ZrS2, ZrSe2, HfS2 and HfSe2 are 

semiconductors except for TiX2 and all three Te based materials. The electronic structure of 

TiS2 is under debate both by experimentalists and theorists for many decades between 

being a metal/ semi-metal/ semiconductor15,16. While TiSe2 and all three MTe2 are 

semimetals due to overlap between the conduction and valence band states17. 

The TMDCs formed by group V transition metals such as V, Nb and Ta are predominantly 

metallic, as an odd number (d1) of valence electrons are present. The VX2 has 1T as the 

stable phase, while both NbX2 and TaX2 have 2H as the stable phase. In addition to 2H, NbS2 

and NbSe2 also exist in the 1T and 3R phases, while the latter also displays a 4H phase. TaS2 

and TaSe2 are excellent examples of TMDCs with a rich polymorphic system with more than 

five polytypes, including 2H, 1T, 3R, 4H and 6R phases17,13.  
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Table 2.1 Overview of the various TMDCs polytypes. The polytypes with corresponding 
space group and stacking sequences are mentioned. 

Z Symmetry Polytype Space group Stacking sequence 

1 T 1T P3̅m1 AbC 

2 H 

2Ha P63/mmc AbA CbC 

2Hb P63/mmc AcA CaC 

2Hc P6̅m2 AbA BcB 

3 R 3R R3m AcA CbC BaB 

4 H 

4Ha P6̅m2 AcA BcB CaC BcB 

4Hb P63/mmc AbC AbA CbA CbC 

4Hc P63mc AcA BcB CaC BaB 

4HdI P3m1 AbC AbA CaB CbC 

4HdII P6̅m2 AbC AcA CbA CbC 

6 R 6R R3m AcB AcA CbA CbC BaC BaB 

“Z” number of MX2 layers with the formula unit MX2 within a unit cell 

The group VI TMDCs with transition metals such as Mo and W have 2H as the stable 

phase except for WTe2 and MoTe2, which exist in the distorted 1´T phase. It is also important 

to note, that of all TMDCs, MoS2 existing in 2H and 3R phases are the only naturally 

occurring crystal13. As expected for group VI transition metals with an even number of 

valence electrons (d2): MoS2, MoSe2, WS2, WSe2, MoTe2 exhibit semiconducting behavior. 

Nevertheless, there are also exceptions such as 1T-MoS2, 1T-WS2 ( metastable phase) 

having metallic behavior, while both WTe2 and MoTe2 exhibit semi-metal properties13. 

The group VII TMDCs such as TcS2, TcSe2, ReS2 and ReSe2 are semiconductors with 

distorted 1´T phase13. Even though they have an odd number (d3) of valence electrons, they 

exhibit semiconducting behavior instead of metallic.  This change in property is due to the 

distorted 1´T structure of the materials, where the short distance between transition metal 

atoms creates clusters consisting of four atoms. This strong distortion causes splitting of 

bands resulting in semiconducting behavior13. 

TMDCs of group IX, such as Co, Rh and Ir, have layered structures only with Te and have 

1T as the stable phase. As expected, for the transition metal with an odd number of valence 

electrons (d5), all of them are metals. Similarly, all the Te based TMDCs in group X, such as 

NiTe2, PdTe2, and PtTe2, are metallic with 1T as the stable phase. Like PtS2 and PtSe2, 

semiconducting behavior was expected for all group X Te-based TMDCs as it contains even  
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Table 2.2 Overview of the TMDCs. The TMDCs are classified into transition metal groups 
and chalcogenides. Their corresponding polytypes and material properties (for TMDC with 
more than one polytypes, the properties are not categorized per polytype) are mentioned. 

G
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sitio

n
 

m
e

tal 

Chalcogenide 

S Se Te 

IV 

Ti 1T22 
Semi-C22,  
M22,  
SM22 

1T22 

Semi-C22,  
M22,  
SM22,  
CDW22 

1T22 
M23, 
SM22, 
CDW22 

Zr 1T22 Semi-C22 1T22 Semi-C22 1T22 SM22 

Hf 1T22 Semi-C22 1T22 Semi-C22 1T22 SM22 

V 

V 1T24 

Semi-C21,  
M21,  
CDW21,  
FM21,  
MR21 

1T25, 
2H25, 
1´T26 

Semi-C25, 
M27,  
CDW27,  
FM27 

1T28, 
1’T28 

M28,  
CDW28 

Nb 
1T29,  
2Ha17,  
3R17 

M13,  
SC13, 
CDW19 

1T17,  
2Ha17,  
4Ha17,  
4Hd117,   
4Hd117,  
3R17 

M13,  
SC13, 
CDW19 

1T30, 
1´T13 

M 13,  
SC13 

Ta 

1T17,  
2Ha17,  
4Hb17, 
3R17,  
6R17 

M13,  
SC13, 
CDW19 

1T13,  
2Ha13,  
4Ha13,  
4Hb13,  
4Hc13,  
3R13,  
6R13 

M13,  
SC13, 
CDW19 

1´T13 M13 

VI 

Mo 

1T1, 
1’T31,  
2Hb17,  
3R17 

Semi-C32,  
M1 

1T31, 
1’T31, 
2Hb17,  
3R17 

Semi-C32 
2Hb17, 
1’T13 

Semi-C32,  
M33, 
SM13 

W 
1T34,  
2Hb17,  
3R17 

Semi-C32,  
M34 

1T35, 
2Hb17 

Semi-C32, 
M35 

1’T36 
SM36,  
TI36,  
MR20 

VII 
Tc 1´T13

 Semi-C37 1´T13
 Semi-C37   

Re 1´T13
 Semi-C32 1´T13

 Semi-C32   

IX 

Co     1T17 M13 

Rh     1T17 M13 

Ir     1T17 M13 

X 

Ni     1T17 M13 

Pd     1T17 
M13,  
SC13 

Pt 1T17 Semi-C13 1T17 Semi-C13 1T17 
M13, 
SM38 

Semi-C: semiconductor, M: metal, SM: semimetal, SC: superconductor,  
CDW: charge density wave, TI: topological insulator, FM: ferromagnetic,  
MR: magneto resistant 
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number (d6) of valence electrons in its unit cell. The observed metallic nature of MTe2 is due 

to overlap in the band states, like Te in group IV13. 

In addition to metal, semiconductor and semi-metal properties, some TMDCs also exhibit 

superconducting, charge density wave (CDW), and magnetic properties depending on the 

elements and phase. For example, both 2H-NbS2 and 3R-NbS2 are metallic and have CDW, 

but only the former has superconducting behavior18, while, on the other hand, the only 

stable phase 1T of PdTe2 is superconducting and does not exhibit CDW. CDW is a 

phenomenon observed in metallic layered 2D and quasi-1D materials (discussed in the 

upcoming section), such as TMDCs (also in TMTCs). It is a periodic modulation of electrons, 

which creates a standing wave of charge within a material. Usually, CDW is accompanied by 

the periodic distortion of the atomic lattice, also known as Peierls distortion, which can 

influence the electric properties like opening an energy band gap at the Fermi level19. Some 

of the more unique TMDCs are VS2, VSe2 and WTe2, as the former two being 2D 

ferromagnetic materials. At the same time, a recent discovery shows the latter to exhibit 

extremely positive magnetoresistance (i.e., resistivity increases under external magnetic 

field) at low temperature (<4.2 K) using low magnetic field20. In addition to ferromagnetic 

properties, VS2 has been observed to exhibit negative magnetoresistance (i.e., resistivity 

decreases under external magnetic field)21. 

In addition, within a single phase of the material, say in 2H-MoS2 and 2H-WS2, the 

semiconducting nature with an indirect band gap in its bulk form can be changed to the 

direct band gap semiconductor by thinning of the layers to a single monolayer39. This change 

in band structure with reducing layer thickness is caused primarily by the increasing indirect 

band gap near the Γ point of the Brillouin zone, while the direct band gap near the Κ point 

remains unaffected40. On the contrary, ReX2 systems: 1´T-ReS2 and 1´T-ReSe2 are direct 

band gap semiconductors, independent of their layer thickness41,42. 

Summarizing, TMDCs provide significant variation in functional properties depending on 

the material phase, elements and thickness, offering wide options in terms of application. 

2.1.2 Transition Metal Trichalcogenides (TMTCs) 

The TMTCs (MX3) are layered, quasi-one-dimensional (quasi-1D) materials, with a 

transition metal to chalcogenide ratio of 1:343,44. Similar to TMDCs, these TMTCs exhibit a 

wide range of properties such as semiconductor, metal, CDW, etc. On the other hand, such 

similarity does not pertain when it comes to crystal structures and dimensionality. It is also 
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important to note that TMTCs, compared to TMDCs, are little explored in terms of synthesis, 

implementation, and applications. 

 

Figure 2.4 (a) Shows the two types of chalcogenide atoms, one chalcogenide atom (black) 
share 2 electrons with the transition metal atom, while the other two chalcogenides (blue) 
share 2 electrons amongst them (view down b-axis). (b) The image shows one block of the 
trigonal-prismatic metal coordination in TMTCs. (c) Cross-section view of the two-layer 
TMTCs structure with a van der Waals gap in between. (d) Stacking of trigonal-prismatic 
blocks on each other forming quasi-1D chains along the b axis. 

One of the primary differences between TMDCs and TMTCs is the number of 

chalcogenide atom types. The TMDC structures have only one type of chalcogenide atoms, 

each sharing 2 electrons, TMTCs have two types of chalcogenide atoms. One chalcogenide 

atom shares 2 electrons (like in TMDCs) while the other two chalcogenides atoms 

(chalcogenide-chalcogenide [X-X] pair) share 2 electrons among them, see Figure 2.4a. 

Comparable to TMDCs, the oxidation state of transition metal in TMTCs is +4 with the 

structural formula (M)+4X-2(X2)-2 44. The two oxidation states of chalcogenide atoms can be 

differentiated using XPS studies, where each X species type separately exhibit two doublets. 
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For a stoichiometric material, the integrated peak area ratio between X-2:(X2)-2 species is 

1:2, and the latter ((X2)-2 species) has the higher binding energy45. 

The TMTCs, similar to TMDCs, are composed of MX6 units but with only one metal 

coordination geometry: trigonal-prismatic, as illustrated in Figure 2.4b and c46. This 

arrangement consists of a non-equivalent triangular base of three chalcogenide atoms with 

one side (chalcogenide-chalcogenide pair) much shorter than the other two43,44. The 

coordination number of the transition metal atoms occupying the center of the trigonal-

prismatic prism is 8 rather than 6, as they bond with two chalcogenides of the neighboring 

chains (see Figure 2.4c) within a monolayer47,17. 

These trigonal-prismatic MX6 units, when stacked on top of each other, form infinite 

metal-metal chains, which usually run along the b axis, as shown in Figure 2.4d. These 

transition metal chains along the b axis are responsible for the quasi-one-dimensional 

character of TMTCs. A monolayer of TMTC consists of two such 1D transition metal chains, 

as the second chain is translated by b/2, as illustrated in Figure 2.4d43,44. Such 1D metal 

chains create an added anisotropy between a and b axes in terms of material properties 

and growth48,49,50,51,52. 

In general, TMTCs exist in three crystal structures types known as ZrSe3, TaSe3, and NbSe3 

types43,44. They are classified into three types based on the complexity of the structures 

such as one, two, and three different chains within a unit cell, where each chain is repeated 

twice, as shown in Figure 2.543,44. The different chain type is defined by the bond length of 

the X-X atoms (chalcogenide-chalcogenide pair), as illustrated by different colors. The ZrSe3 

structure contains one chain type (with light grey X-X atoms in Figure 2.5) and is the most 

common TMTCs structure observed in all group IV transition metals and in NbS3, see Table 

2.3. The TaSe3 structure contains two chain types (chains are differentiated by light grey 

and light green X-X atoms in Figure 2.5) and observed only by itself. The NbSe3 structure 

consists of three chain types (chains are differentiated by light grey, light green and light 

blue X-X atoms in Figure 2.5), and this structure is observed by itself and TaS3. 

All TMTCs exist in monoclinic (space group: P21/m) structural symmetry, except for NbS3 

and TaS3. NbS3 and TaS3 have been reported to also exists in triclinic (space group: P1̅) and 

orthorhombic (space group: Cmcm) structural symmetry, respectively. Therefore, 

contradictory to TMDCs, except for TaS3 and NbS3, all the other TMTCs do not exhibit 

polymorphism, see Table 2.3. NbS3 has been reported to be the only TMTCs existing in more 

than two stable phases, as two of these phases were reported very recently53. Alike TMDCs,  
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Figure 2.5 The cross-section view of the three types of TMTC crystal structures along with a 
unit cell of each: ZrSe3, TaSe3, and NbSe3. The image also shows the three chain types. The 
three chain types are represented by three different colors for the X-X (chalcogenide-
chalcogenide) bond. The key difference between the three chain types is the X-X bond 
length (shown in the bottom). 
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Table 2.3 Overview of the TMTCs. The TMTCs are classified into transition metal groups 
and chalcogenides. Their corresponding crystal symmetry, structure type, and material 
properties (for TMDC with more than one polytypes/phase, the properties are not 
categorized per polytype/phase) are mentioned in the table. 
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Chalcogenide 

S Se Te 

IV 

Ti 
Mono61 
(ZrSe3  
type) 

Semi-C43     

Zr 
Mono61 
(ZrSe3  
type) 

Semi-C43 
Mono61 
(ZrSe3  
type) 

Semi-
C43 

Mono61 
(ZrSe3  
type) 

Semi-C55,  
M55,  
SM62,  
SC58,  
CDW56 

Hf 
Mono61 
(ZrSe3  
type) 

Semi-C48 
Mono61 
(ZrSe3  
type) 

Semi-
C48 

Mono22 
(ZrSe3  
type) 

M57,  
CDW57, 
SC57 

V 

Nb 

Mono53 
Tri63 
(ZrSe3  
type) 

Semi-C54,  
M54,  
CDW56,  
SC43 

Mono64 
(NbSe3  
type) 

M43,  
CDW56 

  

Ta 

Mono65 
Ortho66 
(NbSe3  
type) 

Semi-C46, 
M46,  
CDW56 

Mono66 
(TaSe3  
type) 

M43, 
SC43 

  

Mono: Monoclinic, Tri: Triclinic, Ortho: Orthorhombic 

Semi-C: semiconductor, M: metal, SM: semimetal, TI: topological insulator 
CDW: charge density wave, SC: superconductor, FM: ferromagnetic 
MR: magneto resistant 

the electrical properties of NbS3 change with different phases as NbS3-I is semiconducting, 

while NbS3-II is metallic54. 

Except for ZrTe3 and HfTe3, all the TMTCs in group IV (d0), containing transition metal Ti, 

Zr and Hf, are semiconductors. For ZrTe3, there is no consensus on whether the material is 

a metal, semiconductor or semi-metal55. Interestingly, TiS3 is unique in the sense that its 

direct band gap is independent of the thickness52. All group V (d1) TMTCs with Nb and Ta 

are metallic, with the exception of certain polymorphs of TaS3 and NbS3. Additionally, like 

TMDCs, several TMTCs also exhibit CDW: ZrTe3
56

, HfTe3
57, NbSe3

56, etc. and superconductor 

properties: ZrTe3
58, TaSe3

43, etc. While TMTCs exist for group IV and V transition metals, 
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there are also reports on synthesizing TMTCs with group VI transition metals such as MoS3 

and WS3 but not yet in crystalline form46,59,60. 

Interestingly, some of the TMTCs (TiS3 and NbS3) counterparts of TMDCs (TiS2 and NbS2) 

containing analogous elements have complementing properties, as one being a conductor 

while the other is a semiconductor.  

From a characterization point of view, TMTCs can be differentiated from TMDCs by 

various methods such as XPS (as mentioned earlier), Raman, XRD and TEM analysis, as will 

be discussed in Chapter 3 and 5. Unlike TMDCs, for TMTCs, a change in properties due to 

thinning from bulk to monolayer has not been reported, indicating there is a lot to be 

explored about TMTCs in terms of properties. 

2.2 Synthesis Techniques 

The TMCs synthesis methods can be generally categorized into two approaches, known 

as top-down and bottom-up. The top-down approach includes methods such as exfoliation, 

intercalation, etc., where the bulk material (found in nature or synthesized by bottom-up 

methods) is trimmed or carved down to few or monolayers. The bottom-up approaches 

consist of direct synthesis methods such as chemical vapor transport (CVT), chemical vapor 

deposition (CVD), etc. which can be further subcategorized into bulk and thin film growth 

methods. In this section, we discuss three bottom-up methods for synthesizing both TMDCs 

and TMTCs. First, CVT is discussed, which is a bulk growth method. This is followed by thin 

film growth methods such as CVD and atomic layer deposition (ALD). Many other methods 

like molecular beam epitaxy have been reported in the literature but mostly for TMDCs 

synthesis. The three methods to be discussed have also been utilized for the synthesis of 

TMTCs along with TMDCs. 

2.2.1 Chemical Vapor Transport (CVT) 

Chemical vapor transport is a bottom-up bulk synthesis technique where both transition 

metal and chalcogenide precursors in their elemental form are vacuum sealed inside an 

ampoule (quartz) with or without a transport agent, and to which a temperature gradient 

is applied67. The sealed ampoule is placed in a furnace and can be split into two zones (ends). 

A simple illustration of the CVT method is shown in Figure 2.6. The high temperature zone 

contains both the precursor (such as transition metal and chalcogenide) and a transport 
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agent (such as halogens, hydrogen halides, mercury halides, etc.), while the low 

temperature zone is where the crystal growth occurs. In general, the CVT process is 

reported to proceed in three stages67. First, in the high temperature zone, one or more solid 

precursors/ agents evaporate and volatilize other precursors. Second, transport of the 

volatile precursors happens, as these newly formed volatile species are transported from 

the high to the low temperature zone through diffusion in the temperature gradient. Third, 

the volatile precursors condense to form the final product. In the low temperature zone, 

the condensed precursors react to result in the crystal growth of the intended transition 

metal chalcogenide. This method results in high quality crystals (in terms of crystallinity) of 

up to a few cms in size5. 

 

Figure 2.6 Schematic illustration of the chemical vapor transport method. The starting 
transition metal (M) and chalcogenide (X) precursor in their elemental form are on the high 
temperature zone (left side) along with the transport agent (TA). The resulting TMC crystals 
are formed on the low temperature zone (right side). 

Using this synthesis method, TMDCs can be grown, and the control between various 

phases (e.g., 5 phases of TaSe2) can be achieved by controlling various parameters such as 

synthesis temperature, reaction time, and heating and cooling rate5,14. Additionally, this 

method is suitable for synthesizing TMTCs, and it is essential to note that thus far (in the 

literature), this has been the primary method to synthesize TMTCs46. When TMTCs are 

heated to higher temperatures, they decompose to TMDCs due to pyrolysis2. Therefore, key 

parameters such as temperature and chalcogenide partial pressure (or chalcogenide to 

transition metal ratio) must be optimized and controlled to achieve a phase-controlled 

stable synthesis between TMDC and TMTC68,69. Figure 2.7 simply illustrates the relation 

between processing temperature and chalcogenide partial pressure for the phase-

controlled synthesis of TMDCs and TMTCs by CVT. The TMTCs can only be synthesized at 

low temperatures and with high chalcogenide-to-transition metal precursor ratio (or high 

chalcogenide partial pressure); otherwise, TMDCs would be formed68. The typical 
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temperature to grow TMCs by CVT is highly dependent on the targeted material, 

composition and phase, and it can vary between 300 to 1200 °C. 

 

Figure 2.7 The importance of the two parameters: temperature and chalcogenide partial 
pressure on achieving phase-control between TMDC (MX2) and TMTC (MX3) is illustrated. 

CVT-grown TMCs crystals are the most commonly used material source for the 

commonly employed top-down mechanical exfoliation method to isolate mono to a few 

layers of TMC from their bulk form70. Following the successful isolation of graphene, similar 

isolation of monolayer TMDCs received considerable interest as their electrical properties 

change from indirect-band gap semiconductors in bulk to direct-band gap semiconductors 

in their monolayer form (e.g., both in MoS2 and WS2). Besides, this method (CVT + 

mechanical exfoliation) has also been used to fabricate vertical heterostructures consisting 

of various 2D TMDC materials71. This gives new flexibility and possibilities to synthesize 

novel materials with novel properties, which provides new application opportunities for 

these materials72,73. Nevertheless, this top-down method has limitations such as low 

scalability (wafer scale), poor reproducibility, low-yield, and residue/contamination issues74. 
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2.2.2 Chemical Vapor Deposition (CVD) 

Chemical vapor deposition is a bottom-up thin film synthesis method commonly used to 

deposit mono to a few layers of TMCs directly on a preferred substrate. The transition metal 

and the chalcogenide precursors are evaporated and carried within a reaction chamber by 

inert carrier gases (such as Ar, N2, etc.). The transition metal precursor used is in elemental 

or metal-halide or metal-oxide or metal-organic form, while the chalcogenide precursor is 

in elemental or metal-organic or gaseous form. Within the reaction chamber (hot zone), 

these precursors react to grow the final product on a target substrate. Also, note that CVD 

reactions can occur when creating a plasma consisting of the precursor species using a 

plasma source75. A simple illustration of a CVD process is shown in Figure 2.8. In general, 

the CVD process to grow TMCs proceeds in four stages75. First, both the precursors are 

heated and evaporated (vapor phase) into the carrier gas. Second, the reaction between 

the precursors takes place in the gas phase to produce the TMC compound. Third, the 

diffusion of the TMC compound from the carrier gas onto the target substrate occurs. 

Fourth, the TMC compound migrates over the surface and reacts with the surface to initiate 

nucleation and growth of the TMC layer. Hence, parameters such as flow rate of the carrier 

gas, concentration of the individual precursors, and their ratio along with growth 

temperature and target substrate govern the quality of the resulting film over a large area75. 

 

Figure 2.8 Schematic illustration of the chemical vapor deposition method. The starting 
transition metal (M) and chalcogenide (X) precursors in their elemental and/or (in-)organic 
compound form are placed up-stream. The reaction between the two precursors occurs in 
the gas phase to form the targeted TMC material (MX). The resulting TMC film growth 
occurs on the growth surface present down-stream within the high-temperature furnace 
zone (red). 

This method is primarily used for the synthesis of TMDCs (successfully growing most of 

them)14. This method also provides good phase control between different phases of a 

TMDC. For example, phase-controlled growth between 2H and 1´T phase of MoTe2 by CVD 
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has been demonstrated76. The control over the various phases was achieved by carefully 

optimizing the previously mentioned process parameters such as temperature, flow, etc. 

On the other hand, this method has rarely been reported for the synthesis of TMTCs. For 

example, TiS3 growth by CVD has been reported in a few instances while primarily 

investigating TiS2 (TMDC) growth77,78,79. This method also provides advantages over the 

mechanical transfer method with improved yield and reproducibility along with low 

residues/ contamination issues. Hence, this method has advantages for direct fabrication of 

vertical as well as lateral 2D heterostructures71. Thus far, two main strategies are reported 

in the literature for heterostructure formation known as one-step and two-step CVD71. In 

the one-step method, the growth between two TMC (e.g., TiS2 Vs. NbS2) is controlled by 

varying the process temperature and flow as the function of time. In the two-step method, 

which is also the most commonly used approach among both, the second TMC (e.g., NbS2) 

film growth is carried out on a substrate containing previously CVD grown TMC (e.g., TiS2). 

It is important to note that CVD also has limitations in individual film growth and in 2D 

heterostructure formations, such as relatively poor uniformity and thickness control, as the 

reaction between the precursors takes place in the vapor phase before reaching the target 

substrate80. Additionally, the requirement of a high processing temperature (> 450 °C) is 

also not ideal for the direct implementation of CVD for TMC synthesis in (opto)electronics 

device processing flows on an industrial scale. 

2.2.3 Atomic Layer Deposition (ALD) 

Atomic layer deposition is a surface-controlled thin film synthesis method. The growth 

occurs in a saturated self-limiting cyclic way on the desired substrate, as both transition 

metal and chalcogenide precursors are introduced into the reaction chamber in a step by 

step manner separated by a purge step. A simple illustration of an ALD process is shown in 

Figure 2.9, which consists of two half-cycles: each has a precursor exposure step followed 

by a purge step81. In the first half-cycle A, the transition metal precursor in metal-halide/ 

metal-organic form is exposed to react with the surface functional groups and gets 

adsorbed on the starting surface. In the following step, the reaction by-products, along with 

the excess of unreacted precursor molecules, are purged away from the reaction chamber 

using an inert gas. In the second half-cycle B, the chalcogenide precursor in the form of 

metal-organic/ gaseous/ plasma species is exposed to react with the adsorbed transition 

metal precursor to produce the final intended TMC film. This is followed by a purge step to 

remove the reaction by-products and the remaining precursor species. Due to the step by 

step exposure of the precursors, the reaction between the precursors occurs only on the 
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target surface with no vapor/ gas phase reaction, avoiding CVD reactions. In both half-

cycles, adsorption of the precursor molecules/ species reach saturation once most (due to 

the steric hindrance effect, not all surface sites are occupied with precursor molecules) of 

the surface functional groups are occupied. Therefore, due to its self-limiting nature, ALD 

provides excellent uniformity over a large area (wafer scale) along with conformality over 

complex 3D substrates82. As a result of the cyclic nature, it provides ultimate control over 

the thickness down to the Ångström level. In general, ALD requires low-processing 

temperature (< 450 °C), which is an advantage for the integration of ALD into industrial 

process flows and therefore provides an edge over the other thin film synthesis 

techniques82. However, thus far, in terms of TMC film quality, ALD produces amorphous or 

polycrystalline films with grain size in the range of 10-300 nm depending on the process 

parameters such as deposition temperature and transition metal/ chalcogenide precursors. 

Based on the coreactant used, ALD processes can be grouped into two methods: thermal 

ALD and plasma-enhanced ALD (PE-ALD)83,84. Note that in the literature, the latter method 

is also known as plasma-assisted ALD (PA-ALD)85,86–89. In the thermal ALD case, the co-

reactant utilized in the process is a gas or vapor such as H2S gas, O2, O3 or H2O, etc., while 

in the latter cases, plasma such as H2S or O2 plasma, etc. containing ions, radicals, photons, 

and electrons is used as co-reactant89. In relation to thermal ALD, PE-ALD provides benefits 

such as broader precursor choice (therefore, depositing more materials are feasible) along 

with high growth rates and better film quality at low synthesis temperature, due to 

additional plasma species90. PE-ALD also offer tunability of material properties such as 

composition and phase, as discussed in Chapter 3 and 5. 

As a direct synthesis method for TMCs, ALD has gained interests lately, as it provides 

precise thickness control over a large area. This method has reportedly synthesized a wide 

range of materials such as MoS2
91–131, MoSe2

132,133, WS2
134–149, WSe2

150,151, ReS2
152, TiS2

153–

155,138, HfS2
156 and ZrS2

156 successfully using both metal-halide and metal-organic as the 

transition metal precursors. The most common chalcogenide coreactant being H2S and H2Se 

gas, in addition to these, other coreactant such as H2S plasma, S(SiMe3)2, MeSSMe, 

Se(SiMe3)2, etc. have also been reported. Thermal ALD of TMDCs has been the most 

common approach, as all the above-mentioned TMDCs have been synthesized using this 

process, with the exceptions of MoS2 and WS2, where the PE-ALD process using H2S plasma 

have also been reported.  
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Figure 2.9 Schematic illustration of the atomic layer deposition method. The reaction 
consists of the two half-cycles A and B. In the first half-cycle (A), the transition metal 
precursor is dosed into the reactor chamber. The transition metal atoms and surrounding 
ligands are represented in red and green spheres, respectively. The transition metal 
precursor reacts with the surface groups on the starting surface and gets adsorbed. The 
remaining precursors, along with the reaction products, are purged away in the following 
step. In the second half-cycle (B), the chalcogenide precursor is dosed to react with the 
adsorbed transition metal precursor and form the TMC material. The chalcogenide 
atoms/precursors are represented in the dark grey sphere. This is followed by a second 
purge step to remove the excess chalcogenide precursor along with the reaction products. 
This AB half-cycles can be repeated to continue to deposition of TMC. 

Similar to the deposition of other materials by ALD, the growth rate or growth per ALD 

cycle (GPC) for TMDC depositions are lower than a monolayer thickness. For TMDCs, this is 

typically one to two orders of magnitude lower than a TMDC monolayer thickness (~6-7 Å). 

Therefore, depending on the GPC, it might take around 10-100 ALD cycles to reach one 

monolayer thickness, while it requires more than that to achieve a completely closed layer. 

Morphology and film quality of the ALD grown TMDCs are highly selective to the processing 

conditions. In some cases, rough film morphology has been reported with growth 

orthogonal to the substrate, known in the literature as fins or out-of-plane-orientation 

growth (see chapter 3 and 4). However, the origin of fin formation is yet to be understood. 



2.2 Synthesis Techniques  43 
 

These rough fin structures are preferred for catalytic applications, especially in 

semiconducting group VI TMDCs where only edge sites are catalytically active. 

Thus far, almost all ALD processes are for synthesizing semiconducting TMDCs with few 

reports on synthesizing metallic TMDCs (TiS2). On the other hand, prior to this work in 

chapter 3 and 5 syntheses of TMTCs by ALD has not been reported to the best of our 

knowledge. Here similar to the CVT method (Figure 7), the phase-controlled synthesis 

between TMDCs and TMTCs was obtained by both controlling the temperature and 

chalcogenide (coreactant mixture/ composition) using metal-organic precursor and both 

H2S gas (thermal ALD) as well as H2S plasma (PE-ALD) as coreactant. Additionally, as lower 

processing temperatures are favorable for TMTC formation, ALD known for its low 

deposition temperatures would be suitable for TMTC deposition, as will be discussed in 

chapter 3 and 5. 

ALD can also be used to fabricate 2D heterostructures as it would provide advantages 

such as precise thickness control of individual layers independently at a low-processing 

temperature over a large area along with good conformality on a 3D substrate. While ALD 

has been studied to directly grow 2D vertical heterostructures consisting of 2D non-TMDCs 

layered materials157–159, chapter 4 discusses that ALD can also be used to grow 2D TMDC 

vertical heterostructures with precise control of individual material layer thickness at low 

deposition temperatures. Conformal growth of 2D TMDC vertical heterostructures over a 

3D structure is also shown in chapter 4. Additionally, 2D heterostructures consisting of 

TMDC-TMTC has not yet been explored experimentally to the best of our knowledge. 

Chapter 5 shows that the ALD toolbox can be extended to synthesize 2D vertical 

heterostructures consisting of both TMDC and TMTC at a constant processing temperature. 

An alternative indirect approach for the synthesis of TMCs using ALD (also includes other 

methods such as CVD, evaporation, etc.) is known as chalcogenization in which transition 

metal/ transition metal oxide films are annealed and chalcogenized at higher temperatures. 

For example, an ALD grown WOx film is sulfurized using H2S gas at 800 °C to form WS2
160. 

Similar to direct ALD of TMDCs, this indirect approach has been primarily reported for 

synthesizing semiconducting TMDCs based on Mo and W160–173,174,131,175. It is important to 

note that in this approach, ALD acts as the primary method to control the thickness, 

uniformity, and conformality of the final TMDC material formed by chalcogenization of the 

ALD grown transition metal oxide at a high temperature (> 450 °C). In chapter 6, this 

approach has been extended to metallic TMDC for the first time to the best of our 
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knowledge, to form NbS2 by sulfurization of ALD grown Nb2O5 (chapter 7) within a tube 

furnace using H2S gas at high temperature.
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Low-Temperature Phase-Controlled 
Synthesis of Titanium Di- and Tri-
sulfide by Atomic Layer Deposition 

 

Phase-controlled synthesis of two-dimensional (2D) transition metal chalcogenides (TMCs) at low 

temperatures with a precise thickness control has to date been rarely reported. Here, we report on 

a process for the phase-controlled synthesis of TiS2 (metallic) and TiS3 (semiconducting) nano-layers 

by atomic layer deposition (ALD) with precise thickness control. The phase-control has been 

obtained by carefully tuning the deposition temperature and coreactant composition during ALD. In 

all cases, characteristic self-limiting ALD growth behavior with a growth per cycle (GPC) of ~0.16 nm 

per cycle was observed. TiS2 was prepared at 100 °C using H2S gas as coreactant and was also 

observed using H2S plasma as a coreactant at growth temperatures between 150 and 200 °C. TiS3 

was synthesized only at 100 °C using H2S plasma as the coreactant. The S2 species in the H2S plasma, 

as observed by optical emission spectroscopy, has been speculated to lead to the formation of the 

TiS3 phase at low temperatures. The control between the synthesis of TiS2 and TiS3 was elucidated 

by Raman spectroscopy, X-ray photoelectron spectroscopy, high-resolution electron microscopy, 

and Rutherford back scattering studies. Electrical transport measurements showed the low resistive 

nature of ALD grown 2D-TiS2 (1T-phase). Postdeposition annealing of the TiS3 layers at 400 °C in a 

sulfur-rich atmosphere improved the crystallinity of the film and yielded photoluminescence at ~0.9 

eV, indicating the semiconducting (direct band gap) nature of TiS3. The current study opens up a 

new ALD-based synthesis route for controlled, scalable growth of transition metal di- and tri-

chalcogenides at low temperatures. 

                                          ___________________________________ 

Saravana Balaji Basuvalingam, Yue Zhang, Matthew A. Bloodgood, Rasmus H. Godiksen, Alberto G. Curto, Jan P. 

Hofmann, Marcel A. Verheijen, Wilhelmus M. M. Kessels, and Ageeth A. Bol, Chem. Mater. 31, 22 (2019) 
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3.1 Introduction 

Since the isolation of monolayer graphene, two-dimensional (2D) materials such as the 

transition metal di-chalcogenides (TMDCs) have shown interesting electrical and optical 

properties1. TMDCs consist of a transition metal (such as Mo, W, Ti, Nb, etc.) paired with a 

chalcogenide (S, Se and Te) forming a layered structure in which the layers are held together 

by weak van der Waals forces. Besides TMDCs there is an alternative class of low-

dimensional materials that consist of similar elements as TMDCs. This class of materials is 

known as the transition metal tri-chalcogenides (TMTCs) and consists of quasi-1D materials 

possessing an added degree of freedom that results in a strong electrical and optical in-

plane anisotropy2,3. The TMTCs are known for the groups IV, V and VI transition metals (such 

as Ti, Hf, Nb, etc.) and are predominantly semiconducting in nature2–6. The electrical 

properties vary between di- and tri-chalcogenide systems containing analogous elements. 

For example, TiS2 and NbS2 are considered a semi-metal and metal, respectively, whereas 

TiS3 and NbS3 are both semiconductors. Therefore, controlling phase transitions between 

TMDCs and TMTCs during synthesis allows for direct tailoring of the electrical characteristics 

of these low-dimensional materials. This phase-control could offer new possibilities for 

device fabrication. 

Titanium sulfide (TiSx) is one of the systems that could provide an excellent framework 

for phase control during synthesis. TiS2 has been studied extensively for batteries7, optics8, 

and thermoelectric material9 applications and has been synthesized by various techniques 

such as chemical vapor transport (CVT)10, chemical vapor deposition (CVD)11–15, atomic layer 

deposition (ALD)16–18, and wet chemical synthesis19. Interestingly, the electrical properties 

of TiS2 have been under debate for the last few decades, with hypotheses from both theory 

and experimental results splitting between a semiconducting, metallic or semi-metallic 

nature20,21. Recently, TiS2 has been considered as a degenerate, small-gap semiconductor 

or a semi-metal owing to its high conductivity and optical absorption properties22. 

Conversely, TiS3 has a direct band gap in the infrared region (0.9-1 eV) irrespective of its 

thickness and is the only known TMTC possessing a direct band gap3. This makes TiS3 an 

ideal candidate for (opto)electronics applications23,24. It is known from the literature that 

TiS3 is much more difficult to synthesize, with reports predominantly using CVT methods3 

with a few instances of CVD13,25, 26. CVT is a technique where elemental Ti and S are sealed 

inside a quartz ampoule and placed inside a furnace for synthesis making this a non-scalable 

(i.e., not wafer-scale), relatively high temperature, and are time-consuming technique3–5,27. 
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In TiSx CVT synthesis,10 phase-control can be attained by carefully modulating both the S 

to Ti ratio and the process temperature. TiS2 is obtained with an initial S to Ti ratio of 2, 

whereas TiS3 is obtained by maintaining a S to Ti ratio above 3. Temperature is also 

important due to pyrolysis of S from TiS3 above 550 °C. Thus, TiS3 must be synthesized at or 

below 550 °C. A significant drawback of the CVT technique is that it requires days to weeks 

at high temperatures (> 450 °C) for growing large crystals (> 1 cm), which can be 

subsequently used to mechanically exfoliate 2D flakes of only several microns in size. Thus, 

a technique to rapidly synthesize both TiS2 and TiS3 over a large area (wafer-scale) with high 

uniformity and controlled thickness would be very beneficial for nanoelectronic 

applications. 

In this work, using atomic layer deposition (ALD) as a synthesis technique, we address 

the challenges associated with other synthesis methods. The ALD method has advantages 

such as precise thickness control and conformal growth over a large area28,29. In addition, 

most ALD processes are performed at low temperatures (<450 °C) which are favorable for 

device manufacturing schemes29–31. Recently, interest in controlling the phase as well as the 

composition of metal-oxide based materials has been made viable by ALD32–34. Therefore, 

ALD could serve as the ideal technique for synthesizing both TMDCs and TMTCs over a large 

area at low temperatures with precise thickness control. Previously, TiS2 has been reported 

to be synthesized by ALD using TiCl4 and H2S with a growth per cycle (GPC) between 0.15 

and 0.5 Å depending on deposition temperature16,17. Recently, ALD of amorphous TiS2 has 

been reported by Nam et al.18 using tetrakis (dimethylamido) titanium and H2S at a 

deposition temperature between 120 and 180 °C with a GPC of ~0.5 Å. They also reported 

the surface oxidation of TiS2 after exposure to the ambient conditions. On the other hand, 

so far to the best of our knowledge TiS3 has not been synthesized by ALD. 

This work describes a scalable, low temperature ALD synthesis route with control over 

the phase of titanium sulfide (TiSx). The effect of varying the sulfur coreactant and the 

deposition temperature on the phase of the deposited material is studied using an extensive 

array of characterization techniques (Raman spectroscopy, transition electron microscopy 

(TEM), X-ray photoelectron spectroscopy, and Rutherford backscattering spectrometry 

(RBS)). Our work shows that ALD is well suited for obtaining both metallic TiS2 and 

semiconducting TiS3 in a temperature range of 100 to 200 °C. By tuning the temperature 

and the sulfur coreactant in this temperature range, we demonstrate control over the 

phase. 
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3.2 Experimental Details 

3.2.1 Film Growth 

The TiSx thin films were deposited by ALD using an Oxford Instruments Plasma 

Technology FlexAL ALD reactor. The base pressure of the system was 10-6 Torr and the 

reactor was equipped with a remote inductively coupled plasma source (ICP, 13.56 MHz). 

The deposition temperature was varied between 100 and 200 °C. The reactor was a warm 

wall reactor where the wall temperature can be varied from room temperature to a 

maximum of 150 °C, independently of table temperature. For depositions below 150 °C, 

both the table and wall temperatures were maintained at equal temperatures, whereas for 

depositions above 150 °C, only the table temperature was varied while the wall 

temperature remained at 150 °C (maximum wall temperature). The metal-organic 

precursor tetrakis (dimethylamido) titanium (TDMAT) (Sigma-Aldrich Chemie BV, 99.999 % 

pure) was kept in a stainless steel bubbler at 50 °C, and was bubbled using Ar as the carrier 

gas. In the first half-cycle, the precursor was dosed into the reactor using Ar as the carrier 

gas and the pressure was maintained at 80 mTorr. During the second half-cycle, a gas 

mixture of Ar and H2S (both >99.98 % pure) with 10 and 40 sccm, respectively was used as 

co-reactant in the case of thermal ALD. In the case of plasma-enhanced ALD (PE-ALD), H2S:Ar 

plasma with the aforementioned gas ratio was used as coreactant and an ICP power of 200 

W was applied to ignite the plasma. Ar (300 sccm) was used as the purge gas after the 

precursor as well as the coreactant dose steps in both the ALD processes. The thin films 

were deposited on Si substrates covered with approximately 450 nm thermally grown SiO2. 

In some cases, post-deposition annealing of the ALD grown film was conducted in a sulfur 

atmosphere in a tube furnace. The sample was placed at the center of a quartz tube. After 

loading sulfur powder on a quartz boat (500 mg, 99.98 %, Aldrich), which was situated 

upstream, the tube was sealed and Ar (50 sccm) was flown downstream as the carrier gas. 

The furnace was heated up to the target temperature (400 °C) with a heating rate of 10 

°C/min. Meanwhile, the sulfur powder situated upstream of the tube was heated to 170 °C 

by heating tape. The sample was annealed at 400 °C for 3 h and then cooled down naturally 

in Ar to room temperature. 
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3.2.2 Analysis Techniques 

Spectroscopic ellipsometry (SE) was used to investigate the film growth in-situ where the 

film thickness was measured as a function of the number of ALD cycles. A J.A. Woollam Co., 

Inc., M2000U with a rotating compensator having a photon energy range of 0.7-5 eV was 

used. The film thickness was modeled using a B-spline oscillator (the film thickness was 

verified using cross-section scanning electron microscopy (SEM)). Raman spectroscopy was 

performed on a Renishaw inVia system using a 514 nm excitation laser in the ambient 

environment. X-ray photoelectron spectroscopy (XPS) was used to determine both the 

elemental composition and valence band spectra of synthesized thin films. A Thermo 

Scientific KA1066 spectrometer with monochromatic Al Kα (hν = 1486.6 eV) X-ray radiation 

was employed. The crystallinity of the thin films was studied by X-ray diffraction (XRD) with 

a PANalytical X´Pert Pro MRD analyzer, using a Cu Kα (λ = 1.54 Å) X-ray source. The surface 

morphology of the films was investigated by scanning electron microscopy (SEM) using a 

Zeiss Sigma with an in-lens detector and operating at an acceleration voltage of 3 kV. The 

thin film microstructure was studied using transition electron microscopy (TEM) and 

scanning transmission electron microscopy (STEM) with a JEOL ARM 200F operated at 200 

kV. For TEM/STEM studies, the films were grown on Si3N4 TEM windows coated with ~5 nm 

ALD SiO2. The selected area electron diffraction (SAED) patterns were acquired from a 1.3 

μm diameter area on each sample. For cross-section TEM/STEM, a thin lamella (~100 nm) 

was prepared by a focused ion beam (FIB) using the lift-out preparation procedure. To 

protect the post-deposition annealed TiS3 film during lamella preparation, a SiO2 layer was 

deposited on the top by electron-beam induced deposition. High-angle annular dark-field 

STEM (HAADF-STEM) combined with energy-dispersive X-ray spectroscopy (EDX) was used 

to study the chemical composition of the post-deposition annealed TiS3 films. Rutherford 

backscattering spectrometry (RBS) and elastic recoil detection (ERD) measurements were 

used to determine the composition and purity of the thin films. The measurements were 

conducted by Detect 99 B.V. Eindhoven, The Netherlands with a 2 MeV He+ beam source 

containing two detectors at scattering angles of 105° and 170°. Optical emission 

spectroscopy (OES) of the H2S:Ar plasma was performed using a USB4000 spectrometer 

from Ocean Optics with a wavelength range of 180-1100 nm mounted vertically on top of 

the plasma source. Resistivity measurements were performed ex-situ and at room 

temperature using a Signatone four-point probe in combination with a Keithley 2400 

sourcemeter acting both as a current source and as a voltage meter. The resistivity of the 

thin films was determined from the slope of the I-V curve. The near-infrared (NIR) 

photoluminescence (PL) measurements were conducted using an inverted microscope in an 
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epi-illumination geometry with an objective lens (50X Mitutoyo M Plan NIR Infinity 

Corrected, NA = 0.42) and a 2.040 eV excitation continuous wave laser. The PL spectra were 

recorded using an Andor Shamrock 163 spectrometer and an Andor iDus 1.7 µm InGaAs 

camera. 

3.3 Results and Discussion 

Phase-control between TiS2 and TiS3 during CVT has previously been observed to obey the 

following empirical relationship35: 

log P(Torr) =10.42 (±0.42) – 6850 / T(K) (±340), 

where P corresponds to the partial pressure of sulfur and T corresponds to the 

synthesis/system temperature. This relationship indicates the sulfur partial pressure at 

which the pyrolysis of TiS3 to TiS2 is favored at a given temperature and therefore illustrates 

the minimum partial pressure of S required at a given temperature to synthesize TiS3. Thus, 

these two variables can be modulated accordingly to achieve phase-control between TiS2 

and TiS3. This forms the basis for studying the effects of H2S as a coreactant and the 

deposition temperature during the ALD process. 

The effect of the coreactant sulfur species was studied by comparing H2S plasma (PE-

ALD) and H2S gas (thermal ALD) as the coreactant at a deposition temperature of 100 °C for 

~30 nm thick TiSx thin films. The schematic representation of one complete ALD cycle as a 

function of time is shown in Figure 3.1(a). In the case of PE-ALD, power was applied to the 

ICP source to ignite the plasma during the H2S:Ar coreactant step as shown in Figure 3.1(a), 

whereas in the case of thermal ALD the ICP source was turned off. The film thickness as a 

function of the number of ALD cycles as measured by in-situ SE is shown in Figure 3.1(b). 

The growth per cycle (GPC) was calculated by taking the slope of the curve in the linear part. 

Both the PE-ALD and the thermal ALD processes have a GPC of ~1.6 Å, and exhibit typical 

ALD linear growth behavior with precise thickness control from monolayer to bulk. The self-

limiting saturated growth behavior was observed for both ALD processes at a deposition 

temperature of 100 °C (appendix 3 Figure A3.1). In the first half-cycle, the TDMAT precursor 

dose reached saturation around 4 s for both ALD processes. In the second half-cycle, in the 

case of PE-ALD, the H2S: Ar plasma exposure reached saturation around 25 s. Although 

plasma exposure reached saturation around 25 s, a plasma exposure of 30 s was used during 

the film deposition to ensure uniform growth over a large area. In the case of thermal ALD,  
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Figure 3.1 (a) Schematic of one complete ALD process cycle implemented at all investigated 
temperatures. Plasma power was ON for PE-ALD, while it was OFF for thermal ALD. (b) Film 
thickness as a function of the number of ALD cycles measured using in-situ SE for PE-ALD 
grown films at deposition temperatures between 100 and 200 °C, and also for a thermal 
ALD film grown at 100 °C. Raman spectra of (c) PE-ALD and (e) thermal ALD grown films at 
100 °C deposition temperature and also the corresponding TiS3 and TiS2 vibration peaks. 
The peak at 520 cm-1 is of the Si substrate. S2p XPS spectra of (d) PE-ALD and (f) thermal 
ALD grown films at 100 °C deposition temperature. In (d) the (dark grey) doublet peaks 
correspond to S2- atoms and the (light grey) doublet peaks at higher energy correspond to 
(S2)2- atoms of TiS3 (Ti4+(S2)2-S2-). (g, h) Crystal structures of two TiS2 and TiS3 monolayers, 
where the respective thickness of one monolayer is indicated. 
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a 30 s dose time of H2S: Ar gas was chosen to have a fair comparison with the PE-ALD process 

and the chosen dose time was observed to be in the saturation regime as well. 

Raman spectroscopy studies were conducted on the TiSx films deposited by both ALD 

processes at 100 °C. For the film deposited by PE-ALD, four vibrational peaks at 170, 295, 

360 and 550 cm-1 were observed. These four vibrational peaks correspond to the four A1
g-

type (Figure 3.1(c)) Raman modes of TiS3
36. Interestingly, the Raman spectrum for the film 

deposited by thermal ALD had only two vibrational peaks at ~230 and ~330 cm-1 with a 

shoulder peak at ~380 cm-1. The two vibrational peaks at 230 cm-1 and 330 cm-1 observed 

for thermal ALD (Figure 3.1(e)) film correspond to the Eg and A1
g Raman modes of 1T-TiS2, 

respectively37. These findings indicate that phase-controlled synthesis of TiS2 and TiS3 can 

be attained with ALD by switching between H2S gas and H2S plasma in the coreactant step 

at 100 °C. 

The chemical composition and binding environments in the deposited films were then 

investigated using XPS analysis. The as-deposited films had some C and O contamination at 

the surface due to exposure of the films to ambient conditions after deposition. However, 

the bulk of the films was free from C and O impurities. The XPS spectra obtained were 

calibrated by setting the C–C peak to 248.8 eV in the C1s spectrum. The S2p spectrum of 

the PE-ALD grown film at 100 °C contains two doublets (Figure 3.1(d)): one at 161.1 eV and 

162.3 eV (dark grey), and the other at 162.4 and 163.6 eV (light grey). In comparison to the 

literature, the lower energy doublet at 161.1 eV and 162.3 eV corresponds to the S2p3/2 and 

S2p1/2 spin-orbit doublet of an isolated S2- species, and the second doublet at 162.4 and 

163.6 eV corresponds to the spin-orbit doublet of (S2)2-
 (also known as a S–S pair). This is 

consistent with the TiS3 formula written as Ti4+(S2)2-S2- 38. The presence of both doublets 

could also be due to the presence of a mixed phase of both TiS2 and TiS3, but the Raman 

spectrum from Figure 3.1(c) showed vibration modes of only TiS3, indicating a lack of TiS2 in 

the film. Additionally, the fitted peak area ratio of (S2)2-:S2- was calculated to be 2.5:1 which 

indicated the presence of excess (S2)2- species in the film. From the XPS S2p peaks, it was 

determined that the excess S present in the film does not match the binding energy of any 

elementary S species such as S8, S4 etc. The S to Ti atomic ratio calculated from RBS 

measurements for a PE-ALD grown film at 100 °C further confirms the synthesis of TiS3 (see 

Table 3.1) with the incorporation of excess S (S/Ti ratio above 3). In contrast to the PE-ALD 

film, the films deposited by thermal ALD (Figure 3.1(f)) at 100 °C exhibited only one S2p 

doublet at 161.1 and 162.3eV (spin-orbit doublet of S2-) indicating the deposition of TiS2. 

The S to Ti atomic ratio calculated from RBS measurements also confirms that the TiS2 film 

obtained by thermal ALD is slightly S deficient (S/Ti ratio less than 2). The RBS and XPS 
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results confirm that we can obtain phase control during ALD by tuning the gas composition 

in the coreactant step. 

To better understand the conditions contributing to the phase-controlled synthesis of 

TiS2 and TiS3, OES was performed (Figure 3.2) to obtain insight into the chemistry of the 

H2S:Ar plasma. In the H2S:Ar plasma, S-containing species, including SH+ (at around 337 nm) 

and S2 (peaks between 280 and 610 nm) species, were detected along with the Ar and H 

species39,40. The contribution of S2 species in the OES spectrum (between 280 and 610 nm) 

is significant (see appendix 3 Figure A3.2, where Figure 3.2 is compared with the OES 

spectrum of H2:Ar plasma without S species). In the case of thermal ALD, the H2S:Ar gas (no 

optical emission in the gas phase) would most likely decompose into Ar and reactive H, SH 

and S species at the reaction surface41,42. By comparing both the cases, we hypothesize that 

the generation of S2 species in the H2S:Ar plasma could lead to the synthesis of TiS3 [Ti4+(S2)2-

S2-] where mojority of the sulfur exists as S–S pairs. A similar observation was made by 

Carmalt et al using CVD13, where TiS3 was synthesized only when a coreactant containing S2 

species was used. These S2 species, however, are not present in the case of H2S:Ar gas 

utilized during thermal ALD, which yielded only TiS2. 

 

Figure 3.2 Optical emission spectrum of the H2S:Ar plasma from PE-ALD with a gas flow of 
10:40 sccm. It shows the corresponding peak for SH+ (blue) and the range of peaks for S2 
(green) species along with H and Ar species (black). 
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Following the synthesis of TiS3 by PE-ALD at 100 °C, the effect of the synthesis 

temperature (second variable in the earlier mentioned empirical relationship) on the 

material´s phase/composition was studied by varying the deposition temperature in PE-ALD 

between 100 and 200 °C. In Figure 3.1(b), the film thickness as a function of the number of 

ALD cycles is shown for the investigated deposition temperatures. Linear growth was 

observed for deposition at 100 °C without any nucleation delay, whereas, for depositions at 

150 °C and 200 °C non-linear growth was observed. This non-linear growth can be ascribed 

to both the change in morphology of the film and the change in material phase (as will be 

discussed later). The GPC of the PE-ALD films increased from 1.6 Å at 100 °C to >2.0 Å at the 

higher temperatures, see Table 3.1. In comparison to the 100 °C film, the increase in GPC at 

higher temperatures is due to fin-like, out-of-plane oriented (OoPO) growth as will be 

discussed later (in Figure 3.4). Similar growth behavior and increased GPC with OoPO 

growth have been previously observed for PE-ALD grown MoS2
29. 

Raman spectra of the films grown at higher temperatures were compared to the 

previously studied, TiS3 film grown at 100 °C. Figure 3.3(a) shows the Raman spectra of the 

films deposited at 150 and 200 °C containing two vibrational peaks at 230 and 330 cm-1 

along with a shoulder at 380 cm-1 analogous to the Raman spectrum obtained for the TiS2 

film grown at 100 °C by thermal ALD (Figure 3.1(e)). These results demonstrate that phase 

control within the PE-ALD process was achieved between TiS2 and TiS3 by increasing the 

growth temperature, similar to that in CVT. In the PE-ALD process, the transition 

temperature of ~100 °C for TiS3 to TiS2 synthesis is very low in comparison to CVT (550 °C). 

Additionally, the XPS S2p spectra for the 150 and 200 °C films corroborate this result with 

the Figure 3.1(f). The S2p spectra of both films display only one doublet at 161.1 and 162.3 

eV (similar to thermal ALD grown films at 100 °C) corresponding to the spin-orbit doublet 

of S2- species indicating the deposition of TiS2. 

The valence band spectra of the films deposited by PE-ALD were also investigated using 

XPS analysis. The Fermi level (BE = 0 eV) was calibrated by measuring the Fermi edge of 

gold. At 100 °C four broad peaks (see Figure 3.3(b), black) at around 1.6, 4.5, 10.7 and 15.3 

eV binding energies (BE) were observed. Due to the hybridization by excess S–S pairs in TiS3, 

the two valence band peaks of TiS2 split to form four broad peaks38. The XPS valence band 

spectra for films deposited at 150 and 200 °C differed from the spectrum obtained at 100 

°C showing only two broad peaks at around 3.5 and 13 eV (Figure 3.3(b)). In comparison to 

the literature, the spectra for the films deposited at 150 and 200 °C correspond to the 

valence band spectrum of TiS2
38. These results further confirm that the phase-controlled 

synthesis of TiS2/TiS3 can be obtained by tuning the deposition temperature.  
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The composition and purity of the material were further determined using RBS 

measurements, see Table 3.1. The S/Ti ratio was measured to be 3.48 for the film deposited 

at 100 °C, whereas the S/Ti ratio for the films deposited at 150 and 200 °C was around 2 

with a small S deficiency (or excess Ti). Additionally, contaminants such as C and O were 

detected within the error limit (Table 3.1), confirming the high purity of the films similar to 

the XPS measurements. Interestingly, ERD revealed a significant amount of H impurities 

(~10 at.%) for the 150 and 200 °C films. The H may have most likely been incorporated from 

the plasma coreactant and/or precursor ligands. It could be possible to reduce the H 

impurities in the film by further optimizing the H2S:Ar plasma coreactant exposure time 

during the ALD cycle. 

 

Figure 3.3 (a) Raman spectra showing the vibration mode peaks and (b) XPS valence band 
spectra of PE-ALD grown films between 100 and 200 °C deposition temperature. (c) Grazing-
incidence X-ray diffraction (GI-XRD) patterns of the films deposited at various temperatures 
where the peaks corresponding to (001), (011), and (110) planes are mentioned. 

The crystallinity of the PE-ALD grown TiS3 and TiS2 films was investigated using grazing-

incidence (GI)-XRD. The GI-XRD pattern of the film deposited at 100 °C (TiS3) does not show 

well-defined peaks, indicating the formation of an amorphous film (Figure 3.3(c)). The films 

deposited at 150 and 200 °C, however, confirm the synthesis of crystalline 1T-TiS2
19. The 

strong peak around 2θ of 15° corresponds to the (001) plane of 1T-TiS2 and reveals a 

significant orientation effect. This orientation effect can be explained by a crystalline layer 

in which a strong majority of crystals have their basal planes of 1T-TiS2 oriented parallel to 

the substrate. This implies that below the OoPO structures visible in the SEM and TEM 

images (Figure 3.4), a continuous film of the aforementioned basal plane texture is present. 

The contribution of OoPO structures to the XRD pattern ((011) and (110) peaks) is small 

because of their limited volume fraction and random orientation with respect to the XRD 

detection geometry.  
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Additionally, the SAED pattern also shows the amorphous nature of the film synthesized 

at 100 °C (Figure 3.4(g)). Complementary to GI-XRD, the SAED patterns of the 150 and 200 

°C films display reflections of lattice planes oriented perpendicular to the substrates. As a 

result, for both 150 and 200 °C films (Figure 3.4(h&i)) high intensity (011), (110) and (010) 

rings are visible. The continuous nature of the rings confirms the polycrystalline nature of 

PE-ALD grown TiS2 films. The discontinuous (001) ring reflects the presence of only a few 

OoPO structures per probed area having their c-axis parallel to the film surface. 

Table 3.1 in-situ SE, RBS, ERD and Four-Point Probe measurements of PE-ALD deposited 
titanium sulfide thin film between 100 and 200 °C deposition temperatures. All films were 
~30 nm thick and the GPC was calculated by taking the slope of the linear region above 140 
cycles, see Figure 3.1(b). The atomic concentrations of O, C, and the S/Ti ratio were 
determined by RBS. The H content was determined by ERD. The resistivity was measured 
using the four-point probe method. 

 

GPC 

Å 

S/Ti 

Ratio 

O 

at.% 

C 

at.% 

H 

at.% 

Resistivity 

103 μΩcm 

100 °C 1.6 3.48 ± 0.02 1.4 ± 0.6 3.7 ± 0.9 1.3 ± 0.1 - 

150 °C 2.1 1.94 ± 0.01 1.7 ± 0.1 1.0 ± 0.1 10.1 ± 0.8 9 

200 °C 2.3 1.93 ± 0.01 0.6 ± 0.1 0.6 ± 0.1 9.8 ± 0.8 3.5 

Top-view SEM images (Figure 3.4(a-c)) display the morphology of the PE-ALD grown 

films deposited at all three temperatures. For the film deposited at 100 °C, no surface 

texture was observed. Similar to SEM, top-view TEM (Figure 3.4(d)) shows no lateral 

variation in the morphology (i.e., crystallinity and density) of the film. On the other hand, 

for the films deposited at 150 and 200 °C, top-view SEM images show OoPO structures, 

which can explain the high growth rate observed in the in-situ SE measurements. Analogous 

OoPO structures have been observed previously for other TMDCs like MoS2
29 and ReS2

43. A 

similar relation between the OoPO film morphology and increased GPC has been previously 

observed for MoS2
29. The top-view TEM images of films grown at 150 and 200 °C (Figure 

3.4(e&f)) confirm the OoPO morphology of the TiS2 film. The average distance between the 

2D layers was measured to be ~5.7 Å (Figure 3.4(e&f)), equivalent to the distance between 

two 1T-TiS2 layers (Figure 3.1(g))44. 
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Figure 3.4 Electron microscopy studies of the structure of PE-ALD films. The images (a,d,g), 
(b,e,h), and (c,f,i) correspond to films deposited by PE-ALD at 100, 150, and 200 °C, 
respectively. (a-c) Top-view SEM images showing the change in film morphology for various 
deposition temperatures. (d-f) Top-view TEM images showing the microstructure of the 
films, in (e) and (f) the layered structure of the OoPO structure in TiS2 film can be seen. The 
average measured distance between two layers is highlighted. (g) SAED patterns showing 
the amorphous nature of the film deposited at 100 °C. (h) and (i) SAED patterns showing 
the polycrystalline nature of the films deposited at 150 and 200 °C. 

The electrical resistivity of the PE-ALD deposited TiSx films was measured using a four-

point probe method. The resistivity of the TiS3 film deposited at 100 °C could not be 

measured due to its primarily amorphous nature, which could have yielded a high resistivity 
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value that was beyond the measurement detection limit. Table 3.1 shows the measured 

resistivity of the other films. The deposited TiS2 films exhibit a decrease in resistivity from 

9000 to 3500 μΩcm with the increase in temperature from 150 to 200 °C. From an 

application perspective, these low resistivity 1T-TiS2 films could be used as 2D contact 

materials with 2D semiconductors in device fabrication. (Note that the crystalline (by GI-

XRD) TiS2 film synthesized by thermal ALD at 100 °C has a resistivity of 2000 μΩcm). In 

summary, the effect of temperature on material composition, phase, morphology, and 

resistivity was studied in detail. All of the discussed characterization techniques confirm the 

synthesis of TiS3 at 100 °C and a transition to TiS2 at temperatures above 100 °C by PE-ALD. 

We also investigated the effect of deposition temperature by thermal ALD and observed no 

change in phase from TiS2 at all investigated temperatures. These studies, however, will be 

discussed in detail in Chapter 4. 

The crystallinity of the PE-ALD grown amorphous TiS3 film at 100 °C deposition 

temperature was improved by a post-deposition annealing step. To avoid oxidation to TiO2 

and pyrolysis to TiS2 during annealing, a sulfur-rich atmosphere was chosen for the 

annealing treatment of 3 h at 400 °C. The Raman spectra of TiS3 before and after annealing 

are compared in Figure 3.5(a). The four vibration peaks observed for the annealed film 

confirm that the TiS3 phase was preserved. Additionally, the red shift of the vibration peaks 

along with the reduced width of the peaks, indicated improved crystallinity of the film. 

Some surface oxidation to anatase TiO2 (~143 cm-1) was observed, probably due to the 

transfer of the sample through the air from the ALD chamber after deposition to the 

annealing furnace. The GI-XRD pattern (Figure 3.5(b)) of the annealed film also confirmed 

improved crystallinity and preservation of the TiS3 phase of the film, along with TiO2 (*) due 

to surface oxidation. Similar to the PE-ALD grown 1T-TiS2 crystalline films, a strong peak 

around 2θ of 10° corresponds to the (001) plane of TiS3 and indicates that basal planes of 

TiS3 are orientated parallel to the substrate. An average (vertical) crystal size of ~16 nm was 

calculated using the Scherrer equation45. 

A cross-sectional TEM image of the post-deposition annealed TiS3 film displays the 

layered crystalline nature of the post-deposition annealed TiS3 film (Figure 3.5(c)). Similar 

to the results from GI-XRD, the basal planes of TiS3 are oriented parallel to the substrate. 

An average (lateral) crystal size of ~50nm was measured from the cross-sectional TEM 

images. The corresponding EDX elemental mapping of the S, Ti and O are shown in Figure 

3.5(d-f), respectively. EDX mapping also further confirms the surface oxidation (to TiO2) of 

the film, and also shows the presence of a pure titanium sulfide phase below the oxidized 

surface.  Figure 3.5(g) shows a high-resolution HAADF-STEM image of a cross-sectional  
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Figure 3.5 (a) Comparison of the Raman spectra of PE-ALD grown TiS3 before (red, 
amorphous) and after annealing at 400 °C (blue). (b) GI-XRD pattern of the post-deposition 
annealed TiS3 film showing its crystalline nature with peaks corresponding to TiS3 (00l) 
planes. (c-f) TEM image showing a cross-section of the post-deposition annealed TiS3 film 
with corresponding EDX elemental mapping of Ti, S and O. The red (*) in (a), (b and (c) 
indicates the presence of anatase TiO2 due to surface oxidation. The white dashed line in 
(c) highlights the interface between TiO2 and TiS3. (g) High-resolution HAADF-STEM image 
shows the cross-section of post-deposition annealed TiS3 with atomic resolution. The 
average measured distance between two layers is highlighted. (h) Zoomed-in area (red box) 
from (g) with an atomic model of the TiS3 crystal structure overlaid on the STEM image. (i) 
PL spectrum demonstrating the semiconductor nature of the annealed film with an optical 
bandgap ~0.9 eV, compared with PL (red) of the fused silica substrate. 
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region in the post-deposition annealed crystalline TiS3 film. The average distance between 

the monolayers was measured to be 8.9 Å which is equivalent to the distance between two 

TiS3 layers reported in the literature46. In the zoomed-in inset (Figure 3.5(h)), an overlay of 

the TiS3 crystal structure viewed along the [010] zone axis is shown in the HAADF-STEM 

image. 

Finally, the semiconducting nature of the TiS3 after annealing was confirmed using NIR 

PL spectroscopy. Photoluminescence was observed to be centred around ~1400 nm (~0.9 

eV) after annealing (Figure 3.5 (i)), whereas it was not detectable before annealing. The 

position of the PL peak is close to the band gap of TiS3
47. Thus, the post-deposition annealing 

treatment of the PE-ALD grown amorphous TiS3 at 400 °C improves the quality and 

crystallinity of the TiS3 film. 

3.4 Conclusions 

We report on a low temperature ALD process with which the phase of titanium sulfide 

films can be precisely tuned between TiS2 and TiS3. The key to successful phase-control was 

to carefully tune the coreactant composition and deposition temperature. The generation 

of S2 species in the H2S plasma has been speculated to lead to the formation of amorphous 

TiS3 by PE-ALD at a deposition temperature of 100 °C. Above 100 °C, a transition to the 

formation of TiS2 occurs by PE-ALD. Electrical measurements show the low resistive nature 

of the TiS2 films. The crystallinity of PE-ALD grown TiS3 films was improved by adding a post-

deposition annealing step of 400 °C for 3 h. After annealing, NIR photoluminescence was 

observed at ~1400 nm, confirming the direct optical band gap of TiS3 at ~0.9 eV. This 

approach can potentially be extended to other transition metal di- and tri-chalcogenides, 

opening up new avenues for implementation of both transition metal di- and tri-

chalcogenides in nano- and optoelectronic device fabrication schemes. 
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Figure A3.1 Saturation curves for self-limiting PE-ALD (a&b) as well as thermal ALD (c&d) 
processes at 100 °C is shown in GPC as a function of (a&c) precursor (TDMAT as Ti 
precursor), (b) coreactant (H2S:Ar plasma) flow time & (d) coreactant (H2S:Ar gas) flow time, 
respectively. 
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Figure A3.2 The optical emission spectrum of the H2S:Ar (red curve) and H2:Ar (black curve) 
plasma from PE-ALD with both having a gas flow of 10:40 sccm. It shows the corresponding 
peak for SH+ (blue) and the range of peaks for S2 (green) species along with H and Ar species 
(black). 
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Conformal Growth of Transition 

Metal Dichalcogenide TiSx-NbSx 

Heterostructures over 3D substrates 

by Atomic Layer Deposition 

 

The scalable and conformal synthesis of two-dimensional (2D) transition metal dichalcogenide 

(TMDC) heterostructures is a persisting challenge for their implementation in next-generation 

devices. In this work, we report on the synthesis of 2D TMDC heterostructures consisting of TiSx-

NbSx on both planar and 3D structures using atomic layer deposition (ALD) at low temperatures 

(200-300 C). To this end, a new process was developed for the growth of 2D NbSx by thermal ALD 

using (tert-butylimido)-tris-(diethylamino)-niobium (TBTDEN) and H2S gas. This process 

complemented the TiSx thermal ALD process for the growth of 2D TiSx-NbSx heterostructures. 

Precise thickness control of the individual TMDC material layers was demonstrated by fabricating 

multilayer (5-layer) TiSx-NbSx heterostructures with independently varied layer thicknesses. The 

heterostructures were successfully deposited on large area planar substrates as well as over a 3D 

nanowire array for demonstrating the scalability and conformality of the heterostructure growth 

process. The current study demonstrates the advantages of ALD for the scalable synthesis of 2D 

heterostructures conformally over a 3D substrate with precise thickness control at low 

temperatures. 

                                          ___________________________________ 

Saravana Balaji Basuvalingam, Matthew A. Bloodgood, Marcel A. Verheijen, Wilhelmus M. M. Kessels, and 

Ageeth A. Bol (to be submitted) 
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4.1 Introduction 

Layered two-dimensional (2D) transition metal dichalcogenides (TMDCs) such as MoS2, 

NbS2, etc., have attracted much interest for their unique electrical, optical, and mechanical 

properties1,2. Lately, fabrication of vertical heterostructures based on 2D TMDCs (e.g., WS2-

NbS2) has gained significance over the formation of heterostructures based on 3D materials 

due to advantages such as absence of dangling bonds and lattice mismatch at the layers’ 

interface. Additionally, stacking different 2D materials on top of each other continues to 

open up unique functionalities, which in turn leads to prospects for new applications in 

various fields3–5. For example: in 2D material based FETs (field-effect transistors), 2D-2D 

heterostructures provide superior device performance due to weak Fermi level pinning at 

the metal-semiconductor interface along with reduced Schottky barrier height compared to 

2D-3D heterostructures6,7. While 2D-2D TMDC vertical heterostructures exhibit enormous 

potential, the ability to fabricate them on the wafer-scale (over a large area) is a persisting 

challenge. 

The most common fabrication technique for 2D heterostructures is a top-down approach 

known as the mechanical transfer method. In this method, the scotch tape technique is 

used to exfoliate 2D TMDC layers before aligning and placing them on top of another 2D 

TMDC layer to form the heterostructure. This approach provides significant flexibility to 

create various 2D heterostructure combinations8,9. However, it is not an industrially scalable 

method, and it has some critical issues such as reproducibility, yield, and residue/ 

contamination4. Recently, chemical vapor deposition (CVD) has been explored as an 

alternative approach as a direct, bottom-up heterostructure synthesis method. In this 

method, a CVD grown 2D TMDC is used as a substrate for the CVD growth of a second 2D 

TMDC material. While this method overcomes most of the limitations mentioned above for 

2D heterostructure synthesis10,11, limitations such as large area uniformity (due to island 

growth leading to discontinuous films), thickness control, and high synthesis temperatures 

persist12.  

On top of the aforementioned constraints, the capability to grow 2D TMDCs 

heterostructures conformally on a 3D structure (including high aspect ratio) have yet to be 

explored using above mentioned methods. However, incompetency to grow conformally 

could be an additional bottleneck for implementation as the down-scaling of device 

dimensions continues with an increasing level of structural complexity. Conformal growth 

means having complete coverage with uniform thickness over a 3D structure. Control in the 



4.1 Introduction  79 
 

growth of 2D TMDCs over complex 3D structures could also open new unique application 

potentials. For example: conformal growth of 2D TMDCs as a copper metal-dielectric barrier 

layer in the back-end of the line (BEOL)13. Furthermore, in the front-end of the line (FEOL), 

the ability to grow gate oxide and gate metal conformally around the channel in gate-all-

around transistors (GAAFETs) makes continuous down-scaling of device dimensions below 

5nm feasible14. For further down-scaling the technology node below 5 nm or so, 2D TMDCs 

have emerged as strong contenders to overcome device performance limitations 

accompanied with down-scaling15. Similar to GAAFETs, the conformal growth of TMDCs and 

their heterostructures could thus be an added benefit in the fabrication of 2D based 

transistors (vdWFETs)16. Therefore, conformality could be a valuable addition to the toolbox 

for 2D vertical heterostructure formation to fast track the implementation of 2D materials 

in device process flows. 

Lately, atomic layer deposition (ALD) has become of significance for synthesizing various 

2D TMDCs17,18–20. It is a method that is based on self-limiting, saturated surface reactions 

where precursors are dosed in a cyclic manner, separated by purge steps to avoid parasitic 

CVD reactions21,22. Due to its self-limiting nature, ALD provides precise thickness control 

over a large area along with uniformity and conformality on complex 3D substrates at low 

processing temperatures. These attributes of ALD would be favorable for the fabrication of 

2D TMDC heterostructures, as they can overcome the limitations observed in the 

aforementioned synthesis methods. Thus far, direct ALD of vertical heterostructures (i.e., 

layers of different materials stacked on top of each other) based on non-TMDC based 

layered materials such as Sb2Se3, Sb2Te3, etc. have been successfully demonstrated over a 

large planar substrate23–25. With reference to layered TMDC based heterostructure 

formation using ALD, there have been reports only on growing TMDCs on an exfoliated or 

CVD-grown TMDC substrate26,27. On that account, to the best of our knowledge, direct 

synthesis of 2D heterostructures based on layered TMDCs by ALD has not been 

demonstrated. 

In this work, we report on a newly developed ALD process for niobium sulfide (NbSx) 

growth, in addition to the previously reported process for titanium sulfide (TiSx) film 

growth29. Using these ALD processes, we synthesize TMDC-TMDC vertical heterostructures 

in the form of TiSx-NbSx heterostructures at low deposition temperatures (< 300 °C). 

Through the deposition of multilayer (5 layers), TiSx-NbSx heterostructures composed of TiSx 

and NbSx as the alternating layers with the varying number of ALD cycles per individual 

layer, we demonstrate thickness control of the individual material layers in the 
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heterostructure. In addition to TMDC heterostructure formation on a planar substrate, we 

also demonstrate the conformal growth of multilayer TiSx-NbSx heterostructures on a 3D 

substrate consisting of a nanowire array. Our work shows that ALD is an excellent method 

to grow TMDC-TMDC vertical heterostructures over a large area with precise thickness 

control and conformality at low deposition temperatures. 

4.2 Experimental Details 

4.2.1 Atomic Layer Deposition 

The TiSx and NbSx thin films were deposited by atomic layer deposition (ALD) using an 

Oxford Instruments Plasma Technology FlexAL ALD reactor. The base pressure of the system 

was 10-6 Torr. The reactor acted as a hot wall reactor for depositions up to and including 

150 °C. However, the reactor acted as a warm wall reactor for depositions above 150 °C as 

the wall temperature was maintained at 150 °C while the table temperature was varied 

between 150 °C and 450 °C. The metal-organic precursors tetrakis-(dimethylamido)-

titanium (TDMAT) (Sigma-Aldrich Chemie BV, 99.999 %) and (tert-butylimido)-tris-

(diethylamino)-niobium (TBTDEN) (STREM Chemical, Inc., 98%) were used for TiSx and NbSx 

growth, respectively. The TDMAT and TBTDEN precursors were kept in stainless steel 

bubblers at 50 °C and 65 °C, respectively, and were bubbled using Ar as the carrier gas. In 

both ALD processes, the pressure was maintained at 80 mTorr during both the precursor 

and coreactant exposure steps. In both the processes, the coreactant gas mixture consisted 

of 10 sccm of H2S gas (>99.98 %) and 40 sccm of Ar gas (>99.999 %), respectively. 

The TiSx process consists of the TDMAT precursor and the coreactant gas exposure for 4 

s and 30 s, respectively. In the case of the NbSx process, the TBTDEN precursor exposure 

was 10 s, while the coreactant was dosed for 20 s. More details on ALD process optimization 

and saturation data for both processes are provided in appendix 4 Figure A4.1. In all cases, 

the precursor and coreactant exposure steps were separated by Ar purge steps. The details 

about the TiSx-NbSx heterostructure formation, such as deposition temperature and growth 

will be addressed in the results and discussion section. The thin films were deposited on Si 

substrates covered with approximately 450 nm thick thermally grown SiO2 (planar 

substrate). The conformal growth studies were performed by growing the TiSx-NbSx 

heterostructures on an ALD SiO2 coated regular array (pitch: 2 µm) of 2 µm long GaAs 

nanowires with a diameter of 60 nm thick (3D substrate). 
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4.2.2 Characterization Techniques 

Scanning electron microscopy (SEM) was employed to investigate the surface 

morphology of the films. A Zeiss Sigma SEM with an in-lens detector and operating at an 

accelerating voltage of 3 kV was used for SEM studies. The microstructures of the thin film 

and the heterostructures were studied using (scanning) transmission electron microscopy 

[(S)TEM] with a JEOL ARM 200F microscope operated at 200 kV. For cross-section (S)TEM 

studies on planar Si substrates, a lamella (~100 nm) was prepared in an FEI Nova600i 

NanoLab SEM/FIB using the lift-out preparation procedure after a protective SiO2 layer was 

deposited on the top of the film by electron-beam induced deposition (EBID). High-angle 

annular dark-field STEM (HAADF-STEM) combined with energy-dispersive X-ray 

spectroscopy (EDX) was used to study the chemical composition of the TiSx-NbSx 

heterostructures on both the planar Si and 3D nanowire substrates. The growth of the TiSx 

and NbSx thin films was investigated using in-situ spectroscopic ellipsometry (SE), where the 

film thickness was measured as a function of the number of ALD cycles. Data were collected 

every 10 ALD cycles by a J.A. Woollam Co., Inc., M2000U spectroscopic ellipsometer with a 

photon energy range of 0.7-5 eV. The dielectric function of the films was modeled using a 

B-spline model. The crystallinity of the thin films was studied by Gonio and grazing-incident 

X-ray diffraction (XRD) with a PANalytical X´Pert Pro MRD analyzer using a Cu Kα (λ = 1.54 

Å) X-ray source operated at 40 mA and 45kV. The scan range was 5 to 80° 2θ with a scan 

rate and step size of 0.2 s/step and 0.01, respectively. The composition and purity of the 

thin films were determined using Rutherford backscattering spectrometry (RBS) and elastic 

recoil detection (ERD) by Detect 99 B.V. Eindhoven, The Netherlands using a 2 MeV He+ 

beam source and with the detectors at scattering angles of 105° and 170° for RBS, and 25° 

for ERD. X-ray photoelectron spectroscopy (XPS) data were collected on a Thermo Scientific 

KA1066 spectrometer with monochromatic Al Kα (hν = 1486.6 eV) X-ray radiation to 

determine the binding environment and valence band spectra for the deposited thin films. 

Resistivity measurements were performed ex-situ at ambient conditions using a Signatone 

Four-Point Probe method in combination with a Keithley 2400 sourcemeter acting both as 

the current source and voltmeter. The resistivity of the thin films was determined from the 

slope of the obtained I-V curves.  
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4.3 Results and Discussion 

The film growth of both TiSx and NbSx by ALD was investigated independently before the 

synthesis of the TMDC-TMDC heterostructures based on TiSx-NbSx was attempted. Thermal 

ALD processes for TiSx and NbSx were preferred over plasma-enhanced ALD, as plasma could 

cause interface mixing or damage during heterostructure formation28. In addition, thermal 

ALD processes could provide better conformal growth than plasma-enhanced ALD 

processes28. We previously reported a thermal ALD process for TiSx films using TDMAT as 

the precursor and H2S gas as the coreactant29. A thermal ALD process for NbSx films was 

developed in this work, using TBTDEN as the precursor and H2S gas as the coreactant for 

deposition temperatures between 150 and 300 °C. More details on the NbSx ALD process 

optimization and film properties as a function of the deposition temperature can be found 

in appendix 4 (Figure A4.1 and A4.2). 

Next, to achieve high quality TiSx-NbSx heterostructures, we investigated the properties 

of the individual TMDCs as a function of the deposition temperatures to determine the 

optimal deposition temperature. In the case of TiSx, the film deposited at 200 °C had the 

best crystallinity (see Figure 4.1a and A4.3). Cross-section HAADF-STEM analysis of TiSx 

deposited at 200 °C shows (Figure 4.1b) the layered 2D nature of the TiSx film. All van der 

Waals layers are oriented parallel to the substrate without any out-of-plane oriented 

(OoPO) growth. The average distance between the two layers was measured to be ~5.7 Å, 

which is in good agreement with the distance between two layers of 1T-TiS2
30. Likewise, the 

top-view SEM and cross-section STEM in Figure 4.1(a and c), respectively of the TiSx film 

deposited at 200 °C shows a smooth surface morphology with the absence of OoPO 

structures. The resistivity of the TiSx prepared at 200° C was measured to be below 0.8 Ω-

cm (see Table A4.1). This resistivity value is similar to the reported bulk resistivity of TiS2
31.  

NbSx films deposited at the highest temperature (at 300 °C) were observed to have the 

best crystallinity (see Figure A4.3). Yet, the crystallinity of the TiSx film grown at 200 °C is 

more pronounced than that of the NbSx film synthesized at 300 °C (see Figure 4.1g). The 

cross-section HAADF-STEM image of NbSx (Figure 4.1f) confirms these XRD results. The layer 

is polycrystalline, exhibiting a grain size of only a few nm’s and random grain orientation. 

As a result, the layered 2D nature was only visible in selected regions. The average distance 

between two van der Waals layers was measured to be ~5.9 Å, which is in accordance with 

the interlayer spacing value reported in the literature for NbS2
32. The top-view SEM of the 

NbSx film (see Figure 4.1e and A4.4) shows that irrespective of deposition temperatures 
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OoPO structures were present on the film surface. The density of OoPO structures 

decreased with increasing deposition temperature which led to relatively smooth surfaces 

for films deposited at 300 °C. A few of these OoPO structures were marked by white dotted 

circles in Figure 4.1e. Likewise, the cross-section HAADF-STEM image of the top part of the 

NbSx film in Figure 4.1d confirms the relatively smooth surface with few vertically tapered 

OoPO structures as highlighted by white dotted lines. The resistivity value of the NbSx 

deposited at 300°C was 4.8 Ω-cm and is close to the reported bulk resistivity of NbS2
33. 

 

Figure 4.1 Top-view SEM images of ~30 nm thick TiSx (a) and NbSx (e) films deposited at 200 
°C and 300 °C, respectively, on SiO2/Si substrate. Cross-section HAADF-STEM image of the 
TiSx (b, c) and NbSx (d, f) films deposited at 200 °C and 300 °C, respectively. Note: (b, f) show 
cross-section views of the central part of the films while (c, d) show cross-section views of 
the surface of the films. (g) GI-XRD pattern of TiSx and NbSx films deposited at 200 °C and 
300 °C, respectively. The dotted lines indicate the peak position corresponding to (001) and 
(003) planes of TiSx (blue) and NbSx (black), respectively. 

4.3.1 Heterostructure Growth on a Planar Substrate 

As ALD is a self-limiting cyclic process, the thickness of the film/layer can be controlled 

precisely by the number of ALD cycles. Linear growth in terms of film thickness as a function 

of the number of ALD cycles was observed for the TiSx and NbSx thermal ALD processes at 

200 °C and 300 °C, respectively (see Figure A4.1c). The corresponding growth per cycle (GPC) 

values were measured (by taking the slope over the linear region of the curve) to be ~0.6 Å 

and ~1.17 Å, using in-situ SE measurements (Figure A4.1). It is important to note that TiSx 

could not be deposited above 200 °C due to the decomposition of the TDMAT precursor 
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above 200 °C. Therefore, as schematically illustrated in Figure 4.2, two different deposition 

temperatures were used to grow TiSx (200 °C) and NbSx (300 °C) layers, and the table 

temperature was increased and decreased accordingly for the TiSx-NbSx heterostructure 

formation to acquire the best individual layer quality. 

 

Figure 4.2 Schematic illustration of the synthesis of the TiSx-NbSx heterostructure by 
thermal ALD. The TDMAT and TBTDEN correspond to Ti and Nb precursors, respectively. 

In addition, to demonstrate thickness controllability by ALD, a 5-layer TiSx-NbSx 

heterostructure with varying individual layer thickness was fabricated (employing a process 

indicated by the grey dotted line in Figure 4.2). At 200 °C, ~15.0 nm of TiSx was deposited 

as the first layer in the heterostructure using 260 cycles of the TiSx thermal ALD process. On 

top of this TiSx layer, an NbSx layer was deposited for 60 cycles at 300 °C. The 60 ALD cycles 

of NbSx would lead to a nominal thickness of ~5.8 nm (measured using in-situ SE) on a SiO2 

as the starting surface, see Figure A4.1. However, the thickness of 60 cycles of NbSx ALD on 

TiSx as the starting surface might deviate from 5.8 nm due to possible differences in 

nucleation behavior. Therefore, from now on, the term nominal thickness was used to refer 

to the thickness of the material (for both TiSx and NbSx) when deposited for an N number 

of ALD cycles on SiO2 as the starting surface. The buildup of the heterostructure continued 

with the deposition of layers comprised of TiSx (90 cycles), NbSx (60 cycles), and TiSx (180 

cycles) with nominal thicknesses of ~5.1, ~5.8 nm, and ~10.7 nm, respectively. Both NbSx 

layers were limited to 60 ALD cycles to minimize the appearance of OoPO structures 

(marked by white circles in Figure 4.1c) at the interface. Additionally, during heating and 

cooling of the substrate table between 200 °C and 300 °C for the growth of TiSx and NbSx 

layers, respectively, the sample was transferred to the load lock chamber from the ALD 

chamber to reduce annealing effects at the elevated temperatures. While the number of 

layers in the heterostructure was restricted to five in this work, this process can be easily 
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repeated by any number of times to grow multilayer heterostructures with varied individual 

layer thicknesses. 

The microstructure of the synthesized 5-layer TiSx-NbSx heterostructure was then 

studied by cross-section (S)TEM imaging, as shown in Figure 4.3. A clear difference in 

contrast can be observed between the TiSx and NbSx layers in bright-field TEM (Figure 4.3a), 

due to the difference in mass density between the materials: the TiSx layers appear bright, 

while the NbSx layers are dark. Furthermore, considering the width of the lamella being 

~100 nm, the sharp transition in layer contrast between the TiSx (light) and NbSx (dark) 

layers in the TEM image indicates a sharp interface between the layers, with a low degree 

of mixing. The average vertical thickness of each individual layer was measured by taking an 

average of thickness measurements from several cross-section HAADF-STEM images. The 

measured layer thickness of the three TiSx layers (layer 1, 3 and 5) were ~14.4±0.9, 4.9±0.5 

and 10.2±0.6 nm, respectively, and that of the two NbSx layers (layer 2 and 4) were ~4.2±0.6  

and 4.5±0.4 nm, respectively. 

The measured thickness of both the TiSx (layer 3 and 5) layers grown on the NbSx surface 

was comparable to the expected nominal thickness of 5.1 and 10.7 nm, respectively. On the 

contrary, the measured thickness of both NbSx (layer 2 and 4) layers grown on TiSx as the 

starting surface was lower than the nominal thickness of 5.8 nm. This reduced thickness in 

the case of NbSx could be due to nucleation delay on the TiSx starting surface in comparison 

to a SiO2 starting surface. This change in growth indicates the higher sensitivity of the NbSx 

thermal ALD process to the starting surface chemistry over the TiSx thermal ALD process. 

Similar nucleation delays have also been observed for several other ALD processes, as ALD 

critically depends on the starting surface chemistry34,35. 

Differences in crystallinity between the TiSx and NbSx layers can also be observed in 

Figure 4.3a. Here the TiSx layers display the expected layered structure with clearly visible 

van der Waals gaps, while the NbSx layers lack significant ordering and appear much more 

amorphous. This agrees with the observations from GI-XRD and STEM in Figure 4.1 for the 

individual TiSx and NbSx films of 30 nm each. The intensity of the 15° 2θ peak (corresponding 

to the (001) and (003) planes for both TiS2 and NbS2, respectively) in the XRD spectrum was 

observed to be much stronger for the TiSx film than for the NbSx film, indicating a higher 

crystallinity. This shows that the observed crystallinity differences between the TiSx and 

NbSx layers is intrinsic to the respective ALD processes and not due to growth in the 

heterostructure. Although the NbSx is lower in crystallinity, there are regions where a 

continuous layered van der Waals formation is clearly visible through all five layers of the 
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heterostructure. Therefore, provided NbSx layers were also synthesized with equally high 

crystallinity as TiSx layers, this shows that ALD has the capability to synthesize high quality 

2D van der Waals heterostructures with relatively sharp interfaces in-situ without exposing 

to ambient condition. 

 

Figure 4.3 (a) Cross-section bright-field TEM image of the TiSx-NbSx heterostructure with 5 
layers on the Si wafer with native SiO2 on top. (b) Cross-section HAADF-STEM image of the 
TiSx-NbSx heterostructure layers. (c-e) Corresponding EDX elemental mapping of Ti, Nb and 
S, respectively. 
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A HAADF-STEM image of the heterostructure is shown in Figure 4.3b, and the 

corresponding EDX elemental mapping of Ti, Nb and S are shown in Figure 4.3c-d, 

respectively. The EDX maps of both Ti and Nb confirm the presence of two NbSx layers of 

similar thickness, sandwiched between three TiSx layers of different individual layer 

thicknesses. The EDX mapping also reveals the lack of inter-mixing between the two 

elements per layer, as no Ti was observed in the NbSx layer within the detection limits of 

EDX. Likewise, no Nb counts were detected in the TiSx layers. Therefore, the EDX mapping 

strongly indicates that ALD can fabricate TMDC heterostructures with little interlayer 

mixing. 

On the other hand, the S mapping shows a difference in S content between TiSx and NbSx 

layers, as S counts were observed to be relatively low in the NbSx layers. This could indicate 

differences in the chemical composition/stoichiometry between the TiSx and NbSx layers. 

Consequently, the chemical composition of both TiSx and NbSx films deposited at 200 °C and 

300 °C, respectively were individually investigated using RBS, see Table A4.1. From the RBS 

measurements, the stoichiometry (sulfur to transition metal ratio) of both the films was 

calculated to be 1.41 and 1.25 for TiSx and NbSx, respectively. This confirms the difference 

in stoichiometry between the two films while also revealing relatively low S content, 

especially in the NbSx film. This indicates the presence of S vacancies and/or excess metal 

in both layers. In addition, RBS revealed the presence of 6-9 at.% of H, 7 at.% of C and 1 at.% 

of O impurities in both TiSx and NbSx ALD grown films, see Table A4.1. The detected H and 

C in the films could be from precursor ligands and/or coreactant. The observed O impurities 

in the film could be due to the presences of residual O2 and H2O in the background of the 

ALD chamber during deposition. 

4.3.2 Heterostructure growth on a 3D substrate 

Finally, to demonstrate conformality, an analogous 5-layer TiSx-NbSx heterostructure was 

deposited on an array of wurtzite GaAs nanowires (3D substrates), which were coated with 

SiO2 by ALD. The coverage of the 5-layer heterostructure on the nanowires was analyzed 

with side-view HAADF-STEM (Figure 4.4a) upon aligning the wurtzite GaAs nanowire to its 

<11-20> zone axis, allowing for imaging parallel to the {10-10} side facets. The HAADF-STEM 

image shows the complete coverage of the nanowire with the heterostructure over the 

length as well as the curvature (tip) of the nanowire (formed by the Au catalyst particle used 

for the nanowire growth), confirming conformal growth. Furthermore, the thickness of the 

heterostructure was measured on various spots along the length of the nanowire and was 
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observed to hardly vary, with a thickness variation of < 5%. Thus, this validates the uniform 

growth of the 5-layer heterostructure on a 3D structure. 

 

Figure 4.4 (a) Side-view HAADF-STEM image of the ALD SiO2 coated GaAs nanowire, grown 
from an Au seed particle, covered with the TiSx-NbSx heterostructure. (b-e) Higher 
magnification (red box in (a)) HAADF-STEM image and the corresponding EDX elemental 
mapping of Ti, Nb and S, respectively. 

Figure 4.4b shows the magnified STEM image of the nanowire (red box), and the 

corresponding EDX elemental mapping of Ti, Nb and S, respectively, are shown in Figure 

4.4(c-e). The STEM image along with EDX maps confirms the synthesis of the 5-layer TiSx-

NbSx heterostructure. The Ti mapping shows three TiSx layers with different individual layer 

thickness as expected. The Nb mapping shows two NbSx layers with comparable thickness 

sandwiched between TiSx layers. The average individual layer thicknesses were measured 

on various spots on the STEM image (Figure 4.4(b)), and it was observed that the TiSx layers 

grown on NbSx layers were measured to be 4.9 and 10.4 nm, respectively (layer 3 and 5). 

The thicknesses of the NbSx layers on top of the TiSx layers were measured to be 4.4 and 4.7 

nm (layer 2 and 4), respectively. These values are comparable to the individual layer 

thickness observed on a planar Si wafer. Thus, confirms the precise thickness control of all 

five individual layers in the TiSx-NbSx heterostructure over the nanowire and the absence of 

intermixing between the layers. Hence, this strongly establishes the capability of ALD for 

the scalable synthesis of 2D TMDC vertical heterostructures with sharp interfaces, excellent 

uniform coverage and conformally over a 3D structure at low temperature. 
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4.4 Conclusions 

In this work, ALD has been successfully applied as a suitable technique to synthesize 2D 

TMDC vertical heterostructures. A TiSx-NbSx heterostructure consisting of 5-layers with 

different individual layer thickness was deposited on a planar Si wafer as well as on a 3D 

substrate. The thickness of the individual layers was controlled precisely by varying the 

number of ALD cycles of the corresponding thermal ALD process. We successfully 

demonstrated large area uniformity and conformality over a 3D substrate at low deposition 

temperatures. The ability to synthesize TMDC and their heterostructures by ALD with 

conformal growth over 3D structures at low temperatures could be beneficial to open new 

avenues such as fabricating complex 3D device structures (partly) consisting of 2D TMDCs 

both in BEOL and FEOL. Furthermore, the current work can be extended to synthesize other 

2D TMDC based heterostructures such as metal-semiconductor heterostructures. 
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Appendix 4 

TiSx and NbSx Film Growth by ALD 

In this work, thin films of TiSx and NbSx were deposited by ALD on a thermally grown 450 

nm SiO2/Si substrate. Unless otherwise mentioned, this was the standard starting substrate. 

The TiSx thermal ALD process used in this work was reported previously1. For the NbSx 

growth, a new process was developed by thermal ALD using (tert-butylimido)-tris-

(diethylamino)-niobium (TBTDEN) and H2S gas as coreactant. The self-limiting saturated 

growth behavior for the NbSx ALD processes was investigated at 250 °C. All the growth-per-

cycle (GPC) values were determined by measuring the thickness as a function of the ALD 

cycle measurement by in-situ Spectroscopic Ellipsometry (SE). Saturation of the GPC was 

observed when at least 10 s and 20 s of TBTDEN precursor and H2S coreactant gas were 

pulsed, respectively, and when both were separated by a 30 s Ar purge steps to avoid 

parasitic CVD reactions (See Figures A4.1(a and b) (red)). The GPC value under saturated 

growth conditions was 1.65 Å.  

For the TiSx thermal ALD process, the growth and film properties at deposition 

temperatures above 100 °C were not discussed in the previous work. Therefore, the growth 

behavior as a function of the deposition temperature was investigated for both ALD 

processes. For various deposition temperatures in both ALD processes, the thickness as a 

function of the number of ALD cycles was determined by in-situ SE, as shown in Figure A4.1(c 

and d). The deposition temperatures were varied between 100 °C and 200 °C for the TiSx 

process, and between 150 °C and 300 °C for the NbSx process. Indicating a narrow 

temperature window for the combined processes, as TiSx film could not be deposited above 

200 °C due to the decomposition of TDMAT, while in the case of the NbSx, film growth was 

not observed below 150 °C. In the case of TiSx, linear ALD growth was observed without any 

delay at all deposition temperatures, see Figure A4.1c. The GPC was calculated by taking a 

slope over above 50 cycles, and it was observed that the GPC decreases from 1.6 to 0.6 Å 

with increasing deposition temperature, see Table A4.1. On the contrary, for the NbSx case, 

below a deposition temperature of 300 °C, immediate nucleation up until 10 ALD cycles was 

observed. Following this initial nucleation, there is a growth delay between 10 and ~80 

cycles, see Figure A4.1d. This indicates that the initial nucleation on the SiO2 substrate was 

rapid, and the further growth on deposited/nucleated NbSx layers was delayed significantly 
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at lower deposition temperature (150 °C). However, by increasing the deposition 

temperature from 150 to 250 °C, the delayed growth between 10 and ~80 cycles was 

observed to recover. Leading to an increasing trend in GPC along with deposition 

temperature from 1.52 Å at 150 °C to 1.65 Å at 250 °C. On the contrary, the growth behavior 

at 300 °C was different, as linear ALD growth was observed without any trend of delayed 

growth. The GPC at 300 °C was measured to be 1.17 Å, which is lower than the GPC at 250 

°C. This drop in GPC at 300 °C could be ascribed to film morphology changes, as will be 

discussed later. 

 

Figure A4.1 (a) and (b) Saturated curves for TiSx and NbSx as a function of precursor dose 

time and coreactant gas dose time, respectively. (c) and (d) Thickness as a function of the 

number of ALD cycles for both TiSx and NbSx processes, respectively for various deposition 

temperatures. 
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Composition Analysis 

The TiSx and NbSx films deposited at various deposition temperatures were characterized 

in detail. The elemental composition of the deposited films was studied using XPS analysis. 

The S2p XPS spectra for both the TiSx and NbSx films deposited at various deposition 

temperatures are shown in Figure A4.2(a and b). All films were observed to have one 

doublet at ~161.1 and ~162.3 eV, corresponding to S 2p3/2 and S 2p1/2 spin-orbit doublets of 

S2- species in MX2 type materials, indicating the disulfide (TiS2 and NbS2) nature of the films. 

Depth profiling of the films by means of sputtering using Ar+ ions was performed to study 

the purity of the films at the bulk by avoiding surface oxidation/ impurities due to exposure 

to ambient conditions. The depth profiling revealed the presence of C, O, and N impurities. 

Further, to avoid the influence of preferential sputtering on the qualitative composition of 

these impurities and to obtain the chemical composition of the film, RBS studies were 

performed on these films, as shown in Table A4.1. 

To further confirm the synthesis of TiSx and NbSx, valence band spectra were measured 

using XPS, see Figure A4.2. The valence band spectra of the TiSx films deposited at various 

temperatures are in good agreement with the TiS2 valence band spectra reported in the 

literature4. Additionally, an evolution of a shoulder close to the Fermi level around ~-1 eV 

(marked with *) was observed, and the intensity of this peak increased with increasing 

deposition temperature. Similarly, in literature, Hawkins et al., using UPS valence band 

spectra measurements, observed a peak around -1 eV, and they attribute this peak to Ti3+ 

defect states in TiS2
5. Following the literature, the observed peak around -1 eV was also 

attributed to Ti3+ (and/or Ti2+) defect states indicating the presence of S vacancies and/or 

excess Ti in the TiSx films2. In the case of NbSx films, we could not find any literature for the 

NbS2 valence band spectra. Therefore, the spectrum was simulated for the NbS2 crystal 

structure6 using density functional theory (DFT), see Figure A4.2e. This simulated spectrum 

was compared with the measured spectra and yielded a good match with the spectra, 

indicating the synthesis of NbS2 films. Similar to the TiSx case, the shoulder close to the Fermi 

level around ~-1 eV (an intrinsic NbS2 valence band spectrum peak) in the valence band 

spectra of NbSx film was observed to increase in peak intensity with increasing deposition 

temperatures. This peak could also be attributed to Nb3+ (and/or Nb2+) defect states 

indicating the presence of S vacancies and/or excess Nb in the NbSx films. 
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Figure A4.2 (a) and (b) XPS S2p spectra of TiSx and NbSx films, respectively, for various 

deposition temperatures. (c) and (d) shows the XPS valence band spectra of TiSx and NbSx 

films, respectively for various deposition temperatures. In (c) grey area marked with `*` 

indicates defect states in TiS2. (e) DFT simulated valence band spectra using the crystal 

structure parameters of NbS2. 

To expand on XPS analysis and to obtain an in-depth understanding of the composition 

of both the TiSx and NbSx films as a function of deposition temperature RBS study was 

performed. For both TiSx and NbSx films, S to transition metal (Ti or Nb) ratio was calculated 
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from RBS measurements. RBS revealed sub-stoichiometry for both the material systems 

with a value less than 2, and the ratio was observed to decreases with increasing deposition 

temperatures. In the case of TiSx film, the ratio decreased from 1.75 for 100 °C to 1.41 for 

200 °C film. Whereas, in the case of NbSx films, the ratio decreased from 1.47 for 200 °C to 

1.25 for 300 °C film. This indicates the presence of S vacancies and/or excess metal in the 

films, similar to the observation made by XPS valence band measurement. In addition to the 

S to transition metal ratio, there were also other similarities in the case of impurities 

between TiSx and NbSx ALD grown films. The H content decreases in both cases (Table A4.1) 

with increasing deposition temperatures from ~18 to 6 at.% for TiSx films, and from ~23 to 

9 at.% for NbSx films. The presence of H in the film could be from precursor ligands and/or 

coreactant. The C content for TiSx films decreases from ~5 at.% at 100 °C to below the 

detection limit at 200 °C, while for NbSx films, it was below the detection limit irrespective 

of deposition temperatures. The C content in the film could be from precursor ligands. 

Whereas, O content increases for both the processes with increasing deposition 

temperature from ~4 to 7 at.%, and could be due to residual O2 and H2O present in the ALD 

reactor during deposition. 

Table A4.1 Growth and material properties of the TiSx and NbSx films, such as GPC, 

resistivity, H, C, and O content, and S/transition metal ratio for various deposition 

temperatures. The GPC was calculated using the in-situ SE measurement as a function of 

the number of ALD cycles. Resistivity was calculated using the Four-Point Probe 

measurements. The H, C, O at.% and S/transition metal ratio were obtained from RBS and 

ERD measurements.  

TiS
x
 

GPC  
(Å) 

Resistivity  

(10
3
 μΩ-cm) 

H  
(at.%) 

C  
(at.%) 

O  
(at.%) 

S/Ti 
ratio 

100 °C 1.60± 0.03 2.4± 0.1 18.8 ± 0.4 5.6 ± 1.2 4.2 ± 1.6 1.8 ± 0.1 

150 °C 0.72± 0.03 1.2± 0.1 10.8 ± 0.7 1.1 ± 0.1 6.7 ± 0.1 1.5 ± 0.1 

200 °C 0.60± 0.03 0.8± 0.1 6.3 ± 0.5 x 7.1 ± 0.1 1.4 ± 0.1 

       

NbS
x
 

GPC  
(Å) 

Resistivity  

(10
3
 μΩ-cm) 

H  
(at.%) 

C  
(at.%) 

O  
(at.%) 

S/Nb 
ratio 

150 °C 1.52± 0.03 16.4± 0.1 - - - - 

200 °C 1.54± 0.03 12.8± 0.1 23.7 ± 1.5 x 5.6 ± 0.2 1.5 ± 0.1 

250 °C 1.65± 0.03 8.6± 0.1 - - - - 

300 °C 1.17± 0.03 4.8± 0.1 9.2 ± 0.7 x 7.5 ± 0.3 1.3 ± 0.1 

“-“    no data 
“x”   below the detection limit 
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Crystallinity and Morphology Analysis 

The role of deposition temperature on the crystallinity and the film morphology of both 

films was investigated using XRD and SEM analysis, respectively. The XRD patterns of both 

the TiSx and NbSx films are shown in Figure A4.3, where the crystallinity of the films was 

observed to increase with increasing deposition temperature. Both the GI-XRD and gonio-

XRD (shown in the inset of the Figure A4.3a) patterns of the TiSx films indicate that the 

crystallinity increases significantly with increasing deposition temperature. The only peak 

visible in both the scan was around 15° 2θ , which corresponds to the (001) plane of the 1T 

phase of TiS2. The gonio-XRD shows that the basal (001) plane growth of the TiSx film 

increases with increasing temperature. Similarly, the crystallinity of the NbSx films also 

increases with deposition temperature. The peak around 15° 2θ appears and increases in 

intensity for the films deposited at higher temperatures, and this peak corresponds to the 

(003) plane of the NbS2. The gonio XRD (data not shown here) did not show any peaks 

confirming the poor crystallinity of the NbSx films. Therefore, note that the relative 

crystallinity of the 300 °C NbSx film was poor in comparison to the TiSx film deposited at 200 

°C. The broad peak around 20° 2θ for the films at all deposition temperatures also indicates 

the amorphous content in the films. 

 

Figure A4.3 (a) and (b) GI-XRD patterns for TiSx and NbSx films, respectively, deposited at 

various deposition temperatures. Inset in (a) shows the Gonio XRD pattern for TiSx films 

deposited at various deposition temperatures. 

The top-view SEM image of TiSx film deposited at 100°C (Figure A4.4a) shows out-of-

plane orientation (OoPO) structures, also known as fins. Similar OoPO structures were also 

observed for TiS2 films deposited by PE-ALD1, and also for other TMDCs synthesized by ALD 
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such as MoS2
7 and ReS2

8. The number of OoPO structures was observed to decrease with 

increasing deposition temperature. At 200 °C (see Figure A4.5c), OoPO structures were not 

observed. In the case of NbSx films, the top-view SEM images show OoPO structures for all 

deposition temperatures, see Figure A4.4(e-f). For the films deposited between 150 and 250 

°C, a high density of OoPO structures was observed, while at 300 °C, the OoPO structures 

were observed to be suppressed. This significant change in morphology from 250 °C to 300 

°C, can also explain the change in growth behavior observed in Figure A4.1d. A similar effect 

of the OoPO structure on GPC has been observed previously for PE-ALD grown TiS2
1 and 

MoS2
7, where the GPC was observed to rise due to the OoPO structures of the film. 

Therefore, the suppression of the OoPO structures could explain the decreasing GPC at 300 

°C for the NbSx process. 

 

Figure A4.4 Top-view SEM image of deposited TiSx (a-c) and NbSx (e-h) films at various 

deposition temperatures. (d) shows the cross-section STEM image of the TiSx film deposited 

at 200 °C. 

Resistivity measurements 

The resistivity of the films was calculated using Four-Point Probe measurements for both 

TiSx and NbSx films deposited at different deposition temperatures, see Table A4.1. It was 

observed that the resistivity of both films decreases with increasing deposition 

temperature. The resistivity of TiSx films decreases from 2.4 x103 for 100 °C to 0.8 103μΩ-

cm for 200 °C film. And that of NbSx films decreases from 16.4 x103 for 150 °C to 4.8 103μΩ-

cm for 300 °C film. Such a variation in resistivity of the films could be due to one or more 

factors such as morphology, decreasing stoichiometry and/or increasing crystallinity of the 
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films. In literature, the TiS2 resistivity has been observed to decrease with the sub-

stoichiometric of the films9,5,2. Such a trend of a decreasing resistivity was reported to be 

due to an increasing number of defect states near the Fermi level with an increasing level 

of sub-stoichiometry in the films. This could also explain the trend observed here for both 

TiSx and NbSx films as the presence of defect states near the Fermi level (XPS valence band 

spectra) increases with the sub-stoichiometry of the films, thus clearly indicating the role of 

stoichiometry in the films on resistivity. It is also important to note that in addition to film 

stoichiometry, film crystallinity plays an additional role in the resistivity of the film, as 

metallic NbSx film with S/Nb ratio of 1.25 deposited at 300 °C has a higher resistivity than 

the TiSx film with S/Ti ratio of 1.41 deposited at 200 °C, considering that the bulk resistivity 

of both the TiS2 and NbS2 are roughly similar2,3. 
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Low-Temperature Phase-
controlled Synthesis of NbS2 and 
NbS3 using Atomic Layer 
Deposition for Vertical 
Heterostructures  

 

The prospects of combining metal-semiconductor transition metal chalcogenides (TMCs) to form 
heterostructures have gained momentum for future optoelectronic applications. While various 
transition metal dichalcogenides (TMDC) based heterostructures have been explored, metal-
semiconductor heterostructures based on TMDC-TMTC (trichalcogenides) have yet to be 
demonstrated experimentally. However, there are many technical challenges associated with 
fabricating such heterostructures, such as phase-control between TMDC and TMTC, scalability, 
thickness control, and adequate processing temperatures. Here, we report on the phase-controlled 
synthesis of NbS2 (metallic) and NbS3 (semiconducting) by plasma-enhanced atomic layer deposition 
(PE-ALD) at low-temperature (300 °C) along with the fabrication of metal-semiconductor NbS2-NbS3 
vertical heterostructures. The phase-control between NbS2 and NbS3 was achieved by tuning two 
parameters in the PE-ALD process: first by varying the deposition temperature and second by 
carefully optimizing the H2S:H2 flow mixture during the plasma coreactant step. In the former case, 
NbS3 was synthesized below a deposition temperature of 350 °C, while at higher deposition 
temperatures, NbS2 was obtained. In the latter case, increasing the H2 flow with respect to the H2S 
flow led to the deposition of NbS2 at a deposition temperature of 300 °C. This phase-control 
between NbS3 and NbS2 by modulating the H2S:H2 flow mixture was exploited to form NbS2-NbS3 

heterostructures at 300C. Preparation of the heterostructure was confirmed using transmission 
electron microscopy and energy dispersive X-ray spectroscopy. This work could open new avenues 
for the synthesis and implementation of TMDCs, TMTCs, and their heterostructures for 
(opto)electronic applications. 

                                          ___________________________________ 

Saravana Balaji Basuvalingam1,*, Matthew A. Bloodgood1, Jeff J. P. M. Schulpen1, Marcel A. Verheijen1,3, 
Wilhelmus M. M. Kessels1, and Ageeth A. Bol1,* (to be submitted)  

5 

 



104                                                                     Chapter 5: NbS3-NbS2 phase-control and heterostructure by ALD 
 

5.1 Introduction 

Since the discovery of graphene, layered low-dimensional materials with weak interlayer 

(van der Waals) interactions such as transition metal di-chalcogenides (TMDCs) and black-

phosphorus have gained a lot of interests because of their intriguing physical and chemical 

properties1. Among them, TMDCs are layered two-dimensional (2D) materials with formula 

MX2, where M is a transition metal (such as Ti, Ta, Nb, Mo, W, etc.) and X is a chalcogenide 

(S, Se, and Te). In some TMDCs, both electrical and optical properties vary depending on 

their crystal phase (e.g., 1T-MoS2 is metallic, whereas 2H-MoS2 is semiconducting) or on 

their thickness (e.g., monolayer 2H-MoS2 has a direct band gap, whereas bulk 2H-MoS2 has 

an indirect band gap)2. In addition to TMDCs, there is a class of layered low-dimensional 

materials known as transition metal tri-chalcogenides (TMTCs) involving similar elements 

as TMDCs. The TMTCs are quasi-one-dimensional materials exhibiting a strong electrical and 

optical in-plane anisotropy3,4. TMTCs are layered materials with formula MX3, where M is a 

transition metal (group IV, V, VI), and X is a chalcogenide. In TMTCs, chalcogenide atoms 

can be categorized into two types, as one of the chalcogenide atoms shares 2 electrons (like 

in TMDCs) while the remaining two chalcogenide atoms share 2 electrons between them5. 

So, the transition metal is in the +4 oxidation state (similar to TMDCs). In some cases, TMDCs 

and TMTCs containing analogous elements can also vary in electrical properties. For 

example, in both TiS2/TiS3 and NbS2/NbS3 systems, the TMDCs are considered semi-metal/ 

metal while their counterpart TMTCs are considered semiconductors. 

Recently, van der Waals heterostructures with a 2D–2D metal-semiconductor 

architecture have gained significant interest due to improved device performance 

compared to a 3D-2D architecture6. This performance improvement is due to weak Fermi 

level pinning at the 2D–2D interface along with reduced Schottky barrier height resulting in 

low contact resistivity7. The most widely studied 2D metal-semiconductor heterostructure 

configurations are TMDC-TMDC and TMDC-graphene. Among them, phase-engineered 

TMDC-TMDC metal-semiconductor heterostructures synthesized with analogous elements 

(1T MoS2 –2H MoS2 heterostructure) were shown to improve the electronic device 

performance due to their record low contact resistivity6,8. On the other hand, the poor 

stability and lack of a scalable synthesis method for 1T-MoS2 (converted from 2H-MoS2 by 

various methods) are major issues. Therefore, it would be of interest to explore alternative 

metal-semiconductor heterostructures. This could potentially be addressed by synthesizing 

TMDC-TMTC heterostructures with analogous elements. 
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Van der Waals metal-semiconductor heterostructures involving both TMDCs and TMTCs 

have yet to be explored experimentally. Initial computational studies by Liu et al. have 

shown that in comparison to 3D metal-TMTC heterostructures, the Schottky barrier height 

is smaller for TMDCs-TMTCs based metal-semiconductor heterostructures9.  Therefore, 

there are lots of potentials to experimentally investigate these 2D van der Waals metal-

semiconductor heterostructures based on TMDC-TMTC combinations. Among various 

TMDC-TMTC systems, the niobium sulfide (NbSx) system is a stable and rarely studied group 

V based system, which, as mentioned above, also exists both in a metallic (NbS2) and 

semiconducting (NbS3) form. For NbS2, the most commonly reported phases are 3R and 2H, 

while there are also reports on its existence in the 1T phase10. Irrespective of the phase, 

NbS2 is metallic and has gained much interest recently as contacts in electronic devices11–

13, and as an electrode in hydrogen evolution reaction14–16 applications. NbS2 has been 

synthesized by various techniques such as chemical vapor deposition (CVD)13,17–23, chemical 

vapor transport (CVT)24, and wet chemical25,26 synthesis. On the contrary, NbS3, depending 

on its phase, can be a semiconductor or a metal. The most common and straightforward 

phase to synthesize is the semiconducting phase3,27. Recently, the carrier mobility of ~1200-

2400 cm2
 V-1 S-1 was reported using an NbS3 film as a channel material in a back-gated device 

configuration, indicating the potential of NbS3 for device applications28. To date, NbS3 has 

been synthesized principally using the CVT method29–31. 

While CVT is the most common synthesis technique for both NbS2 and NbS3, it is not 

suitable for direct heterostructure formation. However, CVT grown crystals are commonly 

used for a top-down mechanical transfer method to form 2D metal-semiconductor 

heterostructures. For example, a 2D metal (or semiconductor) synthesized by CVT can be 

exfoliated and stacked on an exfoliated or CVD-grown 2D semiconductor (or metal) using a 

polymer tape. Unfortunately, such a top-down method has limitations such as leftover 

residues at the interface, low yields, and poor scalability, which hinders the resulting device 

performance11 and limits their implementation in industry. These limitations could be 

overcome by a direct bottom-up in-situ synthesis method. However, synthesizing both 

TMDC and TMTC directly on top of each other in a controlled manner would be challenging, 

as both synthesis temperature and chalcogenide partial pressure have to be controlled 

simultaneously to achieve phase-control between TMDC and TMTC32. Recently, we have 

reported on the phase-controlled synthesis of TiS2 and TiS3 at low-temperature by atomic 

layer deposition (ALD) (see Chapter 3)33. Therefore, ALD has the potential to be a suitable 

technique to grow TMDC-TMTC heterostructures with the phase-controlled preparation of 

TMDC and TMTC vertically on each other. 
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In this work, we develop a plasma-enhanced atomic layer deposition (PE-ALD) process to 

grow niobium sulfide (NbSx). We study the control over the material phase between NbS2 

and NbS3 by varying the deposition temperature (between 200 °C and 450 °C) and co-

reactant plasma composition (H2S/H2 ratio), respectively. Control over the material phase 

is investigated using various characterization techniques and DFT simulation. Using the 

obtained phase control, we fabricate NbS2–NbS3 (metal-semiconductor) heterostructures. 

The heterostructure formation is investigated using cross-section high-resolution 

transmission electron microscopy (TEM). Our work shows that ALD enables control over the 

phase between TMDC and TMTC at low deposition temperatures, and also facilitates the 

fabrication of a TMDC-TMTC heterostructure over a large area. 

5.2 Experimental Section 

5.2.1 Atomic Layer Deposition of Niobium Sulfide 

The NbSx thin films were prepared by PE-ALD in an Oxford Instruments Plasma 

Technology FlexAL ALD reactor. The system´s base pressure was 10-6 Torr, and the reactor 

was equipped with a remote inductively coupled plasma source (ICP, 13.56 MHz). The table 

temperature was varied between 200 °C and 450 °C. For all the deposition temperatures, 

the wall was maintained at 150 °C. The metal-organic precursor (tert-butylimido)-

tris(diethylamino)-niobium (TBTDEN) [STREM Chemical, Inc., 98% pure] was used as the 

niobium precursor without further purification. The precursor was held at 65 °C in a 

stainless-steel container and was bubbled using Ar as the carrier gas. The NbSx PE-ALD 

reaction cycle consisted of two half-cycles separating the Nb and S reactants. In the first 

half-cycle, the niobium precursor was dosed using Ar as carrier gas into the reactor, while 

the pressure was maintained at 80 mTorr. During the second half-cycle, a plasma gas 

mixture consisting of H2S, H2, and Ar gas was used as coreactant. An ICP power of 200 W 

was applied to ignite the plasma while maintaining a pressure of 8 mTorr. Both half-cycles 

were separated by an Ar purge step. 

Two NbSx PE-ALD processes were developed; type 1: using a H2S and Ar coreactant gas 

mixture with a flow of 10 and 40 sccm, respectively; and type 2: using a H2S, H2, and Ar 

coreactant gas mixture with varied H2S and H2 flow rates while Ar flow remained constant. 

In the second process, the Ar flow was maintained at 40 sccm, while the total flow of H2S+H2 

was kept constant at 10 sccm with a varying H2S:H2 gas mixture ratio. The thin films were 

deposited on Si substrates covered with approximately 450 nm thick thermally grown SiO2. 
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5.2.2 Analysis Techniques 

The film thickness was investigated as a function of the number of ALD cycles by in-situ 

spectroscopic ellipsometry (SE). The SE spectra were recorded after every 10 ALD cycles. 

The SE employed was a J.A. Woollam Co., Inc., M2000U, with a rotating compensator, 

yielding a photon energy range of 0.7-5 eV. COMPLETEEASE software was used to model 

the optical constants of the deposited NbSx film. The model consists of Si substrate, 450 nm 

SiO2, and NbSx film. The dielectric function of the NbSx film was modeled using a B-spline 

function. The molecular structure and phase of the prepared films were examined by Raman 

spectroscopy using a confocal Renishaw inVia system with a 514 nm excitation laser in an 

ambient environment. The binding environment and valence band structure of the 

synthesized films were studied by X-ray photoelectron spectroscopy (XPS) with a Thermo 

Scientific KA1066 spectrometer with monochromatic Al Kα (hν = 1486.6 eV) X-ray radiation. 

The XPS spectra were calibrated by setting the C–C peak to 248.8 eV in the C1s spectrum. 

The crystallinity of the thin films was investigated by grazing-incident X-ray diffraction (GI-

XRD). A PANalytical X´Pert Pro MRD analyzer using a Cu Kα (λ = 1.54 Å) X-ray source 

operated at 40mA, and 45kV was employed. The scan range was 5 to 80° 2θ with a scan rate 

and step size of 0.2 s/step and 0.01, respectively. The species in the H2S:H2:Ar plasma was 

studied using optical emission spectroscopy (OES). A USB4000 spectrometer from Ocean 

Optics with a wavelength range of 180−1100 nm was mounted vertically on top of the ICP 

plasma source. The thin film´s composition and purity were determined from Rutherford 

backscattering spectrometry (RBS) and elastic recoil detection (ERD) measurements. The 

measurements were conducted by Detect 99 B.V. Eindhoven, The Netherlands, with a 2 

MeV He+ beam source containing two detectors at scattering angles of 105° and 170°. The 

resistivity measurements were conducted ex-situ in ambient conditions using a Signatone 

four-point probe combined with a Keithley 2400 Sourcemeter acting both as a current 

source and a voltage meter. Resistivity was determined from the slope of the I-V curve. The 

carrier concentration and Hall mobility of the films were measured ex-situ using a LakeShore 

cryotronics 8400 Series set-up at room temperature. The microstructure of the NbS2-NbS3 

heterostructure was investigated using scanning transmission electron microscopy (STEM) 

with a JEOL ARM 200F operated at 200 keV. For cross-section STEM studies, a lamella (~100 

nm) was prepared in an FEI Nova600i NanoLab SEM/FIB using a lift-out preparation 

procedure after a protective SiO2 layer was deposited on the top of the film by electron-

beam induced deposition (EBID). The STEM combined with energy-dispersive X-ray 

spectroscopy (EDX) was used to study the chemical composition of the NbS2-NbS3 

heterostructures. Scanning electron microscopy (SEM) was used to study the surface 
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morphology of the films. A Zeiss Sigma SEM with an in-lens detector and operating at an 

acceleration voltage of 3 keV was utilized. 

5.2.3 Simulations Details 

The Ab-initio calculations of the valence band density of states for NbS2 and NbS3 were 

carried out by density functional theory (DFT) in the projector-augmented wave (PAW) 

framework as implemented in the Vienna Ab initio Simulation Package (VASP) software. 

Electron exchange and correlation contributions were approximated using the Perdew, 

Burke, and Ernzerhof (PBE) functional34. The lattice parameters used in the DFT calculations 

were obtained from Bloodgood et al.29 for NbS3 (NbS3-IV) and from Morosin et al.35 for 3R-

NbS2. Plane-wave cutoff energy of 400 eV was employed for the density of states 

calculations, while van der Waals interactions were taken into account through the DFT-D3 

method of Grimme36. Partial occupancies around the Fermi level were accounted for with 

the tetrahedron smearing method with Blöchl corrections37. The density of states was 

calculated with an energy resolution of 0.05 eV. After the calculation, any density of states 

above the Fermi level was discarded. 

5.3 Results and Discussion 

In this work, to form NbS2-NbS3 heterostructures, we first developed novel PE-ALD 

processes for NbS2 and NbS3 using the metal-organic TBTDEN precursor and an H2S, H2 and 

Ar gas mixture as the coreactant. For the development of the ALD process, we drew 

inspiration from the commonly used CVT method38, where the control between TMDC and 

TMTC synthesis has been demonstrated in two ways. One, by varying the temperature, 

where the TMTC growth occurs at low temperature (e.g., < 750 °C for NbS3), while the TMDC 

grows at high temperature (e.g., >750 °C for NbS2). Second, by modulating the chalcogenide 

to transition metal precursor ratio at a constant temperature (< 450 C). The TMTC growth 

then occurs when this ratio is above 3, while TMDCs were synthesized below a ratio of 3. 

Hence, we studied the effect of both temperature and sulfur coreactant composition on the 

phase-control of the NbSx system during ALD. The saturated self-limiting ALD growth 

behavior was investigated at a deposition temperature of 250 °C (appendix 5 Figure A5.1) 

using H2S/Ar plasma as the coreactant (type 1 ALD process, see above). In the first half-cycle, 

the niobium precursor dose reached saturation at 10 s of exposure when the H2S:Ar plasma 

exposure was maintained at 30 s. Thus, a precursor exposure time of 10 s was fixed for film 
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growth. In the second half-cycle, the H2S:Ar (10:40 sccm, without H2 in the mixture) plasma 

exposure was observed to reach saturation at 30 s exposure time. Ar gas was used to purge 

away remaining precursor, coreactant and/or by-products after both the ALD half-cycles, to 

avoid parasitic CVD reactions. Both these purge steps were observed to saturate at 10 s. 

The final optimized recipe adopted for NbSx film growth is schematically represented as a 

function of time in Figure 5.1a. The same recipe was also utilized for the type 2 ALD process 

with added H2 to the gas mixture of the plasma coreactant step [H2S+Ar(+H2)]. 

5.3.1 Phase-control by Varying the Deposition Temperature 

The effect of deposition temperature on the niobium sulfide (NbSx) film growth was 

studied using the type 1 ALD process by varying the deposition temperature between 200 

°C and 450 °C. The thickness as a function of the number of ALD cycles was measured using 

in-situ SE, see Figure 5.1b. A linear increase in thickness with the number of ALD cycles was 

observed for all the investigated temperatures indicating typical ALD growth. The growth 

per cycle (GPC) was calculated by taking a slope over the linear region between 50 and 100 

cycles in Figure 5.1b. An increase in GPC was observed with deposition temperature 

changing from 1.38 Å at 200 °C to 3.17 Å at 450 °C, see also Table 5.1. A significant increase 

in GPC was observed with temperature from ~1.7 Å at 350 °C to ~2.5 Å at 400 °C. Such 

significant variation in GPC could be explained by the change in material phase (from NbS3 

to NbS2) and/or film properties, such as morphology33,39. 

Raman spectroscopy revealed a change of vibration peaks for the films as a function of 

the deposition temperature, indicating a change in material phase, see Figure 5.1c. For the 

films deposited below 350 °C, three vibrational peaks around 195, 320, and 530 cm-1 were 

observed. These three vibrational peaks correspond to the ν(Nb-S2), ν(Nb-S1), and ν(S-S)2 

Raman modes of NbS3
40. However, increasing the deposition temperature to 350°C reveals 

two additional peaks: around 270 and 380 cm-1. These belong to the E1 and A1 Raman 

vibration modes of 3R-NbS2
41. With a further increase in deposition temperature above 350 

°C, the three peaks corresponding to NbS3 disappeared. Thus, Raman spectroscopy confirms 

the preparation of NbS3 below 350 °C, and 3R-NbS2 above 350 °C, while at 350 °C mixed-

phase containing both the NbS3 and NbS2 were obtained. This change in material phase 

from NbS3 to NbS2 could contribute to the observed increase in GPC between 350 °C and 

400 °C, as shown in Figure 5.1b. 
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Figure 5.1 (a) Schematic of one complete PE-ALD cycle for the synthesis of NbSx thin films. 
(b) Film thickness as a function of the number of ALD cycles for deposition temperatures 
between 200 °C and 450 °C (type 1 ALD process). (c) Raman spectra of the films deposited 
between 200 °C and 450 °C (the 350 °C spectrum has been magnified 3 times as indicated). 
The dashed lines correspond to the vibrational modes of both NbS2 (green) and NbS3 (red). 
(d) and (e) The NbS2 and NbS3 crystal structures, respectively, when viewed down the b-
axis. The rectangles indicate the unit cells. 

To further study the observed material variation as a function of the deposition 

temperature, we turned to XPS to explore the binding environments and valence band of 

the deposited films. The S2p spectra for the films deposited below 350 °C (see Figure 5.2a) 

contain two doublets: one at 161.3 / 162.4 eV, and the other at 162.6 / 163.8 eV (indicated 

with green dotted lines). As can be deduced from other TMTCs reported in the literature42, 

the lower energy doublet corresponds to the S2p3/2 and S2p1/2 spin-orbit doublets of 

isolated S2- species, while the higher energy doublet corresponds to the spin-orbit doublets 

of a (S2)2- species (also known as S–S pair). For below 350 °C spectra, the fitted peak area 

ratio of (S2)2-:S2- was calculated to be ~2.2:1. This nearly 2:1 ratio of (S2)2-:S2- is consistent 

with the NbS3 structure [Nb4+(S2)2-S2-], where the (S2)2- (S-S pair) to S2- ratio is 2:1. The over-

stoichiometric ratio 2.2:1 indicates the presence of some excess (S2)2- species in the film. 

Contrary to the films deposited below 350 °C, only one doublet with peaks at 160.8 and 

161.9 eV (indicated with red dotted lines) was observed for films deposited above 350 °C. 
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This doublet corresponds to the S2p3/2 and S2p1/2 spin-orbit doublets of an isolated S2- 

species. The presence of only this type of S species indicates the deposition of NbS2. The 

shoulder observed around ~162.8 eV could be due to excess S (as will be discussed using 

RBS data). The peaks of the S2- species in NbS2 were observed to be shifted by ~0.5 eV 

towards lower binding energy in comparison to that of NbS3. Consistent with the Raman 

observation, for 350 °C film, a mixed-phase was observed, as it contains two S doublets 

indicating the presence of NbS3 and also a peak shift of ~0.5 eV towards the lower binding 

energy as observed for NbS2. 

 

Figure 5.2 (a) S2p XPS spectra of the PE-ALD (type 1 ALD process) grown NbSx films at 
deposition temperatures between 200 °C and 450 °C. Dotted lines indicate the fitted peak 
position of the doublets corresponding to S2- and (S2)2- species. (b XPS valence band spectra 
of the films grown at various deposition temperatures. (c) DFT simulated valence band 
spectra using the crystal structure parameters of NbS2 and NbS3. 

Following the binding environment studies using XPS, valence band spectra of the 

deposited NbSx films were also investigated, see Figure 5.2b. For films deposited below 350 

°C, four broad peaks centered around 2, 5, 11, and 16 eV were observed, while for above 

350 °C case, three broad peaks centered around 1, 4 and 13 eV were observed. To 

understand this difference, the valence band spectra (density of states below the Fermi 

level) of both NbS2 and NbS3 were calculated by DFT, see Figure 5.2c. The major difference 

between NbS2 and NbS3 based on DFT calculated valence band spectra is the split in the 

density of states between 10 and 17 eV for NbS3 in comparison to NbS2. A similar trend was 

observed in the experimental valence band spectra. As shown in Figure 5.2c, most of the 

density of states observed between 10 and 17 eV were contributions from S atoms. Similar 

phenomena have been observed previously for the TiS2/TiS3 system42, where valence band 

spectra split in TiS3 due to hybridization by excess S–S pairs. Similar to TiS3, NbS3 also has 

excess S-S pairs as compared to NbS2. Therefore, such a split in NbS3 spectra in comparison 

to NbS2 can be associated with hybridization by excess S–S pairs. 
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Table 5.1 Results of the In-situ SE (GPC), RBS (S/Nb ratio), ERD (H concentration), four-point 
probe (resistivity), and Hall (mobility and carrier concentration) measurements for the 
obtained PE-ALD NbSx films at deposition temperatures between 200 and 450 °C with 
various coreactant H2S+Ar+H2 plasma gas mixtures (in sccm). All films were ~30 nm thick, 
see Figure 5.1b and 5.3a. 

Coreactant 
[H2S+H2+Ar] 

(sccm)* 

T 
(°C) 

GPC 
(Å) 

S/Nb 
H 

(at.%) 
σ 

(μΩ-cm) 

Hall 
mobility 

(cm2V-1s-1) 

Carrier-concentration 
(cm-3) 

10+0+40 

200 1.38 - - x x x 

250 1.42 - - 1.6 E+9 x x 

300 1.51 3.4 5.9 3.6 E+8 x x 

350 1.71 - - 5.6 E+6 x x 

400 2.47 - - 1.3 E+3 0.7 9.9 E+21 

450 3.17 2.2 5.9 1.1 E+3 1.4 5.3 E+21 

8+2+40 300 1.61 - - 1.5 E+8 x x 

5+5+40 300 2.51 2.3 3.6 2.5 E+3 0.2 1.0 E+22 

Typical 
Error 

 ±0.03 ±0.1 ±0.1    

“-”     no data 
“x”    below the detection limit 
“*”    flow of individual gases in sccm 

 
 

The composition and purity of the deposited NbSx films were quantified using RBS 

measurements (Table 5.1). The S/Nb ratio was calculated to be 3.4 for the films deposited 

at 300 °C indicating NbS3 growth with some excess S, while the S/Nb ratio of 2.2 for the film 

deposited at 450 °C indicates NbS2 growth with some excess of S. A similar observation on 

excess S in both NbS3 and NbS2 preparation was also made by the XPS in the S2p spectrum, 

see Figure 5.2a. Contaminants such as C and O were detected only on the surface (similar 

to XPS) due to exposure of the films to ambient conditions, underlining a high quality of the 

synthesized films. Additionally, ERD measurements revealed 4–6 at.% of H, which could be 

from the plasma coreactant and/or precursor ligands. 

Summarizing, in addition to our previous work on the phase-controlled synthesis of TiS3 

and TiS2 by ALD33 (see Chapter 3), the results presented above show that phase-control by 

ALD can be expanded to group V transition metal chalcogenides. 
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5.3.2 Phase-control by Varying the Coreactant Composition 

As mentioned earlier, an alternative way to achieve phase-control between TMTC and 

TMDC at a constant synthesis temperature could be by varying the chalcogenide (sulfur 

precursor) concentration with respect to the transition metal (Niobium) precursor32. Above, 

in the temperature variation study, at a deposition temperature of 300 °C, NbS3 was 

obtained using H2S:Ar (type 1 ALD process) as a plasma coreactant. To achieve NbS2 growth 

at 300 °C, the effect of plasma coreactant composition on the material phase/composition 

was studied by adding H2 (type 2 ALD process) to the H2S:Ar gas mixture. The H2S:H2 ratio 

was varied from 10:0 to 5:5 (in sccm) while maintaining a total flow of 10 sccm with respect 

to a constant Ar flow of 40 sccm. Three H2S:H2 flow ratios (10:0, 8:2, and 5:5 sccm) were 

chosen as plasma coreactant. In all cases, a film of ~30 nm of NbSx was deposited. The film 

thickness as a function of the number of ALD cycles was again monitored with in-situ SE (see 

Figure 5.3a); above 70 ALD cycles, a linear growth trend was observed for all three gas 

mixture conditions. A substantial increase in GPC was observed from 1.51 to 2.51 Å when 

reducing the H2S flow (and increasing the H2 flow), see Table 5.1. The GPC increased 

significantly from 1.60 Å for the 8:2 gas mixture to 2.51 Å for the 5:5 gas mixture. 

Interestingly, this increase in GPC is similar to the increment observed during the 

temperature variation study, and such a change in GPC could be due to a change in material 

phase (between NbS3 and NbS2) and/or other film properties. 

A change in material phase from NbS3 to NbS2 was observed upon a change in coreactant 

plasma composition, as revealed by Raman spectroscopy, see Figure 5.3b. Like the film with 

10:0 ratio (300 °C in Figure 5.1c), the Raman spectrum of the film deposited with 8:2 gas 

ratio contained three vibrational peaks around 195, 320, and 530 cm-1 corresponding to the 

ν(Nb-S2), ν(Nb-S1), and ν(S-S)2 Raman modes of NbS3. Contrarily, for the 5:5 ratio case, only 

two vibration peaks at ~270 and 380 cm-1 were observed, similar to the Raman spectrum 

obtained at high processing temperatures (400 and 450 °C in Figure 5.1c), which correspond 

to E1 and A1 Raman vibration modes of 3R-NbS2. Thus, we have demonstrated that a 

significant change in H2S:H2 flow mixture enabled a phase-change from NbS3 to NbS2 by PE-

ALD at a constant temperature. 

Similar to the temperature variation study, using XPS, the effect of coreactant plasma 

composition on the deposited film´s binding environments and valence band of the 

deposited films was investigated. The S2p spectra of the 8:2 case (see Figure 5.3c) contain 

two doublets like for the 10:0 case (300 °C in Figure 5.2a): one at 161.3/ 162.4 eV, and the 
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other at 162.6/ 163.8 eV (green dotted lines, indicating NbS3 growth, while only one doublet 

was observed for films deposited for the 5:5 case, confirming NbS2 growth with some excess 

S. This is consistent with the RBS Nb/S ratio of 2.3 (see Table 5.1). Additionally, the XPS 

valence band spectra for 8:2 film show agreement with the 10:0 film, with four broad peaks 

centered around 2, 5, 11, and 16 eV (Figure 5.3d). For the 5:5 film, three broad peaks 

centered around 1, 4, and 13 eV were observed, indicating the deposition of NbS2. 

 

Figure 5.3 The coreactant plasma composition study with three H2S:H2 flow mixtures (type 
2 ALD process) of 10:0 (blue), 8:2 (light blue) and 5:5 (black) at a deposition temperature of 
300 °C. (a) Film thickness as a function of the number of ALD cycles for the three H2S:H2 
plasma coreactant flow mixtures. The corresponding (b) Raman spectra, (c) S2p XPS spectra, 
and (e) XPS valence band spectra. Dotted lines in (b) indicate the Raman vibration modes of 
NbS2 (red) and NbS3 (green), and in (c) indicate the fitted peak position of the doublets 
corresponding to S2- and (S2)2- species. 

To get more insights into the role of the coreactant plasma composition on the phase-

control between NbS3 and NbS2, OES was performed to investigate the composition of S 

and H species in the various plasmas. The OES spectrum was measured for all three 

H2S:H2:Ar flow ratios, see Figure A5.2a. In the OES spectra, as expected, the intensity of the 
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S-containing species (mainly S2, with peaks between 280 and 610 nm) decreases with the 

decrease in the flow of H2S in the H2S:H2 mixture, while the intensity of the excited H-

containing species such as Hβ (at around 486 nm) and Hα (at around 566 nm) increases with 

respect to Ar. There is a clear correlation between the ratio of S:H species present in the 

plasma and the transformation from NbS3 to NbS2. However, the transformation might be 

due to a decrease in the concentration of S species or an increase in H species. Therefore, 

to get more insight into the independent roles of S and H species in obtaining NbS2 growth, 

an additional film deposition was performed. For the additional deposition, H2S flow of 5 

sccm was used (like for the 5:5 case), but without the flow of H2 to the flow mixture. So, to 

sustain a total flow of 50 sccm, the Ar flow was maintained at 45 sccm. The resulting film 

was NbS3, as concluded by Raman spectroscopy and XPS (data not shown). This indicates 

that in the case of the 5:5 film, the addition of 5 sccm of H2 to the flow mixture contributed 

to form a reduction atmosphere, which led to the synthesis of NbS2 at 300 °C. Thus, the 

addition of H2 plays a significant role in the phase change from NbS3 to NbS2 at a constant 

deposition temperature of 300 °C. 

5.3.3 Structural and Electrical Properties of the Two Phases 

The crystallinity and morphology of the deposited NbSx films were examined by GI-XRD 

and SEM, respectively, see Figure 5.4a. In both temperature and coreactant plasma 

composition variation studies, no distinct peaks were observed in the GI-XRD pattern for all 

the films deposited with the stoichiometry and XPS and Raman response of a NbS3 phase, 

indicating the formation of amorphous films. In the case of films with the NbS2 phase, a 

strong peak around 15° 2θ was observed, indicating a crystalline and textured film. The peak 

corresponds to the (003) reflection of 3R-NbS2 (green dotted line). Top-view SEM images 

from Figure 5.4(c-e) show that the NbS3 film deposited at 300 °C (10:0 case) has no 

significant surface topography, while the NbS2 films deposited at 300 °C (5:5 case) and 450 

°C (10:0 case) shows the rough surface structure of a polycrystalline film, which is consistent 

with the GI-XRD pattern indicating the crystalline nature of the NbS2 films. In addition to the 

phase transition from NbS3 to NbS2, the change in the crystallinity and morphology of the 

films could also play a role in the observed increase in GPC during both the temperature 

variation and plasma coreactant composition studies, as shown in Table 5.1. A similar 

correlation between the crystallinity, surface morphology, and increasing GPC with 

deposition temperature was previously observed for PE-ALD of MoO3, where an increased 

GPC was associated with crystallinity and an increase in precursor adsorption caused by 

increased surface roughness and/or surface reactivity43. Thus, the transition from 
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amorphous NbS3 to polycrystalline NbS2 growth by the appearance of grains with the rough 

surface could lead to an increment in surface area, leading to an increase in GPC. 

 

Figure 5.4 GI-XRD patterns of NbSx films grown (a) at various temperatures between 200 °C 
and 450 °C, (b) at different plasma coreactant composition at a deposition temperature of 
300 °C. The peaks position corresponding to (003) plane is mentioned by a green dotted 
line. Top-view SEM images of NbSx films deposited at (c) 300 °C with H2S:H2 flow mixture of 
10:0, (d) 300 °C with 5:5 flow mixture, and (e) 450 °C with 10:0 flow mixture, respectively. 

The influence of the material phase (NbS3 vs. NbS2) on electrical properties such as 

resistivity, mobility, and carrier concentration were also studied. At room temperature, the 

resistivity was measured using the four-point probe method, whereas the charge carrier 

mobility and carrier concentration were measured using the Hall-effect method, see Table 

5.1. The resistivities of the NbS3 films were above 108 µΩ-cm, while the resistivities of the 

NbS2 films were around 1-3x103 µΩ-cm. This difference in resistivity is consistent with values 

reported in the literature, for 3R-NbS2: ~3x103 µΩ-cm44 and for semiconducting NbS3: ~109 

µΩ-cm31. Hall-effect measurements were conducted only on the NbS2 films as the NbS3 films 

were too resistive. The NbS2 films were all p-type with hole mobilities between 0.2–1.4 

cm2V-1s-1 depending on the deposition temperature and coreactant composition, see Table 

5.1. The measured carrier concentrations of the films were around 5–10x1021 cm-3. 
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Similarly, in the literature, NbS2 has also been observed to have p-type carriers with a hole 

mobility of 1–3 cm2V-1s-1 45,46. 

5.3.4 NbS2-NbS3 Heterostructure Formation 

 

Figure 5.5 (a) Illustration of the NbS2-NbS3 heterostructure deposited at 300 °C. (b) 
Comparison of the Raman spectra of NbS2 (black), and NbS3 (red) films with the deposited 
NbS2-NbS3 heterostructure (grey). 

A NbS2-NbS3 vertical heterostructure was synthesized in-situ at 300 °C, as shown in Figure 

5.5a to demonstrate the phase control that can be achieved with our ALD process. First, 

NbS2 was deposited on the substrate using the 5:5 (H2S:H2) type 2 ALD process, as described 

above. After the NbS2 deposition for 100 ALD cycles, the coreactant plasma composition 

was switched to 10:0 (H2S:H2) flow mixture to deposit NbS3 on top of the deposited NbS2. 

The NbS3 was deposited for 400 ALD cycles. The Raman spectrum of the as-deposited film 

shown in Figure 5.5b (grey) has four broad vibrational peaks at 195, 320, 380, and 530 cm-

1. The three peaks at 195, 320, and 530 cm-1 correspond to the ν(Nb-S2), ν(Nb-S1), and ν(S-
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S)2 Raman modes of NbS3, while the fourth peak at 380 cm-1 corresponds to the A1 Raman 

mode of 3R-NbS2. Thus, indicating the presence of both the NbS2 and NbS3 phase in the 

heterostructure. 

A cross-section transmission electron microscopy (TEM) study was performed to confirm 

the NbS2-NbS3 heterostructure formation. The cross-section HAADF-STEM image in Figure 

5.6a reveals a clear difference in contrast between NbS2 and NbS3 layers in the synthesized 

heterostructure. The corresponding EDX elemental mappings of Nb, S, and O are shown in 

Figure 5.6(b-d). The Nb and O EDX mappings show the surface oxidation of the top NbS3 

layer, which could be due to post-deposition exposure to the ambient environment or the 

deposition of the protective SiO2 layer on the top prior to FIB sample preparation of the 

TEM sample. The EDX mapping of both Nb and S shows a clear difference in their elemental 

counts between NbS2 and NbS3 layers with a sharp interface. From the structural formula, 

it follows that NbS2 has a larger Nb:S ratio than NbS3. The EDX mapping shows relatively 

more Nb counts in the bottom NbS2 layer, and relatively more S content in the top NbS3 

layer, confirming the synthesis of the NbS2-NbS3 vertical heterostructure by ALD at a 

constant deposition temperature of 300 °C. In conclusion, by modulating the H2S:H2 flow 

mixture at a constant temperature, the NbS2-NbS3 vertical heterostructure has been 

successfully synthesized. 

 

Figure 5.6 (a) HAADF-STEM image showing a cross-section of the deposited NbS2-NbS3 
heterostructure with corresponding EDX elemental mappings of (b-d) Nb, S, and O, 
respectively. 
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5.4 Conclusions and Outlook 

The phase-controlled synthesis of NbS2 and NbS3 was successfully achieved by PE-ALD at 

low-temperature. The phase-control between the two material phases was obtained by 

varying the deposition temperature and the coreactant plasma composition. When the 

temperature was varied, amorphous NbS3 growth was observed below 350 °C, while above 

this temperature, polycrystalline NbS2 was obtained. When the coreactant plasma 

composition was varied at 300 °C, a phase transition from NbS3 to NbS2 was achieved by 

adding H2 to the plasma, which contributed to a reducing atmosphere. Using this coreactant 

modulation at 300 °C, NbS2-NbS3 vertical heterostructures were successfully prepared. 

For the successful application of these heterostructures in devices, the amorphous NbS3 

phase could be annealed in an excess sulfur atmosphere wherein the film can undergo 

crystallization. While doing so, to obtain well defined interfaces, care should be taken to 

prevent intermixing at the interface. The ability to grow (poly)crystalline metal-

semiconductor heterostructures with analogous elements could enable further 

improvement of the device performance. This work could open new avenues for the 

synthesis of other TMDCs, TMTCs, and their heterostructures for (opto)electronic 

applications. 
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Figure A5.1 Saturation curves: GPC as a function of (a) precursor, (b) precursor purge, (c) 
plasma, and (d) plasma purge exposure time for PE-ALD type 1 process at 250 °C deposition 
temperature. 
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Figure A5.2 (a) OES spectra of the H2S:H2:Ar plasma with different H2S:H2 flow mixtures 
while the Ar flow was kept constant at 40 sccm. The spectra were normalized to the Ar II 
peak at 420 nm. (b) Magnified OES spectra of (a), with magnification to the wavelength 
range of 465-500 nm and 640-670 nm. 
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Recently, metallic group V based transition metal dichalcogenides (TMDCs), such as NbS2 

and TaS2, have been introduced as new promising alternatives for non-noble metal catalysts 

to drive the electrocatalytic hydrogen evolution reaction (HER). However, the observed high 

HER activity was obtained only after an activation process, wherein the TMDC layers were 

depleted/ exfoliated, thus casting doubts over the long-term stability of the metallic TMDCs. 

Here, for the first time, NbS2 fabricated by atomic layer deposition (ALD) is explored as an 

electrocatalyst for hydrogen evolution. The initial HER performance of the ALD-derived 

NbS2 (overpotential of ~500 mV at η10) was comparable to NbS2 prepared by CVD (chemical 

vapor deposition) or SSR (solid state reaction) as reported before in the literature. Superior 

long-term stability over 24 hours (and 10000 LSV cycles) was observed for direct ALD-

derived NbS2 electrodes on glassy carbon and carbon fiber paper substrates, which was 

caused by strong adhesion of the direct ALD-grown NbS2 film. Furthermore, direct ALD-

derived NbS2 was introduced as an adhesive buffer layer for sulfurization-derived NbS2 

(from ALD-grown Nb2O5) that suffer from preliminary delamination during HER. The 

adhesive buffer layer mitigated the delamination issue and improving the long-term 

stability of sulfurization-derived NbS2. This work shows that ALD is a suitable method to 

fabricate high-performing NbS2 electrocatalyst for HER with long-term stability. 

                                          ___________________________________ 

Saravana Balaji Basuvalingam*, Yue Zhang*, Emiel J. M. Hensen, Wilhelmus M. M. Kessels, Jan P. Hofmann, and 

Ageeth A. Bol, (to be submitted)  
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6.1 Introduction 

In the future, renewable energy will play a major role in the transition to a CO2 neutral 

energy system. Nevertheless, there are big challenges to efficiently use renewable energy 

due to the intermittent availability of solar and wind energy, making large scale, efficient 

storage options indispensable1,2. Electrocatalytic water splitting is one of the promising 

pathways for storing renewable energy. The hydrogen evolution reaction (HER) is the 

cathodic half-reaction of water splitting, and traditionally noble metals (like platinum) are 

regarded as a benchmark electrocatalyst for this reaction3. However, the amount of noble 

metal available in nature is insufficient for an industrial scale terawatt level energy 

conversion. Recently, layered two-dimensional (2D) transition metal dichalcogenides 

(TMDCs) have gained momentum as alternative electrocatalysts for HER applications4,5. 

Among them, semiconducting TMDCs such as MoS2 and WS2 have been the most intensively 

studied materials, nevertheless, only the metallic edge sites have been found active, while 

their (00l) basal planes are inert6. Activating the basal planes could further enhance the HER 

activity. In the literature, two strategies are generally followed to enable the basal planes. 

One is the conversion from the semiconducting phase (e.g., 2H-MoS2) to a metallic phase 

(e.g., 1T-MoS2)7, and the other is by creating defects on the basal plane known as defect 

engineering8. However, both methods lead or might lead to stability issues due to 

progressive oxidation and/or unsaturated sulfur species9,10. Therefore, significant interest 

has recently been directed towards the group V metallic TMDCs such as NbS2
11–13, TaS2

14,15 

and VS2
16. In contrast to the semiconducting MoS2 and WS2, the key benefits of these 

metallic TMDCs are easier electron transfer kinetics and intrinsic catalytic activity of the 

basal planes. According to predictions from DFT calculations, the basal planes of group V 

metallic TMDCs possess close to thermoneutral Gibbs free energy for H atom adsorption11–

13,15,17. 

Lately, among the group V metallic TMDCs, NbS2 has spurred interest because of its high 

HER activity. NbS2 exists in multiple stable metallic phases such as 2H, 3R and 1T18. Among 

those, 3R has been the most popular phase for HER studies, see Table 1. In most studies, 

NbS2 required an overpotential of ≥500 mV to reach a current density of 10 mA cm-2 (η10) 

during the initial HER cycle, except for non-stoichiometric Nb1+xS2 as well as Li or Pd 

intercalated NbS2,  which needed only an overpotential between 140 to 240 mV for reaching 

η10
12,19,20. With respect to pristine NbS2, Lou et al. reported continuous improvement 

(decrease) of the overpotential from ~500 mV to as low as 60 mV over 10000 HER cycles to 
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reach η10
13. Such superior HER performance was only observed after an activation (so-called 

self-optimization) process in which the generated H2 depletes or exfoliates the pristine NbS2 

by breaking the weak van der Waals interaction between the interlayers and as such 

exposing new active sites for electrocatalytic reaction. On the other hand, the overpotential 

of pristine NbS2 has also been reported to decay (increase) over time20. This change in 

overpotential either way indicates poor long-term HER stability of the pristine NbS2. This 

stability and the depletion or exfoliation issues of the NbS2 catalyst cast doubt over their 

use for practical applications. Therefore, to further explore NbS2 for HER electrocatalysis, it 

is vital to address and overcome the poor stability problem. 

Table 6.1 HER performance of 3R-NbS2 reported in the literature. 

Material η10  

(mV vs. RHE)  

Tafel slope  

(mV dec−1) 

Mass loading Ref. 

3R-NbS2 >500 (initial) /  

60 (after 20000 cycles) 

211 /  

38 

10 μg cm−2 13 

3R-NbS2 459* 119 - 20 

3R-NbS2 >>500* 168 - 12 

3R-NbS2 550* 103 - 21 

3R-NbS2 442* 162 0.8 mg cm−2 22 

3R-NbS2 420 (initial) /  

200 (after 1000 cycles) 

- - 19 

3R-Nb1+xS2 ~240* 76 - 12 

Li- 3R-NbS2 140 - - 19 

3R-PdxNbS2 157 50 - 20 

η10  Overpotential at an HER current density of -10 mA cm−2. 
*     The cycle number was not mentioned. 
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Interestingly, in the literature, the above-mentioned HER stability issues were primarily 

observed for poorly covered electrodes, synthesized by solid state reaction (SSR) or 

chemical vapor deposition (CVD) methods (i.e., non-uniform, island-like NbS2 films) or by 

exfoliation (i.e., NbS2 flakes). On the contrary, Zhou et al. reported excellent HER stability 

for direct CVD-grown NbS2 on glassy carbon substrates with polycrystalline nature and 100% 

coverage; there, only a 4% decay of the overpotential over 12 hours was observed23. Here, 

we synthesized NbS2 on glassy carbon and carbon fiber paper substrates using atomic layer 

deposition (ALD) and investigated it’s HER activity and stability. ALD is a variant of CVD, and 

it is a surface-controlled cyclic process based on self-limiting chemical reactions and can 

thus form intimate bonding between the deposited film/layers and the substrate. 

Furthermore, ALD provides benefits such as large-scale coverage with excellent uniformity, 

conformality, and atomic-level thickness control at relatively low processing temperatures24. 

In addition to the synthesis benefits, in terms of catalysis research, previously, ALD coatings 

have been shown to suppress leaching or depletion of the catalyst and impart long-term 

stability25,26. So far, to the best of our knowledge, HER activity and stability of ALD-grown 

group V TMDCs, specifically NbS2, have yet to be investigated. 

In this work, we investigate the HER performance of NbS2 films synthesized by various 

(three) ALD-based methods. One of the three reported methods being the indirect ALD-

based synthesis process, where the NbS2 film is prepared by the sulfurization of ALD-

prepared Nb2O5 films (see Chapter 7) in the H2S atmosphere at high processing temperature 

(900 °C). The other two ALD-based methods being the direct growth of NbS2 films by ALD 

(direct ALD) at low deposition temperatures (see Chapter 5) and post-deposition annealing 

of these direct ALD-grown NbS2 films at high processing temperature (900 °C). The film and 

material properties of the NbS2 films fabricated by all three methods are studied and 

compared, using an array of characterization techniques. Then, the HER performance, such 

as activity and long-term stability of various NbS2 electrocatalysts prepared on glassy carbon 

and carbon fiber paper substrates, is studied. Finally, we investigate the adhesive strength 

of direct ALD grown NbS2 film on the glassy carbon substrate using the scotch tape method 

and demonstrate its impact on long-term HER stability using a stack approach. 
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6.2 Experimental Section 

6.2.1 Film Synthesis 

6.2.1.1 Atomic Layer Deposition 

Atomic layer deposition (ALD) was employed to deposit both NbS2 and Nb2O5 thin films 

using an Oxford Instruments Plasma Technology FlexAL ALD reactor. The base pressure of 

the reactor chamber was 10-6 Torr, and the reactor was equipped with a remote inductively 

coupled plasma source (ICP, 13.56 MHz). The reactor acted as a warm wall reactor as the 

wall temperature was maintained at 150 °C, while the table temperature was varied 

according to the requirement between 200, 300 and 450 °C. The metal-organic precursor 

(tert-butylimido)-tris-(diethylamino)-niobium (TBTDEN) (STREM Chemical, Inc., 98%) was 

used for both NbS2 and Nb2O5 depositions. The precursor was kept in a stainless-steel 

bubbler at 65 °C and was bubbled using Ar as the carrier gas. For the NbS2 deposition, a 

plasma coreactant using a H2S:H2:Ar gas mixture of 5:5:40 or 10:0:40 sccm was employed, 

while for the Nb2O5 deposition, O2 plasma with a gas flow of 100 sccm was utilized. The 

NbS2 by direct ALD was deposited at 300 °C or 450 °C. All the Nb2O5 films were deposited at 

200 °C. In both processes, the pressure during the precursor and coreactant exposure steps 

was maintained at 80 and 10 mTorr, respectively. All plasmas were struck with an ICP RF 

power of 200 W.  

Both ALD processes consisted of a TBTDEN precursor dose step followed by a plasma 

coreactant step, with purge steps between both precursor and coreactant steps to avoid 

parasitic gas phase CVD reactions. For NbS2 deposition, the precursor was dosed for 10 s, 

while the plasma coreactant H2S:H2:Ar was dosed for 20 s for both deposition temperatures. 

In the Nb2O5 ALD process, the TBTDEN precursor was dosed for 6 s, while the O2 plasma 

coreactant was dosed for 4 s. For more details on ALD process optimization and ALD 

saturation data for both NbS2 and Nb2O5, see Chapter 5 and 7, respectively27. For film and 

material characterization studies, the thin films were deposited on Si with thermally grown 

450 nm of SiO2. For HER related studies, the films were deposited on polished glassy carbon 

or carbon fiber paper substrates. 
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6.2.1.2 Post-annealing and Sulfurization Treatment 

Post-annealing of NbS2 and sulfurization of the ALD-grown Nb2O5 (indirect ALD) were 

performed under similar conditions in a tube furnace using a H2S:Ar gas mixture with 10% 

H2S concentration for 45 min at 900 °C. The substrate with the NbS2 or Nb2O5 film was 

placed at the center of the tube furnace. The tube was sealed, pumped, and refilled with 

N2, and it was repeated for three times to remove O2 and water from the system. Then, a 

H2S:Ar gas mixture (10% H2S) at a flow of 100 sccm was led into the tube. Meanwhile, the 

furnace was heated up at a heating rate of 10 °C min−1 and kept for 45 min at the target 

temperature (900 °C). Subsequently, the system was let to cool down naturally to room 

temperature in an Ar atmosphere at the end of the treatment. Then, the samples were 

transferred to the glovebox immediately for later characterization and electrochemical 

measurements.  

6.2.2 Material Characterization 

Raman spectroscopy was performed with a Renishaw inVia system using a 514 nm 

excitation laser in ambient conditions. Scanning electron microscopy (SEM) was employed 

to investigate the surface morphology and grain size of the NbS2 films. A Zeiss Sigma SEM 

with an in-lens detector operating at an accelerating voltage of 3 kV was used for SEM 

studies. X-ray photoelectron spectroscopy (XPS) data were collected on a Thermo Scientific 

KA1066 spectrometer with monochromatic Al Kα (hν = 1486.6 eV) X-ray radiation to 

determine the binding environment for the NbS2 films. Resistivity measurements were 

performed ex-situ at ambient conditions using a Signatone four-point probe combined with 

a Keithley 2400 sourcemeter acting both as the current source and voltmeter. The resistivity 

of the NbS2 films was determined from the slope of the obtained I-V curves. Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES) measurements were performed 

on a SPECTROBLUE EOP spectrometer equipped with an axial plasma source (Ar) to 

determine the amount of dissolved Nb in the electrolyte. The sample uptake rate was set 

to 2 ml/min. The emission intensity of Nb ions was measured at 309.4, 269.7 and 295.1 nm. 

6.2.3 Electrochemical Measurements 

Electrochemical measurements were performed in a three-electrode electrochemical 

cell with a saturated calomel electrode (SCE) (0.265 V vs. reversible hydrogen electrode 

(RHE)) as the reference electrode, glassy carbon rod as the counter electrode, and 0.5 M 
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H2SO4 (99.999%, Sigma-Aldrich) as the electrolyte. The electrolyte was prepared with 18 

MΩ cm deionized Milli-Q water and purged with N2 for 30 min to remove O2 in the solution 

prior to the measurements. Linear sweep voltammetry (LSV) curves were recorded on a 

Metrohm Autolab PGSTAT302N potentiostat, and current density values were normalized 

by geometric area with a rotating rate of 1600 rounds per minutes (rpm). iR-correction 

(Ohmic drop compensation) (100%) has been done before normalizing the geometric area 

(geo). AC electrochemical impedance spectroscopy (EIS) (amplitude: 10 mV) was recorded 

at open circuit potential (OCP) in the frequency range of 10 kHz to 0.1 Hz. Stability tests 

were conducted by acquiring for 1000 and 10000 LSV cycles at 100 mV/s scan rate with a 

cathodic voltage limit set to attain a maximum current density of 10 mA/cm2
geo (η10), with 

a rotating rate of 800 rpm. The total duration of both the dynamic stability test, including 

activity assessment and other electrochemical measurements, was 1 and 14 hours, 

respectively. Similarly, chronopotentiometry tests with a current density of 10 mA/cm2
geo 

were also performed for 24 hours using carbon fiber paper as the substrate. The carbon 

fiber paper was applied over glassy carbon substrate due to the better hydrophobicity. Also, 

the parallel-aligned design configuration of the glassy carbon substrate is not suitable to 

hold for 24 hours at 10 mA/cm2
geo due to its high current and a relatively large amount of 

H2 bubble generation. The electrochemical surface area (ECSA) was calculated based on the 

electrochemical double-layer capacitance (Cdl) measurement. For measuring Cdl of the 

samples, the potential was swept with a span of 100 mV and repeated five times at each of 

six different scan rates (10, 20, 30, 40, 50 and 60 mV/s). The specific capacitance (Cs) was 

chosen as Cs= 0.015 mF/cm2 in 0.5 M H2SO4 based on reported values28. The number of 

replicates for each experiment was three to five. 

6.3 Results and Discussion 

6.3.1 Synthesis and Functional Characterization of NbS2 

We fabricated NbS2 thin films for HER analysis using three ALD-based methods, as shown 

in Figure 6.1. Different synthesis methods were chosen to study and compare the role of 

synthesis approach, film and material properties on the HER performance, and to compare 

with the reported HER performances of the NbS2 prepared by other synthesis methods in 

the literature. The thickness of all ALD deposited NbS2 and Nb2O5 films was ~30 nm. In the 

first method (Figure 6.1a), the NbS2 film was deposited directly by ALD at 300 °C or 450 °C, 

using TBTDEN as the niobium precursor and a H2S:H2:Ar plasma as the coreactant with a 
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flow ratio of 10:0:40 or 5:5:40 sccm, respectively. In the second method (Figure 6.1b), NbS2 

films deposited by ALD at 300 or 450 °C (method 1) were annealed at 900 °C for 45 min 

using 10% H2S in carrier Ar gas. In the third method, a Nb2O5 film was deposited at 200 °C 

using TBTDEN as the niobium precursor and O2 plasma as coreactant. This is followed by a 

sulfurization treatment (see Figure 6.1c) at 900 °C for 45 min using 10% H2S in Ar to form 

NbS2. From now on, NbS2 films synthesized by method 1, 2 and 3 will be addressed as LT-

NbS2, HT-NbS2 and Sulfox-NbS2, respectively.  

 

Figure 6.1 Schematic illustration of the three different methods used to synthesize NbS2 
films. (a) Method 1: direct ALD (LT-NbS2) film growth using TBTDEN niobium precursor and 
H2S (or H2S + H2) plasma coreactant at a deposition temperature of 300 °C or 450 °C. (b) 
Method 2: post-annealing (HT-NbS2) of samples from the method 1 (a) in the tube furnace 
(red) at 900 °C using 10 % H2S gas in Ar for 45 min. (c) Method 3: sulfurization (Sulfox-NbS2) 
of the ALD grown Nb2O5 film (using TBTDEN niobium precursor and O2 plasma at 150 °C) in 
the tube furnace (red) at 900 °C using 10% H2S in Ar for 45 min.  

As expected for ALD grown films, the films fabricated by all three methods have excellent 

areal coverage as shown by SEM top-view images in Figure 6.2(a-e). Due to high-

temperature processing, the HT-NbS2 (300°C), HT-NbS2 (450°C) and Sulfox-NbS2 films 

synthesized by methods 2 and 3 have larger grain size compared to films synthesized by 

method 1. The average grain size was determined from multiple grain measurements on 

SEM images. For both the LT-NbS2 (300°C) and LT-NbS2 (450°C) films deposited by method 

1, the grain size was measured to be ~30-35 nm, while it increases more than 6-9 fold after 

the post-annealing treatment (method 2). Significantly larger grain size of ~300 nm was 

observed for the Sulfox-Nbs2 film. This indicates that high temperature processed films 

were relatively more crystalline than the low temperature processed direct ALD-grown films. 

This is similar to NbS2 synthesized by the CVD method at high temperatures in the literature. 
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Figure 6.2 (a-e) Top-view SEM image of NbS2 films obtained by various synthesis methods. 
The sample names are mentioned in the top right corner, and the average grain sizes are 
specified in the bottom right corner of the SEM image. (f) Raman spectra (λex = 514 nm, both 
300 °C and 450 °C spectra of method 1 have been magnified 3 times) and (g) measured film 
resistivity and electrochemical impedance for all the NbS2 films. 

Raman spectroscopy revealed that the NbS2 films in all cases are in the 3R phase, showing 

the characteristic vibrational peaks at 307, 328, 385 and 449 cm-1 (Figure 6.2f), which 

correspond to the E1g, E1
2g, A1g and A2 Raman vibration modes, respectively29. The peaks 

located at 153, 195 and 267 cm-1 may correspond to impurities or defect modes30. For both 

LT-NbS2 (300°C) and LT-NbS2 (450°C), the A2 mode was very weak, while the peaks of the 

other three Raman modes have broad FWHM and show low intensity. All four characteristic 

Raman modes were clearly visible for all three high temperature processed films with 

narrow FWHM, indicating relatively better crystallinity for these samples. This trend also 

confirms the observations made by SEM. The resistivity of the films was determined using 

four-point-probe measurements, revealing a decreasing trend in resistivity, as the 

processing temperature of the film increases from 300 °C to 900 °C, see Figure 6.2g. Such a 



134  Chapter 6: HER of ALD grown NbS2 
 

decreasing trend can be explained by the increasing film crystallinity. Interestingly, all three 

films processed at 900 °C by both method 2 and 3 showed comparable resistivity values 

around ~230 µΩ-cm, which is in good agreement with the reported bulk resistivity of NbS2
31. 

A similar trend was observed using EIS for all these five NbS2 films on glassy carbon 

substrates. The films processed at 900 °C were measured to have a low impedance of ~2 Ω. 

Direct ALD-made LT-NbS2 (300°C) and LT-NbS2 (450°C) films showed a little higher 

systematic resistance in the electrochemical cell, while no value exceeded 10 Ω. From the 

above characterization methods, it is clear that the NbS2 electrodes fabricated at higher 

temperature by method 2 and method 3 have similar properties. 

6.3.2 HER Performance 

The HER activity of the as-prepared NbS2 electrodes was evaluated in N2-purged 0.5 M 

H2SO4 electrolyte at room temperature. The iR-corrected (Ohmic drop compensation) 

Linear Sweep Voltammetry (LSV) curves and relevant Tafel slopes for electrodes with films 

deposited by all three synthesis methods are presented in Figure 6.3(a and b), where their 

performances are also compared to the reference bare glassy carbon substrate. We 

observed similar HER performance for electrodes from method 1 and 2, irrespective of the 

ALD deposition temperatures (300 °C and 450 °C, see appendix 6 Figure A6.1). Therefore, 

only the activity of the 450 °C samples will be discussed further. The LT-NbS2 (450°C) and 

HT-NbS2 (450°C) NbS2 electrodes will be addressed as LT-NbS2 and HT-NbS2, respectively. 

The LT-NbS2, HT-NbS2 and Sulfox-NbS2 electrodes exhibited similar initial HER performance, 

as shown in Figure 6.3a (initial LSV cycle) with an overpotential of 0.54 V, 0.53 V and 0.52 V, 

respectively at η10. According to the literature, this HER performance at η10 is comparable 

to the reported initial activity of around 0.50 V for SSR/CVD grown NbS2
11,13,20. Furthermore, 

the Tafel slope for LT-NbS2, HT-NbS2 and Sulfox-NbS2 electrodes were 114, 124 and 107 

mV/dec, respectively. These values fall within the broad range of values reported in the 

literature for SSR/CVD grown NbS2 spanning from 103 to 211 mV/dec (Table 6.1). This shows 

that regardless of the ALD-based synthesis method and material properties such as 

resistivity, crystallinity and grain size of the NbS2, the initial electrochemical activity is similar 

and comparable to the activity reported in the literature for the high temperature grown 

NbS2.  
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Figure 6.3 a) HER polarization curves of the NbS2 electrodes synthesized by different 
methods. b) Corresponding Tafel plots of the NbS2 electrodes in (a). (c) Double-layer 
capacitance measurement for determining the electrochemical active surface area (ECSA) 
for LT-NbS2 and HT-NbS2. (d) Chronopotentiometry HER performance of the NbS2 electrodes 
synthesized by method 1 and 2. (e) Corresponding HER polarization curves before and after 
24 hours. (f) Nb dissolution amount for NbS2 electrodes on both glassy carbon and carbon 
fiber paper.  
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To investigate the similar initial HER performance observed for the various electrodes in 

more detail, LT-NbS2 and HT-NbS2 films were further studied by double-layer capacitance 

(Cdl) measurement. Here, as HT-NbS2 and Sulfox-NbS2 films have similar film properties, only 

HT-NbS2 films were compared with LT-NbS2 films. Cyclic voltammetry was applied with 

various scan rates to determine Cdl (Figure 6.3c). The Cdl was used to estimate the 

electrochemical surface area (ECSA) and to compare the exposed active sites between LT-

NbS2 and HT-NbS2 films. The ECSA Cdl (Figure 6.3c) for LT-NbS2 and HT-NbS2 films were 60 

and 72 µF, respectively. The ECSA per cm2 was calculated to be 4.0 and 4.8 using Cs=0.015 

mF/cm2 as the specific capacitance value of NbS2
28. This indicates a similar number of active 

sites for NbS2 prepared by both method 1 and 2, which matches with their similar initial HER 

performance (Figure 6.3a). 

Furthermore, the long-term stability of all three electrodes was first investigated over 

1000 LSV cycles. Both the LT-NbS2 and HT-NbS2 films showed stability over 1000 LSV cycles, 

while the Sulfox-NbS2 activity decayed within 10 LSV cycles indicating poor stability (see 

Figure 6.3a). Next, the stability test of the LT-NbS2 and HT-NbS2 films were further extended 

to 10000 LSV cycles, and a drop in overpotential was observed from 525 and 520 mV in the 

initial LSV cycle to 489 and 435 mV at η10 (see appendix 6 Figure A6.3). The LT-NbS2 film 

demonstrated a very low decrease in overpotential of 36 mV, while HT-NbS2 showed a 

slightly larger decrease of 85 mV. In comparison, Lou et al.13 (by SSR method) and Yakobson 

& Wood et al.11 (by CVD method) reported a more substantial decline in overpotential of 

500 mV and 450 mV, respectively, at η10 over 10000 LSV cycles as a result of a continuous 

delamination process. Thus, indicating that both direct LT- and HT-NbS2 (method 1 and 2) 

are significantly more stable over 10000 LSV cycles compared to literature. Additionally, in 

comparison to the work of Lou et al.13, smaller ECSA changes were observed after 10000 

LSV cycles (see Figure A6.4), as Cdl only increased to less than 5 times the initial value in 

comparison to 100 times reported by Lou et al., further confirming the stability of the direct 

ALD-derived NbS2 electrodes. The 10000 LSV cycles data indicate that among the two ALD-

derived NbS2 films (method 1 and 2), the HT-NbS2 film with larger crystal size (~300 nm) is 

relatively less stable and more prone to delamination than its counterpart synthesized 

directly by ALD at low temperature (LT-NbS2). 

Nowadays, applying a certain current density on the studied electrocatalyst over a long 

period is commonly regarded as a metric to determine its stability. Therefore, besides the 

dynamic long-term stability test by repeated LSV scans over 10000 cycles, we also measured 

the chronopotentiometric response at a constant current density of 10 mA/cm2, see Figure 
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6.3d. Both LT- and HT-NbS2 electrodes (prepared on carbon fiber paper) showed excellent 

stability over 24 h (Figure 6.3d). The amount of Nb dissolution in the electrolyte after both 

dynamic (~10h) and static (24h) stability tests were studied for LT-NbS2 and HT-NbS2 films 

using ICP-OES measurements, see Figure 6.3e. In the dynamic test case, for both the films, 

the Nb dissolution was similar around 1.5 µg/cm2 (or 0.15 µg/cm2 per h), which is around 

10% of the initial mass loading (~13 µg/cm2). In the static test case, the Nb dissolution was 

0.08 and 0.1 µg/cm2 per h, respectively, for LT-NbS2 and HT-NbS2 films deposited on carbon 

fiber paper substrates with a complex surface topography (larger surface area). This 

indicates relatively more Nb dissolution for HT-NbS2 than for the LT-NbS2 film. This is 

consistent with the dynamic 10000 LSV cycle study, where a larger difference in 

overpotential of 85 mV was observed for HT-NbS2. This study shows the excellent durability 

of the direct ALD-grown NbS2 prepared at low-temperature for HER application. 

Turning to the Sulfox-NbS2 electrode case, the dramatic increment in the HER 

overpotential during LSV measurements from 521 mV at the initial cycle to 708 mV within 

less than 10 cycles (Figure 6.3a) could be related to the observed visible delamination of 

this NbS2 film from the glassy carbon substrate. This phenomenon has also been reported 

previously12,32. Such delamination of the NbS2 film from the substrate resulted in sediments 

consisting of delaminated flakes at the bottom of the electrochemical cell. Even though HT-

NbS2 and Sulfox-NbS2 films were synthesized in a similar condition of 10% H2S at 900 °C for 

45 min, and have comparable film and material properties, they show deviating HER 

performance. This dramatic difference in HER activity could be related to the ALD process, 

as HT-NbS2 was directly deposited by ALD and only underwent diffusion and 

recrystallization during the high-temperature treatment. However, in the case of the Sulfox-

NbS2 film, the amorphous Nb2O5 film was deposited by ALD, and during the sulfurization 

treatment, O to S exchange reactions take place to form highly crystalline layered NbS2. ALD 

is a technique in which precursors are adsorbed to the surface chemically, forming a 

chemical bond at the interface between the substrate and the initial layer(s) of the film. 

Previously, Shirazi et al., using DFT simulations, reported a surface reaction mechanism 

during the early stage of the MoS2 direct-ALD process33,34. In this work, when Mo precursor 

(containing tert-butylimido type ligands) was exposed to the SiO2 substrate (with dangling 

bonds on the surface), strong chemical adsorption of the precursor was observed. This 

chemisorption process led to the formation of a covalently bonded initial MoS2 layer on the 

growth substrate. A similar chemisorption process can be speculated for both ALD of NbS2 

and Nb2O5 on SiO2, as the Nb precursor (TBTDEN) used here has tert-butylimido type ligands, 

similar to the Mo precursor used in the work of Shirazi et al.. The above speculation can be 



138  Chapter 6: HER of ALD grown NbS2 
 

extended for ALD of NbS2 and Nb2O5 films on the glassy carbon substrates, as glassy carbon 

also has dangling bonds with which the precursor molecules react. Also, note that the  

 

Figure 6.4 Shows the microscopy image of the NbS2 (a, b and d) and Nb2O5 (c) films on glassy 
carbon substrate both before and after the adhesion test using the scotch tape. The pictures 
of both the sample and scotch tape are also shown. 
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material/film properties of both NbS2 and Nb2O5 films grown on SiO2 and glassy carbon 

substrate were examined to be similar. The as-formed strong chemical bonds between the 

ALD grown film and the substrate are not likely to be affected during the post-annealing 

treatment. Hence, stronger adhesion of ALD-grown NbS2 films on the glassy carbon 

substrate could explain the stability of direct ALD-derived HT-NbS2 films and the absence of 

visible exfoliation/ delamination during the LSV measurements.35 However, in the case of 

the Nb2O5 sulfurization, the O to S exchange reaction, which transforms the three-

dimensional (3D) Nb2O5 into the 2D NbS2, could affect the strong chemical bond between 

the film and the substrate, and might create a weak interaction at the glassy carbon-NbS2 

interface. Such a newly created weak interaction could allow for easy delamination of the 

Sulfox-NbS2 film during HER. 

To test the above hypothesis, adhesion tests were conducted using scotch tape on all 

synthesized NbS2 films on glassy carbon substrates. Figure 6.4(a, b and d) show the 

microscopy images of the NbS2 films both before and after the adhesion test. The test shows 

that LT-NbS2 and HT-NbS2 films synthesized by method 1 and 2 were not delaminated from 

the substrate by the scotch tape, as both the microscope image and the pictures of the film 

and scotch tape appear fresh. Only tape residues were observed on the film. On the 

contrary, the Sulfox-NbS2 film prepared by method 3 was delaminated entirely from the 

substrate as >90 % of material transferred to the scotch tape, see Figure 6.4d. Importantly, 

the ALD grown Nb2O5 film before sulfurization (Figure 6.4c) did not delaminate. Thus, the 

scotch tape adhesion test confirms the hypothesis on the formation of weak interaction 

between the NbS2 film and the substate following the sulfurization treatment (Sulfox-NbS2, 

method 3), leading to the complete exfoliation/ delamination of the film. 

Inspired by the adhesion test results, the direct ALD-grown NbS2 (LT-NbS2) was 

introduced as an adhesive buffer layer between the glassy carbon substrate and the ALD-

grown Nb2O5 layer before high-temperature annealing/sulfurization treatment, see Figure 

6.5a. After higher temperature treatment, the LT-NbS2 + ALD-grown Nb2O5 stack layer on 

glassy carbon substrate will become HT-NbS2 + Sulfox-NbS2 stack layer.  We expected that 

the introduction of this new direct ALD-grown adhesive layer would prevent the 

electrochemical delamination and simultaneously improve the stability of the stack film.  
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Figure 6.5 (a) Schematic illustration of sulfurization/ annealing of stack samples with ALD 
grown NbS2 as the buffer layer between ALD grown Nb2O5 and the glassy carbon substrate 
in the tube furnace (red) at 900 °C using 10 % H2S gas in Ar for 45 min. (b) HER polarization 
curves of all three samples. (c) Corresponding Tafel plots of the samples in (c). 

To test this hypothesis, three electrodes were fabricated by ALD: a) 30 nm Sulfox-NbS2 ; 

b) stack: 5 nm HT-NbS2 (buffer layer)+ 25 nm Sulfox-NbS2 and c) stack: 10 nm HT-NbS2 

(buffer layer) + 20 nm Sulfox-NbS2. Following the ALD deposition, all three samples were 

post-annealed/sulfurized at 900 °C under 10% H2S/Ar atmosphere. HER electrochemical LSV 

measurements were conducted on all three electrodes. As expected, all of them showed 

similar HER performance with an overpotential around 500 mV to reach η10 during the initial 

cycle (Figure 6.5b), and the Tafel slope values were in a narrow range of 104 to 112 (Figure 

6.5c). Additionally, as hypothesized, the stack sample with 10 nm HT-NbS2 + 20 nm Sulfox-

NbS2 showed good stability over 5000 LSV cycles with no significant variation in HER activity 

along with no visible exfoliation. On the other hand, both 30 nm Sulfox-NbS2 and 5 nm HT-

NbS2 + 25 nm Sulfox-NbS2 samples showed a decreasing trend in HER activity. While the 30 

nm Sulfox-NbS2 sample as anticipated showed a complete exfoliation of the NbS2 film, the 

latter showed only a small decay in HER activity from 498 mV in the initial cycle to 530 mV 
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after 10 cycles with only partial exfoliation. This shows that with increasing thickness of the 

direct ALD-grown NbS2 buffer layer from 0 nm to 10 nm, the HER stability improves, 

demonstrating that the HT-NbS2 can act as the adhesive layer between the Sulfox-NbS2 and 

the glassy carbon substrate. Additionally, XPS spectra of all three electrodes were analyzed 

before and after the electrochemical measurements to obtain additional information on 

this delamination. 

 

Figure 6.6 (a-c) Nb3d XPS spectra of all three stack samples before (fresh) and after LSV 
measurement cycles. (d-f) S2p XPS spectra of all three samples before (fresh) and after LSV 
measurement cycles. 
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The S2p and Nb3d XPS spectra of all three electrodes before undergoing HER 

measurements showed a similar spectral profile, indicating that they share the same surface 

species (Figure 6.6, fresh), which (partly) explains the similar initial HER performance. The 

peaks at 203.5 eV (Nb 3d5/2) and 206.3 eV (Nb 3d3/2) were assigned to the binding energies 

of Nb(+4) of NbS2 and have split spin-orbit components of Δ=2.78 eV30,36. Also, the peaks at 

160.9 eV (S 2p3/2) and 162.1 eV (S 2p1/2); 161.9 eV (S 2p3/2) and 163.1 eV (S 2p1/2) were 

assigned to the sulfur species in NbS2
37,19. 

In contrast, after the HER LSV measurements, the XPS spectra for the 30 nm Sulfox-NbS2 

electrode did not show any trace of Nb species (see Figure 6.6a). This confirms the complete 

delamination of the NbS2 layer during HER measurement. In the case of the 5 nm HT-NbS2 

+ 25 nm Sulfox-NbS2 electrode, the XPS measurement was conducted on the delaminated 

area, and a significant drop in Nb signal was observed, indicating almost complete removal 

of the NbS2 film as only some traces of Nb left on the surface (see Figure 6.6b). In the case 

of the 10 nm HT-NbS2 + 20 nm Sulfox-NbS2 electrode (see Figure 6.6c), no visible exfoliation 

of the film was observed, and the XPS profile after 5000 LSV cycles matches the fresh 

profiles. With respect to the S2p spectra, for both delaminated electrodes, the presence of 

S8 as the majority S species was observed at 164.0 (S 2p3/2) and 165.2 eV (S 2p1/2) which 

could be due to remaining S residues (see Figure 6.6d and e). Meanwhile, the electrodes 

with thicker-buffer-layer of ALD-grown NbS2 (10 nm HT-NbS2 + 20 nm Sulfox-NbS2) 

remained stable in its sulfur (see Figure 6.6a) and niobium speciation (see Figure 6.6f) even 

after 5000 electrochemical cycles. This difference indicates the strong bonding of ALD-

grown NbS2 (HT-NbS2) film on the glassy carbon substrates, while the bonding between 

Sulfox-NbS2 and glassy carbon substrate is weakened or vanishes following the O to S 

exchange reaction during sulfurization treatment. This confirms that the strong adhesion of 

ALD-grown NbS2 to be the reason for the excellent long-term stability of the NbS2 electrode 

synthesized by method 1 and 2. Thus, in comparison to other synthesis methods, direct ALD 

synthesis of NbS2 offers comparable HER performance with improved long-term stability 

along with the fabrication benefit for large area scalable synthesis, inherent to ALD. 

6.4 Conclusions 

In this work, we applied ALD grown NbS2 for the first time for the hydrogen evolution 

reaction and demonstrated an overpotential of ~500 mV at η10 with excellent long-term 

stability over 24 hours (and for 10000 LSV cycles). NbS2 films synthesized using direct ALD 

methods exhibited superior long-term stability over NbS2 films synthesized through the 
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sulfurization of ALD-grown Nb2O5. The poor stability of sulfurization-derived NbS2 was 

caused by electrochemical exfoliation/ delamination during HER LSV measurements. 

Variation in the adhesion strength between the film and the substrate was identified to be 

the reason for the observed difference in the stability between the direct ALD-derived and 

indirect ALD-derived (sulfurization) NbS2 films. The sulfurization process, involving the 

exchange reaction between O and S to form 2D NbS2 (from ALD-grown Nb2O5), was 

speculated to weaken the interface between the NbS2 film and the substrate. As a result, 

complete delamination of the sulfurization-derived NbS2 film occurred during HER. The 

long-term stability of the sulfurization-derived NbS2 was drastically improved by adding a 

10 nm thick direct ALD-grown NbS2 film as an adhesive buffer layer between the 

sulfurization-derived (from ALD-grown Nb2O5) and the glassy carbon substrate, exploiting 

the strong adhesion of the ALD-grown NbS2 to the glassy carbon. This enables the study of 

the intrinsic HER performance of the top 2D TMDC layer, independent of exfoliation/ 

delamination processes. The adhesive strength at the interface between the catalyst layer 

and the electrode substrate is a prerequisite to investigate the long-term stability of the 2D 

TMDC for HER. This work also shows that ALD could potentially provide a synthesize route 

for stable and active electrocatalysts based on other metallic 2D transition metal 

chalcogenides. 
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Appendix 6 

 

Figure A6.1 The HER polarization curves of method 1 and 2 NbS2 electrodes deposited by 
direct ALD at 300 °C (blue) and 450 °C (red). b) Corresponding Tafel plots of the samples in 
(a). 
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Figure A6.2 EIS of NbS2 electrodes prepared by method 1, 2 and 3. Solid lines are fit to the 
equivalent circuit model. 
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Figure A6.3 The HER performance of NbS2 electrodes prepared by method 1 and 2 before 
and after long-term stability tests (10000 LSV cycles). 
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Figure A6.4 Double-layer capacitance measurement for determining the electrochemical 
active surface area (ECSA) for NbS2 synthesized by method 1 and 2 after 10000 LSV cycles. 
Cyclic voltammograms were measured in a non-Faradaic region of the voltammogram at 
the following scan rates: 10-60 mV/s. Cathodic and anodic charging currents measured at 
OCP vs. RHE plotted as a function of scan rate. 

-0.8 -0.6 -0.4 -0.2 0.0

-30

-20

-10

0

C
u

rr
e

n
t 

D
e

n
s

it
y

 (
m

A
/c

m
2
)

Potential (V vs RHE)

 LT-NbS2 : 525 mV

 after 10000 cyc. : 489 mV

 HT-NbS2 : 520 mV

 after 10000 cyc. : 435 mV



149 
 

Comparison of Thermal and Plasma-
Enhanced Atomic Layer Deposition 
of Niobium Oxide Thin Films 
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Niobium pentoxide was deposited using tBuN=Nb(NEt2)3 as niobium precursor by both 

thermal atomic layer deposition (thermal ALD) and plasma-enhanced atomic layer 

deposition (PE-ALD) with H2O and O2 plasma as coreactants, respectively. The deposition 

temperature was varied between 150 and 350 °C in both ALD processes. Amorphous films 

were obtained in all cases. Self-limiting saturated growth was confirmed for both ALD 

processes along with high uniformity over a 200 mm Si wafer. The PE-ALD process enabled 

a higher growth per cycle (GPC) than the thermal ALD process (0.56 Å Vs. 0.38 Å at 200 °C, 

respectively), while the GPC decreases with increasing temperature in both cases. The 

high purity of the film was confirmed using Rutherford backscattering spectrometry (RBS), 

elastic recoil detection (ERD), and X-ray photoelectron spectroscopy (XPS), while the latter 

technique also confirmed the Nb+5 oxidation state of the niobium oxide films. The thermal 

ALD deposited films were sub-stoichiometric due to the presence of oxygen vacancies 

(VO), of which a more dominant presence was observed with increasing deposition 

temperature. The PE-ALD deposited films were found to be near stoichiometric for all 

investigated deposition temperatures. 

 

                                          ___________________________________ 

Saravana Balaji Basuvalingam, Bart Macco, Harm C. M. Knoops, Jimmy Melskens, Wilhelmus M. M. Kessels, 

and Ageeth A. Bol, J. Vac. Sci. Technol., A, 36, 4 (2018) 
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7.1 Introduction 

Niobium oxide has more than 15 polymorphs, making it a complex and an interesting 

material to investigate as the phase and stoichiometry of the material are directly 

dependent on the deposition technique and temperature1,2. The phase and stoichiometry 

of niobium oxide strongly influence its material properties. Stoichiometric niobium oxide 

(Nb2O5) has a high-k dielectric (insulating) behaviour that has been used in various 

applications such as capacitors3,4, insulators5, and sensors6,7. The slight deficiency in 

oxygen content (sub-stoichiometric) causes a transition from insulating to n-type 

semiconducting behaviour. This sub-stoichiometric conducting oxide can be used as an 

electron transport or passivating layer in solar cells8, and also as a catalysts9. Additionally, 

Nb2O5 can be sulfurized into 2D-NbS2 at high temperature (as discussed in chapter 6), 

which has both semiconducting and superconducting properties10,11.  

Nb2O5 has been synthesized adopting various techniques, such as sol-gel12, 

sputtering13, e-beam evaporation14, pyrolysis15–17, chemical vapour deposition (CVD)18, 

pulsed laser deposition (PLD)6, and atomic layer deposition (ALD)3,19,28,29,20–27. Of aforesaid 

techniques, ALD has the advantage of achieving precise thickness control, conformality, 

and uniformity over a large area, which are valuable assets for most of the above-

mentioned applications30. ALD is a cyclic process where in the first half-cycle the precursor 

is dosed into the reaction chamber and followed by a purge step, and in the second half-

cycle the co-reactant is dosed which is followed by a second purging step. The purge steps 

are there to avoid CVD reactions in the gas phase and on the surface. ALD of Nb2O5 has 

previously been demonstrated employing various precursors with either H2O or O3 as 

coreactant. ALD of Nb2O5 was first demonstrated using Nb(OEt)5 as the precursor with H2O 

as coreactant19. In this process, Kukli et al.19 observed stoichiometric growth of Nb2O5 film 

with a growth per cycle (GPC) of 0.30 Å. Later, for this process more literature has 

appeared reporting similar low GPC21,25. Furthermore, this precursor has low volatility and 

decomposes when maintained above 100 °C. In the case of halide based precursors, NbI5 

with O2 plasma was successfully demonstrated to result in Nb2O5
26, and also NbF5 with 

H2O was demonstrated, but in the latter case Nb2O5 film started to etch at higher 

temperatures resulting in no growth or non-uniform growth3. Also in the case of NbCl5 

with H2O reproducibility problems were reported due to non-uniform growth27. Recently, 

Lee et al.24 demonstrated a niobium oxide ALD process using NbF5 as a precursor with H2 

plasma as coreactant to form niobium metal, which was followed by a super-cycle with O3 
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as coreactant to form sub-stoichiometric niobium oxide. In this process, the stoichiometry 

of the oxide film was controlled by varying the number of super cycles. Blanquart et al.20 

demonstrated that ALD processes involving the amino-based precursors tBuN=Nb(NEt2)3 

and tBuN=Nb(NMeEt)3 attained a GPC of ~0.45 Å when used with either H2O or O3 as 

coreactants. While tBuN=Nb(NEt2)3 appears to be the more commonly used ALD precursor 

in recent times, sub-stoichiometric growth of Nb2O5 with this precursor has been reported 

by using both H2O and O3 as coreactants individually4,8. It was also observed that films 

deposited with O3 as coreactant had higher contamination levels compared to the case 

where H2O was used as coreactant. 

Although sub-stoichiometric growth of Nb2O5 has been reported, it has not been 

studied in detail. More specifically, a direct ALD process for Nb2O5 with both high GPC and 

good film quality along with stoichiometric film growth has not been reported in the 

literature. O2 plasma is a well-known coreactant with a higher reactivity than H2O and 

often gives rise to a higher GPC along with improved film quality and also reduced 

reactant purge times31. Therefore, in this work plasma-enhanced ALD (PE-ALD) of Nb2O5 

using tBuN=Nb(NEt2)3 with O2 plasma and thermal ALD of Nb2O5 using H2O as coreactants 

are investigated and both processes are compared. From here on, the thermal process 

with H2O as coreactant will be referred to as thermal ALD, whereas the plasma process 

with O2 plasma as coreactant will be referred to as PE-ALD. The GPC along with film 

properties, such as stoichiometry, purity, and optical constants are determined by 

employing various analysis techniques on the films deposited by both processes and are 

discussed and compared in detail. 

7.2 Experimental Details 

7.2.1  Atomic Layer Deposition 

An Oxford Instruments Plasma Technology FlexAL ALD reactor was used for both 

thermal ALD and PE-ALD. This reactor was equipped with a remote inductively-coupled 

plasma source (ICP, 13.56 MHz) and the base pressure of the system was 10-6 Torr. The 

reactor was a warm wall reactor where wall temperature can be regulated between room 

temperature and a maximum temperature of 145 °C, independently. The warm wall 

temperature lead to longer residence time for reactant and product in the reactor so 

needed longer purge time in comparison to hot wall reactor (wall and table temperature 

are same) to avoid parasitic CVD reaction32. The similar system has been used for 
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depositing Al2O3 by both thermal ALD and PE-ALD33. More details about the reactor can be 

found in the literature.34 The metal-organic precursor (tert-butylimido)-tris 

(diethylamino)-niobium “tBuN=Nb(NEt2)3” (TBTDEN, 98% pure) was obtained from STREM 

chemical, Inc. The precursor was held in a stainless steel bubbler at 65 °C and was bubbled 

with Ar (99.999%, 100 sccm). The precursor supply line was maintained at 80 °C to avoid 

precursor condensation. The chamber wall was maintained at 145 °C for all investigated 

table temperatures. In the first half-cycle tBuN=Nb(NEt2)3 was used as precursor, and the 

pressure was maintained at 80 mTorr for both the thermal ALD and PE-ALD processes 

using an automated pressure controller (APC). Ar (150-300 sccm) was employed as purge 

as well as carrier gas in both processes. The pressure was maintained at 80 mTorr in the 

second half-cycle of the thermal ALD process, using H2O in the vapour phase as 

coreactant. In the PE-ALD process, O2 plasma (100 sccm) was used as coreactant and the 

pressure during the second half-cycle was maintained at 10 mTorr. The ICP RF power was 

set to 200 W. The films were deposited at various table temperatures between 150 and 

350 °C in both thermal ALD and PE-ALD processes. All depositions were conducted on Si 

substrates with a native oxide (SiO2, ~2 nm). 
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Figure 7.1 Schematic sketch of the standard recipe used for a) thermal ALD and b) PE-ALD 
of niobium oxide. 

The optimized ALD recipes used are shown in Figure 7.1. They have a precursor dose 

time of 6 s, whereas the precursor purge time is 5 s in the thermal ALD process and 2 s in 

the PE-ALD process. The coreactant, H2O in thermal ALD is dosed for 200 ms, while O2 
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plasma in PE-ALD is dosed for 4s. Here, thermal ALD has an additional step to hold H2O for 

4 s. The coreactants purge time is 42 s in the former and is 3 s in the latter process. Note 

that the coreactant O2 gas in PE-ALD is switched off before the purge step and only Ar is 

flown. The optimization of both ALD processes are discussed in detail in the Sec. 7.3.1. 

7.2.2  Analysis Techniques 

The film growth was monitored in-situ using a J.A. Woollam Co., Inc. M2000U rotating 

compensator spectroscopic ellipsometer (SE), over a photo energy range of 1.2 to 5 eV. 

CompleteEASE software was used to model the optical constants of the deposited film. 

The model consisted of a Si substrate, native oxide SiO2, and Nb2O5 layers. The latter layer 

was modelled by employing two Tauc-Lorentz oscillators. More details on the SE 

technique and SE modelling can be found in the literature35. 

The elemental composition and valence band (VB) spectra were determined by X-ray 

photoelectron spectroscopy (XPS) using a Thermo Scientific KA1066 spectrometer 

employing monochromatic Al Kα (hν = 1486.6 eV) X-ray radiation. Rutherford 

backscattering spectrometry (RBS) and elastic recoil detection (ERD) measurements with a 

1.9 MeV He+ beam source were conducted by Detect 99 B.V. Eindhoven, The Netherlands 

to determine the composition and the mass density of the films. RBS was performed with 

two detectors at scattering angles of 150° and 170°. The hydrogen content was obtained 

in the same setup using ERD with the detector at a recoil angle of 30°. Grazing incidence X-

ray diffraction (GI-XRD) measurements were performed to study the crystallinity of the 

film with a PANalytical X’Pert Pro MRD analyser, using a Cu Kα (λ = 1.54 Å) X-ray source. 

7.3 Results and Discussion 

7.3.1  ALD Film Growth 

Films with a target thickness of ~30 nm were deposited on the starting substrate for 

both ALD processes at various deposition temperatures between 150 and 350 °C using the 

optimized ALD recipe shown in Figure 7.1. The film thickness for the initial 500 ALD cycles 

as-determined by in-situ SE is shown in Figure 7.2 as a function of the number of ALD 

cycles for all investigated deposition temperatures in both ALD processes. As clear from 

the Figure 7.2, a linear ALD growth behaviour is observed without any nucleation delay at 
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all deposition temperatures for both processes. The GPC was observed to decrease with 

increasing deposition temperature in both cases. 

The self-limiting saturated growth behaviour was confirmed for both the thermal ALD 

and the PE-ALD processes at a deposition temperature of 200 °C, as shown in Figure 7.3. In 

thermal ALD, as seen in Figure 7.3(a-d), tBuN=Nb(NEt2)3 precursor saturation was 

observed at 6 s exposure time when the H2O exposure was fixed at 200 ms. The precursor 

purge with Ar (300 sccm) was observed to saturate at 5 s. The second half-cycle by using 

H2O as coreactant saturated at 200 ms of exposure time. In the subsequent step, the APC 

valve was closed, to make sure that H2O reacts with all adsorbed precursor sites 

uniformly. Reducing the duration of this step to less than 4 s resulted in poor thickness 

uniformity over an area of 200 mm diameter (as discussed later). In the following step, by 

fully opening the APC valve, Ar (300 sccm) was used to purge away remaining coreactants 

and by-products. This purge step saturated at 35 s. In comparison to the literature (where 

hot wall reactor was used)20, the coreactant purge step needed longer time to reach 

saturation due to slow desorption of H2O from the reaction walls (warm wall at 145 °C), 

which would otherwise result in parasitic CVD reactions. 

0 100 200 300 400 500
0

5

10

15

20

25

30

0 100 200 300 400 500
0

5

10

15

20

25

30

Thermal ALD

F
il

m
 T

h
ic

k
n

e
s

s
 (

n
m

)

Number of cycles

 150 °C

 200 °C

 300 °C

 350 °C

(a)

PE-ALD

F
il

m
 t

h
ic

k
n

e
s

s
 (

n
m

)

Number of cycles

 150 °C

 200 °C

 300 °C

 350 °C

(b)

 
Figure 7.2 Thickness of Nb2O5 films as a function of the number of ALD cycles measured 
using in-situ SE for deposition temperatures between 150 °C and 350 °C, for both thermal 
ALD (a) and PE-ALD (b) processes. 

In PE-ALD, as shown in Figure 7.3(e-h), precursor saturation was observed at 6 s 

exposure time similar to thermal ALD, when the coreactant O2 plasma exposure time was 

fixed at 6 s. The Ar precursor purge (300 sccm) saturated at 1 s. In the next step, O2 

plasma (100 sccm) was used as coreactant and saturation occurred at 2 s. The following 

coreactant purge step saturated at 3 s. Note that this step was much shorter compared to 

the purge step in the thermal ALD process, because O2 molecules are purged away rapidly  
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Figure 7.3 Saturation curves: GPC as a function of precursor (TBTDEN as Nb precursor), 
purge (Ar) and co-reactant flow time at 200 °C for both thermal ALD (a-d) and PE-ALD (e-h) 
processes with H2O and O2 plasma as co-reactants, respectively. The error bars indicate 
the fitting error in the SE measurements. 



156  Chapter 7: ALD of Nb2O5 
 

in comparison to the slow desorption of H2O in the thermal ALD process. At 200 °C, the 

GPC was ~0.56 Å, which is higher in comparison to the thermal ALD process (~0.38 Å). 

Therefore, PE-ALD with O2 plasma as coreactant enables a significantly shorter process 

time through both an enhanced GPC and a strongly reduced purge time. 

In both thermal ALD and PE-ALD processes, the effect of deposition temperature on the 

film growth was studied by varying the deposition temperature between 150 and 350 °C. 

The growth per cycle (GPCSE) was determined by calculating the slope for the last 100 

cycles of the in-situ SE data shown in Figure 7.2. In both processes, the GPCSE was 

observed to decrease with increasing deposition temperature, as shown in Figure 7.4. In 

thermal ALD, the GPCSE decreases from 0.38 to 0.20 Å for temperatures ranging from 150 

to 350 °C, whereas in PE-ALD the GPCSE lowers from 0.58 to 0.45 Å. The growth per cycle 

(GPCRBS) in terms of number of Nb atoms deposited per nm2 per ALD cycle was calculated 

from RBS data by dividing the measured Nb atoms/nm2 by the number of ALD cycles, see 

Figure 7.4 (right vertical axis). GPCRBS decreases from 0.75 to 0.5 Nb atoms/nm2 in the case 

of thermal ALD and from 1.1 to 0.8 Nb atoms/nm2 in the case of PE-ALD when increasing 

the deposition temperature from 200 to 350 °C, which yields a similar trend when 

compared to GPCSE. This evidently indicates that a decrease in GPC with increasing 

deposition temperature can be traced to reduced adsorption of Nb precursor per cycle at 

higher deposition temperatures. Similar behaviour has been previously observed in both 

thermal ALD as well as PE-ALD of Al2O3
33,36, where a decrease in GPC with increasing 

deposition temperature has been associated with thermally activated dehydroxylation 

reaction that reduce the concentration of surface –OH reactive sites. As the niobium oxide 

ALD processes are likely similar to that of Al2O3, the decrease in GPC with increasing 

deposition temperature is probably also due to thermally activated dehydroxylation 

reaction of surface –OH reactive sites. 

For deposition temperatures of 200 °C and below, we observed a GPC of ~0.55 Å in our 

PE-ALD process, which is higher than previously reported values. Kulki et al.19 and Liu et 

al.25 reported a GPC of ~0.3 Å using Nb(OEt)5 precursor with H2O as co-reactant, while 

Blanquart et al.20 reported a GPC of ~0.4 Å and ~0.45 Å with H2O and O3 as co-reactants, 

respectively using the same precursor tBuN=Nb(NEt2)3. Generally, it appears that the GPC 

of the PE-ALD process is higher than the thermal ALD process for all investigated 

deposition temperatures. Therefore, it appears that an O2 plasma is a more effective 

oxidant than H2O as co-reactant such that it allows more Nb precursor molecules to 

adsorb on the surface per cycle. An extension of the Blanquart et al. work was reported by 
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Tomczak et al.22 on the reaction mechanism using in-situ analysis techniques for the same 

precursor tBuN=Nb(NEt2)3 with D2O and O3 as co-reactants. In case of the D2O process, it 

was observed that -NEt2 ligands reacted with the surface –OH reactive sites during the 

first half cycle, while the remaining ligands were exchanged during the second half cycle. 

The above mentioned reaction mechanism could also be speculated here for the thermal 

ALD of Nb2O5 with H2O. In case of the O3 process, it was speculated by Tomczak et al. that 

no –OH reactive sites were formed and all ligands were exchanged during the second half 

cycle. The above reaction mechanism could also be speculated here for the PE-ALD of 

Nb2O5 with O2 plasma. However, in this case, the enhanced GPC observed with O2 plasma 

could not be explained with this mechanism, as a lower GPC of ~0.45 Å was observed with 

O3. Similar to other material systems, surface –OH reactive sites could be formed in an O2 

plasma, which could explain the enhanced GPC observed for PE-ALD of Nb2O5
37. Similar 

behaviour was also observed for Al2O3 where PE-ALD with O2 plasma shows higher GPC 

than thermal ALD with H2O33,36.  Thus, alternatively, similar to the reaction mechanism of 

Al2O3 with O2 plasma38. It could also be hypothesized that a ligand reacts with surface –OH 

reactive site in the first half cycle, while the remaining ligands react with O2 plasma 

species forming –OH surface groups, and H2O, COx, NOx by-products. 

150 200 250 300 3500.0

0.1

0.2

0.3

0.4

0.5

0.6

  PE-ALD; SE

Deposition temperature (°C)

G
ro

w
th

 p
e

r 
c

y
c

le
 (
Å

)

  Thermal ALD; SE

0.0

0.2

0.4

0.6

0.8

1.0

1.2

  Thermal ALD; RBS

  PE-ALD; RBS

G
ro

w
th

 p
e

r 
c

y
c

le
 (

N
b

 a
t.

 /
n

m
2
)

 

Figure 7.4 Growth per cycle (GPCSE) measured using in-situ SE (left vertical axis) and 
deposited Nb atoms per nm2 (GPCRBS) measured using RBS (right vertical axis) for both the 
thermal ALD (open symbols) and the PE-ALD (close symbols) processes at various 
deposition temperatures between 150 °C and 350 °C. 

The uniformity of both thermal ALD and PE-ALD films were determined using ex-situ SE 

by mapping a ~20 nm thick film over a 200 mm diameter Si wafer, see Figure 7.5. The 
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thickness non-uniformity was calculated by dividing the difference between the maximum 

and the minimum thickness by the average thickness. The non-uniformity in the thermal 

ALD grown film was around ±3.3%, whereas in the PE-ALD grown film it was around 

±4.4%. In case of thermal ALD (Figure 7.5a), the decline in thickness was observed from 

the upper left to the bottom right. This non-uniformity in thickness was considered to 

originate from both the precursor and H2O flow direction. In case of PE-ALD (Figure 7.5b), 

the higher thickness was observed in the middle of the wafer. Here, the non-uniformity 

was attributed to a non-uniform distribution of O2 plasma over a 200 mm diameter 

substrate39 as well as the precursor flow direction. Although the uniformity is fair for both 

processes, it may be further improved by increasing the H2O dose or hold time in case of 

thermal ALD and by increasing the O2 plasma dose time in case of PE-ALD process, and 

also by further optimizing precursor does time in both the cases. 
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Figure 7.5 Thickness uniformity contour plot obtained using ex-situ SE mapping on (a) the 
thermal ALD and (b) the PE-ALD grown film over a 200 mm Si wafer at 200 °C. The white 
arrow shows the position of the precursor inlet as well as the flow direction above the 
wafer in the reactor. The exhaust is directly below the wafer stage in the reactor. 

7.3.2  Film Characterization 

Self-limiting growth of Nb2O5 was shown for both thermal ALD and PE-ALD in the Sec. 

7.3.1. In this section, the material properties of the Nb2O5 films of ~30 nm thickness are 

discussed, utilizing various analytical techniques, to study their composition, density, and 

optical properties. 

The effect of the temperature on the composition and quality of the films was 

determined using RBS. The RBS measurements were performed on both thermal ALD and 

PE-ALD deposited films at 200 and 350 °C. The O/Nb ratio in Table 7.1 shows that the 
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thermal ALD deposited films are sub-stoichiometric with all values being below 2.5 and 

the O/Nb ratio decreases when raising the deposition temperature from 200 to 350 °C. 

The sub-stoichiometric (Nb2O5-X) nature of the films can be linked to oxygen vacancies1, 

and the further decline in O/Nb ratio at 350 °C indicates an increase in the number of 

oxygen vacancies with increasing deposition temperature. In the case of PE-ALD deposited 

films, the O/Nb ratio was ~2.5 illustrating the near stoichiometry of the films. All the 

deposited films show no traces of impurities in the films other than hydrogen. The carbon 

detection limit was relatively high at 10 at.% and it was detected only on the surface due 

to exposure to atmosphere. Around 3 at.% of H was detected using ERD in all the films and 

it was observed to decrease with temperature for both ALD processes. 

XPS measurements were performed to determine the composition and also to further 

assess the quality of the films. Depth profiling of the films by means of sputtering with Ar+ 

ions was performed to avoid surface impurities, but it resulted in preferential sputtering 

of O over Nb atoms and caused reduction of Nb+5 to lower oxidation state. Therefore, 

spectra acquired before sputtering were used to estimate the chemical states. Figure 7.6 

shows the Nb3d and O1s core level XPS spectra of the films deposited at 200 and 350 °C 

for both the thermal ALD Figure 7.6(a and b) and the PE-ALD Figure 7.6(c and d) processes. 

All the XPS spectra shown in Figure 7.6 were calibrated by setting the carbon C-C bond 

peak to 248.8 eV in the C1s XPS spectra. In the Nb3d spectrum, as seen in Figure 7.6(a and 

c), the doublet Nb3d5/2 and Nb2d3/2 components are located at ~207.4 and ~210.2 eV, 

respectively. This corresponds to the Nb+5 oxidation state with the spin-split orbital 

components (between Nb3d5/2 and Nb3d3/2) of Δ~2.8 eV. An additional doublet at ~1.5 eV 

towards lower binding energy (BE) at ~205.9 eV is attributed to the Nb+4 oxidation state40. 

In the O1s spectrum, the peak centred around 530-531 eV corresponds to metal oxide O-

Nb bonds and a second peak at ~532 eV to O-H bonds or other surface species originating 

from ambient exposure after deposition. 
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Table 7.1 Material properties of thermal ALD and PE-ALD deposited niobium oxide thin 
film at various temperatures between 150 °C and 350 °C, as determined from SE, RBS and 
ERD measurements. All films were ~30nm thick and the GPC was calculated from the last 
100 cycles by in-situ SE. The refractive index (at 2.1 eV) and the Tauc band gap were also 
determined from SE. The number of deposited Nb atoms/nm2 per ALD cycle and the O/Nb 
ratio were determined by RBS. The mass density was calculated using both RBS and 
thickness from SE. The H content was determined by ERD. The typical error range is 
indicated in the first row. 

Process 
 

T 
(°C) 

GPCSE 

(Å) 
Refractive 

Index 
Eg 

(eV) 
GPCRBS 

(at. nm-2 cycle-1) 
Mass Density 

(g cm-3) 
O/Nb 
ratio 

H 
(at. %) 

Error  ±0.03 ±0.03 ±0.03 ±0.04 ±0.1 ±0.05 ±0.1 

Th
e

rm
al

 A
LD

 150 0.39 2.35 3.47 - - - - 

200 0.37 2.37 3.45 0.75 4.35 2.36 3.38 

300 0.25 2.40 3.43 - - - - 

350 0.21 2.46 3.36 0.50 4.98 2.22 1.97 

P
E-

A
LD

 

150 0.56 2.36 3.47 - - - - 

200 0.55 2.36 3.47 1.08 4.11 2.48 2.9 

300 0.47 2.36 3.47 - - - - 

350 0.44 2.36 3.47 0.87 4.10 2.49 2.37 

“-“   no data 

In the case of PE-ALD films, the O1s spectrum in Figure 7.6d shows that the metal oxide 

peak centre is located at 530.3 eV for both temperatures. In the Nb3d spectrum, the 

Nb3d5/2 component peak centre was observed at 207.3 eV (FWHM = 1.17 eV) for both 

temperatures, along with a negligible presence of the Nb+4 oxidation state. This confirms 

the near stoichiometry of the films with Nb2O5 composition. In  the case of thermal ALD, 

for the 200 °C film the Nb3d5/2 component peak centre shifts to 207.4 eV along with a 

further broadening (FWHM = 1.23 eV) and a similar shift in the metal oxide peak centre to 

530.5 eV was observed. The broadening of the FWHM and shift in peak centre to higher 

binding energies have previously been associated with oxygen vacancies in the film41. For 

the 350 °C film, the Nb3d5/2 peak FWHM further increases to 1.36 along with an additional 

0.1 eV shift to 207.5 eV. The O1s metal oxide peak also further shifts to 530.8 eV 

indicating an increase in oxygen vacancies. Additionally, the second Nb3d5/2 peak 

corresponding to the Nb+4 oxidation state is also significant at this temperature in the 

thermal ALD case, in contrast to the PE-ALD film. This confirms the presence of oxygen 
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vacancies and supports the RBS measurements with the suggested sub-stoichiometric 

nature of thermal ALD deposited Nb2O5-X films. From the deconvolution of the Nb3d peaks 

of the thermal ALD films, it is estimated that ~7% of the total Nb3d originates from the 

Nb+4 oxidation state for the 200 °C film, whereas at 350 °C this increases to ~12%. Carbon 

was only observed at the surface for all the deposited films, and its concentration was 

reduced to a negligible amount (identical to RBS measurements) after depth profiling. No 

other impurities were detected by XPS both before as well as after sputtering.  

XPS valence band (VB) studies were performed on both the thermal ALD and the PE-

ALD deposited films to further confirm oxygen vacancies observed in the films, see Figure 

7.7. The Fermi level (BE = 0 eV) was calibrated by measuring the Fermi edge of gold. In 

thermal ALD films, trap states were observed between the valence band maximum (EVB) 

and Fermi level (EF), as seen in Figure 7.7b, whereas in the PE-ALD films no such trap 

states were observed. The localized trap states between EVB and EF have previously also 

been observed in various other materials, such as Ta2O5
41,42, and TiO2

43 where it was 

attributed to the presence of  oxygen vacancies. The number of trap states observed in 

the thermal ALD films increases with deposition temperature and could therefore be 

correlated with oxygen vacancies in the film, confirming observations from both the RBS 

and the XPS measurements. The trap states were not observed for films grown at 

temperatures below 300 °C contrary to the previous measurements. Presumably, the trap 

state density was too low to be detected by the XPS system used. The higher reactivity of 

the O2 plasma compared to H2O with the precursor can be speculated to be the reason for 

obtaining stoichiometric films with no significant amount of oxygen vacancies in the PE-

ALD process. 

The refractive index data (at 2.1 eV) shown in Table 7.1 were obtained from ex-situ SE 

mesurements. In case of PE-ALD films, the refractive index at 2.36 does not vary with the 

deposition temperature. Similarly, the mass density of both 200 and 350 °C films is 4.1 

g/cm3 around 90% of the Nb2O5 bulk density. Based on the literature, the bulk density is 

4.5 g/cm3 for Nb2O5 and 5.9 g/cm3 for NbO2
13. This is typical for ALD grown amorphous 

films to have lower density than bulk density. In case of thermal ALD films, the refractive 

index increases from 2.35 to 2.46 with increasing deposition temperature.  
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Figure 7.6 Nb3d and O1s XPS spectra for both the thermal ALD (a & b) and the PE-ALD (c & 
d) deposited films at 200 °C and 350 °C. 
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Likewise, the mass density increases from 4.35 g/cm3 at 200 °C to 4.98 g/cm3 at 350 °C. 

Interestingly thermal ALD films have higher density than PE-ALD films at all temperatures, 

and for 350 °C film the density was apparently higher than the bulk density of Nb2O5. This 

increase in density could potentially be explained by relating to the presence of oxygen 

vacancies in the form of Nb+4 oxidation states in the films. As the bulk density of niobium 

oxide at Nb+4 oxidation state (NbO2) is higher than it is at the Nb+5 oxidation state (Nb2O5) 

presences of small faction of Nb+4 oxidation state would increase the density of the films. 

This also explains the density of the 350 °C film above the bulk density as the oxygen 

vacancies in the film increases with deposition temperature, which is consistent to other 

observations. 
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Figure 7.7 Valence band spectra for (a) thermal ALD and (c) PE-ALD films deposited at 
temperatures between 150 °C and 350 °C. Plot (b) shows a magnified part of the inset 
shown in (a). 
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The absorption co-efficient was obtained from ex-situ SE measurements. GI-XRD 

measurements revealed that all films deposited by thermal ALD and PE-ALD are 

amorphous regardless of the deposition temperature. Based on the absorption coefficient 

data, the optical band gap of the films can be determined using the Tauc equation: 

(αhν)1/2 ~ (hν-Eg), where α is the absorption coefficient, hν is the photon energy, Eg is the 

optical band gap, and the exponent ‘1/2’ corresponds to the allowed indirect transition in 

the amorphous film44,45. The optical band gap from the Tauc plot ((αhν)1/2 vs hν) was 

estimated by extrapolating the linear region of the curve to zero absorption. The tail 

region below the optical band gap (linear region) in Figure 7.8 is most likely due to 

localized states and trap states (from defects) between the valence and conduction bands, 

as were also observed from XPS. In the case of thermal ALD films, the band gap was ~3.5 

eV as shown in Table 7.1, but a small shift towards lower band gap was observed with 

increasing deposition temperature corresponding to oxygen vacancies present in the film. 

Lee et al.24 also observed a similar reduction in band gap for niobium oxide films with 

increasing oxygen vacancies. Along with this reduction, the influence of oxygen vacancies 

in the films was further confirmed by a widening of the tail region towards the lower 

photon energy into the band gap. In case of PE-ALD films, the optical band gap was 3.5 eV, 

and the deposition temperature did not have any effect on the optical band gap of the 

films. 
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Figure 7.8 Tauc plot determined from the absorption coefficient measured by ex-situ SE 
for (a) thermal ALD and (b) PE-ALD films deposited at temperatures between 150 °C and 
350 °C. 
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7.4 Conclusion 

Nb2O5 thin films were deposited by both a thermal ALD and a PE-ALD process with H2O 

and O2 plasma as coreactants, respectively. The self-limiting saturated growth was 

confirmed for both processes at 200 °C and a high uniformity over a 200 mm Si wafer was 

obtained. All the films were of high quality with no detectable contamination apart from a 

H content of ~3 at.%. The PE-ALD process showed higher growth per cycle than the 

thermal ALD process due to enhanced Nb adsorption. The effects of deposition 

temperature were studied by varying the temperature between 150 and 350 °C in both 

processes. From RBS, XPS and SE the thermal ALD films were found to be sub-

stoichiometric due to the presence of oxygen vacancies which observed to be more 

dominantly present in the film with increasing deposition temperature. The PE-ALD films 

were near stoichiometric in the entire investigated deposition temperature range. This 

work shows that the composition, density and sub-band gap states of Nb2O5 can be 

controlled by choosing the ALD process and processing temperature. This is advantageous 

for many applications in which Nb2O5 can be used, such as solar cells, microelectronic 

devices, and sensors. 
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Beyond widely studied semiconducting group VI layered transition metal 

dichalcogenides (TMDCs), there are other relatively less explored layered transition metal 

chalcogenides (TMCs). These less explored TMCs also exhibit complementing or similar 

material properties such as metallic TMDCs and semiconducting transition metal 

trichalcogenides (TMTCs). The latter TMCs materials are recently starting to gain research 

interests for various applications such as (opto)electronics and electrocatalysis. In addition 

to TMCs in their primitive form, heterostructures of TMCs have become of relevance due to 

the improved device performance and novel properties they present. In terms of synthesis 

techniques, atomic layer deposition (ALD) is gaining momentum for TMC fabrication. ALD 

can offer benefits such as high quality, uniform, conformal, and scalable films with a high 

degree of thickness control over a large area at low processing temperatures. 

This dissertation work has focused on the fabrication of lesser-known TMCs (disulfides 

and trisulfides of Ti and Nb) and oxides (for indirect TMDC growth through sulfurization of 

oxides) by ALD. This work also investigates the ability of ALD to control the TMC phase, and 

to form TMC based heterostructures on both planar and 3D substrates. This dissertation 

also targeted to investigate the catalytic performance of ALD grown metallic TMDCs for the 

hydrogen evolution reaction (HER). The following conclusions can be drawn from the 

research described in this thesis: 

• New ALD processes were developed for TiSx (group IV) and NbSx (group V) using the 

metal-organic precursors tetrakis(dimethylamido)titanium (TDMAT) and (tert-

butylimido)-tris(diethylamino)-niobium (TBTDEN), respectively. For both material 

systems, thermal ALD and plasma-enhanced ALD (PE-ALD) processes were developed 

using H2S gas or H2S plasma as coreactant. Control over the ALD process parameters 

such as deposition temperature, coreactant type, and coreactant chemistry offered 

opportunities to tune various properties. This includes film properties: stoichiometry, 

morphology, crystallinity and band structure, and material functionalities: resistivity and 

catalytic performance. 

• Phase-engineering between TMDCs and TMTCs was achieved for both TiSx and NbSx 

systems. The phase-controlled synthesis was obtained by varying deposition 

temperature and coreactant type (H2S gas or H2S plasma). In both material systems, the 

TMTC phase (TiS3 and NbS3) was synthesized using H2S plasma (PE-ALD), especially at 

lower deposition temperatures. At higher deposition temperature, the TMDC phase 

(TiS2 and NbS2) was grown. In the case of H2S gas as co-reactant (thermal ALD), only the 
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TMDC phase (TiS2 and NbS2) was fabricated. From optical emission spectra (OES), it was 

speculated that the generation of S2 species in the H2S plasma (absent in H2S gas) led to 

the TMTC growth during PE-ALD processes. As TMTC (both TiS3 and NbS3) crystal 

structures have two third of their S atoms in the form of S-S pairs (S2), S2 species promote 

their formation. The phase transition temperature between TMTC and TMDC was ~120 

°C and ~ 350 °C for the TiSx and NbSx system, respectively. This transition temperature 

is lower than that observed using the CVT method for both material systems. In the NbSx 

system, the phase-controlled synthesis between NbS3 and NbS2 was demonstrated at a 

constant deposition temperature of 300 °C by adding excess H2 gas to the coreactant 

plasma composition. The excess H2 in the coreactant composition contributes to the 

reduction reactions for NbS2 growth and plays a significant role in the phase change 

from NbS3 to NbS2 at 300 °C. In this work, all TMTC (TiS3 and NbS3) films synthesized 

were amorphous, while TMDC (TiS2 and NbS2) films synthesized by both thermal ALD 

and PE-ALD were poly-crystalline in nature. The amorphous TiS3 film was crystalized by 

a post-annealing treatment in S atmosphere. As a result, photoluminescence was 

detected for the post-annealed few layer TiS3 film at ~0.9 eV, indicating the material´s 

direct semiconducting nature of the material. 

• The impact of the deposition temperature on the material properties during thermal 

ALD of TMDCs (TiSx and NbSx) was investigated. In both material systems, stoichiometry 

and morphology of the films were greatly influenced as a function of the deposition 

temperature. The stoichiometry was observed to vary from close to stoichiometric 

(transition metal to sulfur ratio of 2) at lower deposition temperatures to sub-

stoichiometric (ratio of < 1.5) at higher deposition temperatures. This reduction in 

stoichiometry caused the resistivity of the films to decrease with increasing deposition 

temperatures. In addition, the morphology of the film changed, as the density of out-

of-plane-orientation (OoPO) structures was suppressed at higher deposition 

temperatures. 

• The direct growth of a TMDC (NbSx) on another TMDC (TiSx) was achieved, resulting in 

the fabrication of 2D TMDC-TMDC heterostructures using ALD in the form of TiSx-NbSx 

heterostructures at low deposition temperatures (< 300 °C). The precise control over 

the thickness of the individual material layer was demonstrated by fabricating a 

multilayer (5-layer) heterostructure with varying individual layer thickness. In addition 

to deposition on a planar substrate, high-quality uniform and conformal growth of 
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TMDC-TMDC heterostructures were demonstrated on a complex 3D structure by 

depositing the multilayer heterostructure on an array of nanowires. 

• The deposition of metal-semiconductor heterostructures, through a TMDC-TMTC 

heterostructure consisting of analogous elements in the form of NbS2-NbS3, was 

demonstrated using PE-ALD at a constant deposition temperature of 300 °C. The 

heterostructure fabrication was achieved by modulating the coreactant plasma 

composition (H2S:H2 ratio) as a function of the thickness (number of ALD cycles) 

• New thermal ALD and PE-ALD processes for Nb2O5 were developed using the metal-

organic precursor (tert-butylimido)-tris(diethylamino)-niobium (TBTDEN) with H2O and 

O2 plasma as coreactant, respectively. Nb2O5 process was developed to combine with 

post-sulfurization treatment for the indirect synthesis of NbS2 (TMDC) films. Growth and 

material properties were analyzed over a wide range of temperatures (150 – 350 °C). 

High uniformity was demonstrated over a 200 mm Si wafer for both thermal ALD and 

PE-ALD processes. Thermal ALD grown Nb2O5 films were sub-stoichiometric due to the 

presence of oxygen vacancies with a dominant presence at higher deposition 

temperatures. On the other hand, PE-ALD grown films were near stoichiometric over 

the entire investigated temperature window. 

• The indirect approach to synthesize metallic TMDCs using ALD grown transition metal 

oxides together with a high temperature thermal sulfurization treatment was 

successfully developed to grow NbS2 films. Then the film´s material properties were 

compared with the properties of direct ALD grown films. The high temperature 

synthesized films obtained through O to S exchange reactions were highly crystalline 

with grain sizes around ten times larger (~300 nm) than their direct ALD (~30 nm) 

counterparts. The resistivity of the high temperature processed film was measured to 

be an order of magnitude lower at ~0.2 KµΩ-cm than that of the direct ALD grown films. 

The measured resistivity was also in good agreement with the bulk resistivity reported 

in the literature.  

• The hydrogen evolution reaction (HER) performance of the NbS2 films synthesized by 

various ALD based methods was investigated. In all cases, an overpotential of ~500 mV 

was achieved at a current density of 10 mA/cm2, which is comparable to the reported 

literature values for NbS2 grown by other methods. The direct ALD-grown films were 

observed to offer better long-term stability with a small change in HER performance 
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(overpotential) of 36 mV after 10000 HER cycles. On the other hand, the NbS2 film 

obtained through thermal sulfurization of Nb2O5 offered poor HER performance due to 

the film´s complete delamination within a few HER cycles. This significant difference in 

stability between the direct ALD and the sulfurization derived NbS2 was caused by 

differences in the film adhesion to the substrate. For sulfurization-derived NbS2, the 

formation of 2D NbS2 following the O to S exchange reaction weakens the interaction 

between the film and the glassy carbon substrate at the interface. As a result, the NbS2 

film delaminated during HER. Thus, direct-ALD of NbS2 offers superior HER stability. 

• The delamination issue observed during the HER for the sulfurization-derived NbS2 was 

overcome by using the direct ALD-grown NbS2 as an adhesive buffer layer between the 

sulfurization-derived NbS2 (from ALD-grown Nb2O5) and the glassy carbon substrate. A 

buffer layer with a thickness of 10nm was enough to avoid delamination. Furthermore, 

solving the delamination problem improved the long-term HER stability of the 

sulfurization-derived NbS2. This study demonstrates the HER performance of the 

intrinsic material (metallic TMDC), independent of the delamination issue. Thus, the 

stability of the interface between the catalytic film and the electrode substrate is a 

prerequisite for testing the catalytic material's long-term stability. This study shows the 

added benefit offered by direct-ALD of TMDCs for electrochemical applications. 

Based on the findings communicated in this dissertation, some recommendations for 

further research directions can be given: 

• Thus far, most of the research interests have been primarily focused on synthesizing 

sulfur-based TMCs using ALD, with very few reports on synthesizing selenide based 

group VI TMCs, such as MoSe2 and WSe2. Regarding ALD of telluride based TMCs, no 

reports have been presented to the best of our knowledge. It would be interesting to 

expand the ALD toolbox further to synthesize both selenide and telluride based TMCs 

over a large area as they can offer property advantages such as better mobility, 

superconductivity, etc. However, it is important to consider the challenges associated 

with the choice of coreactant such as H2Se, H2Te, etc., as they are highly toxic. 

• The TMTCs grown by ALD in this work are amorphous in nature. So, an additional 

annealing treatment was required to crystallize the deposited film. Such additional 

treatment involves sample transfer through the ambient condition, which causes 

surface oxidation. Next, to implement the synthesized TMTCs for device fabrication, an 
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etch step would be required to remove surface oxides, increase complexity. Therefore, 

the next research step in terms of process development could be to investigate the 

possibility of synthesizing crystalline TMTC directly by ALD. This could be possible 

through further optimization of process parameters and/or by looking for alternative 

transition metal precursors and/or chalcogenide coreactants. 

• Inspired by the development of PE-ALD processes for TMTCs growth, a thermal ALD 

process for the deposition of TMTCs could be developed. S2 (S-S pairs) species in the H2S 

plasma coreactant were speculated to make a significant difference in achieving a 

phase-controlled synthesis of TMTCs over TMDCs. Similarly, in the literature, TiS3 

(TMTC) was obtained using CVD only by using organic coreactants containing S-S bond 

species, otherwise TiS2 (TMDC) growth was observed1. In this regard, by using an 

alternative organic molecule containing S-S bond species (e.g., dimethyl disulfide) as the 

co-reactant, it could be possible to develop a thermal ALD process for TMTC growth. 

• The ability to deposit TMDCs and their heterostructures conformally over a complex 3D 

substrate by ALD could fastrack their implementation in industrial processes. One such 

possibility could be as a barrier and/or liner material layers at the BEOL of the 

semiconductor chip fabrication processes, where conformal coverage along with good 

thickness control offered by ALD would be of great advantage. It was recently reported 

that TaS2 (TMDC) synthesized by the sulfurization of a Ta film can act both as liner and 

Cu barrier material layer. In comparison to conventional TaN/Ta bilayer used in the 

industry, TaS2 was also reported to have superior properties2. In this regard, it would be 

ideal to combine the superior liner and barrier properties exhibited by TMDCs with the 

synthesis benefits of ALD. 

• When NbOx was grown by thermal ALD in this work, sub-stoichiometric films were 

obtained due to oxygen vacancies. The number of oxygen vacancies varied as a function 

of the deposition temperature. As reported for TaOx
3, the stoichiometry of NbOx can be 

further reduced by adding H2 plasma as a C step to the existing AB thermal ALD process. 

So, an ABC process can be developed, where TBTDEN precursor and H2O coreactant 

steps remain as A and B steps, respectively. Such control over the stoichiometry of NbOx 

would be useful for resistive switching random access memory (ReRAM) applications as 

NbO2 undergoes a metal-insulator transition at 800 °C4. 
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• Increasing the H2 content in the coreactant step contributed to the formation of a 

reduction atmosphere, which led to the formation of TMDC over TMTC at low 

deposition temperature. Such control over the phase through the modulation of the 

plasma coreactant composition as a function of thickness at a constant deposition 

temperature led to the fabrication of vertical TMDC-TMTC (metal-semiconductor) 

heterostructures. Similarly, by using H species as the reducing agent, a TMTC film could 

be reduced to TMDC. If such a reduction process can be performed area-selectively on 

the TMTC film using an H2 plasma, lateral TMDC-TMTC (metal-semiconductor) 

heterostructure could be fabricated by locally reducing the TMTC (e.g., TiS3/NbS3) into 

TMDC (e.g., TiS2/NbS2). The selective reduction of TMTC to TMDC could be achieved 

using a plasma (H2 plasma) printing tool or using lithography to expose only certain areas 

of the TMTC film to H2 plasma. 

• High catalytic activity is the primary requirement for HER. Currently, the HER activity of 

metallic TMDCs is restricted by the high resistivity of TMDCs perpendicular to the basal 

planes. Charge transfer from the TMDC to the glassy carbon substrate must overcome 

the van der Waals gaps in the TMDCs. Therefore, to benefit completely from the active 

basal sites in group V TMDCs the charge transfer kinetics between the layers needs to 

be improved. In literature, the charge transfer was reported to improve by intercalating 

the intrinsic van der Waals gap with Li5 or with metals like Nb (self-intercalation)6 or Pd7, 

and as a result, higher HER activity was achieved. In this regard, by intercalating or by 

increasing the metal (including Nb or other metal dopants) content through further 

process optimization, the HER activity of the ALD grown HER stable NbS2 film could be 

improved further. 

• Metallic TMDC with good electrical properties were synthesized over a large area in this 

work. In the literature, the device performance of the FETs has been reported to 

improve by using metallic 2D TMDCs over 3D metals as the contact material to form 2D-

2D metal-semiconductor heterostructure configuration. Such improvement was due to 

the reduction of the contact resistance and Schottky barrier height8. Hereof, the next 

step would be to integrate ALD growth 2D metallic TMDCs as the contact material 

(source and drain) with 2D TMDC semiconductors in scalable nanoelectronics devices 

and investigate their role on the device performance. 

  



176  Chapter 8: Conclusions and Outlook 
 

References 

1 C.J. Carmalt, I.P. Parkin, and E.S. Peters, Polyhedron 22, 1263 (2003). 

2 C. Lo, M. Catalano, A. Khosravi, W. Ge, Y. Ji, D.Y. Zemlyanov, L. Wang, R. Addou, Y. Liu, 
R.M. Wallace, M.J. Kim, and Z. Chen, Adv. Mater. 31, 1902397 (2019). 

3 K. V Egorov, D.S. Kuzmichev, P.S. Chizhov, Y.Y. Lebedinskii, C.S. Hwang, and A.M. 
Markeev, ACS Appl. Mater. Interfaces 9, 13286 (2017). 

4 E. Cha, J. Woo, D. Lee, S. Lee, J. Song, Y. Koo, J. Lee, C.G. Park, M.Y. Yang, K. Kamiya, K. 
Shiraishi, B. Magyari-Kope, Y. Nishi, and H. Hwang, in 2013 IEEE Int. Electron Devices Meet. 
(IEEE, 2013), pp. 10.5.1-10.5.4. 

5 L. Najafi, S. Bellani, R. Oropesa-Nuñez, B. Martín-García, M. Prato, V. Mazánek, D. 
Debellis, S. Lauciello, R. Brescia, Z. Sofer, and F. Bonaccorso, J. Mater. Chem. A 7, 25593 
(2019). 

6 J. Yang, A.R. Mohmad, Y. Wang, R. Fullon, X. Song, F. Zhao, I. Bozkurt, M. Augustin, E.J.G. 
Santos, H.S. Shin, W. Zhang, D. Voiry, H.Y. Jeong, and M. Chhowalla, Nat. Mater. (2019). 

7 C. Huang, X. Wang, D. Wang, W. Zhao, K. Bu, J. Xu, X. Huang, Q. Bi, J. Huang, and F. 
Huang, Chem. Mater. 31, 4726 (2019). 

8 Y. Liu, P. Stradins, and S.-H. Wei, Sci. Adv. 2, e1600069 (2016). 

 

 



177 

 

Summary 

 
The impactful discovery of graphene kick-started an avalanche of research on layered 

two-dimensional (2D) van der Waals materials. Among various 2D materials, transition 

metal dichalcogenides (TMDCs, MX2) such as MoS2 and WS2 with semiconducting properties 

have gained a lot of attention for their unique optoelectronic properties in combination 

with an ultrathin body. TMDCs are viewed as promising materials to enable further 

downscaling of (opto)electronic devices. But there are also other TMDCs with metallic 

properties, and a class of layered materials known as transition metal trichalcogenides 

(TMTCs, MX3) involving similar elements as in TMDCs with semiconducting properties, 

which are less well studied. In terms of technology, atomic layer deposition (ALD) is playing 

a significant role in the continuous down-scaling of devices because of their low processing 

temperatures, precise thickness control, scalability, and conformality. Therefore, the 

synthesis of TMDCs by ALD has gained particular interest, albeit mostly for semiconducting 

TMDCs. ALD of both metallic TMDCs and TMTCs has not been explored to the best of our 

knowledge. Additionally, ALD could enable heterostructure formation over a large area at 

low temperatures. This dissertation is focused on investigating ALD as a technique to 

synthesize metallic TMDCs, as well as semiconducting TMTCs, and their heterostructure 

formation. Additionally, the role of ALD parameters in achieving phase-controlled growth 

between TMDCs and TMTCs has been investigated for next-generation optoelectronic 

devices as well as for electrochemical catalytic applications. 

In the first part of this dissertation, a novel ALD process for the phase-controlled 

synthesis of titanium sulfide (TiSx) was developed. TiS2 is a metallic TMDC, while TiS3 is a 

semiconducting TMTC. Both thermal ALD and plasma-enhanced ALD (PE-ALD) processes 

were realized using a metal-organic precursor tetrakis(dimethylamido)titanium (TDMAT) 

with H2S plasma and H2S gas as coreactants, respectively. The phase control between TiS2 

and TiS3 by ALD was demonstrated by varying both the deposition temperature and sulfur-

based coreactant. The presence of S2 species in H2S plasma was speculated to enable the 

formation of TiS3 by PE-ALD, otherwise, TiS2 was obtained. The present study is the first 

report on the synthesis and characterization of TMTCs using ALD. The crystallinity of PE-ALD 

grown TiS3 was improved by post-deposition annealing to yield photoluminescence at ~0.9 

eV, indicating the semiconducting nature of the material with a direct bandgap. This opens 
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up a new avenue for controlled thin-film deposition of TMDCs and TMTCs at low-

temperature. 

Next, the ability of ALD to fabricate TMDC heterostructures by ALD was demonstrated 

by synthesizing TiSx-NbSx heterostructures. Thermal ALD was preferred over PE-ALD for 

heterostructure formation, as plasma could cause interface damage and mixing between 

the layers, plus thermal ALD gives better conformality in a 3D structure. A new thermal ALD 

process for NbSx thin films was developed using a metal-organic precursor (tert-butylimido)-

tris(diethylamino)-niobium (TBTDEN) and H2S gas as coreactant. This is the first work to 

report on the synthesis of both NbS2 and a metallic TMDC by ALD. The TiSx-NbSx 

heterostructure consisting of multiple layers with various thickness was fabricated on both 

nanowires (3D structure) and flat substrates. The individual TiSx and NbSx layers were 

deposited at distinct deposition temperatures to demonstrate the flexibility provided by 

ALD. This work successfully shows the advantages of ALD for synthesizing TMDC 

heterostructure in-situ at low deposition temperatures with precise thickness control and 

conformality over a 3D structure. 

Lately, the prospects of combining metal-semiconductor TMCs to form heterostructure 

have gained momentum. While various TMDC based heterostructure have been explored, 

metal-semiconductor heterostructure based on TMDC-TMTC have yet to be studied 

experimentally. In the next part of this work, a new process to synthesize metal-

semiconductor (NbS2-NbS3) heterostructures by PE-ALD was demonstrated. The phase 

control between NbS2 and NbS3 was attained by two methods: first, by varying the 

deposition temperature similar to the TiSx work, and second, by adding H2 to the standard 

H2S plasma coreactant step (at constant temperature) while maintaining a constant total 

flow. A high H2S gas fraction led to NbS3, otherwise, NbS2 was deposited. Using the later 

method, the H2S:H2 ratio was modulated to obtain phase-controlled growth of NbS3 on NbS2 

yielding NbS2-NbS3 heterostructures. 

In the next part, NbS2 films synthesized using various methods were investigated for the 

electrochemical hydrogen evolution reaction (HER). Both as-deposited and post-annealed 

PE-ALD NbS2 films were observed to have superior HER activity in comparison to NbS2 films 

synthesized by sulfurization of ALD grown Nb2O5 films (CVD sulfurization method). In 

comparison to CVD growth NbS2 in the literature, this work shows that ALD grown NbS2 

films have better stability and equivalent HER activity. Thus, opening up new opportunities 

for ALD grown metallic TMDCs for electrocatalysis applications.  
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Finally, the high-k dielectric niobium oxide (Nb2O5) was synthesized using the TBTDEN 

precursor with both O2 plasma (PE-ALD) and H2O (thermal ALD) as coreactants, respectively. 

High uniformity over a 200 mm was obtained using both the ALD processes. The effect of 

deposition temperature on the film properties was investigated for both the ALD processes. 

Thermal ALD grown films were found to be sub-stoichiometric due to the presence of 

oxygen vacancies, which were observed to be more dominantly present in the film with 

increasing deposition temperature while all the PE-ALD films were near stoichiometric. 

To conclude, this dissertation manifests the benefits associated with ALD to fabricate 

novel transition metal chalcogenides and their heterostructures. Specifically, ALD processes 

for TiSx and NbSx were developed, the phase control between TMDC and TMTC for both the 

materials thoroughly investigated and their heterostructures formation demonstrated.  

Furthermore, these findings on material processing could be expanded to other transition 

metal chalcogenides and their heterostructures, and various applications beyond 

optoelectronics and catalysis, such as quantum computing could also gain from this valuable 

addition to the ALD toolbox.  
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