
 

Atomic layer deposition for 2-D materials beyond graphene

Citation for published version (APA):
Sharma, A. (2018). Atomic layer deposition for 2-D materials beyond graphene. [Phd Thesis 1 (Research TU/e /
Graduation TU/e), Applied Physics and Science Education]. Technische Universiteit Eindhoven.

Document status and date:
Published: 12/12/2018

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/bfa66772-3e4a-4452-b303-0667df876904


 

 

Atomic Layer Deposition For 2-D Materials  
Beyond Graphene 

 
 
 
 

PROEFSCHRIFT  
 

 
 

ter verkrijging van de graad van doctor aan de Technische Universiteit 
Eindhoven, op gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens, voor 

een commissie aangewezen door het College voor Promoties, in het openbaar te 
verdedigen op woensdag 12 december 2018 om 11:00 uur 

 
 
 

 
 
 
 
 

door 
 
 

Akhil Sharma 
 
 

geboren te Manoh Sihal, India 

 
 

 



 

Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de 
promotiecommissie is als volgt:  

 
voorzitter:    prof.dr.ir. G.J.F. van Heijst 
1e promotor:   dr. A.A. Bol 
2e promotor:  prof.dr.ir. W.M.M. Kessels  
leden:   prof.dr. P.E. de Jongh (Universiteit Groningen) 

   dr. A. Delabie (Katholieke Universiteit Leuven) 
   prof.dr. J.C.T. Eijkel (Universiteit Twente) 
   prof.dr. M.K. Matters-Kammerer  

adviseur(s):   dr. R.S. Sundaram (Oxford Instruments Plasma  
   Technology) 

 
 
 
 
 
 
 

 
 
 

Het onderzoek dat in dit proefschrift wordt beschreven is uitgevoerd in  
overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening. 
  



 

This research was financially supported by NWO-TTW through the VIDI program on 

“Novel bottom-up nanofabrication techniques for future carbon-nanoelectronics” (VIDI 

12379) and by the European Research Council (Grant Agreement No. 648787- 

ALDof2DTMDs). 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Printed and bound by Ipskamp Printing, Enschede 

Cover brief by : Akhil Sharma 

Cover design by : Mohsin Raza, Media Outreach Network, New Delhi, India 

 

A catalogue record is available from the Eindhoven University of Technology Library, 

ISBN: 978-90-386-4658-9 

 



 

Table of Contents 
 

 

Chapter 1 Introduction 7 

 

Chapter 2 ALD of sulphides and characterization of 2-D MoS2                     27 

 

Chapter 3 Low-temperature plasma-enhanced atomic layer 57  

                             deposition of 2-D MoS2: large area, thickness control 

                             and tuneable morphology 

 A. Sharma, M. A. Verheijen, L. Wu, S. Karwal, V. Vandalon,  

 H. C. M. Knoops, R. S. Sundaram, J. P. Hofmann,  

 W. M. M. Kessels, A. A. Bol, Nanoscale 2018, 10,  8615 

 

Chapter 4 Tuning the wettability of MoS2 nanostructures using 91 

 plasma-enhanced atomic layer deposition  

 In preparation for publication 

 

Chapter 5 High performance MoSx thin films for hydrogen 103  

 evolution reaction prepared by plasma enhanced  

 atomic layer deposition 

 In preparation for publication 

 

Chapter 6 Plasma enhanced atomic layer deposition enabled 121  

 uniform large area patterned growth of high  

 quality MoS2 

 In preparation for publication 

 

Chapter 7 Atomic layer deposition of HfO2 using HfCp(NMe2)3 149  

 and O2 plasma 

 A. Sharma†, V. Longo†, M. A. Verheijen, A. A. Bol and  

 W. M. M. Kessels, Journal of Vacuum Science & Technology A,  

 2016, 35, 01B130. 
    † A. Sharma and V. Longo contributed equally 

 



 

Chapter 8 Conclusions and outlook                                                      169 

 

  

Summary                                                                                                              177 

 

 

Contributions of the author        181 

 

      

List of peer-reviewed publications       183 

 

 

Acknowledgements         185 

 

 

Curriculum Vitae         189 





 

1 
 

 
Introduction 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 1   

8 

 “There’s plenty of room at the bottom” : this famous lecture by Prof. Richard 

Feynmann at Caltech on December 29, 19591 embarked the idea of nanotechnology. In 

his lecture, Prof. Feynmann talked about the possibility of manufacturing computers and 

manipulating matter at the infinitesimal level which laid the foundation for future 

generation advanced electronics devices. Needless to say, today we are actually 

relishing the technology once a dream, be it the palm-sized smart phones, advanced 

personal computers, smart home appliances etc. Thanks to the advancement in the field 

of micro/nano electronics which has brought a digital revolution across the globe and 

has changed our lives. The electronics evolution has for a large part been driven by the 

continuous shrinking of the dimensions of field-effect transistors (FETs) – an integral in 

numerous electronic devices allowing them to achieve energy-efficient high-speed 

switching. This continuous shrinking or scaling has tracked Moore’s law, a trend 

predicted by Gordon Moore (back in 1965) that the constituent transistors on an 

integrated circuit will double every 18-24 months.2 Traditional FETs are, by far, based 

on bulk or 3D semiconductor channels composed of silicon, germanium and III-V 

semiconductors.3 Remarkably, the semiconductor industry has established long-term 

strategies and research goals by successfully scaling down the dimensions of the 

conventional materials to the nanoscale, keeping Moore’s law afloat for more than 50 

years now (Figure 1.1). 

 

However, as the scaling demands are getting more rigorous, the further reduction in 

dimensionalities of semiconducting materials is about to hit the fundamental limit 

causing the degradation of carrier transport properties and device to device variations. 

So, there is a need for substitute channel materials for FETs which can contribute to the 

miniaturization of electronic systems and facilitate to sustain the further progress 

labeled as ‘More Moore’. In this context, a number of emerging research materials are 

in contention to drive the development and further scaling of transistors. A few to name 

are III-V nanowires, carbon nanotubes, graphene and 2-D materials beyond graphene. 

All of these materials have unique, useful properties and potential to satisfy the number 

of projected roadmap parameters laid out by the ‘International roadmap for devices and 

systems’ (IRDS). In fact, it has been predicted by IRDS that after 2027, there will be no 

headroom for 2-D geometry scaling anymore and the aforementioned emerging 

materials will play a key role in devising new strategies based on sequential/stacked 

integration in 3-D, very large scale integration of circuits and systems.4 However, a 

number of challenges need to be addressed to warrant the successful incorporation of 
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these emerging materials into high volume manufacturing. The most vital and obvious 

requirement is the synthesis of high-quality materials by a viable, robust method 

capable of providing the potential solution on a technologically relevant scale for 

commercial applications. This thesis work focuses on synthesis of one of such emerging 

2-D materials beyond graphene namely molybdenum disulphide (MoS2), which belongs 

to a class of materials called as transition metal dichalcogenides (TMDs).  

 

2007 2009 

2011 

2014 

2018 

More  
Moore

 3D Architectures
  Novel nano-materials
-  III-V semiconductors
-  Nanowires
-  Carbon nano tubes 
-  Graphene
-  2D Transition metal 
dichalcogenides (MoS2)

 

Figure 1.1 The development of the transistor technology in integrated circuits showing that the 

transistor density has almost doubled with each new generation. (bottom panel) The cross 

sectional images of transistor devices with innovative strategies (strained Si, High-k metal gate, 

3D transistor architectures) adopted by Intel to sustain Moore’s law. Image taken from [5]. 
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1.1 2-D transition metal dichalcogenides (TMDs) as future 

materials 

The exploration of other 2-D materials beyond graphene got stimulated after the 

landmark invention of graphene in 2004 by Geim and Novoselov6 in a quest of future 

generation nano-electronics. To qualify for successful integration into monolithic 

architectures, an ideal FET should possess high on-off ratioa and steep subthreshold 

slopeb as key figures of merit. (which are also recognized by IRDS as the crucial 

parameters).4, 7 Graphene, despite its extraordinary electrical, optical, mechanical 

properties lacks a natural bandgap and is semi-metallic in nature.8 This limits its 

applicability as a FET channel material because of its small on-off ratio (~30) as 

compared to the desired much higher order (104 - 107) for faster device switching. A 

number of approaches like quantum confinement of charge carriers from 2-D to 1-D in 

graphene nanoribbons, chemical doping, application of strain etc. have been 

demonstrated to tailor the electronic structure of graphene for opening up the band 

gap.9-11 However, most of these methods remain extremely difficult and irreproducible 

towards commercialization of graphene for device applications. Nonetheless, despite the 

lack of a bandgap, graphene is still a strong contender for a variety of other applications 

including but not limited to radiofrequency applications, batteries, energy storage, 

flexible displays, conductive ink, heat spreader etc.12, 13 

 

Fortunately, a broader family of materials, namely 2-D TMDs, exists which have 

comparable properties with graphene and have opened up a vast avenue for both 

fundamental researchers and future devices applications. The 2-D TMDs are inherently 

layered materials and contemplated as ‘cousins’ of graphene, with weak van der Waals 

interlayer interactions enabling the isolation down to a monolayer of these materials. 

Furthermore, their pristine surfaces without any dangling bonds and the natural in-plane 

confinement of charge carriers lead to excellent gate electrostatics resulting in superior 

device performance.14 TMDs have a generalized formula MX2 where M = metal from 

group IV-VII and X is a chalcogen atom (S, Se, Te). Although a variety of TMDs have 

been shown to exist, there is only a limited number of materials which are stable under 

                                                           
a The on-off ratio is defined as the ratio of the currents in the on- and off-states of a  field effect   

  transistor device. 
b A device characterized by steep subthreshold slope exhibits a faster transition between off  

  (low current) and on (high current) states. 
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ambient conditions. Most of these materials are easily exfoliated down to a monolayer 

level owing to the ‘van der Waals’ interlayer interaction analogous to graphene. The 

quantum confinement effect results in a new set of properties which in combination 

with their natural ultra-thin bodies make them interesting candidates for a variety of 

next-generation nano-electronics applications.  

 

Amongst TMDs, MoS2 is one of the most studied materials owing to its high 

abundance in earth, stability in ambient and amenability with other 2-D materials (such 

as graphene) to form heterostructures. MoS2 resembles structurally with graphene 

having individual layers stacked upon each other to form the bulk. Each 2-D crystal 

layer of MoS2 is ~ 0.65 nm thickc and has a plane of hexagonally arranged molybdenum 

atoms sandwiched between two planes of hexagonally arranged sulphur atoms.15  

 

Figure 1.2 (a) An exfoliated flake of MoS2 from a bulk crystal (b) Schematic top view of two 

polytypes i.e. 2-H (top) and 1-T (bottom) of MoS2. A monolayer and trilayer for 2-H polytype are 

shown in (c) .  

                                                           
c The thickness of a monolayer is expressed as the distance between two Mo atomic planes in a  

  bilayer of MoS2. 

Sulphur

Molybdenum

2
-H

1 ML 2 ML

1
-T

Molybdenite
(MoS2)

(a)

(b)
Top view

(c)

Side view
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The S-Mo-S unit is covalently bonded in a trigonal prismatic arrangement forming a 

hexagonal crystal structure. The two most commonly found crystal structures for MoS2 

are the hexagonal and octahedral configuration. While the former is specified as 2-H 

MoS2 and is semiconducting in nature, the latter is known as 1-T MoS2 with metallic 

nature. H and T represent hexagonal and trigonal symmetry of the crystal structure, 

respectively. In theory, the 2-H structure is more stable than 1-T. The Mo-S bond length 

is 2.4 Å, the crystal lattice constant is 3.2 Å and the distance between upper and lower 

sulphur atoms is 3.1 Å.16  

 

 MoS2 has been demonstrated to possess a very high mechanical strength with a 

Young’s modulus greater than steel.17 Furthermore, the crystal layers of MoS2 can be 

deformed by up to 11% without fracture and bent to a curvature of the radius of 0.75 

mm18 without losing their electronic properties which renders it highly promising 

material for flexible electronics applications. Electronically, MoS2 has a natural band 

gap of 1.3 eV in the bulk regime and thus has an inherent advantage over graphene for 

nano-electronics applications (Figure 1.3). Strikingly, there is a transition from indirect 

band gap in bulk MoS2 to a direct band gap of 1.8 eV in its mono-to-few layered regime 

which renders it super exciting for optoelectronics and new physical phenomena at the 

atomic scale.19 A detailed explanation of the band gap transition will be discussed in 

chapter 2. It is therefore no wonder that MoS2 has emerged as a strong candidate for 

plethora of applications such as field effect transistors, phototransistors, capacitive 

memories, humidity and gas sensors, heterostructures based architectures, 

electrocatalysis etc.15 

 

Κ MΓ Γ Κ 
(a) (b)

 

Figure 1.3 Electronic band structure for monolayer of (a) graphene and (b) MoS2. 
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One of the outstanding features of MoS2 is the possible thickness scaling down to a 

monolayer with unperturbed electronic properties providing a well - controlled 

electrostatics for ultrashort transistors.20 For example, it has been demonstrated that the 

monolayer and few layer MoS2 (< 5 nm) result in more than two orders of magnitude 

reduction in leakage current relative to Si as a channel layer in a nanoscale transistor 

device.20 These qualities make MoS2 a very strong candidate for the channel material of 

future transistor devices at the sub - 5 nm scaling limit. 

 

At the other end of the spectrum, bulk MoS2 is a conventional lubricant and is a popular 

dehydrosulphurization agent in the oil industry. In the 1980’s, some studies were 

performed to analyze the effect of morphology of MoS2 on its lubricating properties.21, 

22 In these studies, it had been shown that the MoS2 can co-exist in two variant 

morphologies i.e. in-plane and out-of-plane oriented and it was found that the former 

morphology results in better lubricating properties.23 Interestingly, as a matter of fact, 

after almost two decades it has been found that the latter morphology (i.e. out-of-plane 

oriented films) is rather also an interesting candidate in the field of electrocatalysis most 

prominently for hydrogen evolution reaction (HER) during water splitting.24 This 

applicability is attributed to the highly energetic edge sites and it enables 2-D materials 

including MoS2 to serve as potential alternatives to expensive noble metals in the field 

of electrocatalysis. In this context, Jaramillo et al. demonstrated that the HER activity of 

MoS2 nanoparticles scaled up linearly with the increasing number of edge sites.25 Since 

then, a plethora of reports have surfaced showing the applicability of 2-D materials for 

electrocatalysis. This has resulted into the emergence of morphology engineering for 2-

D materials as an active research field and researchers all across the world are putting a 

tremendous effort into it. A number of papers including our work (see Chapter 3) have 

reported on the growth of vertically aligned/ edge oriented/ out-of-plane oriented MoS2 

films and on their further tuning to enhance the number of edge sites and hence the 

improved eletrocatalytic performance of MoS2.  
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Figure 1.4 The morphology dependent applicability of 2-D MoS2 thin films: (a) The atomically 

thin bodies of in-plane layers make them a promising candidate as a channel material for future 

field effect transistor device replacing silicon (as shown in the sketch on top). The high resolution 

transmission electron microscope (TEM) image is shown (bottom) for the in-plane layers 

synthesized by ALD based process in this work. (b) The active edge sites of out-of-plane oriented 

films render them suitable for electrocatalysis (HER) as shown in sketch (top). Shown at the 

bottom is a cross-sectional TEM image for film with mixed morphology as synthesized by 

PEALD process in this work. 

 

 

1.1.1 Synthesis of MoS2 

One of the vital research fields for future 2-D TMDs based applications is the reliable 

synthesis of atomically thin 2-D layers of MoS2 via scalable approaches. Hitherto, the 
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two major strategies which have been employed to obtain mono to few layered MoS2 

films are top-down methods such as mechanical or chemical exfoliation26-28 and bottom-

up synthetic methods like chemical vapor deposition29, 30 etc. ‘Top-down’ methods like 

‘scotch tape’ exfoliation yield high quality and up to micrometer - sized crystal layers. 

However, the absence of layer number controllability and low productivity keeps the 

suitability of mechanical cleavage methods only up to fundamental research and proof-

of-concept device fabrication scale. On the other hand, the chemical exfoliation of 

TMDs relies on the wet chemistry method in which the produced materials might be 

promising for solution based or printable electronics. However, often some extrinsic 

defects are introduced during the exfoliation process which requires a post treatment to 

reconstruct the structure of TMDs and thus makes this method less favorable for 

industrial applications. 

 

 Alternatively, the bottom-up methods such as chemical vapor deposition (CVD), 

sulphurization of metal (metal oxide) thin films provide a pool of parameters aiming at 

better control of thickness and properties of TMDs. Furthermore naturally, the bottom-

up approach is the practical way of scalable production of TMDs and realizing their 

potential for device applications. Therefore, a lot of effort has been put into the research 

field of controlled synthesis of 2-D TMDs. In this context, the aforementioned 

techniques like CVD has been demonstrated as a promising method to yield high quality 

materials, yet it suffers from issues like reproducibility, non-uniformity of films over 

large area and most importantly the precise thickness control over number of layers in 

TMDs which is essential to gain maximum advantage from extraordinary properties of 

TMDs. Therefore, there is still a need for exploration of additional bottom-up methods 

capable of addressing the above stated issues to make the transition to industrial 

applications of TMDs. Such a deposition technique which might be able to meet the 

requirements is atomic layer deposition (ALD). 

1.2 Atomic layer deposition (ALD) 

ALD is a modified CVD technique designed specifically for the deposition of ultra-thin 

films at the nanoscale. The unique surface-chemistry driven self-limiting nature of ALD 

enables precise control of thickness at atomic scale, large-area uniformity and excellent 

conformality over intricate 3-D structures. In 2007, Intel introduced ALD in the process 

flow for the fabrication of high-k metal gate stack in transistor devices.31 A number of 
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other application areas for ALD include but are not limited to deposition of high- 

oxides and metals for DRAM capacitors, passivation layers in solar cells and spacers for 

self-aligned multiple patterning (SAP) to increase the feature density during 

photolithography process for current and next generation nano-architectures.32   

 

A schematic of a typical ALD cycle is shown in Figure 1.5. As shown, the surface is 

exposed to two or more gas/vapor phase reactants in a sequential manner. This sequence 

of steps generally can be categorized as two “half cycles”. In some cases, there can be 

multiple “sub-cycles” depending on the material to be grown. In the first half-cycle, the 

substrate is exposed to the gaseous molecules, commonly referred to as ‘precursor’. The 

precursor molecules adsorb on the available surface sites via chemical reactions (Figure 

1.5 (a)). The adsorption however is self-limiting and stops once the sites are either 

depleted or physically unavailable (e.g. due to steric hindrance). After this point, no 

growth/deposition occurs irrespective of the precursor supply due to absence of 

favorable chemistry. The unwanted reaction products or excess precursor molecules are 

flushed away in the intermittent purge step leaving the surface with a sub-monolayer of 

adsorbed precursor molecule (together with ligands) as shown in Figure 1.5 (b). 

 

In the second half cycle of the ALD process, the co-reactant is introduced in the 

chamber which apart from incorporating non-metal atoms in the films serves to (a) 

remove the ligands of the precursor (b) replenish the surface with identical groups at the 

beginning of ALD cycle (Figure 1.5 (c)). Once the co-reactant finishes the reaction with 

adsorbed precursor molecules (again in a self-limiting fashion), the subsequent purge 

step removes any unwanted by-product and the surface becomes ready for the first step 

of cycle again (Figure 1.5 (d)). The surface reactions are either driven by thermal 

energy or by providing additional energy to the co-reactant step for example by 

generating plasma. The former type of ALD is referred to as “Thermal ALD” while for 

latter the term “Plasma-ALD or “Plasma enhanced ALD (PEALD)” is used. PEALD 

offers several potential benefits in addition to the typical merits of thermal ALD like 

wide choices of precursors and materials due to the high reactivity of plasma radicals, 

improved material properties, deposition at low substrate temperatures, higher growth 

rates, increased processing versatility etc.33, 34  
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Figure 1.5 A schematic representation of typical steady-state PEALD cycle (a) Precursor step 

where self-limiting adsorption of precursor molecules on the existing surface groups occur. (b) 

Purging step in which unwanted reaction byproducts and unreacted precursor molecules are 

removed. (c) Co-reactant step where removal of ligands from the surface of adsorbed precursor 

molecules by energetic plasma species occur. In addition, the re-establishment of original surface 

species is acquired. (d) The final purging step for removing reaction products. This results in a 

surface similar to the starting surface in (a) covered with a sub-monolayer of the material to be 

deposited. The cycle can be repeated as many times as desired to reach the targeted thickness. 

 

The highly repeatable and well controlled amount of material deposited by these 

sequence of steps is referred to as the growth-per-cycle (GPC). The repetitive nature of 

ALD cycle results in film deposition with sub-nanometer thickness control. The desired 

film thickness can therefore be reached by simply repeating the cycle as many times as 

required. Furthermore, the self-limiting nature of the surface reactions leads to growth 

which is completely independent of the precursor dosage.  

 

*

-

+

+
-

+

(a) Precursor (b) Purge

(c) Co-reactant(d) Purge Metal centre

Ligand complex

Co-reactant molecule
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That means, once the reactions are saturated (e.g. adequate precursor and co-reactant 

have been introduced), no further growth occurs irrespective of the additional surface 

exposure to any of the reactants. This scenario is illustrated in Figure 1.6. The schematic 

graphs shown in Figure 1.6 are referred to as ‘saturation curves’ which serve as the 

basis to design a recipe for a particular ALD process and attain the ultimate control over 

thickness.  
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Figure 1.6 The schematic illustration of typical ‘saturation curves’ of an ALD process. (a) The 

exemplar plot showing the saturation behavior of the precursor or co-reactant steps. It is evident 

that the growth per cycle (GPC) of the film increases only until a certain point and then saturates 

despite the additional dosage of precursor or co-reactant. (b) Saturation of the pump or purge 

steps. An elevated GPC can be obtained under the insufficient purging/pumping due to undesired 

reactions in the gaseous phase. The saturated regime is highlighted (blue) in both cases. 

 

Furthermore, a well-designed ALD process also offers many other advantages over 

conventional deposition techniques. Firstly, the incorporation of impurities can be 

minimized by the choice of precursor and co-reactant, e.g., the plasma co-reactant 

generally results in very low impurity concentrations in the resulting film. Furthermore, 

the self-limiting nature of ALD ensures large-area film uniformity upto the wafer scale. 

Additionally, ALD provides highly conformal films irrespective of the surface geometry 

i.e. a good step coverage is possible to obtain even in 3-dimensional structures with a 

high aspect ratio which is difficult to achieve with conventional techniques like 

sputtering or evaporation (physical vapor deposition, PVD). The difference between 

other deposition techniques (as stated above) and ALD is illustrated in Figure 1.7.  

 

As aforementioned, depending on the choice of precursor and co-reactant, ALD is 

able to deposit a wide spectrum of materials including but not limited to metal-oxides 
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(e.g. Al2O3, Co3O4), metals (e.g. Pt, Pd), nitrides (e.g. SiNx), fluorides (e.g. AlF3) and 

sulphides (e.g. MoS2).
35 Several reviews on different aspects of ALD (surface 

chemistry, precursor groups, ALD for variety of applications, atomic scale simulation, 

advanced ALD processes etc.), have been published in literature which the readers may 

find useful.36-39 

 

(a) Other gas phase 
deposition techniques (b) ALD

 

Figure 1.7 Schematic illustrating the difference between film profile (blue) deposited by (a) other 

gas phase techniques such as physical vapor deposition (PVD) and (b) ALD on high aspect ratio 

structures. While a conformal film coating is achievable via ALD throughout the trench 

structures, PVD fails to provide sufficient penetration of film at the bottom of the trenches. 

                               

One of the other conceivable implementation of the ALD technique is to combine it 

with some other processing technique to synthesize a material with the desired 

properties. Of utmost importance for the synthesis of 2-D materials are the properties 

like precise thickness control and high quality films over a large area. In our case, this 

opportunity has been translated to produce high quality, patternable MoS2 thin films by 

combining low temperature PEALD process (50°C) with high temperature (900°C) 

thermal sulphurization process. The ultra-thin films of MoOx were grown using PEALD 

which were sulphurized subsequently to obtain MoS2 films which retain the inherent 

benefits of ALD process including precise thickness controllability, reproducibility, 

large area thickness uniformity and high conformality. The exploitation of ALD’s 

features using this indirect approach will be discussed in Chapter 2 and Chapter 6 in 

detail. 
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1.3 Goals, context and outline 

1.3.1 Goals and objectives 

The extraordinary properties of MoS2 make it a promising nanomaterial for plethora of 

(opto-) electronic applications. As aforementioned, the synthesis of high quality MoS2 

films with precise thickness and morphology control over a large area at low 

temperature is still one of the major challenges to realize its true potential. The main 

goal of this work is to explore the capabilities of ALD to yield MoS2 films with desired 

properties. The sub-monolayer thickness control offered by ALD as an inherent 

attribute makes it a method of choice for synthesis of 2-D materials including MoS2. 

Even though some first reports about synthesis of MoS2 by ALD are available in 

literature, the structural properties and functional implications of films synthesized by 

ALD require a broader and comprehensive investigation which serves as the main 

motivation for this work. 

 

Low temperature PEALD for 2-D MoS2 with tuneable properties 

The application of ALD processes for synthesis of 2-D materials is still in an infancy 

stage and slowly gaining attention in the scientific community. In this work, several key 

challenges have been identified amongst which one of the challenges is to obtain 

crystalline material at the relative low ALD processing temperatures with wafer-scale 

uniformity. Therefore, the following objectives are addressed in this thesis: 

 To evaluate if incorporation of a plasma-enhanced co-reactant step (consisting 

of a H2S based gas mixture) in ALD is able to deliver crystalline 2-D MoS2 

films at low processing temperatures. 

 To assess if the ALD criterions are met for the as-synthesized MoS2 films i.e. 

large area uniformity and precise thickness control. 

To exploit ALD to its maximum, it is equally important to explore how ALD can 

manipulate the properties of 2-D materials at the atomic scale. Therefore, in this thesis 

the following objectives will be addressed as well: 

 To analyze the influence of process parameters (e.g. plasma gas composition, 

temperature) on film properties mainly wetting, morphology and chemical 

composition.  

 To evaluate the performance of films synthesized using PEALD process for 

eletrocatalytic applications 
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Synthesis of patterned MoS2 

The integration of MoS2 for device applications generally requires top-down etching 

and/or a transfer step using a polymer based approach (further details in Chapter 6) 

which might induce some defects and result in degraded device performance. It is 

therefore of high technological relevance to synthesize high quality, patterned MoS2 on 

device ready substrates. In order to achieve this, an approach by combining low 

temperature PEALD and high temperature thermal sulphurization has been explored to 

address the following objectives: 

 To assess the structural properties (crystallinity, morphology, chemical 

composition etc.) of 2-D MoS2 films synthesized using the combinatorial 

approach.  

 To exploit the compatibility of low temperature PEALD with conventional e-

beam lithography process aiming at synthesis of patterned MoS2 films. 

 To assess the electrical properties of films synthesized using combinatorial 

approach by fabricating a FET device. 

 

1.3.2 Context 

The research presented in this thesis has been carried out in the Plasma and Materials 

Processing (PMP) group at the department of Applied Physics of the Eindhoven 

University of Technology (TU/e) in the Netherlands. The PMP group has extensive 

experience in the development of ALD processes and the related applications. 

Furthermore, within PMP, extensive work on CVD growth of graphene and device 

integration using graphene has been performed. Therefore, this work aims at the 

synthesis of 2-D materials beyond graphene namely TMDs as aforementioned.  The 

foremost work was the establishment of a low temperature PEALD process for 

synthesis of 2-D MoS2 and subsequent analysis of its properties. In parallel, the 

implementation of ALD synthesized films in the area of electrocatalysis was realized in 

close collaboration with the chemistry department (Dr. J.P. Hofmann) at TU/e.  

  

  The experience gained with the CVD growth of graphene in the group was translated 

to synthesize high quality MoS2 films by combining a PEALD process (for MoOx films) 

with furnace based thermal sulphurization. This approach also enabled the patterned 

growth of MoS2 films with precise thickness control and is a major advancement 
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towards attaining high quality films directly on device ready substrates omitting the 

need of etching and/or transfer step.  

Key 
Results

Large area 2-D MoS2 
(Chapter 3)

Electrocatalysis applications 
(Chapter 4 + 5) 
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Figure 1.8 An overview of the key results in a nutshell. Starting from top left and proceeding 

clockwise: (1) A step forward towards large area synthesis of 2-D MoS2 in combination with 

precise thickness control has been taken using PEALD process. (2) The functionalities of films 

deposited by PEALD are demonstrated for electrocatalysis applications (hydrogen evolution 

reaction (HER)). The films deposited at low temperature (250 °C) are found to be highly active 

for HER applications. (3) High quality (defect free) and patterned films are synthesized by 

combining  PEALD and thermal sulphurization. (4) A PEALD process has been developed for a 

high- material (HfO2) with a comprehensive analysis of properties. The integration of both ALD 

synthesized MoS2 and HfO2 will open up a new avenue towards nanoarchitectures for next-

generation nanodevices.  

 

The integration of 2-D materials and high- materials is shown as promising method 

for obtaining next generation high performance electronics devices. Keeping that in 
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perspective, a PEALD process is established to deposit high quality HfO2 thin films. 

Subsequently, the comprehensive analysis of properties is carried out thereafter. An 

overview of the key results obtained in this PhD project is represented in Figure 1.8. 

 

With the establishment of two approaches for synthesis of MoS2 films for variety of 

applications, the next step is the further integration of films for next generation device 

architectures including heterostructures. Within PMP this work is continued through a 

ERC Consolidator grant which focusses on the synthesis of 2-D TMDs by ALD and 

fabrication of devices. 

 

1.3.3 Outline of the thesis 

The quest to obtain precise thickness control during synthesis of MoS2 has led to the 

development of various ALD processes by several groups and are reported in the 

literature. Chapter 2 starts with an overview of the existing state-of-the art ALD 

processes (hitherto). The properties and applications of the films obtained by different 

processes are discussed in brief. Furthermore, since the films synthesized by PEALD in 

this work have been demonstrated as promising electrocatalysts, a theoretical 

framework explaining the basic principle and setup for hydrogen evolution reaction is 

presented. Chapter 3 describes a low-temperature PEALD process to synthesize 

uniform, mono-to-few layered MoS2 films over large area where ultimate control over 

film thickness is attained. Furthermore, it discusses the synthesis of out-of-plane 

oriented films and their application as electrocatalysts. 

 Chapter 4 and 5 focus on the tuning of the film properties and applications 

respectively. Chapter 4 presents the tuneable surface wettability of as-synthesized out-

of-plane oriented films attained by modification of plasma parameters during PEALD 

process. Chapter 5 continues with the exploration of eletrocatalytic performance of 

amorphous MoSx films synthesized at low temperature.  

 Chapter 6 investigates the approach of combining low temperature PEALD with high 

temperature thermal sulphurization to attain high quality, layered 2-D MoS2 films. It 

demonstrates how low temperature during PEALD is leveraged to obtain patterned 

MoS2 films on device ready substrates. 

The integration of 2-D TMDs with high- materials has been shown as an important 

step towards achieving high performance devices in the literature. Chapter 7 makes the 

switch to ALD of such a high- material i.e. HfO2. The uniform, highly conformal HfO2 
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thin films are prepared using a PEALD process and the film properties are discussed in 

detail.  

Finally, a summary of the main findings with an outlook for further research is given 

in Chapter 8. 
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ALD of sulphides and characterization 
of 2-D MoS2  

 
 

The bottom-up synthesis of 2-D materials including MoS2 over large area with p recise 

thickness control is of paramount importance. Atomic layer deposition (ALD) is an 

excellent tool to achieve atomic level control over the film thickness which can be 

instrumental for the synthesis of 2-D materials. In this chapter, an overview of exis t ing  

ALD processes for MoS2 in the literature is given. Next, the two popular 

characterization techniques for MoS2 i.e. Raman and photoluminescence spectroscopy  

are discussed to facilitate the reader for a better understanding of t he results in 

subsequent chapters. Finally, the concept of hydrogen evolution reaction (HER) during  

water splitting mechanism is introduced. Since MoS2 films are emerging as potential 

electrocatalysts for HER, a short description related to HER is given wh ich is also 

relevant for Chapter 3 and Chapter 4.   
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2.1 ALD of MoS2  

As mentioned in Chapter 1, the majority of established atomic layer deposit ion (A LD) 

processes to date correspond to the metal oxides , nitrides etc. However, novel 

application areas such as energy storage, catalysis and optoelectronics are d riv ing  the 

interest in growing sulphides by ALD. In fact, a lot of progress has been made recently  

in ALD of sulphides spanning a diverse pool of accessible materials. Interestingly , the 

history of ALD of sulphides traces back to the earlier stages of ALD in the 1970s .1  A t  

that time, ALD used to be referred to as atomic layer epitaxy (ALE) and the first 

demonstrated ALE process was ZnS. The first commercial application of ZnS thin films  

developed by ALE was exhibited in a electroluminescent display which operated in 

Helsinki airport from 1983 to 1998.2 However, the precursor chemistry used in ALD of 

sulphides typically consisted of toxic H2S gas which presents s evera l challenges fo r 

incorporation in ALD. Meanwhile, the industrial focus was shifted to the development 

of metal oxides which got a widespread popularity after the stringent requ irement  o f 

ultra-thin gate oxides in complementary metal oxide semiconductor (CMOS) indus try. 

Nevertheless, with the technological evolution, the designs of ALD reactors are 

constantly improved for H2S compatibility. This has led to the development of a number 

of binary and few multicomponent sulphides by ALD. Some of the examples since early 

90s are PbS,3 In2S3,
4 CuxS,5 WS2,

6 TiS2,
7 Sb2S3,

8 SnS,9 GaSx,
10 GeS,11 MoS2,

12 Li2S,13 

CuInS2,
14 MnS,15 VxIn(2-x)S3,

16 NiSx,
17 AlSx,

18 Bi2S3,
19 and CuSbS2.

20 

 

    The focus material of this PhD project, as mentioned in Chapter 1, is  MoS2  and  the 

rest of the discussion in this section thus will be centred around ALD of MoS2 in 

particular. In the near past, a considerable number of reports fo r A LD of MoS 2  have 

surfaced exhibiting the potential of ALD for the synthesis of 2-D MoS2. The first 

reports for ALD of MoS2 were presented in 2014 by multiple groups and ever since the 

interest in development of new ALD processes for MoS2 has raised aiming to precisely  

control the thickness and subsequently its properties. In Table 2.1, we attempt to 

recapitulate the work and give an overview of ALD processes for MoS2 developed by  

several groups in chronological order. Table 2.1 lists the precursor type, co -reactant , 

temperature window, growth per cycle (GPC), the phase of film obtained and any 

applications demonstrated. For the development of ALD process, choosing the 

precursor(s) is of vital importance as it may influence the final film properties. 

Typically, for an ALD precursor, the following requirements needs to be fulfilled: 
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• Volatility: the precursor ideally should have a sufficient vapor pressure under 

the given conditions to ensure a proper precursor delivery  to  the reactor at  

reasonable dosing duration. 

• Stability: the precursor needs to be chemically stable at the deposition 

temperatures used (ideally over a wide temperature range) in o rder to  avo id 

thermal decomposition which could lead to undesired reactions and CVD-like 

growth. 

• Reactivity: the precursor should be reactive enough towards the surface 

groups present during the ALD process and also towards the co-reactant used 

in the second half cycle of ALD process to ensure uninterrupted film growth. 

• Availability: the earth abundance of precursor elements (e.g. Mo in our case) 

is naturally favourable for the mass production of thin films. Furthermore, the 

chemical synthesis of the precursor should be feasible and well established.  

 

 So far, there is a limited choice for precursors for development of ALD processes o f 

MoS2 thin films. From Table 2.1, it is evident that the majority of ALD reports are 

thermal in nature and have utilized either carbonyl or halide based precursors as  metal 

source in combination with H2S or (CH3)S2 as co-reactant. It is to be noted that the ALD 

processes based on carbonyl based precursors have a narrow ALD temperatu re ra nge 

with a maximum allowable temperature up to 250 °C due to their limited thermal 

stability. This results mostly in as-deposited amorphous films which, depending on the 

application, need high temperature post-annealing to improve the structural quality 

accordingly. The other popular precursor has been Mo(Cl)5, which on the contrary, 

requires >250 °C for successful incorporation in an ALD process. Many groups have 

demonstrated the formation of nano-crystalline MoS2 thin films with the use of Mo(Cl)5  

precursor leveraging the upper temperature limit up to ~500 °C. However, there is a 

possibility of generation of corrosive chlorine containing by-products such as HCl 

which can be detrimental for both the process and reactor.  

 

 We will now discuss few selective reports based on carbonyl and halide based 

precursors and try to point out the most significant results obtained.  

 

 Nandi et al. were amongst the first ones to demonstrate a thermal ALD process based 

on Mo(Co)6 precursor in combination with H2S gas as co-reactant to yield  amorphous 
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MoS2 films with a growth-per-cycle (GPC) of 0.25 nm/cycle at 170 °C21. These films 

were shown to exhibit promising performance as efficient electrode (anode) for lith ium 

ion batteries. The self-limiting behaviour of the ALD process was analysed using a 

quartz crystal microbalance (QCM) and this was verified using spectroscopic 

ellipsometry (SE). The dissociative chemisorption and removal of metal carbonyl 

species during ALD cycle was shown using in-situ Fourier transform infra-red  (FTIR) 

spectroscopy where the corresponding signature peaks were obtained accordingly . A  

thorough evaluation of the as-deposited amorphous MoS2 films as an anode material in  

a lithium battery configuration was performed. 

   

   Following up, Tan et al. employed Mo(Cl)5 in combination with H2S gas as a co- 

reactant to demonstrate a self-limiting ALD process at 300 °C12. The as-deposited film 

was nano-crystalline in nature and a growth per cycle of ~0.15 nm/cycle was achieved . 

A precise thickness control of films as a function of number of ALD cycles was 

demonstrated. In order to improve the crystallinity of the as -deposited film, a high 

temperature post-anneal was performed at 800 °C under saturated sulphur vapour 

environment. Figure 2.1 (a) shows the scanning electron microscope (SEM) image of 

the annealed film deposited on a sapphire substrate by using 10 ALD cycles where 

triangular MoS2 flakes are visible. Figure 2 (b) displays atomic force microscope 

(AFM) image which shows the individual ~2 m wide triangular flakes with a thickness 

of ~0.8 nm. It is clearly observable though that the flakes are discontinuous and the film 

until this stage is thus not closed. A sharp increase in Raman and photoluminescence 

(PL)a signals were also obtained after post-annealing the films. The two characterist ic 

Raman peaks (i.e. E1
2g and A1g) were clearly visible in Raman spectrum. The PL 

spectrum showed two distinct peaks for a monolayer corresponding to the d irect  band 

gap excitonic emission.  

 

                                                             
a Raman and PL techniques for MoS2 are described later in this chapter  
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Figure 2.1 (a) SEM and (b) AFM images of a monolayer ALD MoS2 film obtained after post 

annealing at 800 °C in sulphur environment. The inset shows the height profile of the t r ian gular  

flakes. Reproduced from [12] with permission from The Royal Society of Chemistry.  

 

As mentioned in Chapter 1, another variant of ALD is plasma enhanced ALD 

(PEALD), in which typically a high quality material can be obtained at relat ively  low 

temperatures owing to the high reactivity of the energetic species in the plasma 

enhanced co-reactant step. Such a PEALD process for MoS2 thin films was reported by  

Jang et al. in 2016,22 where Mo(Co)6 was employed in combination with H2S plasma at  

175 °C to obtain a GPC of ~0.05 nm/cycle. The as -deposited films were nano-

crystalline and stoichiometric in nature with negligible C impurities (~0.1 at.%). The 

large area wafer scale film uniformity and high conformality on 3-D trench  s tructures 

were demonstrated as inherent attributes of ALD. However, this report did not  d is cuss 

any details about the film microstructure and therefore the viability of as -synthesized  

films for applications is unclear. Furthermore, the low growth per cycle obtained despite 

plasma enhanced co-reactant step (which typically leads to a high growth rate) indicates 

towards the low reactivity of Mo(Co)6 with H2S plasma. 

 

  Another approach adopted by Kwon et al. was to combine Mo(Co)6 with (CH3S)2  as  a 

co-reactant to obtain MoS2 thin films at 100 °C.23 The focus of this work was to 

demonstrate the ability of ALD to conformally coat high surface area substrates such as 

carbon fiber paper with MoS2 and subsequently implement the MoS2/CFP samples fo r 

the application of hydrogen evolution reaction (HER)b during water s p lit t ing . In  th is  

                                                             
b The details of HER are given later in this chapter. 
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way, ALD was exhibited as a powerful tool to design efficient catalysts with excellen t  

performance and stability for HER.  

  

   It is until recently that few groups have shown the use of non-carbonyl and non-halide 

based precursors such as Mo(NMe2)4 ((NMe2)4 = tetrakis(dimethyl-amido)) and 

Mo(thd)3 (thd = 2,2,6,6-tetramethyl-3,5-heptanedione) in combination with H2S to 

obtain MoS2 thin films.24, 25 Jurca et al. have reported the low temperature ALD process 

by combining Mo(NMe2)4 and H2S in the temperature range between 60 -120 °C.24  The 

self-limiting behaviour was demonstrated at 60 C with a GPC of 0.12 nm/cycle. The 

as-deposited films were amorphous in nature and were annealed under sulphur vapor for 

5 h at 1000 °C which resulted in nano-crystalline films.  

 

 

Figure 2.2 AFM topographic images of (A) as-deposited amorphous and (B) annealed 

nanocrystalline MoS2 film. (C) Raman spectra showing the emergence of vibrational modes af t er  

annealing the MoS2 film. (D) Photoluminescence spectra showing the excitonic peaks for 

annealed film. Adapted from [24]. 

 

Figure 2.2 (A) and (B) show the AFM images of as -deposited amorphous and annealed 

crystallized films respectively. The characteristic peaks corresponding to Raman 
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vibrational modes are also evident for post-annealed film as shown in  Figure 2.2 (C). 

Likewise, a PL signal is visible for post-annealed film (Figure 2.2 (D)) which further 

corroborates the good quality of the film after annealing. The low temperature 

processing (60 °C) was leveraged for demonstrating a lithographic lift -o ff pat tern ing 

scheme to obtain patterned MoS2 films over a large area. 

 

 Mattinen et al. have introduced Mo(thd)3 as a precursor in combination with H2S gas  

as a co-reactant.25 The self-limiting behaviour of the ALD process was analysed at  300 

°C and a low GPC of ~0.003 nm /cycle was obtained. The low GPC was ascribed to the 

possible steric hindrance between the adsorbed precursor molecules due to  the bulky  

metal thd precursor. The as-deposited MoS2 films were nano-crystalline in nature with a 

textured morphology as confirmed by AFM and X-ray diffraction (XRD) 

measurements. Interestingly, substrate dependent growth was observed since a sligh t ly  

higher growth per cycle was obtained on soda-lime glass, whereas almos t  no g rowth 

occurred on ALD grown Al2O3 substrates respectively. The explanation for the fo rmer 

was the likely diffusion of alkali metal into the film which might affect the precursor 

adsorption and subsequently the growth . For the latter, ‘surface poisoning’ was 

mentioned to likely cause the hindered nucleation.  

 

 Very recently, Jeon et al. have developed an inhibitor-utilizing atomic layer 

deposition (iALD) as a novel method to achieve high quality 2-D MoS2  th in  films  fo r 

micro-electronic applications.26 The self-limiting growth was established at 250 °C and  

a GPC of 0.065 nm/cycle was observed. In essence, the focus of this work was to 

modify the surface by the utilization of an inhibitor molecule namely, diethyl s ulphide 

(CH3CH2SCH2CH3), DES) before the chemisorption of primary precursor Mo(Co)6. The 

steric hindrance provided by DES was found to inhibit the chemisorption o f Mo(Co) 6  

molecules which ultimately resulted in decreased nucleation density  o f MoS2  nuclei 

enabling the formation of highly crystalline and continuous thin film with  a g rain  s ize 

up to 75 nm. Figures 2.3 (a) and (b) display the microstructures of MoS2 thin films 

deposited without and with inhibitor molecule. The former shows the regions with non -

crystalline film indicating the discontinuous nature of crystalline MoS2 (Figure 2.3 (a)). 

For film deposited with inhibitor molecule, a continuous layered structure of MoS2 film 

is evident as shown in Figure 2.3 (b). The larger grain size in film deposited with 

inhibitor molecule was reflected in the excellent performance of field effect  t rans istor 
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(FET) devices which were demonstrated to exhibit an on-off ratio of 108 and mobility of 

13.9 cm2V-1s -1 as shown in figure 2.3 (c). Despite these excellent results, the thermal 

stability of the carbonyl precursor used in this work at 250 °C remains questionab le as 

most of the ALD reports indicate about the low thermal stability (<225 °C) of carbonyl 

precursor. Furthermore, a post anneal at 450 °C is still required to improve the 

crystallinity of the film. Overall, this work has provided new prospects for achieving  2 -

D materials with better electrical properties while inheriting the large area un iformity  

and thickness control from ALD technique.  

Figure 2.3 Cross sectional TEM images of MoS2 films deposited (a) without utilizing inhibitor 

molecule (b) with inhibitor molecule (c) Transfer curve (drain current vs gate voltage) for MoS2 

based FET device at Vds = 1.5 V. The inset shows the Vg - Ids curves as a function of Vds. Adapt ed 

from [26].   

 

 Based on the above studies, it can be concluded that most of the ALD processes have 

a limited ALD temperature window accompanied by low growth rates. Furthermore, the 

structural quality of as-synthesized films is poor and often requiring a high temperature  

post-annealing to improve the crystallinity and attain the layered 2-D structure. 

Therefore, a continued advancement in this promising film growth technique for MoS2  

thin films is contingent on the development of new precursor and co -reactant 

chemistries capable of delivering self-limiting type surface reactions. Most importantly, 

the ALD synthesis of high quality 2-D MoS2 films at low temperature is still a 

challenge. In this research work (Chapter 3), we have explored a low temperature 

PEALD process based on bis(tert-butylimido) - bis(dimethylamido) molybdenum 

(a)

(c)

(b)
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([(NtBu)2(NMe2)2Mo]) as metal precursor in combination with H2S based plasma as the 

co-reactant. Our PEALD process offers a relatively wide ALD temperature range 

(Figure 2.4) up to 450 °C which yields as-synthesized high quality, layered 2-D MoS2  

films without any need of post annealing. The current work offers an viable alternat ive 

for synthesis of high quality 2-D MoS2 films at low temperature and contributes towards 

a major advancement in establishing low temperature PEALD as a s calab le rou te fo r 

applications ranging from electronics to catalysis.   

 

60 °C 480 °C

Mo(NMe2)4 
60 - 120 °C

 

175 - 225 °C
Mo(Co)6 

350 - 480 °C
Mo(Cl)5 

270 °C

150 - 450 °C
(NtBu)2(NMe2)2Mo

Plasma 

Plasma 

Thermal Thermal 

 

Figure 2.4 The schematic showing the ALD temperature ranges for various precursors em p lo y ed 

in literature so far. Our PEALD process using the [(NtBu)2(NMe2)2Mo] precursor clearly spans 

over a large part of temperature window. 
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Table 2.1 An overview of the reports on ALD of MoS2 in the literature. For each pap er ,  t h e Mo  

precursor and co-reactant are listed. Also, the other parameters like GPC, deposition temperature ,  

phase of as-deposited films, details of post annealing and corresponding application are giv en .  I t  

should be noted that the as-synthesized films which are reported to exhibit crystalline nature hav e 

been classified as nanocrystalline (NC) and polycrystalline (PC) according to the corresponding 

grain sizes i.e. nano and micron sized grains respectively. (Status: September 2018) 

Precursor Co-

reactant 

Temp. 

(°C) 

GPC 

(nm/cyc) 

Phase  

& 

Post anneal 

Appli-

cation 

 

Ref. 

Mo(Co)6 H2S 155-170 0.25 Amorphous 

No 

Li ion 

battery 

21 

MoCl5 H2S 300 0.15 - 0.2 Amorphous 

Yes-800°C† 

- 12 

Mo(Co)6 (CH3S)2 100 0.11 Amorphous 

Yes-900°C₸ 

- 27 

Mo(Co)6 (CH3S)2 100 0.11 Amorphous 

No 

HERc 28 

MoCl5 H2S+Ar 390 0.09 NCa 

No 

FET d 29 

Mo(Co)6 H2S plasma 175-225 0.05 NC 
 

- 22 

Mo(Co)6 H2S 155-175 0.08 Amorphous 

Yes-900°C§ 

- 30 

Mo(Co)6 (CH3S)2 100 0.11 Mixed phase 

No 

HER 23 

MoCl5 H2S 500-900 - PCb FET  31 

MoCl5 H2S 375-475 0.02 NC 

Yes-920°C†§ 

- 32 

Mo(Co)6 H2S 200 - NC 

No 

OERe 33 

MoCl5 H2S 450 PCMf NC 

No 

- 34 

MoCl5 H2S 390-480 0.25 NC 

No 

PEg 35 

MoCl5 H2S 250-325 - NC 

No 

HER 36 

Mo(NMe)4 HS(CH2)2S

H 

50 - Amorphous 

Yes-800°C║ 

- 37 
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Mo(Co)6 H2S plasma 200 0.05 NC 

No 

SCh 38 

Mo(NMe2)4 H2S 60-120 0.12 Amorphous 

Yes-1000°C† 

FET  24 

Mo(thd)3 H2S 300 0.003 NC 

No 

- 25 

Mo(Co)6 (CH3S)2 

(CH3)2S 

250 0.065 NC 

Yes-450°C₸ 

FET  26 

MoF6 H2S 200 0.04 NC 

Yes-350°C║ 

- 39 

Mo(Co)6 ((CH3)3 

Si)2S 

150 0.004 Amorphous 

Yes-800°C† 

FET  40 

(NtBu)2 

(NMe2)2Mo 

H2S+Ar+H2 

plasma 

150-450 0.1 NC 

No 

HER 41 & 

Chapt. 3 

a = Nanocrystalline, b = Polycrystalline, c = Hydrogen evolution reaction, d = Field effect 

transistor, e = Oxygen evolution reaction, f = Partly continuous monolayer per cycle, g = 

Piezoelectricity, h = Superconductor, †Sulfur vapor, ₸ Ar atmosphere, §H2S atmosphere, ║H2 

atmosphere 

 

2.2 Indirect ALD for MoS2 

An alternative approach under investigation for the synthesis of high quality 2-D MoS2  

centres around the deposition of molybdenum oxide and subsequent high temperatu re 

thermal sulphurization. Here, it is important to realize that the uniformity  and precise 

thickness control of the parent molybdenum oxide is imperative to achieve large area , 

thickness controlled MoS2 film. In this context, ALD is instrumental to provide 

extremely uniform and ultra-thin metal oxide films which are subsequently thermally 

sulphurized to obtain high quality, layer controlled MoS2 thin films over large area.  

 

 Although this approach offers a great way to obtain 2-D MoS2, only a handful of 

reports using this indirect methodology are available in literature (Table 2.2). W ang  et  

al. have exploited ALD’s feature of high conformality on substrates with high s urface 

areas using the indirect approach.42 To this purpose, CFP substrates were first 

conformally coated with MoO3 thin films using an ALD process employing Mo(Co) 6  

and ozone as a co-reactant at 165 °C. The MoO3/CFP substrate was then thermally 

sulphurized in a tube furnace at 600 °C to attain vertically oriented 2-H MoS2 thin films  

which were demonstrated to serve as efficient electrocatalysts for HER. The as -
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synthesized 2-H semiconducting films were then converted to 1-T metallic films  us ing  

Li intercalation. This phase conversion of as-synthesized films was leveraged to achieve 

tuning of their catalytic activities for HER application. 

 

 

Figure 2.5 (a) Raman spectra and (b) PL spectra for the mono, bi and tri-layered MoS2 films 

synthesized by thermal sulphurization of ultra-thin films prepared by 6, 9 and 12 PEALD cy cles 

respectively. (c) The height profiles of transferred MoS2 on SiO2 substrates for mono, bi an d t r i -

layered MoS2 films as measured by AFM. The insets show AFM images accordingly. Reproduced 

from [43] with permission from Nature Communications. 
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Song et al. reported the high temperature sulphurization (at 1000 °C) of ultra-thin MoOx 

films deposited by PEALD using Mo(Co)6 and O2 plasma at 200 °C.43 The precise 

control over thickness of MoS2 films was demonstrated by tuning the number of 

PEALD cycles for parent MoOx films. The Raman spectra for mono-, bi- and tri-layered 

films are shown in Figure 2.5 (a). The frequency difference between two Raman 

vibrational modes were found to be 19.9, 22 and 23.8 cm-1 for mono, bi and tri layered  

MoS2 films respectively. Likewise, the PL spectra (Figure 2.5 (b)) for mono, b i and  t ri 

layered shows the strongest peak for the thinnest sample. The intensity of the PL peak 

decreases with the number of layers due to the band gap transition from direct to 

indirect. Further, Figure 2.5 (c) shows the AFM images and height profiles of the MoS 2  

films which were measured as ~1, 1.6 and 2.3 nm corresponding to 6, 9 and 12 ALD 

cycles for parent MoOx films respectively. Overall, these results showed the excellen t  

layer controllability of MoS2 films using the ALD process. 

 

Table 2.2 An overview of the reports using ALD indirectly for synthesis of MoS2 as available in 

the literature. For each paper, the Mo precursor and co -reactant are listed for the parent MoOx 

film. Also, the parameters like sulphur source, processing temperature and any demonstrated 

application are given. 

ALD 

Molybdenum Oxide 

 

Sulphurization 

  

Precursor Co-

reactant 

Temp. 

(°C) 

Sulphur 

source  

Temp. 

(°C) 

Application Ref. 

Mo(Co)6 O3 165 Sulphur 

powder 

600 HER 42 

Mo(Co)6 O2 plasma 200 H2S + Ar 1000 Photodetector 43 

Mo(Co)6 O3 160 Sulphur 

powder 

850 - 44 

(NtBu)2 

(NMe2)2Mo 

O2 plasma 

& O3 

150 

300 

Sulphur 

powder 

1000 - 45 

(NtBu)2 

(NMe2)2Mo 

O2 plasma 

 

50 

 

H2S + Ar 900 FET Chapt. 

6 

 

The remainder of this chapter will be devoted to explain the two main characterizat ion 

tools employed for assessing the quality of 2-D materials i.e. Raman and 

Photoluminescence (PL) spectroscopy. These two techniques by far have establis hed 
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themselves as the main goto methods for determining the thickness (number of layers ), 

structural quality and any defects present in the films. Finally, the las t  s e ction o f th is 

chapter is dedicated to explain the working principle, setup and parameters  related  to 

hydrogen evolution reaction (HER) which has evolved as one of the main applicat ions 

of MoS2 thin films establishing them as efficient electrocatalysts and possible 

alternative for state-of-the art expensive Pt based electrocatalysts for energy storage. 

 

2.3 Raman spectroscopy of transition metal dichalcogenides  

Raman spectroscopy has been widely adopted as a standardized technique fo r TMDs . 

The reason is that Raman spectroscopy provides a quick, non-invasive, non-destruct ive 

and efficient method for characterizing the 2-D materials. Moreover, the measurements 

can be performed at room temperature in ambient conditions without any need of 

sample preparation processes. Raman scattering is based on the inelastic s cattering o f 

the incident light (photons) in a material, where the energy (wavelength) o f s cat tered 

light either decreases by exciting an elementary excitation of the solid material (i.e . a  

phonon) or increases by absorbing a phonon. A typical Raman spectra gives the 

intensity of the scattered light as a function of the energy shift from the inciden t ligh t  

(Raman shift). 

 

The molecular vibrations for the stabilized crystal symmetry are classified  using the  

character tables for point groups. The character tables originate from the group theory  

treatment of the symmetry operations present in the common molecules and are useful 

in the study of molecular symmetry. There are 32 common point groups and the 

character tables for these 32 point groups are available in any standard group theory 

text46. For example, for a monolayer of MoS2, there are a total of nine phonon branches 

at the Γ point, which according to the corresponding character table are notated as : Γ = 

2A2” + 2E’ + A1’ + E”47. It is to be noted that the modes denoted by “E” are doubly 

degenerate. Further here, A2” and E’ are acoustic phonons, the other E’ mode is  bo th  

infra-red (IR) and Raman active. The second A2” mode is IR active. The Raman act ive 

phonon modes are A1’, E’ and E”. All these modes are depicted in Figure 2.6 (a).  

 

For layered TMDs including MoS2, the crystal symmetry changes as  a function o f 

number of layers and structural phase which makes Raman spect roscopy a powerfu l 

tool to obtain structural information. For example, 2-H MoS2, for its bulk phase, has D6h 

point group symmetry while for few-layered regime it shows a reduction in symmetry . 
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The odd number of layers possess the D3h point group symmetry and the even number 

of layers has the D3d point group.48 Therefore, depending on the point groups, the 

number of Raman vibrational modes and the symmetry labels can differ, but the 

vibrations in essence remain the same. 

 

 

Figure 2.6 (a) The symmetry and normal displacements of each optical vibrational mode for a 

monolayer of MoS2. The Raman-active (R) and infra-red active (IR) modes are indicated 

accordingly. The calculated phonon dispersion curves of (b) monolayer MoS2 and (c) bulk Mo S2 .  

Reproduced from [48] with permission from The Royal Society of Chemistry. 

 

For bulk MoS2, each of the nine normal vibrational modes in a monolayer are split in to  

two modes making it a total of 18 normal vibrational modes and expressed as Γ = 2A 2u  

+ 2E1u + 2B2g + 2E2g + A1g + E1g + B1g + E2u irreducible representations of the point 

groups47. Out of these, A1
2u and E1

2u phonon modes belong to acoustic branches while 

2B2g, B1u and E2u are inactive (or silent) modes. The four Raman active optical phonon 

modes are A1g, E1g and 2E2g which simply correspond to monolayer Raman modes A 1’, 

E’ and E” respectively.  

 

Away from the Γ point, the normal vibrational modes for MoS2 are dispersive in 

nature with respect to the phonon wave vector q. The phonon dispersion curves for both 

monolayer and bulk as calculated by density functional theory within the local density 

E’
(IR + R)

A2"
(IR)

A1'
(R)

E”
(R)

A2” (ZA)
(IR)

E’ (LA/TA)
(R)

(a)

(b) (c)
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approximation are shown in Figure 2.6 (b) and (c). The phonon dispersion of a 

monolayer has three acoustic and six optical branches as derived from the Γ point.  

 

The momentum conservation restriction only allows the phonons with wavevector q ≈ 

0 (i.e. Γ point) to contribute to the first-order Raman scattering. The second order 

Raman process involves two phonons with opposite wavevector q. The s econd order 

Raman scattering is generally much weaker than first-order scattering. However, it  can  

be resonantly enhanced by the interband transition due to the presence of defects which  

causes relaxation in Raman selection rules and hence enables the detection of phonons 

at the edge of the Brillouin zone (e.g. M and K points).49 Given this background, in  a 

typical Raman spectrum for bulk MoS2, the two predominant first order peaks at  h igh  

frequency ~ 383 cm-1 (E1
2g) and ~ 408 cm-1 (A1g) are observed.50 Furthermore, as stated 

above, the presence of defects in the material can also activate the modes involv ing  

phonons at the zone edge of the Brillouin zone. Two of such defect  induced peaks in  

close proximity to the first order peaks appear at ~ 357 cm-1 and ~ 411 cm- 1  which  are 

assigned to the TO and ZO branches at the M point respectively. Another feature at  ~ 

377 cm-1 has been identified as a defect related peak as well and assigned to LO (M) at  

the edge of Brillouin zone. Finally, the low-frequency region of the Raman s pectrum 

also consists of an peak located at ~ 227 cm-1 which is referred to as  LA  (M) and  has  

been demonstrated as a metric to assess the quality of MoS2.
49, 51  

 

 One of the other remarkable features of the Raman vibrational spectrum for MoS 2  is  

its sensitivity to the thickness  of material. The evolution of peak parameters for the 

predominant in-plane and out-of-plane vibrational modes (i.e. E1
2g and A1g) as a 

function of increasing number of layers has been extensively reported in the literatu re 

(Figure 2.7 (a)).52, 53 It is worth mentioning that the two modes are referred to as E1
2g 

and A1g despite the number of layers in MoS2 (as discussed above) which is a common 

practice in this field and will also be followed in this thesis. Strikingly, it has been 

demonstrated that the in-plane E1
2g vibration softens (red shifts), while the A1g vibration 

stiffens (blue shifts) with increasing number of layers of MoS2. This Raman frequency 

difference (Δ) between two peaks increases gradually from ~ 19 cm-1 to 25.8 cm- 1  with  

increasing number of layers in synthetic MoS2 and therefore serves as an ind icator fo r 

the film thickness.50 (See Figure 2.7 (b))  

 



  Chapter 2 

43 

 

Figure 2.7 (a) Raman spectra of bulk and mono to few-layered MoS2 films. The two predominan t  

vibrational peaks i.e. in-plane (E1
2g) and out-of-plane (A1g) are highlighted by (red) dot t ed lin es.  

(b) The plot shows the frequencies of E1
2g and A1g modes (left  vertical axis) and the frequency 

difference between two peaks (right vertical axis) as a function of layer thickness. Reproduced 

from [50] with permission from American Chemical Society . 

 

Different approaches have been developed to explain this relation between the 

vibrational modes within thin layers and those of bulk material. From a classical model 

(for coupled harmonic oscillators) perspective, the E1
2g and A1g modes are expected to  

stiffen due to increasing restoring forces acting on the atoms as addit ional layers are 

added with increasing thickness.53 However, only out-of-plane vibrational mode (A 1g) 

confers with this prediction and the in-plane mode (E1
2g) shows an anomalous 

behaviour. This opposite progression for E1
2g mode has been attributed to either 

stacking-induced structural changes and/or long-range Coulombic interlayer 

interactions. For the latter, it has been argued that even though the interlayer 

interactions in MoS2 are nominally weak, they can affect the intralayer bonding and 

lattice dynamics which can lead to such anomaly.50 Alternatively, it has been shown that 

the long-range Coulomb interaction part of the self-interaction remains negligible fo r S 

atoms, whereas for Mo atoms it decreases considerably with the increase in number o f 

layers. Since in E1
2g mode both Mo and S atoms vibrate in-plane, the increased 

screening and consequent increase in dielectric tensor with the number of layers causes 

the E1
2g mode to soften.54 

 

 

(a) (b)
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2.4 Photoluminescence spectroscopy  

MoS2 is an indirect bandgap (~1.3 eV) material in its bulk form. However, in the 

monolayer regime, the quantum confinement effect in MoS2 manifests the transition to a 

direct band gap (~1.8 eV). The origin of this unique PL behavior in the atomically  th in  

regime of MoS2 has been explained in terms of change in electronic structure when 

going from bulk to monolayer. Figure 2.8 (a - d) shows the band structures (as 

calculated by employing density functional theory) of MoS2 with different 

thicknesses.55 It can be observed that the direct excitonic transition energy at the K point 

of the Brillouin zone barely changes with the layer thickness. However, the indirect 

bandgap at the Γ point increases monotonically with decreasing layer th ickness. Th is 

electronic structural change further stems from the nature of d -electron orbitals 

comprising the MoS2 conduction and valence bands. Literature reports have shown that 

the highest occupied band at the K point is chiefly composed of s t rongly  localized  d  

orbitals pertaining to Mo atom sites, while that at the Γ point is found to emerge from a 

linear combination of d orbitals corresponding to Mo atoms and p z orbitals on S atoms . 

Since Mo atoms are sandwiched between S atoms in a S-Mo-S unit, the direct bandgap 

state at K point has a less dependence than the indirect bandgap on the number of layers 

(or interlayer coupling). Therefore, as the thickness of MoS2 decreases, the indirect 

bandgap increases whereas the direct bandgap does not vary much.47   

 

This emergence of luminescence behaviour in atomically thin exfoliated MoS2 

nanosheets was first reported by Splendiani et al.55 They observed that a 

photoluminescence (PL) spectrum of a monolayer MoS2 shows two pronounced 

emission peaks corresponding to direct excitonic transitions. These excitonic peaks 

were located at ~677 nm (1.8 eV) and ~627 nm (2.0 eV). The energy difference 

between the two peaks has been attributed to the spin-orbital split t ing o f the valence 

band and the two resonant peaks were labelled as the A1 and B1 excitons, respectively . 

Figure 2.8 (e) displays the photoluminescence spectrum for monolayer, bilayer, 

hexalayer and bulk MoS2 as obtained by Splendiani et al.55 Other than the PL peaks, the 

apparent Raman peaks were also visible in the low-wavelength region. It is evident that 

the PL signal is strongest for the thinnest sample i.e. monolayer MoS2, which gradually  

decreases with increasing thickness and diminishes for bulk owing to the indirect 

bandgap. 
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Figure 2.8 The calculated band structures of (a) bulk (b) quadrilayer (c) bilayer and (d) monolayer 

MoS2. While the bulk MoS2 exhibits an indirect bandgap, the monolayer MoS2 becomes a direct 

bandgap semiconductor. (e) Photoluminescence spectra of a monolayer, bilayer, hexalayer and 

bulk MoS2 films. The two direct band gap excitonic peaks are indicated with dashed lines and 

labelled as A1 and B1 respectively. Different Raman peaks have been labelled accordingly. 

Reproduced from [55] with permission from American Chemical Society . 

 

2.5 Hydrogen evolution reaction  

The quest to reduce dependence on fossil fuels has led to the development  o f various 

alternative strategies for the production of clean, sustainable energy. One of such 

Bulk 4 ML 2 ML 1 ML

(e)

(a) (b) (c) (d)

A1

B1
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strategies is constructing a hydrogen based energy infrastructure where hydrogen can be 

used as a primary host of energy source. However, hydrogen does not exist naturally on  

earth, and therefore needs to be produced. Currently, approximately 44.5 million tons of 

hydrogen are produced worldwide annually .56, 57 There are three main pathways 

industrially to produce hydrogen, that is, steam methane reforming, coal gasification 

and water electrolysis (Figure 2.9). Out of these, the first two methods account for more 

than 95% of the whole hydrogen production.58 Clearly, the idea of reducing the 

overdependence on non-renewable sources is violated indirectly. In  th is  con text , the 

third method of water electrolysis provides a sustainable way of hydrogen production 

and therefore a continuous technological improvement for this method  is  underway . 

During water electrolysis, one of the two half reactions is the hydrogen evolution 

reaction (HER) which requires efficient electrocatalysts to catalyse the conversion of 

protons and electrons into dihydrogen. The efficacy of hydrogen evolving 

electrocatalysts is defined by the Gibbs free energy of hydrogen adsorption (ΔGH). It  is  

known that if ΔGH is large and positive, the hydrogen atoms  adsorb st rongly  on the 

electrode surface making the overall hydrogen evolution reaction unfavou rable. 

Simultaneously, if ΔGH is large and negative, the hydrogen atoms have a weak 

interaction with the electrode surface which also limits the overall turnover rate of 

hydrogen evolution. Therefore, an optimal value of ΔGH (nearly zero) is  des irab le fo r 

efficient HER activity. For instance, for Pt, the value of ΔGH is approximately zero59 

and correspondingly the best known solid-state hydrogen evolution catalyst. However, 

Pt is very expensive and non-abundant. Therefore, with the aim of providing cost-

competitive hydrogen, there is an ongoing research for potential inexpensive alternative 

electrocatalysts. MoS2 is one of such potential alternative electrocatalysts which has 

been demonstrated to exhibit high HER activity. For MoS2, the value of ΔGH has  been  

calculated to be +0.08 eV for 25% of hydrogen coverage on the edge sites.60 This makes 

MoS2 a very competitive electrocatalyst and a tremendous effort is being put to develop 

numerous strategies in order to maximize the HER activity of this material.  
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Figure 2.9 The three main industrial pathways for hydrogen production  

 

2.5.1 Key figures of merit for catalytic activity 

A number of performance parameters are helpful in evaluating an electrocatalyst’s 

efficacy. Although a variety of methods for assessing the activity of HER catalysts have 

been described in the literature, there are only few strategies which seem to be adopted 

by the majority of groups in order to compare different catalysts in a consistent manner. 

We therefore will focus on such key figures of merit which are important and have been 

used in this thesis work to provide a fair and useful framework to assess the catalyt ic 

activity of PEALD synthesized MoS2 thin films.  

 

The foremost figure of merit is the total electrode activity which is typically the firs t  

step in characterizing a HER electrocatalyst. To this purpose, the catalytic current  as a 

function of potential is measured by using a voltammetry technique. The electric signal 

is recorded using a potentiostat (the specifications are provided in the further chapters). 

Depending on the experimental purpose, the voltammograms are either recorded  in  a 

linear or cyclic manner. The former mode is called linear sweep voltammetry (LSV) 

while the latter is referred to as cyclic voltammetry (CV). For water splitting reactions, 

the potential scale is typically calibrated to the reversible hydrogen elect rode (RHE). 

The cathodic current is often normalized to the geometric electrode area.  

Technology Governing reaction

Steam methane 
reforming

CH4  + 2H2O 4H2  + CO2 

Coal gasification C  + 2H2O 2H2  + CO2 

Water electrolysis  2H2O 2H2  + O2 



  Chapter 2   

48 

0.5 M Sulfuric acid

Working electrode: 
MoS2 on GC disk

Reference electrode: 
SCE

Counter electrode: 
Graphite rod

(a)

(b)

(c)

Onset 
region

η for 10 mA/cm2 

Figure 2.10 (a) The schematic of a typical three electrode setup used for HER electrochemical 

measurements. The electrodes are connected to a potentiostat (not shown) which measures the I -V 

response. (b) The cathodic polarization plot as measured by the LSV technique showing the HER 

activity for a bare GC disk (blue) and a HER catalyst (MoS2 in this case) (black). The onset 

region is highlighted and overpotential to reach a current density of 10 mA/cm 2 is shown by a 

dashed line. (c) Tafel plot for a HER catalyst showing the Tafel slope (slo pe of the linear r egio n )  

and the exchange current density (linear extrapolation to  = 0). 

 

Figure 2.10 (a) shows the typical three electrode setup used for electrochemical tes t ing  

consisting of a working electrode (MoS2 in our case), a reference electrode  (s aturated 

calomel electrode) and a counter electrode (graphite rod). The electrochemical 

measurements are typically conducted in a 0.5 M H2SO4 as electroly te. A t  t imes , the 

effused H2 gas continuously forms bubbles on the surface o f working  elect rode. To  

remove these bubbles, the working electrode is constantly rotated as indicated in Figure 

2.10 (a). The working electrode acts as the cathode, the counter electrode as the anode 

and the reference electrode measures the true electrode potential of the cathode. During  

electrolysis, at the negatively charged cathode, a reduction reaction takes p lace with  

electrons from the cathode being given to hydrogen cations to form hydrogen gas. The 

half reaction in a typical acidic medium is: 

 

Reduction at cathode: 2𝐻+(𝑎𝑞) +  2𝑒−  →  𝐻2 (𝑔)                                                 (1) 
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At the negatively charged anode, an oxidation reaction occurs which generates oxygen 

gas and provides electrons to the anode to complete the circuit: 

 

Oxidation at anode:  2𝐻2𝑂(𝑙) → 𝑂2 (𝑔) + 4𝐻+(𝑎𝑞) + 4𝑒−                                   (2) 

 

Figure 2.10 (b) shows the characteristic cathodic polarization curve as measured by 

LSV for a bare glassy carbon (GC) disk and a HER catalyst.  It is clearly  ev iden t  that  

the bare GC disk shows no/very little HER activity, while the HER catalys t  y ields an  

increasing current density (y-axis) as a function of potential which indicates a 

noticeable hydrogen evolution. Furthermore, some additional information can be 

extracted by using the LSV plot: (a) the onset region (b) Overpotential () requ ired  to  

reach a specific current density value. The former indicates the potential at  which  the 

catalytic current is first observed. However, the definition of onset potential is 

ambiguous as different onset potentials can be assigned depending  on the observers. 

One reason is that a large fraction of the total current in the onset region may be a result  

of non-Faradaic capacitive current which makes it difficult to define strictly a s pecific 

value for onset potential. Therefore, a suitable range of current value from 0.05 - 5 

mA/cm2 for the onset is widely considered as a definition for the onset region. The 

comparison of different catalysts is done based on a more relevant metric which  is  the 

overpotential required to reach an operating current density of interest. A widely 

accepted figure of merit is the overpotential required to reach 10 mA/cm2 and is used to 

compare the total electrode activities of the MoS2 HER catalysts.61, 62 

 

The other important HER activity metrics are the Tafel slope and exchange current  

density (i0). Figure 2.10 (c) displays the Tafel plot for a HER catalyst which is basically  

a graph between overpotential and natural logarithm of current density. The linear 

portion of the Tafel plot is fit to the Tafel equation:  = a + b log i, where b is the Tafe l 

slope. From the Tafel equation, the aforementioned two important parameters can be 

derived: Tafel slope (b) and exchange current density (i0). The Tafel slope  determines 

the additional voltage required in order to increase the catalytic current by an  o rd er o f 

magnitude. The units of Tafel slope are generally specified in mV/decade. The Tafel 

slope is typically related to the catalytic mechanism of the electrode reaction. In the 

literature, three possible steps have been suggested for which different values o f Tafel 

slopes are calculated.63 The first step is the primary discharge step and is referred  to  as 

the Volmer step: 
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𝐻3𝑂+ + 𝑒−  → 𝐻𝑎𝑑 + 𝐻2𝑂                                                                                  (3) 

(subscript ad means adsorbed to the catalyst) 

Tafel slope (b) ~ 120 mV/dec 

 

After the Volmer step, the reaction can proceed via either of the two possible steps. The 

first one is the Heyrovsky reaction: 

𝐻𝑎𝑑 + 𝐻3𝑂+ + 𝑒−  →  𝐻2 + 𝐻2𝑂                                                                         (4) 

Tafel slope (b) ~ 40 mV/dec 

 

The other is a Tafel reaction: 

𝐻𝑎𝑑 + 𝐻𝑎𝑑  → 𝐻2                                                                                                   (5) 

Tafel slope (b) ~ 30 mV/dec 

 

The rate determining step for any HER catalyst thus can be estimated by using the value 

of obtained Tafel slope and comparing that with the theoretical numbers for three 

mechanisms as stated above. However, in most cases, the Tafel slope alone cannot  be 

used to identify the mechanism unambiguously and therefore additional experiments are 

required generally.64, 65 

 

The exchange current density (i0) describes the intrinsic catalytic activity of the 

electrode material under equilibrium conditions at  = 0. It can be obtained by the linear 

extrapolation using Tafel plot as shown in Figure 2.10 (c). In general, an electrocatalyst 

having a high i0 and small Tafel slope (b) is desirable.   

 

One of the other crucial factors for a good electrocatalyst is the structural and catalytic 

stability in the acidic working environment. The stability of an electrocatalyst can be 

assessed either by measuring the current variation with time (i.e. the I -t  curve) o r by  

conducting the repetitive cycles in a CV measurement. Furthermore, the best  way  to  

understand the catalyst’s performance is to measure its intrinsic activity. This is 

achieved by measuring the activity of each catalytic site and relate it to the site’s 

physical and chemical properties. A fundamental understanding of origin of a material’s  

catalytic activity can help designing highly active electrodes. However, different 

materials might need different methods and the measurements are o ften complicated 

due to non-Faradaic current, catalyst instability, and/or transport limitations. A common 

strategy for determining the intrinsic per-site activity is to first measure the total 
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electrode activity and then perform a separate measurement to determine the total 

number of active sites and finally infer the average turnover frequency
c
.  

 

Measuring the electrochemically active surface area (ECSA) as opposed to the 

geometrical electrode area is one of the most common approaches fo r es t imat ing the 

number of catalytic sites.66, 67 The number of active sites often scales with the catalyst’s 

surface area which makes this strategy appropriate especially for non -precious 

materials. Typically, the methods for measuring the active surface area include bo th  

gaseous adsorption techniques (like Brunauer - Emmett - Teller theory) and 

electrochemical measurements. The latter method is preferred because of more accurate 

estimation of active sites. One of such popular electrochemical techniques is the double 

layer capacitance measurement which basically measures the non-Faradaic current 

associated with the electrochemical double layer charging at the catalyst surface.64, 66 - 68  

The capacitive currents are measured as a function of voltage scan rates which typically  

results in a linear relationship. The slope of this plot yields the double layer capacitance 

(Cdl) value which is then compared to the material’s specific capacitance (determined  

using a flat reference material) to estimate the catalyst’s ECSA accordingly .61 Other 

than this, the electrochemical probe molecule adsorption which involves methods like 

underpotential deposition of lead or copper, is another common technique to determine 

ECSA.  

 

However, the above mentioned techniques might fail to accurately estimate the ECSA  

in case of electrocatalysts with structural or chemical heterogeneous sites with differen t  

activity. Therefore, for such materials, the supporting techniques that enable a d irect  

determination of number of active sites are also preferred. This is because o f the fact  

that the number of active sites may not scale directly with the overall s u rface area o r 

ECSA. For instance, MoS2 HER catalysts comprise of catalytically active edge sites and 

inert basal plane sites. Some groups have therefore employed scanning tunneling 

microscopy or transmission electron microscopy to identify the active edge s ites .60 ,  65  

Figure 2.11 illustrates this situation for crystalline 2-H MoS2. The difference between 

geometrical surface area and electrochemically active surface area is evident. 

Furthermore, the basal plane sites and active edge sites are explicitly highlighted. It can  

                                                             
c Turnover frequency is defined as the number of reactant that a catalyst can convert to 

a desired product per catalytic site per unit of time. 



  Chapter 2   

52 

be inferred that for MoS2, a geometry with basal planes oriented perpendicu lar to  the 

surface would result in a higher catalytic activity due to exposure of more act ive edg e 

sites. We have leveraged this attribute of MoS2 and have demonstrated the out-of-plane 

nanostructures synthesized by PEALD as efficient electrocatalysts for HER in Chapter 

3. Furthermore, in order to estimate the ECSA for PEALD synthesized films, the 

method based on double layer capacitance measurement (as discussed above) has been  

adopted in this work. 

 

 

 

Figure 2.11 The two-dimensional representation of electrochemically active surface area for 

crystalline 2-H MoS2. The catalytically active edge sites and inert basal plane sites are indicated 

by green and blue squares respectively. Reproduced from [64] with permission from American 

Chemical Society.  
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3 
 

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

 
 

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

tuneable morphology is demonstrated by using plasma enhanced atomic layer 

deposition (PEALD). The characteristic self-limiting ALD growth with a growth-per-

cycle of 0.1 nm/cycle and digital thickness control down to a monolayer are observed 

with excellent wafer scale uniformity. The as-deposited films are found to be 

polycrystalline in nature showing the signature Raman and photoluminescence signals 

for the mono-to-few layered regime. Furthermore, a transformation in film morphology 

from in-plane to out-of-plane orientation of the 2-dimensional layers as a function of 

growth temperature is observed. An extensive study based on high-resolution 

transmission electron microscopy is presented to unravel the nucleation mechanism of 

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

morphology transformation (at 450 C) is hypothesized. Finally, the out-of-plane 

oriented films are demonstrated to outperform the in-plane oriented films in the 

hydrogen evolution reaction for water splitting applications. 

 

 

 

 

*A. Sharma, M. A. Verheijen, L. Wu, S. Karwal, V. Vandalon, H. C. M. Knoops, R.  

  S. Sundaram, J. P. Hofmann, W. M. M. Kessels, A. A. Bol, Nanoscale 2018, 10,   

  8615. 
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3.1 Introduction 
 

The discovery of graphene and subsequent efforts to thoroughly understand its 

remarkable physical properties have stimulated the exploration of other layered two-

dimensional (2-D) materials beyond graphene.1-4 In recent years, transition metal 

dichalcogenides (TMDs) have been the focal point of this research activity amongst 

which molybdenum disulphide (MoS2) is the most studied material.3, 5-7 MoS2 is a 

typical two-dimensional layered material with a honeycomb structure. A weak intra-

layer van der Waals interaction enables its exfoliation down to a single stoichiometric 

unit (S-Mo-S) thick monolayer analogous to graphene.8, 9 Electronically, MoS2 

possesses an indirect band gap of ~1.3 eV in its bulk form, which transitions to a direct 

band gap of ~1.8 eV for the monolayer regime due to quantum confinement 

phenomena.10, 11 Furthermore, the absence of inversion symmetry in monolayer MoS2 

(as compared to the bulk material) gives rise to interesting applications like 

valleytronics and spintronics.12, 13 Thus, the reduction of the dimensions of MoS2 opens 

up new avenues for a vast range of (opto-) electronic devices.14-20 It has also been 

demonstrated that MoS2 films in which the 2-D layers have out-of-plane orientations 

(with exposed edge sites) possess excellent electrocatalytic properties. The presence of 

dangling bonds and vacancies on the edge sites render these films highly catalytically 

active for the hydrogen evolution reaction in water splitting.21-25 Therefore, MoS2 has 

emerged as one of the frontrunner materials not only for future electronics,12, 13, 26, 27 but 

also as a potential alternative for precious noble metals in the area of electrocatalysis.28-

30 To capitalize on the extraordinary properties of MoS2 there has been a quest for 

scalable, facile synthesis methods with ability to control both the thickness as well as 

the morphology. To date, most of these studies have focused on the synthesis of mono-

to-few layers with in-plane orientation of the 2-D layers. A large variety of both top-

down and bottom-up synthetic routes are reported in literature aiming at the synthesis of 

monolayer to few-layered MoS2 thin films, for example, micro-mechanical and 

chemical exfoliation,1, 6, 9, 15, 31-33 hydrothermal34 and electrochemical methods,35, 36 

physical vapor deposition,37, 38 chemical vapor deposition (CVD),25, 39-43 thermal vapor 

sulphurization of Mo or MoO3
44-46

 etc. In contrast, despite the technological 

significance, there are only a few studies on controlling the film morphology, i.e. 

selective growth of out-of-plane oriented (OoPO) films. Most of these reports are based 

on high temperature techniques like CVD and rapid sulphurization of metal/metal 

oxide. For example, Li et al. have reported the synthesis of such OoPO nanostructures 
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by using gas phase CVD at 750 °C.23 Likewise, the rapid sulphurization of parent metal 

films (Mo films) at 550 °C -800 °C is also reported to yield out-of-plane growth of 

MoS2 thin films.22, 47 Most of these techniques, however, provide insufficient control 

over thickness and tailoring of the morphology is not possible. Additionally, the 

requirement of a high processing temperature may hamper the development of this 

material on a technologically relevant scale. This paper discusses the use of atomic 

layer deposition (ALD) to deposit MoS2 films with control over both thickness and 

morphology at a relatively low temperature (450 °C). ALD is a cyclic process based on 

self-limiting surface reactions which ensures Å-level thickness controllability and 

uniformity over large areas. The accurate thickness control offered by ALD has 

established it as a method of choice for high-k oxides in semiconductor industry.48 

Additionally, ALD offers a high conformality on intricate structures which are difficult 

to coat with any other gas phase technique. The application of ALD for 2-D materials is 

therefore of high interest and can be instrumental in the synthesis of high quality, large-

area MoS2. In literature, only a handful of reports on the synthesis of MoS2 by means of 

ALD are available. Most of these studies have implemented either halide or carbonyl 

based metal precursors in combination with H2S or CH3SSCH3 as co-reactant.49-51 Some 

other groups have implemented Mo(thd)3 and Mo(NMe2)4 as metal precursors in 

combination with H2S.52, 53 These processes are shown to produce MoS2 over a large 

area with a good control over thickness and thus exhibited the potential of ALD in 2-D 

world. However, most of these processes rely on high temperature post-annealing to 

improve the structural quality of the as-deposited 2-D films which is undesirable for 

industrial scalability (as discussed above) and remains an addressable issue.50, 54 

Recently, anisotropic growth of ‘edge-on’ (OoPO) MoS2 thin films by ALD using 

MoCl5 in combination with H2S has been reported.55 However, the observed lateral 

inhomogeneity in growth rate over the wafer hints towards a possible CVD component 

in this process, which will disrupt the typical self-limiting ALD behavior and result in 

loss of precise thickness control. 

 

In this work, we demonstrate that plasma enhanced ALD based on 

[(NtBu)2(NMe2)2Mo] and H2S at 300 °C - 450 °C is able to deliver archetypical precise 

thickness control and tuneable texture of the as-deposited MoS2 films, while preserving 

the essence of ALD (i.e. self-limiting behaviour). We will first discuss the detailed 

investigation of the self-limiting behaviour, chemical composition of the as-deposited 

film and wafer-scale uniformity of the ALD process. Furthermore, the precise control 
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over thickness from mono-layer to few layered regime is discussed. In the following 

sub-section, the influence of deposition temperature on the film morphology and 

crystallinity is presented. Next, the nucleation mechanism of MoS2 thin films on SiO2/Si 

substrates is elucidated and a model explaining the possible mechanism pertaining to 

the morphology transformation from in-plane to out-of-plane orientation for films 

deposited at 450 °C is also discussed. Finally, the control over film morphology is 

showcased by implementing the films with variant morphologies as electrocatalysts for 

the hydrogen evolution reaction (HER). 

3.2 Experimental section 

ALD process specifications 

The MoS2 thin films were deposited in an Oxford Instruments FlexALTM ALD 

reactor56, 57 on 4” Si wafers with a thermally grown 450 nm thick oxide layer on top. To 

maintain consistency throughout, all reported temperatures here refer to the set 

temperature of the substrate table which is called the ‘growth temperature’. The Mo 

precursor employed was [(NtBu)2(NMe2)2Mo], (98%, Strem Chemicals) and was 

contained in a stainless steel canister which was heated to 50 °C. At this temperature, 

the vapor pressure of the precursor is reported to be 0.13 Torr.58 The delivery lines were 

kept at 90 °C to avoid condensation of the precursor while the reactor walls were heated 

to 150 °C. For the precursor delivery to the deposition chamber a 100 sccm Ar (>99.999 

% purity) bubbling flow was employed. An intermediate Ar purge step with 100 sccm 

of Ar flow was applied after each precursor and plasma exposure steps. As the co-

reactant, a H2 + H2S + Ar plasma (8 sccm H2; 2 sccm H2S; 40 sccm Ar) plasma gas 

mixture generated in an inductively coupled plasma (ICP) source was used. The plasma 

power was 100 W with a reactor pressure of 6.6 mTorr during the plasma step. The 

ALD recipe was established with the first half cycle consisting of precursor dosing for 

6s followed by 6s purge and 4s pump down. The second half cycle used 20 s of plasma 

exposure with the same scheme for subsequent purge and pump as in the first half cycle. 

The film thickness evolution during deposition was monitored by in-situ spectroscopy 

ellipsometry (J.A. Woollam M2000F, 1.25 eV - 5 eV). The thickness values were 

extracted by employing the  ‘B-spline’ model.  

Film crystallinity and surface morphology 

Grazing incidence X-ray diffraction (GI-XRD) was employed to determine the 

crystalline phases of the MoS2 thin films. The XRD analysis was performed on a 
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Panalytical X’Pert PRO MRD employing Cu Kα (1.54 Å) radiation with an incidence 

angle of 0.5° with respect to the substrate plane. Furthermore, Raman spectroscopy (RS) 

and photoluminescence (PL) spectroscopy measurements were performed with a 

Renishaw Raman microscope equipped with a 514 nm laser, integrated switchable 

gratings with 600 or 1800 lines/mm, and a CCD detector. For each scan, 5 

accumulations with acquisition time of 10 s were taken. The surface morphology was 

studied by scanning electron microscopy (SEM) using a ZeissSigma Nanolab operating 

at an acceleration voltage of 2 kV. Additionally, atomic force microscopy (AFM) was 

also employed to study the surface topology of the as-deposited films. The images were 

acquired at room temperature on Veeco dimension 3100 operated in tapping mode using 

Al coated Si tip (PointProbe Plus-NCHR) having a radius < 7 nm. Images were 

processed in Gwyddion software with OpenGL interface and RMS roughness was 

obtained statistically from a scan area of 500 x 500 nm2. 

Chemical composition 

To determine the elemental composition, X-ray photoelectron spectroscopy (XPS) was 

performed using a Thermo Scientific K-alpha spectrometer (Thermo Fisher Scientific, 

Waltham, MA) equipped with a monochromatic Al Kα X-ray radiation source  (hν = 

1486.6 eV). For the XPS analysis, a 400 µm diameter spot was used and photoelectrons 

were collected at a take-off angle of 60°. The samples were neutralized during the XPS 

analysis using an electron flood gun in order to correct for differential or non-uniform 

charging. All peaks in the XPS survey scans are referenced to the binding energy of the 

C1s peak of adventitious carbon (284.8 eV) for charge correction and quantification of 

the survey scans have been performed using Avantage software. Furthermore, 

Rutherford backscattering spectroscopy (RBS) was employed to determine the absolute 

chemical composition of the films. RBS was performed using a 1.523 MeV He+ ion 

beam and a scatter angle of 170. 

Film microstructure 

The film microstructure was determined by HRTEM analysis using a JEOL ARM 200F 

operated at 80 kV. For the top planar view images, MoS2 films were grown on SiNx 

TEM windows, coated with ~5 nm ALD SiO2. Selected area electron diffraction 

(SAED) patterns were acquired from a 1.3 µm diameter area on each sample. For the 

cross-sectional imaging, the MoS2 film was coated with a SiOx film stack as a protective 

layer and subsequently prepared using a standard FIB lift-out TEM sample preparation 

scheme. 
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Electrochemical testing 

MoS2 films were deposited on glassy carbon plates polished by 0.3 μm Al2O3 slurry for 

electrochemical tests. The measurements were performed in a three-electrode 

electrochemical workstation (Type: PGSTAT302N, Metrohm Autolab) with saturated 

calomel electrode (0.269 V vs. reversible hydrogen electrode (RHE) as a reference 

electrode, Pt foil (1 x 2 cm2) as a counter electrode and glassy carbon working 

electrode. All measurements were performed in 0.5 M H2SO4 electrolyte prepared using 

18 MΩ·cm deionized Milli-Q water purged with Ar for 20 min. Linear sweep 

voltammetry (LSV) experiments were conducted with a scan rate of 5 mV/s and AC 

electrochemical impedance spectroscopy was recorded at open circuit potential (OCP) 

in the frequency range of 10 kHz to 0.1 Hz. To calculate the Tafel slope, the linear 

portion at low overpotential region was fit to the Tafel equation using the internal 

resistance corrected LSV curves. Cyclic voltammetry (CV) stability tests were 

conducted with a scan rate of 50 mV/s starting at OCP from -0.52 V to 0.62 V.         

3.3 Results and Discussions 

3.3.1 Characterization of the ALD process 

3.3.1.1 Self-limiting growth, thickness control and uniformity 

The self-limiting growth characteristics of the ALD process were investigated at a 

growth temperature of 250 °C. At this temperature, a saturated growth-per-cycle (GPC) 

of 0.1 nm/cycle is observed at the optimized precursor dose step and plasma exposure 

time of 6 s and 20 s, respectively. The saturation curves for the precursor dose step and 

plasma exposure time confirming the typical ALD behaviour are shown and further 

discussed in the Appendix (Figure A.3.1).  

 

We measured the nominal film thickness as a function of number of cycles by in-situ 

spectroscopic ellipsometry (SE). This was performed for ALD depositions over a large 

temperature range (150 °C - 450 °C). The plot in Figure 3.1 (a) shows the evolution of 

film thickness as a function of number of ALD cycles for the entire investigated 

temperature range. Based on this plot, few observations can be made. Up to 300 °C, a 

linear relationship between film thickness and number of ALD cycles is observed, 

signifying the typical ALD behaviour. Above 350 °C, a non-linear increase in thickness 

is observed after 50 cycles, implying an increase in GPC during growth which is 

ascribed to a change in morphology by faster growth at the edge sites of MoS2 as is 
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discussed below. Also, it is worth mentioning that for all temperatures the film growth 

shows no nucleation delay during initial cycles, which is a highly valuable attribute for 

reproducible synthesis of mono-layer to thick MoS2 films. Both from SE (Figure 3.1 

(a)) and Rutherford backscattering spectroscopy (RBS) conducted for bulk regime i.e. 

film of 300 ALD cycles in each case (Figure 3.1 (b)), it is clear that the GPC increases 

with increasing temperature. This elevated growth rate at higher growth temperatures is 

most likely due to enhanced precursor adsorption owing to the formation of high surface 

area films with out-of-plane oriented (OoPO) morphology at higher growth 

temperatures. Additionally, it can also be speculated that the enhanced surface diffusion 

of metal atoms towards chemically more favourable edge sites (as compared to basal 

planes) of MoS2 film deposited at higher growth temperature may contribute to the 

accelerated growth rate. The detailed discussion on the formation of OoPO films is 

provided later in this paper. To confirm that at 450 C, the higher GPC is not a result of 

precursor decomposition in CVD - like reactions, a saturation study for the precursor 

half cycle was also performed at this temperature. The corresponding plot is shown in 

Figure A.3.1 (d) (Appendix) which shows a plateau for the GPC with varying precursor 

dose and therefore ALD is confirmed at 450 °C precluding any role of precursor 

decomposition. The chemical composition of the as-deposited films was examined by 

X-ray photoelectron spectroscopy (XPS). The corresponding surface survey scan for the 

film deposited at 300°C is shown in Figure A.3.2.1 (a) (Appendix). This figure reveals 

that apart from characteristic Mo and S peaks, a small amount of O and C is also present 

on the film surface most probably due to atmospheric contamination. A high resolution 

X-ray photoelectron spectrum for the Mo 3d region (Figure A.3.2.1 (b) in Appendix) 

shows the doublet for MoS2 (Mo4+) with the 3d5/2 peak at 228.9 eV and the 3d3/2 peak 

at 232.1 eV which is in accordance and the 3d3/2 peak at 232.1 eV which is in 

accordance with the binding energy positions given in the literature.45,59,60 Furthermore, 

a small fraction of Mo6+ is also detected corresponding to MoO3 with binding energy 

position at 233.1 eV in line with the literature. The oxygen and carbon contaminants are 

only confined to the surface since a mild sputtering with Ar+ ions results into almost 

complete removal of the two species with atomic % below the detection limit of XPS 

(Figure A.3.2.1 (c, d) in Appendix). In addition, it was observed that the film 

composition is fairly stoichiometric in nature over the whole investigated growth 

temperature range. Table A.3.1 in the Appendix shows that the composition changes 

from slightly over-stoichiometric at low temperatures to under-stoichiometric at high 

temperatures, which has been frequently reported in the literature since the films 
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produced by bottom-up synthesis methods can either be S-rich or possess S vacancies 

depending on the process parameters. It is worth mentioning that the growth 

temperature also influences the structure of material i.e. amorphous and crystalline (See 

sec. 3.3.2), which is reflected in the film stoichiometry as aforementioned. The 

amorphous films synthesized at lower temperatures (150 °C - 250 °C) are S rich which 

is attributed to the presence of additional S2
2- species as will be discussed in Chapter 5 

of this thesis. However, despite being structurally different from the polycrystalline 

MoS2 films, a self-limiting ALD growth behavior is still obtained for amorphous films 

which can be inferred from the linear relationship between thickness and number of 

ALD cycles as mentioned and shown in Figure 3.1 (a). Since the 2-D nanocrystalline 

MoS2 is of high interest for various applications, the bulk of the research work 

presented in this chapter focusses on nanocrystalline films synthesized at 450 °C. 

 

Subsequently, the film uniformity was analysed on a 4” Si wafer as shown in Figure 3.1 

(c). Spectroscopic ellipsometry (SE) was employed to measure the film thickness 

spatially across the wafer for a film deposited with 200 ALD cycles at a growth 

temperature of 300 °C. A small variation in film thickness is found over the scanned 

areas on the wafer (non-uniformity (% 1σ ((std. dev.)/(Avg.)) = 2.4) clearly exhibiting a 

good thickness uniformity. The uniformity of the grown film is a direct result of the 

typical self-limiting nature of an ALD process. A Raman line scan was also performed 

on the same 4’’ wafer to study the uniformity in crystallinity of the as-deposited film. 

Figure 3.1 (d) shows the corresponding spectra with the signature vibrational peaks for 

crystalline MoS2. The two characteristic Raman modes correspond to the in-plane (E1
2g) 

and out-of-plane (A1g) vibrational peak frequencies typically appearing at 382 cm-1 and 

408 cm-1, respectively61. In addition, the frequency difference between two modes (Δ) 

and relative Raman peak intensities as a function of measurement position are plotted as 

shown in Figure 3.1 (d). Very small variations in Δ: 24.8 - 26 cm-1 and in relative 

Raman peak intensity (I(E1
2g)/I(A1g)): 0.56 - 0.58, are found for the five measurements 

points, displaying a good uniformity over large area. Therefore, both SE and Raman 

analyses show that the synthesis of 2-D MoS2 by our PEALD process is readily 

scalable. 
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Figure 3.1 (a) Layer thickness evolution as a function of number of ALD cycles over the whole 

investigated temperature range of 150 °C - 450 °C. At higher growth temperatures, an increase in 

GPC can be seen. The error bars shown represent the sum of the measurement error, SE model 

fitting error and film roughness values. (b) RBS analysis showing a linear increase in individual 

GPC (atoms cycle-1 nm-2) for both ‘Mo’ and ‘S’ with increasing growth temperatures. (c) Map of 

the thickness variation for film deposited at 300 °C (200 cycles) over a 4” wafer carried out by ex-

situ SE showing a small thickness variation with a standard deviation of 0.4%. The black points 

on the wafer are the actual measurement points with 5 mm edge exclusion. (d) (top) Raman 

spectroscopy line scan (for the same wafer as in (c)) showing the five selective measurement 

points (step size ~ 2 cm) having consistent spectral features for a polycrystalline MoS2 film 

registering a homogenous film over large area. (bottom) Plot showing the frequency difference 

(black) and relative Raman intensities (blue) for five measurement points. 
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3.3.1.2 Thickness control in the mono-to-few layer regime: Raman and PL 

analysis 

Figure 3.2 (a) shows the control over film thickness in the initial phase of growth (first 

50 ALD cycles) at 450 C as measured by in-situ SE analysis. However, in the mono 

layer to few layer regime, it is not easy to extract the exact thickness by SE, because of 

uncertainty in the optical properties of mono-to-few layer MoS2.
62 Moreover, the 

change in surface termination groups (e.g. starting with -OH to possibly -SH) during 

subsequent ALD cycles might result into inaccurate thickness determination by SE 

analysis for a sub-nm thick film. This is the reason that despite the formation of a 

monolayer after 10 cycles (as will be shown below by Raman and PL analyses), the 

thickness extracted by SE modelling gives a value of ~1.3 nm than the expected ~0.6 

nm for a monolayer of MoS2. Therefore, to validate the systematic control over 

thickness of ultra-thin MoS2 films from monolayer to bulk by tuning the number of 

ALD cycles, the films deposited at 450 °C were also characterized by Raman and 

photoluminescence (PL) spectroscopy. Raman plots for the samples deposited using 

10 - 50 ALD cycles are shown in Figure 3.2 (b). The two characteristic Raman peaks 

for MoS2 corresponding to the vibrational modes (E1
2g and A1g) are observed for all the 

cases confirming continuous coverage with the 2H phase of MoS2. The intensity and 

frequency difference between the two modes increases monotonically with the number 

of cycles as expected,63 thus reflecting an excellent control over thickness with atomic 

scale precision. Importantly, the film after 10 cycles yields a frequency difference of 

~20.6 cm-1 which is typically correlated with a monolayer of MoS2.
39,64 The 

photoluminescence (PL) spectra are shown in Figure 3.2 (c). For 10 cycles, a strong 

peak at ~656 nm and a weak signal at ~612 nm are observed, which corresponds to the 

A and B excitonic peaks respectively and confirm the direct band gap in monolayer 

MoS2.
11 The PL signal intensity is found to decrease as the film thickness increases with 

number of cycles. For MoS2, this reduction in PL signal is generally attributed to a 

change in the electronic structure for thicker films (i.e. transition from direct to indirect 

band gap) which causes an increase in the intraband relaxation rate from the excitonic 

states.11 Thus, the presence of one MoS2 monolayer after 10 ALD cycles is evidenced 

by both Raman and PL analyses. This is further corroborated by RBS analysis which 

shows that approximately ~13.2 Mo atoms/nm2 are deposited after 10 cycles at 450 C, 

which is very close to an ideal MoS2 monolayer (approx. 11.6 Mo atoms/nm2) for (001) 

plane.65  
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Figure 3.2 (a) Thickness evolution of MoS2 films in the initial phase of deposition at 450 °C as 

recorded by in-situ SE analysis. (b) Raman evolution as a function of increasing number of cycles 

(at 450 C) exhibiting excellent control over film thickness. The increasing frequency difference 

(Δ) between two vibrational modes with number of ALD cycles is an indicator for thickness 

increase. For clarity, the inset shows the enlarged Raman plot with two distinctive vibrational 

modes for a sample with 10 ALD cycles. The two vibrational modes are indicated by dotted lines. 

Also, the Raman peaks are normalized to the corresponding Si peak in each case. (c) The 

corresponding PL peak (λex= 514 nm) for the thinnest film (10 cycles) is related to the direct band 

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

monolayer of MoS2. The peak broadening is a clear indication of possible disorders present in the 

film. 

 

A close inspection of Raman peaks reveals an asymmetric broadening for both 

vibrational modes which suggests the presence of structural disorder in the as-deposited 
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films. This broadening is commonly observed for MoS2 grown at low temperatures by 

bottom-up synthesis methods. We have used the Voigt fitting strategy based on the 

report from Mignuzzi et al.66 to deconvolute the Raman spectrum for the film deposited 

after 10 cycles at 450 °C, and the corresponding plot is shown in Figure A.3.3 (a) 

(Appendix). Apart from the two predominant vibrational peaks (i.e. E1
2g and A1g), three 

additional defect-induced peaks are observed that can be assigned to transverse optical 

(TO), longitudinal optical (LO) and out-of-plane optical (ZO) branches originating at 

the M point of the Brillouin zone.63 

 

Furthermore, in the low-frequency region of the Raman spectrum, a broad peak 

located at ~227 cm-1 is also observed (Figure A.3.3 (b) in Appendix). This peak is 

attributed to the disorder induced LA(M) band and has been demonstrated as a metric 

for quantification of structural defects in MoS2 by several groups.43, 63 Overall, the 

strong E1
2g and A1g modes combined with the low LA(M) peak shows that our process 

enables the deposition of good quality MoS2 films at relatively low temperatures. 

 

3.3.2 Control over film morphology 

 

Tuning of the film morphology was achieved by modulating the growth temperature, 

providing an opportunity to adjust the density of active sites for eletrocatalytic 

applications. The effect of growth temperature on the morphology and crystallinity of 

the resulting film was initially examined by scanning electron microscopy (SEM) and 

Raman spectroscopy analyses, respectively. Top view SEM images and corresponding 

Raman spectra of films deposited in the temperature range 200 °C - 450 °C (200 cycles 

each) are shown in Figure 3.3 (a - f). The film grown at 200 °C is found to be 

predominantly amorphous in nature with no characteristic Raman peaks except for the 

peak from the Si substrate (520 cm−1). As the growth temperature is increased to 250 

°C, a few nano-crystallites are recognizable in SEM. This small crystalline fraction 

yields very weak Raman signals due to the considerable contribution from the 

amorphous background.  

 

The characteristic Raman peaks for polycrystalline material become clear and distinct 

at a growth temperature of 300 °C where the density of crystallites is clearly higher, 

evidencing the poly-crystalline nature of the film. For growth temperatures from 350 °C 

to 450 °C, the crystallite size is larger, and the film appears to become highly textured 
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with out-of-plane orientation (OoPO film). The corresponding Raman signal shows 

clear, distinctive vibrational peaks confirming the polycrystalline nature of the film. 

High-angle annular dark-field (HAADF) and high-resolution transmission electron 

microscopy images of a film grown at 450 °C (200 ALD cycles) are shown in Figure 

A.3.4 ((a) & (b) in Appendix) where out-of-plane nanostructures uniformly distributed 

over the substrate are clearly observable. These nanostructures are found to be rough 

(root mean square roughness : 5.2 nm) in nature as evident in the AFM image (Figure 

A.3.4 (c) in Appendix). 

 

 

Figure 3.3 (a-f) Top view SEM images (the scale bar in each image is 200 nm) showing the 

microstructure of the films grown at various growth temperatures for 200 cycles. The film 

morphology changes from amorphous to polycrystalline as the growth temperature increases from 

200 °C to 450 °C. The overlying Raman spectra show the vibrational mode peaks evidencing an 

increase in the crystalline nature of the film at higher growth temperatures. 

 

To complement SEM and Raman analysis, the influence of temperature on 

crystallinity and a possible preferred growth orientation of the films was analysed by X-

ray diffraction (XRD) using two different detection geometries. First, grazing-incidence 

XRD (GI-XRD) studies were performed on samples grown for 200 cycles in the entire 
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temperature range (200 °C - 450 °C). GI-XRD is a technique well suited for analysing 

thin samples, because of the increased interaction volume as compared to a gonio 

(symmetric θ-2θ) scan. The GI X-ray diffractogram in Figure 3.4 (a) shows broad peaks 

at ca. 14.3° for growth temperatures of 200 °C and 250 °C. This peak corresponds to the 

(002) reflection of the semiconducting 2H phase of MoS2.
67 However, the broad nature 

of the peaks at 200 °C and 250 °C indicates a predominant amorphous nature of the 

films at these temperatures as was already revealed by SEM and Raman analyses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3.4 (a) Grazing X-ray diffractograms of as-deposited MoS2 films on SiO2/Si substrates at 

various growth temperatures (200 cycles each). The position of peaks corresponding to (002), 

(100) and (110) is highlighted with dotted lines. The powder diffractogram for 2-H MoS2 (JCPDF 

037-1492) is shown as a reference for the reader (top panel). Gonio scans (symmetric  - 2) for 

(b) films deposited at 350 °C and 450 °C (200 cycles each) (c) films deposited with varying 

number of cycles at 450 °C. 

 

At 300 °C, a clear (002) peak is present, which can be correlated to the increased 

density of nano-crystallites as observed in SEM images. Comparison with the powder 

diffraction spectrum displayed in Figure 3.4 (a) (top panel) indicates that this film has a 

clear <002> texture. For growth temperatures ≥ 350 °C, two additional peaks at 33.4° 

and 58.8° corresponding to the (100) and (110) reflections are detected, implying a 

change in texture. To investigate this change in more detail, gonio scans were 

performed for a selection of samples. Figure 3.4 (b) shows diffractograms of samples 
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deposited for 200 cycles at 350 °C and 450 °C. The change in relative peak heights 

implies an increase in <002> texture at higher temperatures. Note that there is a factor 

of 2 difference in layer thickness for these samples (see Figure 3.1 (a)). This also needs 

to be taken into account which is investigated in more detail by comparing the 

crystallographic orientation of the films deposited with 200 and 400 cycles at 450 °C. 

  

Figure 3.4 (c) demonstrates that the intensity of the (002) peak is identical for both 

samples, while the (100) and (110) peaks increase for higher number of ALD cycles. 

Here, it is essential to realize that the (100) and (110) planes are oriented orthogonal to 

the 2-D planes. This can be explained by a change in growth mode from in-plane 

growth for the lower part of the layer to out-of-plane growth for the later growth cycles. 

Comparison of Figures 3.4 (b) and 3.4 (c) indicates that the transformation to OoPO 

growth occurs at an earlier stage (lower number of cycles) at lower temperatures. 

 

3.3.3 Nucleation mechanism of PEALD of MoS2 on SiO2/Si  

 

In order to improve control over the thickness and morphology of the MoS2 formed by 

ALD, it is of key importance to understand the nucleation behaviour and appearance of 

out-of-plane growth mode of the MoS2 on SiO2. Generally, the crystal growth of MoS2 

begins with the nucleation of flat, crystal domains with in-plane orientation, as is 

reported in numerous bottom-up synthesis methods.39, 68 However, the film morphology 

transformation from the in-plane to out-of-plane mode is also reported. In literature, the 

out-of-plane growth of MoS2 and graphene has been shown by using mainly high 

temperature CVD or metal/metal oxide sulphurization techniques. Several reasons 

responsible for such morphology are mentioned. For instance, Li et al. have shown that 

during CVD growth, the compression and extrusion between MoS2 island layers 

ultimately leads to structural distortions resulting in out-of-plane standing MoS2 

nanosheets.23 In another report by Kong et al., it is argued that the rapid sulphurization 

of Mo films renders the perpendicular orientation to the MoS2 films.22 For growth of 

graphene by electron cyclotron resonance chemical vapor deposition (ECR-CVD),69 the 

role of plasma species, causing localized hot spots and chemical potential gradients on 

the substrate, has been ascribed as one of the factors enhancing out-of-plane growth. 

Another conceivable factor which cannot be ruled out is stress development in the film, 

which upon relaxation may distort the basal plane oriented film morphology and 

promote out-of-plane growth. 
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In our PEALD process, most of the above-mentioned factors can play a role for the 

morphology transformation. Therefore, to further elucidate the nucleation mechanism of 

MoS2 on SiO2/Si and gain deeper insight into the observed morphology transformation, 

HAADF-STEM analysis was performed on films grown at 450 °C at different stages of 

growth by varying the number of ALD cycles from 5 till 200. The corresponding 

images are shown in Figure 3.5 (a - f). A clear progression from nucleation of the film 

to the formation of OoPO films can be observed. A close inspection reveals that the film 

growth starts with the formation of discrete flat MoS2 islands which appear as triangular 

or star shaped domains as highlighted in Figure 3.5 (a). The formation of such flat 

triangular or star shaped domains with in-plane orientation is typical for synthesis of 

MoS2 via bottom up techniques as mentioned earlier.  

 

After 10 ALD cycles, these discrete islands are found to extend in the lateral direction 

and merge at certain points to form an almost continuous film. Some bi- to few-layer 

fragments can be observed as well. Thereafter, in case of 20 cycles, the emergence of 

stripe-like patterns representing nano-scale out-of-plane nanostructures, can be observed 

which have been highlighted in Figure 3.5 (c). This suggests that the transformation 

from in-plane to out-of-plane plane growth mode is thickness dependent and takes place 

after a closed film of horizontally oriented domains is formed. The size and density of 

these out-of-plane nanostructures is found to increase with increasing number of ALD 

cycles. At 200 cycles, the out-of-plane growth mode is clearly dominating as shown 

Figure 3.5 (f). Figure 3.5 (g) shows the corresponding selective area electron diffraction 

(SAED) patterns for films grown with increasing number of cycles. 

  

It can be observed that the film after 5 cycles has weak, diffuse diffraction rings as can 

be expected because of the limited size of the islands. In case of 20 cycles, a set of sharp 

diffraction rings is present, characteristic for a polycrystalline film with small grain 

sizes. In the present case of SAED under normal incidence of the electron beam on the 

sample, the vertically oriented crystallographic planes are visualized in the SAED 

pattern. The absence of (002) and (006) rings and the presence of the closed (100) and 

(110) rings indicates the presence of a <001> texture within in-plane rotational freedom 

of the domains. For a higher number of cycles (200 cycles), the intensity of the rings 

increases as more volume is probed. In addition, (002) and (006) orientations are clearly 

visible, representing the out-of-plane orientation of the 2-D planes, in agreement with 

the observation of nanostructures for this sample.  
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Figure 3.5 (a - f) HAADF-STEM images showing the nucleation of MoS2 on SiO2/Si substrates as 

a function of number of ALD cycles and the variation of morphological structures. The in-plane 

flat, triangular domain and out-of-plane stripe-like patterns are highlighted by encircling (dashed 

line) in (a), (c) respectively. (g) The formation of textured and out-of-plane standing MoS2 

nanostructures is supported by the electron diffraction patterns showing bright rings 

corresponding to (002) and (006) crsytal orientations. The diffraction patterns are labelled with 

the corresponding number of ALD cycles (5, 20, 200) accordingly. (h) Cross sectional TEM 

image of a MoS2 thin film deposited at 450 °C (200 cycles) on SiO2/Si substrate with a top SiO2 

layer deposited for protection during sample preparation. (i) The magnified view reveals the 

transformation from in-plane growth to out-of-plane standing structures. (j) Schematic showing 

the growth model for the development of OoPO nanostructures with random orientations. 

 

To further elucidate the morphology of the OoPO growth mode, cross-sectional TEM 

analysis was carried out on a thick MoS2 film as depicted in Figure 3.5 (h). The 

magnified image in Figure 3.5 (i) clearly shows the two types of morphologies: 2-D 

layers parallel to the substrate surface close to the interface and emergence of OoPO 

nanostructures which seem to start out from a large variation in orientations but are 
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driven out-of-plane due to crowding with increasing film thickness. A close look reveals 

that the transformation from in-plane to out-of-plane growth mode occurs most likely at 

the grain boundaries. The final resulting film therefore comprises of a mixed 

morphology as shown earlier (Figure A.3.4 in Appendix). The in-plane orientation of 

the first few layers points towards the negligible role of the substrate on the out-of-plane 

growth mode. To prove this hypothesis, we considered various substrates (ALD grown 

Al2O3, Au coated Si, exfoliated MoS2 flakes, Glassy carbon) and carried out similar 

depositions under identical conditions. 

 

The resulting film morphology (i.e. OoPO) was consistent irrespective of the substrate 

used including the mechanically exfoliated MoS2 flakes. This indicates that the 

development of the OoPO growth mode is independent of the substrate used and is 

rather related to the growth mechanism for this material. The corresponding top view 

SEM images are shown in Figure A.3.5 (Appendix). 

 

Based on these results, a growth model is postulated and schematically illustrated in 

Figure 3.5 (j). In this model, it is shown that the film growth starts with the formation of 

islands with horizontal basal plane orientation on the substrate. The growth at the edges 

of these islands is faster than growth on top of the basal planes. This can be ascribed to 

the fact that the edge of a 2-D layer consists of dangling bonds, which act as preferable 

sites for precursor adsorption, unlike the inert basal planes. Adding a new 2-D layer on 

top of the basal plane implies nucleation of a new layer, which is energetically less 

favourable than lateral growth of already existing planes. Next, when the discrete 

islands coalesce, defect sites at the grain boundaries might occur due to the different in-

plane orientations of the individual crystals (as concluded from SAED). These defect 

sites can act as new active sites for precursor adsorption, from which new MoS2 crystals 

form. However, due to crowding effects these new crystals do not necessarily grow in-

plane, but have random out-of-plane orientation as observed above.  

 

Overall, the morphology transformation can be a result of a complex interplay of 

different factors. To sum up, we hypothesize an additional possible governing 

mechanism i.e. the enhanced adsorption of precursor on the edge and defect sites during 

ALD growth ultimately giving rise to out-of-plane growth mode. 
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3.3.4 Hydrogen evolution reaction (HER) performance 

Electrolytic water splitting is one of the most efficient and sustainable ways to produce 

hydrogen from water.70 Out-of-plane oriented transition metal dichalcogenides (TMDs) 

thin films with catalytically active edge sites synthesized by various bottom-up methods 

have emerged as an inexpensive alternative to the precious noble metals (e.g. Pt) for 

HER.21,71 ALD provides an excellent opportunity to modulate the thickness and height 

of the out-of-plane oriented films which can be a great advantage over other bottom-up 

synthesis techniques. In past, several groups have demonstrated the HER performance 

of ALD synthesized amorphous and polycrystalline MoS2 films.72, 73 However, the poor 

stability of amorphous films and requirement of post annealing calls for further 

investigation of ALD synthesized MoS2 films for HER mechanism. In this work, we 

therefore focus on assessment of the HER performance of as-deposited polycrystalline 

films with different morphologies which can be easily modulated by using our PEALD 

process and might be a valuable asset for electrocatalysis applications. 

  

Glassy carbon (GC) plates were chosen as substrates since they are conductive, 

chemically stable, electrochemically inert in a large potential window and can be 

polished to a mirror finish. These substrates were subjected to an increasing number of 

ALD cycles (10 - 600 cycles) at 450 °C under optimum conditions. While a flat film 

was obtained after 10 cycles (as shown previously), for 100, 400 and 600 cycles, OoPO 

films of different thicknesses were obtained. Figure 3.6 (a) shows the cathodic 

polarization curves for MoS2 films and a bare GC substrate as reference. It is clearly 

observed that all MoS2 coated samples possess a much lower onset overpotential () for 

HER than the bare GC substrate. Notably, the sample with 10 ALD cycles shows a 

substantial catalytic activity which suggests the presence of active edge sites in the early 

growth stages of the film. This confirms the TEM observation that for 10 ALD cycles 

the layer is not completely closed yet and edges of 2-D islands are exposed. The 

samples possessing OoPO films (100, 400 and 600 cycles) have higher cathodic current 

densities (at  = 500 mV). This indicates an enhanced HER performance owing to an 

increased number of active edge sites of the OoPO nanostructures. Table 3.1 

summarizes the figures of merit for all investigated samples. Generally, the 

overpotential required to drive a cathodic current density of 10 mA/cm2 (10) is used as 

a figure of merit for the overall performance of electrocatalysts.74 It is to be noted that 

the value of 10 reduces with an increase in ALD cycles from 10 to 100 most likely due 
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to morphology transformation implying an increase in the number of edge sites causing 

a higher HER performance. However, the further increment in number of ALD cycles 

(from 100 till 600) does not show a considerable improvement in HER performance 

which is attributed to the saturation of active surface area as reflected in double layer 

capacitance measurements shown in Figure A.3.6 (a) (Appendix).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6 (a) HER polarization curve (linear sweep voltammetry) for OoPO MoS2 films 

deposited on GC substrate showing an onset overpotential of around −0.26 V. In the inset, a 

cartoon is shown where the hydrogen evolution by splitting of water molecule assisted by OoPO 

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

samples.(c) Cyclic voltammetry repeated for 1000 cycles showing an improved activity for the as-

deposited OoPO MoS2 film (400 ALD cycles). 

 

It should be noted that the double layer capacitance value for the sample with 10 

cycles is overestimated, because of the high surface roughness (RMS 3.6 nm) of the 

polished GC substrate as shown in the inset of Figure A.3.6 (a). Furthermore, the 
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corresponding Tafel plots are shown in Figure 3.6 (b) revealing Tafel slopes for the 

investigated samples in the range of 98 - 125 mV/dec. In literature, the value of Tafel 

slope for MoS2 based catalysts has shown a large spread ranging from 40 to 220 

mV/dec depending on the material preparation and modification methods.75  

 

It is worth mentioning that the HER performance of our OoPO MoS2 films (Tafel 

slopes: 98 - 125 mV/decade and exchange current density values: 1.8 - 1.9 A/cm2) is 

comparable to the films with similar morphology (viz. vertically aligned, edge enriched 

MoS2 thin film etc.) prepared by other techniques as reported in the literature.22, 75 The 

stability of as-deposited OoPO MoS2 films was assessed by taking continuous cyclic 

voltammograms (CV). The corresponding CV curves before and after 1000 cycles are 

shown in Figure 3.6 (c). Interestingly, the performance is improved after 1000 cycles of 

continuous CV test which can be attributed to the formation of sulphur vacancies during 

HER. It is well known that the introduction of sulphur vacancies may result in higher 

reactivity owing to the generation of additional catalytic sites.76, 77  

 

It is important to mention that all samples subjected to HER tests have been used as-

deposited and therefore further optimization of the overall HER performance should be 

possible and follow-up work will be done accordingly. Yet, these results confirm the 

viability of the PEALD process to modulate the film morphology and thickness of out-

of-plane nanostructures for efficient utilization in electrocatalysis. The large area 

growth and low temperature processing possible by PEALD are the other virtues which 

can be highly advantageous for eletrocatalytic applications. 

 

 
Table 3.1: Key parameters extracted from the electrochemical characterization of different 

samples with varying number of PEALD cycles.   

Sample Tafel slope (mV/decade) 10 (mV) 

10 cycles 125 −553 

100 cycles 99 −487 

400 cycles 104 −503 

600 cycles 98 −488 
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3.4 Conclusions 
 

In summary, we report on a large-scale, low temperature PEALD process for 

synthesizing uniform, high quality 2-D MoS2 films. Our process shows precise 

thickness control down to a monolayer and provides possibilities to tune the 

morphology of the layers by varying the growth temperature from 150 - 450 C. 

Extensive film characterization has helped in understanding the influence of growth 

temperature on film morphology, crystallinity and chemical composition. Moreover, 

based on the detailed TEM investigation, we have proposed that during ALD growth, 

the enhanced precursor adsorption on the highly energetic edge sites of MoS2 may play 

a role in the transformation to out-of-plane oriented films at 450 C. Furthermore, the 

excellent control over morphology is showcased in electrocatalysis using the hydrogen 

evolution reaction (HER) in which the out-of-plane oriented films outperform flat, in-

plane oriented films. These results show that ALD might be instrumental in realizing 

not only the uniform large area growth of high-quality 2-D materials but can also be 

applied as a tool to control the morphology of thin films which might result into 

interesting structures (including heterostructures) for multiple applications.  
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Appendix  
 

A.3.1 ALD saturation curves 
 

The self-limiting growth characteristic for the ALD process was investigated at growth 

temperature of 250 °C and 450 °C. The plots in Figure A.3.1 (a) & (b) show the self-

limiting behaviour of the process (at 250 °C) for both half cycles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3.1 Typical ALD saturation curves (for growth temperature of 250 C) showing the 

growth per cycle (GPC) as a function of (a) Mo precursor dose (the precursor molecule is shown 

in inset) and, (b) H2S based plasma exposure. The saturated regimes for both half cycles are 

highlighted in grey, the saturation levels are indicated by horizontal dashed black lines and the 

solid black lines serve as a guide to the eye in both cases. (c) Linear relation between thickness 

and number of ALD cycles demonstrating precise control over film thickness (d) Half cycle 

saturation curve for Mo precursor dosing showing a clear saturated growth-per-cycle after a finite 

dosing time indicating the typical self-limiting ALD growth mode at a growth temperature of 450 

°C. A plasma exposure time of 20 s was used. The same description is valid for grey area, 

horizontal dashed and solid black lines in this case. 
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The growth per cycle (GPC) saturates to a value of 0.1 nm/cycle after 6 s of Mo 

precursor dose while keeping a constant plasma exposure time of 20 s for varying 

precursor dose (Figure A.3.1 (a)). Likewise, a plasma exposure time of 20 s is required 

before the GPC saturates (Figure A.3.1 (b)). The Mo precursor dose was fixed at 6s in 

first half-cycle in the latter case. In addition, no growth was observed when each half 

ALD cycle was performed in absence of either Mo precursor or H2S based plasma co-

reactant respectively (i.e. Mo precursor dose / H2S plasma exposure time = 0 s), 

confirming the exclusion of any possibility of uncontrolled thermal decomposition of 

either of the reactants. Further, the optimum sequential dosing for each half cycle (Mo 

dose = 6 s, plasma exposure time = 20 s) yielded a linear relationship between thickness 

and number of ALD cycles as depicted in Figure A.3.1 (c) which shows an Å level 

control over film thickness.  

 

Additionally, the film growth shows no nucleation delay during the initial cycles 

which is a highly valuable attribute for reproducible synthesis of mono-layer to thick 

MoS2 films. The 2-D materials including MoS2 are generally seen as an inert flat land 

with no out-of-plane dangling bonds and therefore intuitively should be unavailable for 

any chemisorption reactions necessary for ALD process to proceed. However, surface 

chemistry studies for general ALD of sulphides have shown that the surface thiols (-SH) 

mimic the role of surface hydroxyls (-OH) as in oxide ALD and are mainly responsible 

for driving the ALD process mechanism. In our case, we believe that the plasma 

chemistry is accountable for inducing the surface thiols which are facilitating the 

chemisorption of metal precursor in the subsequent steps. The adsorption of precursor 

species however can be anisotropic on the basal planes or edge planes of the film grown 

as discussed in the main text. 

 

A.3.2 Chemical composition analysis 
 
A.3.2.1 XPS analysis of MoS2 films  

 

The X-ray photoelectron spectroscopy (XPS) has been used to determine the 

chemical composition of the MoS2 films. Figure A.3.2.1 shows the XPS surface 

scan and the resolved spectra for Mo3d, O1s and C1s regions respectively. A 

depth profile was recorded by using energetic Ar+ ion beam (~200 eV) to etch 

the film and determine the content of contaminants (O, C) within the bulk of the 

film. It is found that a 50 s etch cycle results in the preferential sputtering of S 
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from MoS2 species leading to formation of additional metallic Mo component by 

ion bombardment as shown in Figure A.3.2.1 (b). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.3.2.1 (upper panel) (a) XPS spectrum scan of ca. 20 nm thick MoS2 film deposited at 

300°C. (b) Resolved spectrum of the Mo3d region showing predominant peaks corresponding to 

MoS2 as highlighted. The peak corresponding to S2s is also visible. A small doublet peak 

corresponding to MoO3 species is also observed. The red curve is the experimental data while the 

dashed line represents the fitted data. (lower panel) (c, d) Individual scans for C1s and O1s 

regions; almost complete removal of both species was observed after a 50 s sputter cycle (peak at 

bottom) confirming the confinement of C and O contaminants to the surface region and with only 

a trace amount within bulk. 

 
 
A.3.2.2 RBS analysis of MoS2 films  

The RBS analysis was performed to study the absolute stoichiometry of MoS2 films 

grown at different temperatures. Figure A.3.2.2 shows the RBS spectra in which two 
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peaks are assigned to sulphur and molybdenum respectively. The steep edges represent 

the Si substrate.   

 

Figure A.3.2.2 RBS spectra for MoS2 films deposited at the growth temperature of (a) 150 °C (b) 

250 °C (c) 350 °C and (d) 450 °C respectively. The black points in each case represent the 

experimental data while the red curves are the fitted curves. It can be seen that a good agreement 

is obtained between the experimental and fitted curves. 

 
In Table A.3.1, an estimation of stoichiometry obtained by XPS analysis and an 

absolute ratio (S/Mo) measured by RBS is given. For XPS, the surface compositions (in 

atomic%) were obtained by considering the integrated peak areas for Mo3d, S2p regions 

and the respective sensitivity factors. In case of RBS, the absolute concentrations of 

both sulfur and molybdenum were extracted by using a model, which were subsequently 

used to obtain S/Mo ratio. A good agreement between both measurement techniques is 

obtained showing almost the similar film stoichiometry as a function of growth 

temperature. At low growth temperatures (150 °C and 250 °C), films are found to be 

over-stoichiometric which may be attributed to the presence of thiol groups on the film 

surface. Thus, the stoichiometry obtained at low growth temperatures may be rather 
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inaccurate in absence of information regarding ‘H’ content in the films. On the contrary, 

at high growth temperatures (350 °C and 450 °C), the extracted stoichiometry indicates 

sulphur vacancies in the film which is expected for a polycrystalline MoS2 film 

deposited with a bottom-up synthesis method. 

 

Table A.3.1: The stoichiometry for as-deposited MoS2 films obtained by XPS and RBS at various 

growth temperatures. The typical corresponding errors are indicated accordingly. 

 
Growth temperature 

(°C) 

Stoichiometry (S/Mo) 

XPS RBS 

150 3.4 ± 0.1 3.47 ± 0.18 

250 2.5 2.36 ± 0.12 

350 1.8 1.95 ± 0.10 

450 1.7 1.88 ± 0.09 
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A.3.3 Deconvolution of Raman spectra 

  

 
 
 
 
 
 
 
 
 
 
 
 
Figure A.3.3 (a) The deconvoluted Raman spectrum for film deposited after 10 cycles at 450 °C. 

The deconvolution reveals the presence of additional defects induced peaks (TO (M), LO (M), 

ZO (M)) other than the predominant in-plane and out-of-plane vibrational modes (E2g
1  and A1g). 

The full width at half maximum (FWHM) values of the fitted peaks for the two components (E2g
1  

and A1g) were found to be 6.9 cm-1 and 8.6 cm-1 respectively. (b) The spectrum showing the low 

frequency region where a broad defect induced peak (LA(M)) is clearly visible at ~227 cm-1 

(highlighted in grey). 

 

A.3.4: High resolution TEM and AFM images of OoPO film 

The microstructure of OoPO films formed at 450 °C is analysed by high angle annular 

dark field (HAADF) and high-resolution transmission electron microscope (HRTEM) 

imaging. Figure A.3.4 shows the corresponding images revealing the out-of-plane 

oriented MoS2 films deposited by PEALD on a SiO2/Si substrate. Further, AFM 

analysis depicts the high roughness of the film deposited at growth temperature of 400 

°C. 
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Figure A.3.4 (a) The high angle annular dark field (HAADF) image of MoS2 film deposited at 

PEALD growth temperature of 450 °C clearly depicting the out-of-plane nanostructures. (b) 

High-resolution TEM image showing the mixed morphology of the film in the bulk. The 

distinctive flat regions correspond to the in-plane oriented film while the stripe-like structures 

correspond to the out-of-plane oriented MoS2 film. (c) AFM image depicting the topography of 

~25 nm thick film MoS2 film deposited at 400 °C. A high RMS roughness of 5.2 nm was 

observed. The 3-D view is also shown in the inset. 
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A.3.5: Surface morphology of MoS2 films on various substrates  

Figure A.3.5 shows the morphology of MoS2 film deposited at 450 °C (200 cycles each) 

on different substrates: Si substrate with 450 nm thermally grown SiO2, Si substrate 

with 250 nm Al2O3 (deposited by thermal ALD), Si substrate coated with 100 nm Au (e-

beam evaporation), SiO2/Si substrate with mechanically exfoliated MoS2 flakes from a 

natural MoS2 single crystal (bought from Manchester Nanomaterials, UK) and glassy 

carbon substrate which is used for HER tests. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.3.5 The top-view SEM images of the MoS2 films grown at 450 °C on different 

substrates. The development of out-of-plane nanostructures was observed irrespective of the 

substrate used (a) SiO2/Si, (b) Al2O3, (c) Au-coated SiO2, (d) Mechanically exfoliated MoS2 

flakes and (e) Glassy carbon. 
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A.3.6: Electrochemical Impedance Spectroscopy of MoS2 on glassy carbon  

 
 

 

 

 

 

 

 

 

 

Figure A.3.6 (a) The plot showing estimated double layer capacitance (Cdl) for the investigated 

samples at various scan rates (20 - 180 mVs-1). The inset shows an AFM micrograph of a polished 

glassy carbon plate using Al2O3 polishing slurry (0.3 μm). It is evident that the post-polished 

surface becomes rough in nature with RMS roughness value of 3.6 nm. (b) Electrochemical 

impedance spectroscopy (EIS): Nyquist plots of bare glassy carbon substrate and as-deposited 

MoS2 films with various ALD cycles collected at open circuit potential in 0.5 M H2SO4 

electrolyte with an AC amplitude of 10 mV. The charge transfer resistances were evaluated to be 

2.3 Ω (Bare GC), 2.1 Ω (10 cycles), 1.5 Ω (100 cycles), 1.2 Ω (400 cycles) and 1.2 Ω (600 

cycles), respectively. 
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Tuning the wettability of MoS2 
nanostructures using plasma-
enhanced atomic layer deposition* 

 
 

The surface wettability of an electrocatalyst can play a crucial role in determining its 

catalytic properties. Here, we demonstrate that plasma-enhanced atomic layer 

deposition (PEALD) is a robust, reproducible method to tune the wettability of 

molybdenum disulphide (MoS2) edge oriented nanostructures, an emerging 

electrocatalyst for the hydrogen evolution reaction (HER). This is accomplished by 

modulating the plasma gas composition and substrate bias (mainly affecting ion energy) 

during PEALD. The tuneable wettability has been demonstrated on for catalysis 

relevant carbon fibre paper (CFP) and SiO2/Si substrates. The water contact angle 

(WCA) could be varied from ~129° to near superhydrophobic 146° (MoS2 on CFP) and 

from ~109° to 133° (MoS2 coated SiO2/Si). A comprehensive SEM analysis showed a 

strong correlation between the morphology of edge oriented nanostructures and the 

WCA. This study might contribute to future MoS2 based applications such as efficient 

water splitting and desalination where tuneable wettability can play a significant role.  

 

 

 

 

 

 

 

* Akhil Sharma, Vincent Vandalon, W. M. M. (Erwin) Kessels and Ageeth A. Bol,   
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4.1 Introduction 

Recently, molybdenum disulphide (MoS2), a conventional solid lubricant, has gained 

widespread attention due to its extraordinary electrical, optical and mechanical 

properties on the nanoscale.1-4 Its atomically thin flat body combined with a direct band 

gap for the monolayer regime renders MoS2 an exciting nanomaterial for a plethora of 

future (opto) electronic applications. However, a less explored attribute is the 

wettability of vertically oriented nanostructures of MoS2 which have potential as 

coatings for desalination and electrocatalysts for hydrogen evolution reaction (HER) 

during water splitting.5-7 It has been demonstrated that the optimization of surface 

wettability is of importance for improving the electrocatalytic activity for HER.6-8 The 

wettability of a surface is generally determined by the water contact angle (WCA). 

Surfaces possessing a WCA > 150 are considered superhydrophobic. 

Superhydrophobic surfaces exhibit a higher efficiency in heat and mass transfer, lead to 

self-cleaning, provide water proofing etc. and therefore are desirable for a variety of 

applications.5 For exfoliated bulk MoS2, the WCA has been reported as ~90 in 

ambient, which is attributed to airborne hydrocarbon adsorption.9 On the contrary, the 

wettability of vertically oriented ‘nano-flower structures’ has been shown to be tuneable 

either by adjusting the process parameters during high temperature techniques like 

chemical vapor deposition (CVD) and/or by mechanical deformation.5-7 Although, a 

WCA up to ~159 has been reported using the above mentioned deposition techniques,6 

the highly desired reproducibility on a technological relevant scale might be difficult to 

achieve. Moreover, the high processing temperature and poor conformality of CVD 

makes it further challenging to scale up. Therefore, there is a clear need for an 

alternative robust, reproducible technique which can overcome the above stated 

challenges. In our previous publication,10 we have reported the use of low temperature 

PEALD to grow out-of-plane oriented, flower-like MoS2 films (denominated as ‘edge 

oriented nanostructures’ here) on a large scale for the hydrogen evolution reaction 

during water splitting. In this chapter, we demonstrate that by modulating the plasma 

chemistry during PEALD, we could attain tuneable wetting of MoS2 edge oriented 

nanostructures over demanding 3D structures. In particular, we show that by varying 

plasma gas composition and applying substrate bias during PEALD, the morphology of 

nanostructures could be altered at nanoscale enabling tuneable WCA. 
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4.2 Experimental section 

The MoS2 thin films were deposited at 450 C in an Oxford Instruments FlexALTM ALD 

reactor either on 4” SiO2 (450 nm)/Si wafers or Spectracarb™ 2050A Gas Diffusion 

Layer sheets (carbon fiber paper). The PEALD process was based on a combination of a 

metal organic precursor [(NtBu)2(NMe2)2Mo] and H2S+H2+Ar plasma as a co-reactant. 

The flow rate of H2S and H2 was fixed at 8 sccm and 2 sccm while the flow rate of Ar 

was varied ranging from 0 to 200 sccm. The details of the PEALD process can be found 

in our previous work.10 The substrate bias was applied during half duty cycle (i.e. last 

10 s for 20 s pulse) of the H2S+H2+Ar (Ar = 140 sccm) plasma co-reactant step. The 

number of ALD cycles used for each sample was 400 throughout this work unless stated 

otherwise. The samples were cooled down in vacuum to 150 °C before transferring 

them to the load lock chamber and subsequently to ambient to minimize oxidation in 

air. For MoS2 characterization, Raman spectroscopy was performed with a Renishaw 

Raman microscope equipped with a 514 nm laser, integrated switchable gratings with 

600 or 1800 lines/mm, and a CCD detector. The surface chemistry was studied by X-ray 

photoelectron spectroscopy (XPS) using a Thermo Scientific K-alpha spectrometer 

(Thermo Fisher Scientific, Waltham, MA) equipped with a monochromatic Al Kα X-

ray radiation source (hν = 1486.6 eV). The film morphology was analysed by scanning 

electron microscopy (SEM) using a FEI Helios 650 DualBeam system. Finally, for the 

measurement of macroscopic WCAs, a CAM200 goniometer (KSV Instruments Ltd., 

Helsinki, Finland) on a floating table was used. The static WCA measurements were 

performed by using 4 l droplets consistently for all experiments. For the advancing and 

receding WCA measurements, a fixed volume (0.5 l) of droplets were inflated and 

deflated respectively, with an automated dispenser until the contact line changes. The 

WCA was measured using the software ‘one attension (Biolin Scientific)’ based on the 

Young-Laplace equation.11 

 

4.3 Results and discussions 

The wettability of MoS2 edge-oriented nanostructures synthesized by varying the Ar 

partial pressure during the PEALD process was investigated on HER relevant CFP as 

substrates. The bare CFP possess high surface roughness and is porous in nature, giving 

it a high surface area, which is ideal for catalysis. Moreover, CFP provides strong 

adhesion to MoS2 which is important for stable catalytic activity12 and is therefore 

chosen as the supporting substrate. The optimized PEALD process (on SiO2/Si 
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substrates) as reported earlier,10 was used on CFP. This resulted in uniform and 

conformal MoS2 films. This was against expectations, as nucleation problems were 

foreseen due to the hydrophobic nature (as measured contact angle ~ 129°±1.8) and the 

graphitic structure of CFP. The high reactivity of plasma species during the PEALD 

process probably functionalizes the CFP surface and creates the necessary nucleation 

sites for the metal precursor to bind, resulting in subsequent film growth. Figure 4.1 (a) 

displays the top planar SEM image focused on an individual carbon fiber strand with a 

coating of MoS2, while Figure 4.1(b) shows the magnified image where the edge-

oriented nanostructures are clearly visible. From the SEM images it is evident that we 

obtained an excellent conformal coating of MoS2 edge oriented nanostructures around 

the fibers of the CFP. This showcases ALD’s inherent attribute of conformal deposition 

irrespective of the surface geometry.  

  

Next, the WCA of MoS2 nanostructures deposited on CFP using different 

concentrations of Ar in the plasma step of the PEALD process was measured. Figure 

4.1 (c) shows the graph of the WCA as a function of the Ar flow (0 - 200 sccm) during 

the PEALD process. It is evident that the growth of MoS2 film on CFP results in an 

increase of the contact angle to ~139° when no Ar is added to the plasma as compared 

to bare CFP. With increasing Ar flow, the contact angle is nearing superhydrophobicity 

(contact angle ~ 146°) at an Ar flow of 100 sccm. This degree of tuneable contact angle 

achieved by varying the Ar partial pressure in the plasma co-reactant step during 

PEALD process might be valuable for HER application. It has been demonstrated that 

the surface wettability is related to the adhesion force between a gas bubble produced 

during HER and the solid catalyst surface. The manipulation of wettability thus can 

facilitate the desorption of H2 gas bubble resulting in enhanced catalytic activity.7 

 

In order to analyze the film morphology and understand the effect of the Ar 

concentration on the WCA, a similar series of deposition by varying the Ar flow in the 

plasma gas composition was performed on planar SiO2/Si substrates. We first checked 

whether the WCA behaves similar on SiO2/Si substrates. The as-measured WCAs as a 

function of varying Ar partial pressure show a similar trend as CFP (Figure 4.2 (a)). 

Noticeably, the WCA obtained without Ar in the plasma is relatively lower (~118) 

because of the flat surface of SiO2/Si substrates. 
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Figure 4.1 Top planar SEM images showing the (a) carbon fiber conformally coated with MoS2 

thin film (b) magnified view elucidating the uniformal presence of edge-oriented nanostructures 

(c) The plot showing variability in water contact angle as a function of Ar flow during the 

PEALD process on CFP substrates. The droplet images acquired by goniometer are displayed 

along with each data point. 

 

Furthermore, the highest WCA is obtained for the sample processed with Ar -100 

sccm, as for the CFP. One of the other important measures of surface wettability is 

contact angle hysteresis (CAH) which is a measure of the adhesion between water and a 

surface.4 The CAH is calculated from the difference between the advancing and 

receding WCAs by using the dynamic sessile drop method. It is considered that large 

CAH values for rough surfaces lead to a stronger adhesion of water to the surface which 
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causes the pinning of a water droplet.13 We note that all the samples with edge oriented 

nano-structures exhibit droplet pinning (inset of Figure 4.2 (b)) due to the petal effect in 

the Cassie impregnation wetting regime as described in the literature.14  
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Figure 4.2 (a) The plot showing variability in water contact angle as a function of Ar flow during 

PEALD process for SiO2/Si substrates. (inset) The corresponding water droplet images acquired 

by goniometer are shown next to each data point (b) The bar plots for selective samples 

displaying a large hysteresis for advancing and receding measurements. (inset) The photographs 

showing the ‘pinning’ of the droplets on the edge oriented nanostructures. (c - g) The top planar 

SEM images show the morphology of as-deposited edge-oriented MoS2 nanostructures with 

varying Ar flow in the plasma gas composition during PEALD process (scale bar - 100 nm). (h) 

The schematic illustrating the change in morphology of nanostructures by varying the Ar 

concentration (from 40 sccm to 100 sccm). 

 

For our samples, we calculated the CAH by using the above mentioned dynamic 

sessile drop method. Figure 4.2 (b) compares the advancing and receding WCAs for two 

selected samples (Ar - 140 sccm and Ar - 200 sccm) which gave a high value of CAH 

(~30 - 40) and explains the observed droplet pinning as aforementioned. SEM images 



  Chapter 4 

97 

were taken to study the film morphology in detail. It was observed that the complete 

series resulted in uniform edge oriented nanostructures on the substrates as depicted in 

Figure 4.2 (c - g). A close inspection of the SEM images reveals that (a) the edge 

lengths of nanostructures increase as the Ar is introduced in plasma (i.e. Ar - 0 sccm to 

Ar - 40 sccm). (b) The morphology of nanostructures transforms from near-vertical (for 

Ar - 40 sccm) to more flower-like (Ar - 100 & 140 sccm) as schematically illustrated in 

Figure 4.2 (h). This is most likely due to a slight difference in tilt angle of edges causing 

an apparent increase in void fraction for higher Ar concentration. Furthermore, it is 

evident that this flower-like morphology with slightly tilted edges yields the highest 

contact angle (~133°). Therefore, it is clear that these type of hierarchical 

nanostructures are most favorable for surface to attain the Cassie-Baxter state thus 

resulting in hydrophobicity.  

 

At this point, it is important to investigate the chemical properties of the film to 

analyze any film compositional effect on WCA with varying Ar concentration. To this 

purpose, X-ray photoelectron spectroscopy (XPS) characterization was performed and 

the corresponding peaks for all samples are shown in Appendix (Figure A.4.1 (a) & 

(b)). The plots for the Mo3d and S2p regions show virtually identical characteristics 

irrespective of the Ar concentration condition. In addition, we also performed Raman 

spectroscopy characterization, which show the typical vibrational modes for MoS2
15 for 

all samples indicating the presence of uniform crystalline material, as shown in Figure 

A.4.1 (c) (in Appendix). Based on these results, we could preclude any role of the 

chemical composition of the films on the tuneability of the WCA and reinstate that it is 

a purely morphological effect induced by the modulation of the plasma gas composition 

during the PEALD process. 

 

From the above results, it is clear that the introduction of heavy Ar species in the 

plasma gas composition shows a prominent effect on the nano-scale morphology. The 

admixing of Ar in the plasma gas mixture affects a number of parameters including but 

not limited to ion energy, ion flux, radical density and plasma pressure. Next, we 

analysed the effect of substrate biasing during PEALD on the morphology and WCA of 

MoS2 films. The application of substrate biasing enables the control over the ion energy 

during the plasma co-reactant step of a PEALD process which can have a significant 

effect on the material properties.16 The detailed know-how of applying substrate biasing 

during PEALD can be found elsewhere.17-18 Hereby, we performed an experiment to 
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apply the substrate bias during plasma co-reactant step (which most likely resulted in 

increased ion energy) and study the influence on the morphology and contact angle of 

resulting MoS2 film. Interestingly, a major effect on the morphology of resulting MoS2 

films is observed as a function of increasing bias voltage. Figures 4.3 (a) & (b) show the 

top view SEM images for films deposited on SiO2/Si with bias voltages of -89 V and -

142 V respectively. A closer look at the film deposited with bias voltage of -89 V 

reveals that the density of edge oriented nanostructures is less as compared to the 

sample processed without any substrate bias (Figure 4.2 (d)). On the contrary, for the 

film deposited with higher bias voltage (-142 V), the morphology appears altogether 

different with the presence of protruding lumps of MoS2. We can speculate that the 

observable change in morphology is most likely due to stronger impingement of heavy 

Ar ions during film formation which governs the morphology development of the 

resulting film. 

  

As a consequence, the WCA followed the change in morphology and varied from 

132.9° ± 2 (for film deposited without bias) to 115.5 ± 0.22 and 109.5 ± 0.41 for films 

deposited with bias voltages of -89V and -142V respectively. Therefore, an additional 

knob in the form of ion energy enables the tuneability of morphology further and 

consequently also the WCA. Importantly, the XPS analysis of films deposited with 

substrate biasing revealed no change in chemical compositions with identical peaks for 

Mo3d and S2p energy range as in the case without bias application (Figure A.4.2 in 

Appendix). This again indicates that the WCA is purely altered  by  changes in film 

morphology. Furthermore, it is worth mentioning that the application of substrate 

biasing has also been shown to induce the formation of point defects leading to stress 

evolution in thin films.16 We have used Raman spectroscopy to analyse the lattice strain 

effects in the MoS2 films deposited with substrate biasing which has been shown as an 

effective tool for this purpose.17 Figure 4.3 (c) shows the Raman spectra for films 

deposited with and without application of substrate bias. As the substrate bias is applied, 

red shifts in the position of both E1
2g and A2g peaks are observed (380.1 cm-1 and 404.2 

cm-1), which indicates the development of lattice strain in the film and therefore 

confirms the argument as stated above. In literature, it has been shown that for some 

materials, the lattice strain can play a critical role in determining their electrocatlytic 

properties.19 Thus, we propose that the application of substrate biasing during PEALD  

might enable improved performance of MoS2 films for HER application and prove as an 

interesting topic for further investigation. 
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Figure 4.3 The top planar SEM images displaying the variation of film morphology after 

application of bias voltage of (a) -89 V (b) -142 V respectively (scale bar - 100 nm). The water 

droplet images are shown in inset. (c) Raman spectra shows the red shift of  predominant 

vibrational modes (indicated by arrow) after substrate biasing as compared to the peaks at ~ 383.5 

cm-1 and 407.6 cm-1 for film deposited without application of substrate bias. 

 

4.4  Conclusions 

In conclusion, we have demonstrated that the morphology and wettability of MoS2 

nanostructures can be tuned by varying the plasma parameters during PEALD. The 

comprehensive SEM analysis of the nanoscale morphology has revealed that the tilt 

angle of the edges of MoS2 nanostructures can be varied by changing the plasma 

parameters, which has a profound effect on the resulting WCA. Furthermore, changing 

the plasma parameters did not have an effect on the chemical composition of the MoS2, 

and therefore the resulting morphology plays a deterministic role in controlling the 

WCA of edge oriented MoS2 films synthesized by PEALD. This study will provide a 

new avenue for designing rough surfaces with controllable wettability and hence 

contribute towards advancement of future applications utilizing MoS2 based nano-

structured surfaces.  
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Appendix 

A.4.1 Raman and XPS spectra for MoS2 films 

For all samples, the binding energy peak positions corresponding to Mo4+ and S2- 

species were indistinguishable, demonstrating the presence of chemically pure MoS2 

edge oriented structures. 
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Figure A.4.1 XPS spectra corresponding to varying Ar concentration in plasma gas composition 

for (a) Mo3d region depicting the peaks corresponding to Mo (IV) and S2s regions. The doublet 

peak for Mo (IV) and single peak for S2s regions are highlighted with dashed lines respectively. 

(b) S2p region with a doublet peak corresponding to S2p3 and S2p1 respectively. (c) Raman 

spectra for samples with varying Ar concentration. The predominant vibrational peaks (i.e. E1
2g 

and A1g ) are positioned at 383.5 cm-1 and 407.6 cm-1  for each case and highlighted with dashed 

lines. 
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A.4.2 XPS spectra for MoS2 films deposited with substrate biasing 
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Figure A.4.2 The details of XPS spectra showing the spectral regions for (a) Mo3d and (b) S2p 

corresponding to the different bias conditions. There are no observable changes in chemical 

composition of the films deposited with application of varying substrate bias voltages.  
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High performance MoSx thin films for 
hydrogen evolution reaction prepared 
by plasma enhanced atomic layer 
deposition* 

 
 

The hydrogen evolution reaction (HER) performance of an electrocatalyst can be 

greatly influenced by its structural properties. Here, we present a scalable, facile method 

to tune the structural properties of molybdenum sulphide (MoSx) films to attain highly 

HER active films by adjusting the temperature during plasma enhanced atomic layer 

deposition (PEALD) process. The PEALD synthesized films at 250 °C and 450 °C are 

predominantly amorphous and nano-crystalline in nature respectively. A systematic 

comparison between electrocatalytic performance of these two types of films shows that 

the predominantly amorphous films perform much better in HER. A high current 

density at low overpotential (10 mA/cm2 at  ~ 235 mV) with a Tafel slope as low as 47 

mV/dec has been achieved. A comprehensive analysis based on X-ray photoelectron 

spectroscopy and extended X-ray fine absorption spectroscopy has revealed the 

structural differences between films synthesized at 250 °C and 450 °C which might be 

the reason for their different HER activities.  

 

 

 

 

 

 

*Akhil Sharma, Longfei Wu, Marcel A. Verheijen, Jan P. Hofmann, Wilhelmus M. M. 

(Erwin) Kessels and Ageeth A. Bol, to be submitted 
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5.1 Introduction 

Molybdenum disulphide (MoS2), a transition metal dichalcogenide, has been identified 

as an inexpensive catalyst for hydrogen evolution reaction (HER). The low Gibbs free 

energy of hydrogen adsorption (ΔGH*) for edge sites of MoS2 makes it an attractive 

candidate as an alternative to the expensive, non-abundant noble metals like Pt.1 Bulk 

MoS2, however, exhibits a poor HER activity due to predominantly exposed basal 

planes instead of edge sites, which are catalytically inert as well as the large internal 

resistance in the bulk semiconductor.2 Therefore, tremendous efforts have been put into 

structural engineering of MoS2 to maximise the exposure of active edge sites. Some of 

the approaches are based on the synthesis of nanoparticles, mesoporous double-gyroid 

structures, or vertically aligned films.3 Interestingly, the amorphous phase of 

molybdenum sulphide (MoSx) has also been reported to exhibit high HER activity 

owing to the abundant active sites on the surface.4, 5 Several groups have synthesized 

amorphous MoSx using methods such as electrochemical deposition, wet chemical 

synthesis, hydrothermal growth, or atomic layer deposition (ALD).4, 6-9  

 

ALD is an excellent method to prepare electrocatalysts owing to its inherent thickness 

control with atomic scale precision. The amount (loading) of catalysts can be controlled 

in a facile way by tuning the number of ALD cycles which is a large advantage over 

other synthesis techniques. Furthermore, the self-limiting nature of ALD also enables 

uniform and conformal film coatings on high surface area substrates such as carbon 

fibre paper (CFP) which is an excellent way to increase the electrochemical surface 

active surface area, i.e. the number of active sites. 

 

In our recent publication,10 we have reported the synthesis of nanocrystalline, 

vertically aligned MoS2 films over large area by using plasma enhanced atomic layer 

deposition (PEALD) at 450 °C. We have demonstrated that these vertically aligned 

films are efficient electrocatalysts for HER. Concomitantly, in literature, ALD MoSx 

films with a mixed amorphous/nanocrystalline phase have also been shown to exhibit a 

high HER performance.9 In the work of Kwon et al.9, CFP was chosen as the supporting 

substrate because of its large specific surface area and enhanced adhesion of MoSx. A 

particle-like growth behaviour was observed which was attributed to the low density of 

adsorption sites on CFP substrate. Nevertheless, a high cathodic current density at low 
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overpotential in combination with a low Tafel slope were achieved which demonstrated 

the potential of ALD to design and prepare electrocatalysts for HER.  

 

Currently, there is no clear understanding of what the success factors for MoS2 

deposited by ALD in HER are, as both amorphous material and nanocrystalline, 

vertically aligned structures are very active in HER. In this paper, we synthesize both 

amorphous and nanocrystalline films using our morphology tuneable PEALD process, 

simply by tuning the process temperature. The films synthesized at 250 °C are 

predominantly amorphous, whereas the films at 450 °C are nanocrystalline in nature as 

aforementioned and will be referred to as MoSx and MoS2 films respectively, 

throughout this chapter. We have chosen two HER relevant supporting substrates, 

glassy carbon (GC) and CFP, to assess HER performance of both types of films 

synthesized by PEALD. To elucidate the reasons responsible for the improved HER 

performance for both type of PEALD synthesized films, a systematic comparison has 

been performed to correlate the observed difference in their electrocatalytic activities 

with the corresponding structural and chemical properties. In particular, we have 

employed X-ray photoelectron spectroscopy (XPS), extended X-ray absorption fine 

spectroscopy (EXAFS), Raman microscopy, and transmission electron microscopy 

(TEM) to study the influence of electronic and crystallographic structure on HER 

performance of the films.  

 

5.2 Experimental section 

ALD process specifications 

MoS2 thin films were deposited at 250 °C and 450 C in an Oxford Instruments 

FlexALTM ALD reactor on SiO2 (450 nm)/Si coupons, Glassy carbon substrates 

(Carbon-Vitreous-3000C-Foil-VC000550, Goodfellow Cambridge Ltd. UK) and 

Spectracarb™ 2050A Gas Diffusion Layer sheets (carbon fibre paper). The PEALD 

process was based on a combination of the metal organic precursor 

[(NtBu)2(NMe2)2Mo] and H2S+H2+Ar plasma as a co-reactant. The flow rates of H2S, 

H2 and Ar were fixed at 8 sccm, 2 sccm and 40 sccm respectively. The details of the 

PEALD process can be found in our previous work.10 

Film crystallinity and surface morphology 

Raman spectroscopy measurements were performed with a Renishaw Raman 

microscope equipped with a 514 nm laser, integrated switchable gratings with 600 or 
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1800 lines/mm, and a CCD detector. For each scan, 5 accumulations with acquisition 

time of 10 s were taken. The surface morphology was studied by scanning electron 

microscopy (SEM) using a ZeissSigma Nanolab operating at an acceleration voltage of 

2 kV.  

Chemical composition 

To determine the elemental composition, X-ray photoelectron spectroscopy (XPS) was 

performed using a Thermo Scientific K-alpha spectrometer (Thermo Fisher Scientific, 

Waltham, MA) equipped with a monochromatic Al Kα X-ray radiation source (hν = 

1486.6 eV). For the XPS analysis, a 400 µm diameter spot was used and photoelectrons 

were collected at a take-off angle of 60°. The samples were charge neutralized during 

the XPS analysis using an electron flood gun in order to correct for differential or non-

uniform charging. All peaks in the XPS survey scans are referenced to the binding 

energy of the C1s peak of adventitious carbon (284.8 eV) for charge correction and 

quantification of the survey scans have been performed using Avantage software.  

Film microstructure 

The film microstructure was determined by HRTEM analysis using a JEOL ARM 200F 

operated at 80 kV. For the top planar view images, MoS2 films were grown on SiNx 

TEM windows, coated with ~5 nm ALD SiO2. Selected area electron diffraction 

(SAED) patterns were acquired from a 1.3 µm diameter area on each sample.  

Electrochemical testing 

MoS2 films were deposited on glassy carbon plates polished by 0.3 μm Al2O3 slurry and 

later on cleaned with ethanol and Milli-Q H2O for electrochemical tests. The 

measurements were performed in a three-electrode electrochemical workstation (Type: 

PGSTAT302N, Metrohm Autolab) with saturated calomel electrode (0.269 V vs. 

reversible hydrogen electrode (RHE) as a reference electrode, Pt foil (1 x 2 cm2) as a 

counter electrode and glassy carbon working electrode. All measurements were 

performed in 0.5 M H2SO4 electrolyte prepared using 18 MΩ·cm deionized Milli-Q 

water purged with Ar for 20 min. Linear sweep voltammetry (LSV) experiments were 

conducted with a scan rate of 5 mV/s and AC electrochemical impedance spectroscopy 

was recorded at open circuit potential (OCP) in the frequency range of 10 kHz to 0.1 

Hz. To calculate the Tafel slope, the linear portion at low overpotential region was fit to 

the Tafel equation using the internal resistance corrected LSV curves. Cyclic 

voltammetry (CV) stability tests for extracting double layer capacitance values were 

conducted with varying scan rates from 20 - 120 mV/s starting at OCP from -0.52 V to 

0.62 V. 
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EXAFS measurements 

EXAFS were recorded at BM26A (DUBBLE beamline) of ESRF, operating at 6 GeV 

with a beam current of 200 mA. Mo foil was used as a reference for energy calibration, 

all spectra were collected in fluorescence mode at Mo K-edge (20 keV). EXAFS spectra 

were background subtracted and fitted with Viper. Scattering paths were calculated by 

FEFF6 from molybdenite (MoS2) crystal structure from American Mineralogist Crystal 

Structure Database. The fitting range of Mo K-edge was ∆k = 2-11.06 Å─1 and ∆R = 

1.06-2.43 Å. Plotted spectra were not phase-corrected and has a k-weight of 2. 

 

5.3 Results and discussion 

In our previous study,10 we observed a clear difference in morphology of the films 

deposited at 250 °C and 450 °C, respectively. The SEM and Raman analyses showed 

that while the film at 250 °C was predominantly amorphous in nature, the film at 450 °C 

was highly textured, possessing out-of-plane orientation. In the current work, we started 

by assessing the electrochemical activities of PEALD synthesized films at 250 °C and 

450 °C, on glassy carbon (GC) substrates. To this purpose, both samples (400 ALD 

cycles each) were used as working electrode for hydrogen evolution in 0.5 M H2SO4 

solution. Figure 5.1 (a) shows the polarization curves for films synthesized at 250 °C 

and 450 °C, respectively. A higher HER activity is obtained for both molybdenum 

sulphide coated GC substrates as compared to the bare GC substrate. Furthermore, 

amongst the two samples, a considerable improvement of the HER activity for film 

synthesized at 250 °C (MoSx) is visible. The overpotentials required to reach a current 

density of 10 mA/cm2 are -281 mV and -503 mV for films synthesized at 250 °C and 

450 °C, respectively. The large current density obtained at lower overpotential for the 

amorphous sample indicates a probable higher number of active sites for HER as is 

discussed later.  

 

Figure 5.1 (b) displays the Tafel plots for films synthesized at 250 °C and 450 °C, 

respectively. The Tafel slope is a figure of merit for electrocatalytic activity which is 

extracted by fitting the Tafel equation to the linear portion of the Tafel plot. Tafel slopes 

of 54 mV/dec and 94 mV/dec for films synthesized at 250 °C and 450 °C, respectively, 

indicate two different types of HER mechanisms for the two types of films. There are 
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three principal steps for converting H+ to H2 in acidic medium.11, 12 The first is a primary 

discharge step (i.e. Volmer reaction): 

𝐻3𝑂+ +  𝑒−  →  𝐻𝑎𝑑 + 𝐻2𝑂 

which is either followed by the electrochemical desorption step (i.e. Heyrovsky 

reaction): 

𝐻𝑎𝑑 + 𝐻3𝑂+ + 𝑒−  →  𝐻2 + 𝐻2𝑂 

or a recombination step (i.e. Tafel reaction): 

𝐻𝑎𝑑 + 𝐻𝑎𝑑  →  𝐻2 

 

 

Figure 5.1 (a) Cathodic polarization curves as measured by linear sweep voltammetry (LSV) for 

MoSx coated GC substrates. LSV curves were recorded in 0.5 M H2SO4 at a scan rate of 5 mV/s 

and with rotating speed of 800 rpm.  (b) Tafel plots derived from LSV curves in (a). The values of 

Tafel slopes for films synthesized at 250 °C and 450 °C are evaluated to be 54 mV/dec and 94 

mV/dec, respectively. 

 

Under a set of specific conditions, considering that the Volmer reaction is the rate-

limiting step of HER, the value of Tafel slope should lie around 120 mV/dec, whereas if 

Heyvrosky or Tafel reactions act as rate-limiting steps, Tafel slopes of 30 and 40 

mV/dec can be observed. Therefore, based on the values of Tafel slopes for our PEALD 

synthesized films at 250 °C and 450 °C, it can be inferred that while for films 

synthesized at 250 °C, the Volmer-Heyrovsky mechanism may dominate while the 

major pathway for films synthesized at 450 °C can be the Volmer-Tafel. 

    

Raman spectroscopy was employed to verify the crystallinity of the molybdenum 

sulphide films. Figure 5.2 (a) displays the Raman spectra for both types of films 
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showing clear differences. The two characteristic in-plane (E1
2g) and out-of-plane (A1g) 

vibrational modes are clearly present for the film synthesized at 450 °C showing its 

crystalline nature. However, the Raman characteristic peaks are weak and broad for the 

film synthesized at 250 °C. Furthermore, the peaks show a red shift which might be due 

to the absence/little of long range spatial order in the atomic lattice as reported in the 

literature.13, 14 This signifies the predominant amorphous nature for films synthesized at 

250 °C. These results are in line with the TEM studies which were performed to 

elucidate the microstructural differences between two types of films. From TEM images 

(Figure 5.3 (b) & (c)), it appears that the film synthesized at 450 °C has a significant 

amount of stacked structures suggesting a stronger degree of crystallinity as compared 

to film synthesized at 250 °C. This is corroborated by the selective area electron 

diffraction (SAED) patterns (shown in insets of Figure 5.3 (b) & (c)) showing a diffuse 

ring and a set of sharp diffraction rings for films synthesized at 250 °C and 450 °C, 

respectively. This confirms the predominant amorphous and crystalline nature for the 

two types of films as stated earlier. 

 

The chemical composition and electronic structure of the films were analyzed by 

using X ray photoelectron spectroscopy (XPS). Shown in Figure 5.2 (b) are the detailed 

XPS spectra of the S2p region. The S2p region for films synthesized at 450 °C shows 

the doublets of S2− 2p1/2 and 2p3/2 peaks with binding energy positions at 163.5 eV and 

162.3 eV, respectively which is in accordance with the literature for MoS2. However, 

interestingly, in the case of the film synthesized at 250 °C, there exist two doublets 

which indicates that the S atoms near the surface exist in multiple oxidation states in the 

form of S2− and S2
2− species. The binding energies of the 2p1/2 and 2p3/2 peaks which 

appear at 164.6 eV and 163.4 eV, respectively represent the S2
2− species. The presence 

of S2
2− species in amorphous MoSx films has been reported by several groups and it can 

either have a terminal or bridging structure with the formulation MoIV(S2−) (S2
2− ).15, 16 

The ratio between S2− and S2
2− species is evaluated to be ~1.3 which is comparable with 

the literature.6, 9 Note that the presence of S2
2− species in amorphous MoSx has been 

demonstrated to play a major role in enhanced HER performance which in some reports 

is believed to serve as active sites for hydrogen evolution.6, 9, 17 
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For the Mo3d region, we did not find any apparent difference between films 

synthesized at 250 °C and 450 °C except a slight shift in binding energies of Mo4+ 3d5/2 

core electrons for the latter case (228.8 eV vs 229.1 eV). The detailed spectra of the 

Mo3d region for films synthesized at 250 °C and 450 °C are given in Figure A.5.1 (a) 

(Appendix) which shows the doublet corresponding to MoS2 (Mo4+) in combination 

with a small fraction of Mo5+ and Mo6+ indicating the surface oxidation of the sample, 

most likely due to the exposure to ambient air. The oxygen content remains below 2% 

which demonstrates the chemically pure nature of the molybdenum sulphide films.  
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Figure 5.2 (a) Raman spectra showing the characteristic Raman vibration peaks (i.e. E1
2g and A1g) 

for the films synthesized at 250 °C and 450 °C, respectively. The weak and broad peaks for the 

sample prepared at 250 °C indicate towards the predominant amorphous nature of films.  (b) XPS 

spectra of the S2p region for films synthesized at (bottom) 250 °C and (top) 450 °C. For the film 

synthesized at 250 °C, two doublet peaks corresponding to S2
− and S2

2− species appear. 

 

Noticeably, we evaluated the S/Mo ratios of 2.26 and 1.70 for the films synthesized at 

250 °C and 450 °C respectively, which clearly shows the possibility to tune the 

stoichiometry of MoSx films by PEALD in a facile way. Furthermore, the valence band 

spectra for two films (shown in Figure A.5.1 (b) of Appendix) clearly differs indicating 

towards the differences in their electronic structure which might also play a role in HER 

performance. This tuning of chemical and electronic structure of MoSx films thus 

imparts a favourable chemistry for improved HER performance for films synthesized at 

250 °C and establishes our PEALD process as an efficient tool to prepare 

electrocatalysts with high HER performance.  
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Although XPS is a very informative technique, it only probes the very first 

nanometers of a surface. Therefore, in order to gain further insight into the bulk 

structure of PEALD synthesized films, we used extended X-ray absorption fine 

structure spectroscopy (EXAFS). This technique provides information about the local 

bonding environment and can determine short-range (local) order parameters such as 

interatomic distances in either crystalline or amorphous materials. To understand the 

difference between the bulk structure of the films synthesized at 250 °C and 450 °C, we 

probed the GC samples coated with both types of films (400 ALD cycles each).  

 

Figure 5.3 (a) shows the Fourier transform magnitude (FTM) of EXAFS data for both 

cases. It is worth mentioning that for MoS2 synthesized at 450 °C, two main peaks (seen 

at ~1.98 and 2.74 Å) represent the Mo-S and Mo-Mo nearest neighbours corresponding 

to actual distances of 2.4 Å and 3.1 Å respectively, which is in accordance with the 

published reports.18 However, in case of MoSx synthesized at 250 °C, an additional 

shoulder (~1.27 Å) is observed adjacent to the main Mo-S peak, which might be 

attributed to a distorted Mo-S bond with interatomic distance of 1.7 Å . In literature, this 

additional peak has also been observed for amorphous MoSx films containing 

considerable oxygen content.18 In our case, however, the XPS surface scan shows very 

low oxygen content in MoSx films (< 2%) which implies that the bulk should have even 

lower oxygen content. And since EXAFS reflects the bulk information, it can therefore 

be argued that the additional peak in the FTM plot may correspond to Mo-S rather than 

Mo-O bond. The k2 weighted average plot and the extracted parameters (interatomic 

distances, coordination numbers etc.) from EXAFS data are given in Figure A.5.2 and 

Table A.5.1 respectively. Overall, we believe that the presence of the distorted Mo-S 

bond in MoSx films might also have a role in their higher HER performance, however, a 

detailed investigation is required in this direction to gain further insight which is beyond 

the scope of the present work. 
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Figure 5.3 (a) Magnitude of the Fourier transform of the EXAFS on GC substrates for (top) 

PEALD synthesized MoSx film at 250 °C and (bottom) PEALD synthesized MoSx films at 450 

°C. These plots essentially represent the radial distribution functions around the Mo atoms in the 

films. The extra shoulder observed in the former case is ascribed to the existence of distorted Mo-

S bond in the predominantly amorphous MoSx films. (b) and (c) Top planar TEM images for films 

synthesized at 250 °C and 450 °C. The insets show the corresponding SAED patterns.   

 

Next, CFP was used as a supporting substrate for the amorphous MoSx films, as the 

HER performance can be further improved due to the porous nature of CFP leading to a 

large electrochemically active surface area.19 We performed a series of depositions at 

250 °C by varying the number of ALD cycles on CFP substrates. Figure 5.4 (a - e) 

displays the top planar SEM images of CFP substrates coated with MoSx prepared by 

varying number of ALD cycles (100 - 800). From Figure 5.4 (a), it can be observed that 

very few features are present on the 100 cycles substrate which might be attributed to 

poor nucleation of MoSx film on CFP due to its hydrophobic (graphitic like) structure. 



  Chapter 5 

113 

As the number of ALD cycles are increased to 200, the density of the granular features 

also increases (Figure 5.4 (b)). From this point onwards, with increasing number of 

ALD cycles (400 - 800), while the density and size of features increase, the film 

morphology eventually appears flake-like (Figure 5.4 (c - e)).  

 

The HER activity of CFP substrates coated with MoSx prepared by varying the 

number of ALD cycles and hence different MoSx loading was assessed. Figure 5.4 (f) 

shows the polarization curves for MoSx coated CFP substrates. The overall current 

density in case of CFP is higher than of GC (for 400 cycles: 38.8 mA/cm2 vs 13.1 

mA/cm2 @300mV) probably due to its larger catalytically active surface area. The 

sample with the lowest number of cycles (100) exhibits low current density which might 

be related to the poor nucleation of MoSx film as discussed above. The other samples 

exhibited a high current density at low overpotential. Table 6.1 shows the overpotentials 

required to reach a current density of 10 mA/cm2 which are comparable to the previous 

reports for efficient amorphous MoSx as electrocatalyst.4, 6, 8, 9 Furthermore, Figure 5.4 

(g) shows the Tafel plots presenting the Tafel slopes for CFP substrates coated with 

MoSx prepared by varying ALD cycles. The value of Tafel slopes lie in the range 40 - 

48 mV/dec which suggests a Volmer - Tafel type of mechanism.   

   

 

Figure 5.4 (a - e) SEM top planar view images of MoSx films with varying number of ALD cycles 

on CFP substrates. (f) Cathodic polarization curves as measured by LSV for MoSx coated CFP 

substrates. (g) Tafel plots showing Tafel slopes in the range of 40 - 48 mV/dec.  
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Another widely used metric to measure the electrochemical reaction at equilibrium ( 

= 0) is the exchange current density (j0). The value of j0 is useful to evaluate the HER 

activity and generally depends on the Gibbs free energy of the hydrogen adsorption for 

a HER catalyst. Table 5.1 displays the values of j0 for MoSx coated CFP. It is observable 

that the values of j0 steadily increase (1 - 1.6 A/cm2) with high number of ALD cycles 

most likely due to increase in electrochemically active surface area (Ae). So, in order to 

estimate the values of Ae, we determined the double-layer capacitance (Cdl) by using 

cyclic voltammetry (Figure A.5.3 (a) in Appendix). The extracted values of Cdl  are also 

shown in Table 5.1. Several groups report the Cdl of MoS2 in the form of a flat thin film 

to be ~60 F/cm2.4, 20 This implies that up to 200 ALD cycles, the film coverage most 

likely remains partial due to the poor nucleation as described earlier. Furthermore, the 

Ae values for the MoSx coated CFP reaches as high as ~ 3.5 times (for 1000 ALD 

cycles) as compared to the geometrical area which explains its higher electrochemical 

activity as compared to GC substrates. It is to be noted that the CFP sample with 1000 

ALD cycles exhibits the highest j0 and Cdl values which can be ascribed to a low value 

of charge transfer resistance as measured by electrochemical impedance spectroscopy 

(EIS). Figure A.5.3 (b) (in Appendix) shows the Nyquist plots as measured by EIS for 

MoSx coated CFP substrates.  From this plot, the lowest charge transfer resistance value 

of 0.76 Ω was evaluated for the CFP sample with ALD 1000 cycles as compared to 

samples with 600 (1.77 Ω) and 800 ALD cycles (1.46 Ω) respectively.   

 

Table 5.1 The key figures of merit for MoSx coated CFP substrates.  

ALD 

cycles 

Overpotential () 

@ 10 mA/cm
2
 (mV) 

Exchange current 

density (j0) (A/cm
2
) 

Double layer capacitance 

(Cdl) (F/cm
2
) 

100 283.2 1.03 12.4 

200 247.9 1.04 30.4 

400 235.1 1.08 86 

600 249.0 1.38 99 

800 241.6 1.45 159.5 

1000           239.4 1.57 215 

 

5.4 Conclusion 

In conclusion, we have demonstrated that PEALD is an efficient method to tune the 

structural properties of molybdenum sulphide films which subsequently results in high 

HER performance. We have performed a comprehensive comparison between the 
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electrocatalytic activities of the predominantly amorphous and nanocrystalline 

molybdenum sulphide films synthesized by PEALD at 250 °C and 450 °C, respectively. 

The predominantly amorphous films exhibit a higher HER performance which most 

likely stems from their different structural and chemical properties as compared to the 

nanocrystalline films. The structural difference between two types of films is 

highlighted by XPS and EXAFS techniques. The XPS studies show the presence of S2
2− 

species whereas the EXAFS analysis reveals a distinct peak probably corresponding to a 

distorted Mo-S bond in the films synthesized at 250 °C. These structural differences 

might have a profound effect on HER performance of predominantly amorphous MoSx 

films and render them better electrocatalysts than nanocrystalline films. Altogether, our 

work confirms other studies and ascertains ALD, owing to its precise thickness control 

and ability to yield highly conformal films on high surface area substrates, as a well 

suited tool to synthesize emerging transition metal dichalcogenides based 

electrocatalysts.  
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Appendix 

 

A.5.1 XPS analysis 
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Figure A.5.1 (a) Detailed XPS spectra for Mo 3d region for film synthesized at 250 °C 

and 450 °C respectively. (b) Valence band spectra for films synthesized at 250 °C and 

450 °C, respectively. An apparent difference between two films is visible. 
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A.5.2 EXAFS analysis 

 

 

Figure A.5.2 Mo K EXAFS (k2.χ(k)) for PEALD synthesized (top) MoSx film at 250 °C 

(bottom) MoS2 film at 450 °C, respectively. 
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A.5.3 CV and EIS measurements 
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Figure A.5.3 (a) Plots for current density as a function of potential scan rates for MoSx coated 

(left) CFP substrates from cyclic voltammetry. The data points for each number of cycles are 

fitted to a linear curve. The slopes of linear curve correspond to 2*Cdl values. (b) Nyquist plots 

for current density as a function of potential scan rates for MoSx coated CFP substrates as 

measured by EIS technique.  
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Plasma enhanced atomic layer 
deposition enabled uniform large area 
patterned growth of high quality MoS2* 

  
 

The large scale production of transition metal dichalcogenides including MoS2 is an 

active area of research. Primarily, the precise thickness control and high quality over 

large area are crucial aspects for realization of TMDs based device applications. Here, 

we demonstrate the synthesis of high quality MoS2 thin films over large area using the 

combination of low temperature plasma enhanced atomic layer deposition (PEALD) 

and high temperature thermal sulphurization. As an inherent advantage of ALD, we 

have achieved precise thickness control ranging between a monolayer to few-layered 

MoS2 in combination with an excellent quality as demonstrated by transmission electron 

microscopy analysis. Furthermore, a uniform film and exceptional conformality over 3-

D structures are also exhibited. Additionally, the low temperature PEALD process has 

been exploited to obtain patterned growth of MoS2 on device ready SiO2/Si substrates 

eliminating any etching and transfer step. Finally, a prototypical field effect transistor 

device based on MoS2 channel layer has been demonstrated. Overall, this method 

presents a supplementary path to the range of approaches adopted in literature for 

obtaining patterned growth of MoS2 targeting towards future generation devices and 

integrated circuits. 

 

 

 

 

 

*A. Sharma, R. Mahlouji, L. Wu, M. A. Verheijen, V. Vandalon,  S.H.G. Bloebaum, J.  

  P. Hofmann, W. M. M. (Erwin) Kessels and A. A. Bol, to be submitted 
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6.1 Introduction 

The layered two-dimensional (2-D) transition metal dichalcogenides (TMDs) offer an 

exciting platform for myriad optoelectronic applications owing to their ultra-thin bodies 

and extraordinary broad spectrum of electrical, mechanical, and optical properties.1-3 

The integration of atomically thin TMDs also gives rise to extremely interesting new 

physical phenomena, such as interband tunneling, optospintronics etc.4, 5 Amongst the 

family of TMDs, MoS2 is one of the most studied materials due to its high earth 

abundance, stability in ambient and amenability to get aligned in heterostructure based 

architectures.6 A massive effort has been put into studying various properties of 

exfoliated MoS2 on the lab scale,7-11 however, the lack of homogeneous spatial 

distribution and low yield hinders the scalable production of 2-D layers with the 

exfoliation method. Therefore, there is still a quest for developing scalable growth 

techniques capable of producing high quality films with precise thickness control over 

large areas. To address this, bottom-up synthetic methods have been employed to 

produce 2-D TMDs over large areas. Amongst these methods, chemical vapor 

deposition (CVD) is the most widely accepted technique,12-15 and is capable of 

producing high quality material with large grain size, yet it fails to offer an accurate 

control over thickness and uniformity. Moreover, the direct large area production of 

high quality TMDs on device-ready substrates with CVD still remains a challenge, 

which is one of the foremost prerequisites for realizing high performance electronic 

devices. Generally, the CVD grown TMDs are transferred to a relevant substrate using a 

polymer-based transfer technique which often results in polymer contamination causing 

interface degradation. Subsequently, the device fabrication proceeds with post 

patterning of transferred material involving usage of a masking layer (usually 

photo/electron beam resists), followed by an etching step which might further 

exacerbate the magnitude of degradation. One of the possible solutions to evade this 

issue is the patterned growth of TMDs directly on device-ready substrates which will 

not only reduce the device fabrication steps (i.e. typical reactive ion etching of TMDs), 

but also minimize the degree of possible polymer contamination inferred by the transfer 

process. 

 

In this work, we demonstrate an approach to achieve transfer-free patterned growth of 

2-D MoS2 directly on technologically relevant SiO2/Si substrates. Our approach uses a 

combination of top-down nanoscale patterning with a bottom-up chemical method. The 

methodology combines a low temperature plasma-enhanced atomic layer deposition 
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(PEALD) and subsequent thermal sulphurization which eliminates the need of film 

transfer and any reactive ion etching step to achieve patterned growth of high quality 2-

D MoS2. The patterned growth of TMDs is an important aspect for realizing advanced 

electronic device architectures as manifested by recent widespread attention in the 

literature. The majority of work available in the literature is based on either surface 

functionalization or use of pre-patterned seeded areas. The first methodology relies 

often on the selective blocking of TMD growth by using pristine graphene or 

hydrophobic polymers.16-18 For example, Ling et al. have demonstrated that during 

CVD , pristine graphene effectively blocks the growth of MoS2 owing to the lack of 

surface dangling bonds. Conversely, a hydrophilic aromatic molecular seed i.e. 

perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) promotes the growth 

of MoS2. In this way, the seamless stitching of graphene and MoS2 has been achieved to 

realize lateral heterostructures.16 In a similar approach, the surface modification by 

using a hydrophobic polymer functional layer (PFL) has been demonstrated as a method 

to preclude TMD nucleation and growth.18 The other approach to achieve patterned 

growth of MoS2 is the pre-patterning of parent material and subsequent sulphurization 

which can produce contamination free, high quality MoS2 films with pristine surfaces. 

For instance, Han et al. have demonstrated the synthesis of MoS2 monolayer islands at 

pre-defined locations by sulphurization of lithographically patterned bead shaped MoO3 

seeds prepared by physical vapor deposition.19 This approach has been referred to as 

seeded growth of MoS2 monolayers. However, small regions of multilayer material and 

poor pattern fidelity (irregularity in shape of flakes) were observed using this approach 

which is an undesirable attribute for practical applications. Young et al. have used SiN 

stencils to produce resist free, templated Mo films which are subsequently sulphurized 

to yield a MoS2 monolayer on controlled locations with sub-micron feature sizes on 

sapphire substrates.20 Although, high quality and layer controlled MoS2 films are 

produced by this technique, the preparatory need of the focused ion beam to pattern SiN 

membranes increases the overall complexity of the process. Additionally, the pattern 

scaling remains limited due to the lateral dimensions of the SiN membrane. An 

interesting approach by Song et al. based on pre-patterning of an Au-Mo alloy as parent 

material and subsequent thermal sulphurization enabled the easy transfer of patterned 

few-layered MoS2 to arbitrary substrates.21 However, clustering of metal source and co-

existence of unreacted Au-Mo alloy after sulphurization might deteriorate the opto-

electronic properties. Overall, there still exists a need for a facile synthesis method to 

produce patterned MoS2 with precise thickness control on a wafer scale in combination 
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with high pattern fidelity. Herein, we attempt to fill this gap and demonstrate the 

scalable and patternable synthesis of MoS2 by adopting a combination of a top-down 

nanoscale patterning technique with a bottom-up chemical method. We employ electron 

beam lithography (EBL) to prepare islands of MoOx (deposited by PEALD) which serve 

as parent material for the controlled growth of mono- to- few layered polycrystalline 

MoS2 at predefined locations on SiO2/Si substrates. The use of PEALD offers several 

advantages over other bottom-up synthesis techniques such as wafer-scale uniformity, 

precise film thickness control, high conformality and low temperature processing. In 

this work, we have exploited the low temperature processing (50C) to obtain direct 

patterning of the parent material (MoOx). Notably, we show that our low temperature 

PEALD process is compatible with the conventional e-beam resist lift-off technique 

enabling high pattern fidelity and eliminating the need of any etching step. The 

patterned MoOx islands are then subjected to thermal sulphurization at 900C using H2S 

+ Ar gas to yield high quality, large area MoS2 films directly on device-ready substrate 

with omission of transfer process. 

 

In this chapter, we first demonstrate the excellent control over MoS2 thickness which 

is attained in a facile way just by tuning the number of ALD cycles for the parent 

material. This control is clearly reflected in the Raman and PL spectra of the resulting 

films. Next, the large area uniformity upto wafer scale and high conformality on 3-D 

high aspect ratio (HAR) nanostructures enabled by PEALD are displayed. Further, the 

process flow for achieving patterned growth of MoS2 and the related results are 

discussed. Finally, a field-effect transistor (FET) device based on the patterned MoS2 as 

channel layer is exhibited. 

 

6.2 Experimental section 

ALD specifications 

The MoOx thin films were deposited at 50C in an Oxford Instruments FlexALTM ALD 

reactor on 4” Si wafers with a thermally grown 90 nm or 450 nm thick oxide layer on 

top. The Mo precursor employed was [(NtBu)2(NMe2)2Mo], (98%, Strem Chemicals) 

and was contained in a stainless-steel canister which was heated to 50°C. At this 

temperature, the vapor pressure of the precursor is reported to be 0.13 Torr.22 The 

delivery lines were kept at 90C to avoid condensation of the precursor while the 

reactor walls were heated to 50C. For the precursor delivery to the deposition chamber, 
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a 100 sccm Ar (>99.999% purity) bubbling flow was employed. An intermediate Ar 

purge step with 100 sccm of Ar flow was applied after each precursor and plasma 

exposure steps. As the co-reactant, an O2 plasma (50 sccm) gas generated in an 

inductively coupled plasma (ICP) source was used. The plasma power was 100 W with 

a reactor pressure of 6.6 mTorr during the plasma step. The ALD recipe was established 

with the first half cycle consisting of precursor dosing for 6 s followed by 6 s purge. 

The second half cycle used 8 s of plasma exposure with the same scheme for subsequent 

purge and pump as in the first half cycle. The film thickness evolution during deposition 

was monitored by in-situ spectroscopy ellipsometry (J.A. Woollam M2000F, 1.25 eV -

 5 eV). The detailed characterization of the PEALD process at 50C for MoOx can be 

found in the previous work from our group.23 For MoOx films, a general oscillator 

model was used to analyze the thickness evolution during PEALD process. A 

combination of Tauc-Lorentz and Gaussian oscillators were used to account for the 

interband absorption and absorption inside the band gap at low photon energy (~1eV) 

respectively. The HfO2 film as capping layer was deposited at 100 °C by a PEALD 

process using a combination of HfCp(NMe2)3, HyALD™ and O2 plasma as the co-

reactant. The detailed description of the process is given elsewhere.24 

Thermal sulphurization 

MoOx thin films were sulphurized in a tube furnace at 900C under atmospheric 

pressure. A combination of H2S + Ar gas (10% H2S) was used as sulphurization gas. 

The recipe for thermal sulphurization is shown in Figure A.6.1 (Appendix). 

Patterning and device fabrication 

The patterned MoS2 films were obtained by using conventional EBL. Poly (methyl 

methacrylate) (PMMA) type A4 was used as e-beam resist. For PMMA layer, a Cauchy 

dispersion model for in-situ spectroscopic ellipsometry was used to extract the thickness 

values. Furthermore, for device fabrication, the patterned MoS2 film (7-8 layers) was 

synthesized on 300 nm thick SiO2/Si substrate using the process flow as described in the 

main text. The metal electrodes (10/100 nm Ti/Au) were fabricated by using e-beam 

evaporation. Electrical characterization was performed using a semiconductor probe 

station (Keithley 4200 SCS) under ambient conditions. 

Characterization 

Raman spectroscopy (RS) and photoluminescence (PL) spectroscopy measurements 

were performed with a Renishaw Raman microscope equipped with a 514 nm laser, 

integrated switchable gratings with 600 or 1800 lines/mm, and a CCD detector. For 
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each scan, 5 accumulations with acquisition time of 10 s were taken. Additionally, 

atomic force microscopy (AFM) was also employed to study the surface topology of the 

as-deposited films. The images were acquired at room temperature on Veeco dimension 

3100 operated in tapping mode using Al coated Si tip (PointProbe Plus-NCHR) having 

a radius < 7 nm. Images were processed in Gwyddion software with OpenGL interface 

and RMS roughness was obtained statistically from a scan area of 500 x 500 nm2. The 

patterned square islands before and after sulphurization process were characterized with 

a Zeiss Axio Imager 2 Optical microscope. To determine the elemental composition, X-

ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific K-

alpha spectrometer (Thermo Fisher Scientific, Waltham, MA) equipped with a 

monochromatic Al Kα X-ray radiation source (hν = 1486.6 eV). For the XPS analysis, a 

400 µm diameter spot was used and photoelectrons were collected at a take-off angle of 

60°. The samples were neutralized during the XPS analysis using an electron flood gun 

in order to correct for differential or non-uniform charging. All peaks in the XPS survey 

scans are referenced to the binding energy of the C1s peak of adventitious carbon (284.8 

eV) for charge correction and quantification of the survey scans have been performed 

using Avantage software. The selectivity of MoS2 line bars was determined by energy 

dispersive X-ray spectroscopy (EDX) with an EDAX UMSII EDX spectrometer 

integrated in a scanning electron microscope (FEI Nova 600i DualBeam system). The 

film microstructure was determined by HRTEM analysis using a probe corrected JEOL 

ARM 200F operated at 80 kV, using both the bright field TEM mode and the high angle 

annular dark field (HAADF) scanning TEM mode. Atomic resolution imaging of the 

poly-crystalline MoS2 film was performed in HAADF-STEM mode using a camera 

length of 20 cm; at this camera length, some diffraction contrast is present, enhancing 

the visibility of the crystal dimensions. For the top planar view images, MoOx films 

were grown on SiNx TEM windows, coated with ~5 nm ALD SiO2, which were 

subsequently thermally sulphurized at 900C. Selected area electron diffraction (SAED) 

patterns were acquired from a 1.3 µm diameter area on each sample. The conformality 

of MoS2 ALD process was determined on substrate coupons with high aspect ratio 

(HAR) nanostructures. These HAR nanostructures were created by etching PECVD 

grown SiO2 on a Si wafer. The SiO2 nanostructures were then coated with a SiNx layer 

deposited by high-temperature CVD, onto which an SiO2 thin film was deposited using 

ALD. Prior to focused ion beam (FIB) sample preparation, the MoS2 sample was coated 

with a layer of spin-on epoxy to fill the remaining gaps in the trenches and to protect the 

film from curtaining damage during the subsequent lift-out FIB sample preparation.  
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6.3 Results and Discussion 

6.3.1  High quality, layer controlled 2-D MoS2 films   

The MoOx films with different thicknesses were obtained by varying number of ALD 

cycles (10 - 60) during PEALD process. These films were then thermally sulphurized to 

attain final MoS2 films. The thicknesses of initial MoOx (before sulphurization) films as 

assessed by in-situ spectroscopic ellipsometry during PEALD process are given in the 

Appendix (Table A.6.1). The thickness and crystallinity of post sulphurized MoS2 films 

were characterized by Raman spectroscopy. Figure 6.1 (a) shows the progression of 

Raman vibrational modes with increasing thickness of the MoS2 film on SiO2/Si 

substrates. The two characteristic vibrational modes (i.e. A1g  and E1
2g) are clearly 

visible for all the samples investigated. The frequency difference (Δ) between two 

vibrational modes generally increases with increasing number of layers present in the 

MoS2 film and thus is used as an indicator to determine the number of layers.25 In our 

case, ‘Δ’ increases monotonically (20.6 cm-1 - 26.2 cm-1) with increasing number of 

MoOx ALD cycles (from 10-60 cycles) which indicates the formation of monolayer to 

thick film (~ 7-8 layers). By controlling the number of MoOx ALD cycles, a systematic 

control over the thickness of the final MoS2 films is attained. It is noteworthy that the 

value of ‘Δ’ increases in a continuous manner with increasing number of ALD cycles, 

i.e. a value of 21.1 cm-1 is obtained (for 12 cycles) between formation of a monolayer 

(20.6 cm-1) to bilayer (22.3 cm-1). This is a consequence of the typical sub-monolayer 

film growth per ALD cycle. This is unlike any other deposition technique such as CVD 

where such intermediate stage between a monolayer and bilayer is not observable. 

Furthermore, it has been reported that the structural defects in the MoS2 film can be 

quantified by assessing a low frequency peak at ~227 cm-1 in the Raman spectrum. This 

peak is assigned to the longitudinal acoustic phonons at the M point of the Brillouin 

zone and denoted as LA(M)).26, 27 The Raman spectra in Figure 6.1 (a) show the absence 

of the LA(M) mode in all the samples investigated, pointing towards the high quality of 

the films obtained after thermal sulphurization. Moreover, the full width half maximum 

(FWHM) values of the in-plane vibrational peak (E1
2g) for all samples remain in the 

range of 4.6 cm-1 - 5.0 cm-1, which is comparable with typical CVD grown material,28, 29 

reaffirming the high quality of our samples. The photoluminescence (PL) results are in 

line with the Raman analysis and the corresponding spectra are shown in Figure 6.1 (b). 

A strong signal at ~ 674 nm and a weak shoulder at ~ 623 nm are observed for a 

monolayer (10 ALD cycles) which corresponds to the A and B excitonic peaks 



  Chapter 6   

128 

associated with the direct band gap transitions.30 The PL intensity subsequently 

becomes weaker with increasing number of layers in the MoS2 films owing to the 

transition to the indirect band gap in thick MoS2.
9  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 (a) Raman spectrum shows the progression of two vibrational modes with increasing 

thickness of MoS2 film. The regions with two predominant vibrational modes and LA (M) mode 

at low Raman frequency region (~227 cm-1) are highlighted in grey. The inset shows the 

increasing frequency difference (Δ) as a function of increasing film thickness (increasing number 

of ALD cycles for parent MoOx film). (b) Photoluminescence (PL) spectrum shows strong 

emission for a monolayer (10 cycles) associated with the A and B exciton at 1.85 eV and 2.0 eV, 

respectively. The intensity thereafter reduces as the thickness of MoS2 film increases with the 

increasing number of ALD cycles for parent MoOx films. (c, d) AFM images of the 

polycrystalline mono and few-layered MoS2 films are presented. The insets in both images show 

the measured height of 1 nm and 4.5 nm for the mono and few-layered films respectively. 

In order to further confirm the precise thickness controllability, atomic force 

microscopy (AFM) was used to measure the height of selective MoS2 films. Figure 6.1 

(c, d) shows the AFM images for the monolayer (10 ALD cycles) and few layered (60 
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cycles) samples respectively. The measured heights were ~ 1 nm and 4.5 nm 

respectively. The larger measured height of a monolayer (1 nm) than expected (0.65 

nm) might be attributed to the effect of distinct tip-sample and tip-substrate interactions 

as reported in the literature.31 Concurrently, the 4.5 nm (60 cycles) thick sample 

indicates 7-8 layers, which is in accordance with the Raman analysis (Δ = 25.8 cm-1) 

and therefore confirms the precise thickness control achievable with ALD. The 

topography of the films was also studied using AFM. The corresponding images are 

shown in Figure A.6.2 (in Appendix) which reveals smooth polycrystalline films with 

roughness in the range between 0.2 - 0.3 nm which is comparable with the roughness of 

the underlying Si substrate. 

 

The film crystallinity and microstructure were characterized by high resolution 

transmission electron microscopy (HRTEM) analysis. The cross-sectional HAADF-

STEM image for few-layered (~8-9 layers) MoS2 film (70 cycles) shown in Figure 6.2 

(a) reveals the ordered in-plane oriented layers grown on SiO2/Si substrate 

corroborating the high quality of the MoS2 film. The STEM image shown in Figure 6.2 

(c) allows to gain additional microstructural insights. The uniform surface coverage of 

polycrystalline MoS2 film with grain size in the few to 50 nm range is clearly displayed. 

The polycrystalline nature of MoS2 film is further confirmed by SAED (Figure 6.2 (c)) 

which shows the closed rings corresponding to randomly oriented nanodomains. The 

presence of the 110 and 010 rings and the absence of a 002 ring reflects the <002> 

texture of the film. Further, the HAADF-STEM image in Figure 6.2 (d) reveals the 

hexagonal arrangement of atoms, again displaying the in-plane orientation of the MoS2 

layers of the 2-H phase. An additional analysis of this image is presented in the 

Appendix (Figure A.6.3). The chemical composition of the films before and after 

sulphurization was examined by X-ray photoelectron spectroscopy (XPS). It is 

noteworthy to mention that the MoOx films deposited at 50C before sulphurization are 

sub-stoichiometric in nature. This is evident from a clearly observable shoulder on the 

Mo3d peak corresponding to oxygen vacancies in agreement with earlier reports.32 After 

sulphurization, the oxidation state of the Mo in MoS2 films was found to be 

predominantly Mo4+ based on the binding energy position for Mo3d peaks. The 

stoichiometry of the MoS2 after sulphurization ranged between 2.0 - 2.2 for all samples 

which confirms the good quality of the films. A more comprehensive discussion of the 

XPS results, high-resolution spectra of Mo3d, S2p, O1s peaks with detailed peak 

assignments can be found in the Appendix (Figure A.6.4).  
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Figure 6.2 (a) Cross-sectional HAADF-STEM image showing a few layered (7-8 layered) MoS2 

film on SiO2/Si substrate. (b) The magnified image clearly reveals the individual layers stacked 

on each other with interlayer distance of ~0.6 nm (as highlighted). (c) STEM image showing the 

uniform coverage of the polycrystalline MoS2 film. The inset shows a selective area electron 

diffraction pattern from the same sample which confirms the polycrystalline nature of the film. (d) 

High resolution STEM image showing the hexagonal atomic arrangement and the corresponding 

FFT pattern (inset) clearly displaying the sixfold symmetry. 

 

As mentioned earlier, ALD owing to its self-limiting nature is capable of producing 

films with wafer scale uniformity and high conformality on intricate structures. We 

therefore assessed both these attributes for our resultant MoS2 films. In order to confirm 

the wafer scale uniformity of our process, a Raman line scan was performed over 9 
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points (1 cm apart) on a 10 cm wafer strip. Figure 6.3 (a) shows the Raman vibrational 

modes corresponding to measured points for a sample with 7-8 layers (60 ALD cycles). 

The consistent Raman peaks along the scanned region reveal the homogenous 

crystalline nature of the MoS2 film. Furthermore, since the interference enhancement 

phenomenon affects both vibrational modes equally, we have plotted the integrated 

intensity ratio between two peaks (I(E1
2g)/I(A1g)) for samples with varying MoS2 

thickness over the 9 measured points (Figure 6.3 (b)). 

  

The consistent intensity ratio over the measured points for the investigated samples 

with different thicknesses (i.e. 10 cycles, 30 cycles, 60 cycles) demonstrates both the 

high quality and large area uniformity of MoS2 films.  

 

The conformality of the films was investigated using high-aspect ratio (HAR) nano-

sized trench structures with varying aspect ratios (depth = 394 nm and width = 44 - 650 

nm) as shown in Figure 6.3 (c). It is evident that the 7-8 layered thick MoS2 uniformly 

coats the trench structures. A magnified image of a trench structure (Figure 6.3 (d)) 

shows an excellent conformality on both the side walls and planar areas of the HAR 

structure. A markedly high conformality of 88% (planar area with respect to side walls) 

was evaluated for a trench structure with a final aspect ratio (AR) of 12 (AR = 

depth/width). For some next generation 3-D applications based on 2-D materials, this 

aspect might prove particularly valuable.33 Based on the above results, it can be 

concluded that ALD enables a facile way of synthesizing high quality, layer controlled 

MoS2 films in combination with high uniformity and excellent conformality over 3-D 

structures. 
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Figure 6.3 (a) The plot shows the homogenous Raman spectral features throughout the 9 different 

scanned areas on the wafer strip (~10 cm) which is shown as inset of (b). The resultant MoS2 film 

is 7-8 layers in this case with 60 cycles of ALD processed for the parent MoOx film. (b) A 

consistent intensity ratio between two Raman vibrational modes across the measured points for 

samples with varying number of ALD cycles confirms the uniform high quality film over large 

area. The wafer strip (~ 10 cm) with different measurement points is shown in the inset. (c) The 

cross-sectional TEM image shows the conformal MoS2 coating on high-aspect ratio 

nanostructures. Note: The highlighted areas (----) were damaged during FIB preparation of the 

sample due to insufficient filling of voids by the protective epoxy film as shown. (d) The 

magnified image of a curved section from one of the trench structures clearly reveals the 

conformal coverage of layered MoS2 on the planar surface and side wall and thus registering the 

conformal nature of our PEALD based approach. The inset shows the bottom planar part of the 

same trench structure where the similar conformal coverage of MoS2 is obtained. 
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6.3.2 ALD enabled patterned growth of MoS2 and device fabrication 

As aforementioned, the MoOx parent films were grown at low temperature, i.e. 50°C, by 

PEALD. The use of low temperature processing (in the first part of the process) in 

combination with the high temperature thermal sulphurization (second part) has 

ultimately led to the formation of high fidelity patterned MoS2 films. A simplified 

scheme of the process flow which we used to obtain the patterned MoS2 films is given 

in Figure 6.4 (a - f). As shown, firstly, the SiO2/Si substrates are spin-coated with Poly 

(methyl methacrylate) (PMMA) and subsequently patterned using e-beam lithography 

(Figure 6.4  (a-b)). Thereafter, the MoOx is deposited using low temperature PEALD 

which conformally covers the patterned regions and the surrounding PMMA as depicted 

in Figure 6.4 (c). Next, the resist and unwanted MoOx are removed using the standard 

lift-off technique resulting in isolated MoOx islands (Figure 6.4 (d)). These MoOx 

islands are thermally sulphurized at 900°C (Figure 6.4 (e)) finally resulting in patterned 

MoS2 squares (Figure 6.4 (f)).  

 

Figure 6.4 (a-f) The scheme shows the process flow for the ALD enabled patterned growth of 

large area MoS2. The cross-sections shown in (b), (c) as insets illustrate the film profiles after 

EBL patterning and PEALD process respectively. 

 

It is to be noted that any residual PMMA remaining after the lift-off process is removed 

in the subsequent high temperature thermal sulphurization process which ensures 

pristine MoS2 films. It is of utmost importance to realize here that the conventional 

polymers (such as PMMA) used for the lithography process have a low glass transition 



  Chapter 6   

134 

temperature, low plasma etch resistance and therefore might suffer from reflowing 

issues and plasma damage during a ALD process. However, it has been demonstrated 

that the use of low temperature during PEALD makes it possible to deposit metal oxides 

on polymer substrates including PMMA without any reflowing issues. In order to 

investigate this for our case, we monitored the change in thickness of PMMA during 

MoOx deposition using in-situ spectroscopic ellipsometry (Figure 6.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 The plot shows the thickness evolution of PMMA (purple) and MoOx on Si (blue) and 

PMMA coated Si substrate (red) respectively as a function of increasing number of PEALD 

cycles. 

 

Figure 6.5 shows the MoOx film thickness evolution plotted as a function of number of 

ALD cycles on a bare Si substrate and a PMMA coated substrate. The thicknesses of the 

MoOx and PMMA layers were extracted using SE modelling. (The details of the models 

used are mentioned in the experimental section). Notably, the thickness of PMMA 

shows a rapid reduction during initial ALD cycles (up to ~20 cycles) and thereafter 

eventually saturates to a steady value with increasing number of ALD cycles. On the 

other hand, a linear growth behaviour for MoOx film is obtained on Si substrate. In 

parallel, the MoOx film starts to grow on PMMA immediately without any nucleation 

delay and it can be speculated that at a certain thickness the MoOx film starts acting as a 

protection layer preventing any further damage to the underlying PMMA layer. This 

ensures the preservation of the PMMA layer and facilitates the subsequent lift-off 

process without any hindrance. In order to reaffirm, the thickness of PMMA before and 
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after MoOx deposition was measured by using contact profilometry (Figure A.6.5 in 

Appendix). The thicknesses measured were ~ 175 nm and ~ 142 nm before and after 

MoOx deposition which is in agreement with the SE results and therefore strengthens 

our hypothesis. To summarize, the use of low temperature (50°C) during PEALD 

results in (i) MoOx deposition on PMMA and (ii) insignificant damage/reflowing of 

PMMA.  

 

Figure 6.6 (a) shows the Raman spectra for the patterned region with and without 

MoS2. It is clearly evident that the characteristic Raman signal is visible only for 

regions with MoS2 which confirms the patternability achieved using the process flow as 

described above. Furthermore, notably the MoS2 squares retain the pre-defined 

geometry and therefore yield high fidelity of the targeted patterns which is difficult to 

achieve with some methods based on the ‘seeded growth’ as described previously.19 

(see Figure A.6.6 in Appendix). In order to assess the homogeneity of the film on the 

patterned areas, we performed a mapping of the spatial distribution of the out-of-plane 

Raman vibrational mode using a diffraction-limited beam spot and a step size of ~200 

nm. Figure 6.6 (b) shows the area map for fitted peak intensity of the A1g vibrational 

mode across the area shown in the optical micrograph (inset of Figure 6.6(a)).  A 

homogeneous Raman signal is obtained over the entirety of the patterned area 

displaying an excellent selectivity of the MoS2 films while retaining the pre-defined 

geometry. Further, in order to demonstrate the versatility of our process, we developed a 

pattern containing the acronym of our research group ‘PMP’ surrounded by a 

monolayer MoS2. The corresponding PL map is shown in inset of Figure 6.6 (b). The 

Raman frequency difference (Δ) of 20.6 cm-1 (not shown) registers the presence of 

uniform monolayer on the patterned area. 

 

Additionally, an EDX line scan was performed on sub-m features containing a MoS2 

film (Figure 6.6 (c)), which clearly shows the presence of Mo species in the patterned 

areas and confirms the nano-scale patternability of our process. These results 

demonstrate the viability of our ALD based process as a facile route to achieve 

patterned large area synthesis of mono-to-few layered 2-D MoS2 thin films.  
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Figure 6.6 (a) Raman spectra of regions with and without patterned MoS2. These regions are 

indicated by the red and blue dots on the optical microscopy image of patterned MoS2 

respectively, as shown in the inset. The region with characteristic vibrational Raman modes is 

highlighted by the grey band. (b) Raman mapping image of the region consisting of two patterned 

MoS2 squares highlighted in dashed square in the inset of (a). Note that the intensity drop off 

observable at the edge regions can be attributed to the large spot size (~ 1 m) of the laser beam. 

The inset shows the PL mapping image for a pattern containing the acronym of our group (PMP). 

The region with letters (black) represents the SiO2 substrate while the red color corresponds to the 

MoS2 monolayer. (c) SEM image showing the patterned MoS2 line bars with width ranging from 

0.8 m - 25 m. The EDX line profile (overlaid) clearly displays the Mo signal appearing from 

the patterned regions. 

 

As aforementioned, the patterned MoS2 films with desired thickness can be readily 

achieved on device ready substrates omitting the need of any etch/transfer step for 

subsequent device fabrication. This provides an opportunity for fabrication of devices 

directly on SiO2/Si substrates. To this purpose, bottom gate transistors were prepared by 

synthesizing the patterned MoS2 films (7-8 layers thick) on a heavily doped p-type Si 

wafer with a 300 nm thick SiO2 layer on top.  Figure 6.7 (a) displays the transfer curve 

for such a FET device with gating voltage ranging from -100 to 100 V at an interval of 
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10 V. Interestingly, the FET device demonstrates a p-type behavior which probably 

originates from doping resulting from the fabrication process and/or air-borne 

contaminants. Furthermore, although the device shows switching, a poor Ion/Ioff is 

obtained which indicates towards the resistive nature of the film. Furthermore, there can 

be several other factors which might be responsible for the poor performance of the 

devices. One of the reasons can be the small grain size of the prepared film. TEM shows 

a grain size of 20 - 50 nm and therefore a high number of grain boundaries exist in the 

channel. It is known that grain boundary scattering is one of the governing factors for 

transport behavior of charge carriers in a semiconducting device and thus a high density 

of grain boundaries can have a high impact on the device performance. Therefore, it can 

be argued that in order to improve the device performance the grain size needs to be 

increased in future work.  
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Figure 6.7 Electrical properties of the patterned 7-8 layered thick MoS2 film (a) Transfer 

characteristic of FET device with gating voltages (Vgs) ranging from -100 to 100 V. The inset 

shows the optical microscope image of a fabricated FET device. (b) Output characteristic of the 

FET device at different Vgs values.  

 

Furthermore, it is worth mentioning that a ~ 30 nm HfO2 film using a PEALD process 

was deposited on the MoS2 channel in anticipation to prevent the oxidation and suppress 

the Coulombic charge scattering during carrier transport.34 However, based on the poor 

device performance, it can be further speculated that the plasma process used for the 

HfO2 deposition might have a negative impact on the electrical quality of the films. 

Hence, it is worth investigating the use of thermal ALD processes for depositing HfO2 

and/or Al2O3 films to cap the MoS2 channel and evade the possible plasma damage. 

Overall, these results serve as the proof-of-principle for the possible application of 
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patterned MoS2 films as channel in FET devices and creates exciting future research 

areas. 

 

6.4 Conclusion 

In conclusion, a low temperature (50C) PEALD process has been combined with high 

temperature thermal sulphurization (900C) to synthesize relatively high quality, large 

area MoS2 films. A precise control over thickness ranging from a monolayer to few 

layers of MoS2 film could be attained by tuning the number of ALD cycles for the 

parent MoOx films. The in-plane oriented layers over large area and polycrystalline 

nature of the MoS2 film have been shown using HRTEM analysis. The large area 

uniformity and a high conformality of layered MoS2 over intricate 3-D structures have 

been demonstrated as an inherent advantage of our ALD process. Furthermore, our 

combinatorial methodology has allowed to achieve patterned MoS2 thin films over 

device ready substrates without any need of etching and/or transfer step. As a result, a 

variety of arbitrary shaped patterns with high fidelity have been demonstrated. Finally, 

the electrical properties of the patterned MoS2 thin film have been studied by fabricating 

a FET device. Our work opens up a new avenue for a variety of future electronic, 

optoelectronic applications and is potentially extendible to assemble both vertical and 

lateral heterostructures based on other 2-D materials on a large scale.  
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Appendix 

A.6.1: Schematics of furnace and thermal sulphurization recipe 

Ar + H2S

Tube furnace

140 cm
 

 

 

 

 

Figure A.6.1 (top) The schematic of tube furnace used for sulphurization of MoOx samples 

(bottom) The thermal recipe used for sulphurization. The sulphurization process was carried out at 

a maximum temperature of 900C under atmospheric pressure.  
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Table A.6.1 The table showing the as-measured nominal thickness of MoOx films using in-situ 

spectroscopic ellipsometry during PEALD process. The error margins are indicated accordingly. 

#ALD cycles Nominal thickness (nm) 

10 0.60±0.06 

12 0.73±0.05 

15 0.93±0.05 

18 1.13±0.05 

22 1.40±0.05 

30 1.98±0.05 

60 4.06±0.07 

80 6.23±0.1 

 

A.6.2: AFM images of polycrystalline MoS2 

(a) (b) 

(c) 

 

Figure A.6.2 The AFM images showing the topographies for (a) monolayer (10 cycles) (b) bilayer 

(18 cycles) (c) ~7-8 layers (60 cycles) of MoS2 films synthesized by PEALD of MoOx followed 

by thermal sulphurization. The root mean square roughness of the films are in the range between 

0.2 - 0.4 nm.  
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A.6.3: Additional TEM analysis  
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Figure A.6.3 (a) The atomic resolution STEM image displays a poly-crystalline MoS2 film (b) 

The corresponding FFT pattern reveals a superposition of the sixfold symmetry patterns of the 

individual crystals. Individual spots in the FFT pattern corresponding to different crystals are 

numbered. (c) A RGB color image created by taking an inverse FFT of three spots as labelled also 

in (b).   
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A.6.4: XPS analysis  

Figure A.6.4 shows the XPS analysis of MoOx and MoS2 films before and after 

sulphurization respectively. The MoOx film was prepared using 10 ALD cycles (~0.60 

nm) which yielded a monoloayer of MoS2 post sulphurization.  The left panel displays 

the detailed spectra for Mo3d, O1s and S2p in Figure A.6.4 (a), (b) & (c). Likewise, 

after sulphurization, for a MoS2 monolayer, the corresponding XPS spectrum is shown 

in right panel of Figure A.6.4. A high resolution X-ray photoelectron spectrum for the 

Mo 3d region (Figure A.6.4 (d)) shows the doublet for MoS2 (Mo4+) with the 3d5/2 

peak at 229.1 eV and the 3d3/2 peak at 232.3 eV which is in accordance with the 

binding energy positions given in the literature.35-37  A very small fraction of Mo5+ and 

Mo6+ is also detected which corresponds to oxide species on the surface due to exposure 

of sample to ambient. The O1s peak as shown in Figure A.6.4 (e) corresponds to Si-O 

bond and indicates the complete sulphurization of MoOx film. Furthermore, the 

spectrum showing a doublet for S2p is also displayed in Figure A.6.4 (f) with binding 

energy positions at 161.9 eV and 163.2 eV.  

 



  Chapter 6 

143 

Before 
sulphurization

After 
sulphurization

(a)

(b)

(c)

(d)

(f)

240 238 236 234 232 230 228

Mo3d

Mo3d 

 (VI)

Mo3d 

 (V)

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

537 534 531 528

O1s
Si-O

Mo-O

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

166 165 164 163 162 161 160

S2p

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

238 236 234 232 230 228 226 224

Mo3d

Mo3d 

 (VI)

Mo3d 

 (V)

Mo3d 

 (IV)

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

S2s

537 534 531 528

Si-O
In

te
n

s
it

y
 (

a
.u

.)

Binding energy (eV)

O1s
(e)

166 165 164 163 162 161 160

S2p

S2p1/2

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

S2p3/2

 

Fig. A.6.4 Details of XPS spectra showing the spectral regions for (left) Mo3d and O1s 

corresponding to a MoOx film (10 cycles) before sulphurization (right) Mo3d, O1s and S2p 

corresponding to a monolayer of MoS2 obtained after sulphurization. A clear shift in binding 

energy for Mo3d can be seen upon sulphurization indicating the different oxidation states. 

Additionally, for the spectral region of O1s the shoulder which corresponds to the metal-oxygen 

bond (Mo-O) disappears after sulphurization clearly showing the conversion of MoOx to MoS2. 
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A.6.5: Contact profilometry measurement 

PMMA thickness 
before PEALD: 

175 nm 

(a)

(b)
PMMA thickness 

after PEALD:
 142 nm 

 

 

Figure A.6.5 The contact profilometry measurements showing the PMMA thickness (a) before 

PEALD and (b) after 100 cycles of MoOx PEALD.   
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A.6.5: Optical microscopy images: High fidelity patterns 
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Figure A.6.5 (top panel) The schematic showing the difference between a seeded approach and 

our PEALD based approach. The former approach has been demonstrated to yield uncontrolled 

fractal crystalline flakes as depicted which might be undesirable for certain device applications 

while high fidelity patterns are attainable using our approach. (bottom panel) Optical microscopy 

images showing the MoOx (60 ALD cycles) patterns (left) before sulphurization and (right) after 

sulphurization. The preservation of the dimension and the geometry of the patterns upon 

sulphurization is clearly evidenced. 
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7 
 

 
Atomic layer deposition of HfO2 using 
HfCp(NMe2)3 and O2 plasma*  

 
 

HfO2 thin films are prepared by plasma - enhanced atomic layer deposition (PEALD) 

using a cyclopentadienyl - alkylamido precursor ((HfCp(NMe2)3, HyALD™)) and an O2 

plasma over a temperature range of 150 °C - 400 °C at a growth per cycle (GPC) around 

1.1 Å/cycle. The high purity of the films has been demonstrated by X-ray photoelectron 

spectroscopy (XPS) and elastic recoil detection (ERD) analyses which has revealed that 

by increasing the deposition temperature from 200 °C to 400 °C, the atomic 

concentrations of residual carbon and hydrogen reduced from 1.0 at% to < 0.5 at% and 

3.4 at% to 0.8 at%, respectively. Moreover, Rutherford backscattering spectroscopy 

(RBS) studies has shown an improvement in stoichiometry of HfO2 thin films with 

increase in deposition temperature, resulting in Hf/O ratio close to ~0.5 at 400 °C. 

Furthermore, grazing incidence X-ray diffraction (GI-XRD) measurements have 

detected a transition from amorphous at the deposition temperature of 300 °C to fully 

polycrystalline films at 400 °C, consisting of a mixture of monoclinic, tetragonal and 

cubic phases. Finally, the surface morphology and conformality of HfO2 thin films 

studied by atomic force microscopy (AFM) and transmission electron microscopy 

(TEM) are also reported. 

 

 

 

 

 

*A. Sharma†, V. Longo†, M. A. Verheijen, A. A. Bol and W. M. M. Kessels, Journal of 

Vacuum Science & Technology A, 2016, 35, 01B130. 
† A. Sharma and V. Longo contributed equally 
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7.1 Introduction 

Atomic layer deposition (ALD) of high-k dielectric materials has been a subject of 

intensive research over the past many years. Amongst such high-k oxides, hafnium 

oxide (HfO2) has been endorsed largely for the application of high-k gate oxide in 

complementary metal oxide semiconductor devices owing to its high permittivity, fairly 

large band gap and ability to form a thermodynamically stable interface with Si. 1-5 The 

application of HfO2 as a gate oxide material is not only limited to conventional Si based 

devices but also extending its horizons in novel nanomaterials based devices. For 

instance, Radisavljevic et al. have recently shown that by implementing HfO2 as gate 

oxide for a field effect transistor (FET) device based on an emerging 2-D nanomaterial, 

molybdenum disulphide (MoS2), the mobility could be drastically boosted owing to the 

suppression of coulombic scattering via dielectric screening.6 Furthermore, most 

recently, the application of a gate stack based on HfO2/Al2O3/III-V(In0.53Ga0.47As) for 

metal-oxide-semiconductor capacitor devices has been demonstrated by Djara et al.7 

These devices have a HfO2/Al2O3 stack as gate oxide deposited by plasma enhanced 

ALD (PEALD) and show a low interface trap density (Dit). Additionally, HfO2 also 

finds applications as a protective coating for microelectromechanical systems (MEMS) 

and as insulator for organic devices such as OLED and OFETs.8-10 

 

ALD has been the method of choice for depositing thin films of HfO2. The self-

saturating nature of the ALD process enables atomic level control over thickness and 

uniformity and this makes ALD ideal for preparing ultra-thin HfO2 thin films. In 

particular, the much needed conformality over high aspect ratio structures in 

combination with the excellent uniformity over large surface areas and the pin-hole free 

nature of the ALD produced thin films makes ALD a befitting deposition process.4, 11  

 

In ALD, the choice of precursor has a large effect on the quality and properties of the 

deposited thin films. This leads to a continuous effort in precursor synthesis aiming at 

improving temperature stability and/or reducing impurity concentrations in the resulting 

film depending on the final application. In literature, a number of Hf precursors have 

been implemented for HfO2 ALD processes. The established ALD processes leave a 

room of improvement in terms of extension of operating conditions. In this contribution, 

we have investigated a novel precursor, HfCp(NMe2)3 in combination with O2 plasma 

which has yielded into a viable HfO2 ALD process with a constant growth rate over the 

widest possible range of operating conditions such that it is suited for a multitude of 
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applications. The details of the process investigated will be discussed in this paper. 

However, it is useful to systematically look at established ALD processes as listed in 

Table 7.1, where a brief overview of efforts reported in literature focusing on detailed 

investigation of the ALD processes by using four different precursor groups for HfO2 

thin films is given. The most frequently used precursor for HfO2 ALD is HfCl4 which is 

combined with H2O or O3 as oxygen source.2, 12-15 However, the limitations associated 

with this precursor, such as corrosive by-products and poor nucleation on H-terminated 

Si at high temperatures (≥ 300 °C), make this precursor unfavorable for some specific 

applications like dynamic random-access memories (DRAM) and therefore have led for 

a search for alternative precursor chemistries.2, 15, 16 

Table 7.1 An overview of selected ALD processes reported in the literature for HfO2 thin film 

with various Hf precursors 

Precursor 

group 

Hafnium precursor/ 

oxygen source 

Growth 

temperature 

range (°C) 

Substrate(s) 

used 

Growth 

per cycle 

(Å) 

Ref. 

 

Halides 

HfCl4/H2O 500 Glass 0.5 12 

HfI4/HfCl4/H2O 300 Sia 0.47 - 0.62 13 

 

 

Alkylamides 

Hf[NMeEt]4/H2O 150 - 325 Glass, 

SiO2/Si 

0.9-1.5 17 

Hf(NEt2)4/H2O 50 - 500 Sia 0.9 18 

Hf[NMeEt]4/O3 120 - 300 SiO2/Si 0.8 - 1.1 19 

Hf[NMe2]4/H2O 300 Sia 0.78 3 

Hf[NMeEt]4/ O2 plasma 230 - 350 Sia 1.0 20 

Cyclo-

pentadienyls 

Cp2HfMe2/H2O 300 - 500 SiO2/Si 0.42 21 

(CpMe)2Hf(OMe)Me/O3 350 - 500 Sia, 

SiO2/Si 

0.5 22 

Alkylamides 

+ 

Cyclo-

pentadienyls 

CpHf(NMe2)3/H2O 305 - 410 SiO2/Si 0.23 - 0.36 23 

CpHf(NMe2)3/O3 250 - 400 SiO2/Si 0.7 - 0.8 24 

CpHf(NMe2)3/O2 plasma 150 - 400 Sia, 

SiO2/Si 

1.1 This 

Study 

Me = CH3, Et = C2H5, , Cp = C5H5, 
a = Hf last treated 

 

One of such a widely applied alternative precursor group for HfO2 ALD is alkylamide 

comprising metal-nitrogen bonds, namely Hf(NEtMe)4, Hf(NEt2)4 and Hf(NMe2)4  (Et = 

C2H5, Me = CH3). 
3, 17-20 These alkylamide type precursors possess a high volatility and 

reactivity and yield a high growth per cycle (GPC) in combination with H2O or O3 as 

co-reactants. 17 However, they suffer from a limited thermal stability which can lead to a 
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parasitic CVD component and might result into high impurity concentrations and poor 

film uniformity.25 In addition, Kukli et al. have demonstrated that the HfO2 ALD 

process using Hf(NEtMe)4 (TEMAH) in combination with H2O as oxygen source leads 

to an increment in GPC from 0.9 Å/cycle at 250 °C to 1.5 Å/cycle at 325 °C indicating 

the decomposition of the precursor at temperatures ≥ 300 °C.17 

 

To overcome this, an ALD process using the cyclopentadienyl (Cp = C5H5) precursor 

type was investigated. A higher thermal stability was achieved and ALD saturation was 

realized at a relative high substrate temperature of 400 °C.22 However, a lower GPC of 

~0.5 Å/cycle was obtained when using Cp-precursors like (CpMe)
2
HfMe

2 and 

(CpMe)
2Hf(OMe)Me as compared to the alkylamides (~0.9 Å/cycle).19  

 

With the aim of combining the benefits of both precursor types, precursors comprising 

both cyclopentadienyl and alkylamide type ligands have been investigated.23, 24 A high 

thermal stability and high GPC attributed to cyclopentadienyl ligands and alkylamide 

ligands respectively have been demonstrated for both Hf and Zr based ALD 

processes.23, 24, 26 For ZrO2, this combined merit of high thermal stability and high 

growth per cycle has been manifested by using a chemically analogous precursor i.e. 

CpZr(NMe2)3 in combination with H2O, where a growth per cycle of 0.8 - 1 Å/cycle in 

the temperature range of 120 °C - 350 °C was obtained.26 However, a similar Hf 

precursor containing mixed cyclopentadienyl and alkylamide ligands, i.e. HfCp(NMe2)3 

when applied in combination with H2O yielded a growth per cycle of only 0.23 - 0.36 

Å/cycle in the temperature range of 305 °C - 375 °C.23 Furthermore, Niinistö et al. have 

shown that the use of a stronger oxidant like O3 in combination with HfCp(NMe2)3 

yields a higher growth per cycle (0.75 Å/cycle) in the temperature range of 250 °C –

 350 °C.24 The higher growth in the latter case might be attributed to the high reactivity 

of O3 at relatively low temperature resulting in efficient removal of the bulky Cp 

ligands.24 However, both with H2O or O3 as oxidizing agents, depositions have not been 

reported below 250 °C, which might be necessary for HfO2 film deposition on 

temperature-sensitive substrates, in particular for organic device applications and 

flexible electronics based on novel nano-materials.10, 27 In this context, another 

alternative is to employ a plasma enhanced ALD process (i.e. O2 plasma as oxygen 

source) in combination with the same Hf precursor [HfCp(NMe2)3] for growth of HfO2 

thin films. It is well known that the use of plasma chemistry offers potential advantages 
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like improved material properties, feasibility of lower deposition temperatures and 

increased flexibility in process conditions.28  

 

In the present study, we report the HfCp(NMe2)3 in combination with an O2 plasma 

process which yields a fairly high growth per cycle over a wide ALD temperature 

window (150 °C - 400 °C) while retaining the high material properties. A detailed 

characterization of the HfO2 PEALD process has been carried out. The dependence of 

film growth rate on various parameters like growth temperature and duration of dose 

during the plasma enhanced ALD process has been studied. Furthermore, an elaborated 

material characterization elucidating the film structure and composition depending on 

growth temperature has been performed. Finally, in order to assert the potential of ALD 

to deposit conformally on 3-D structures, the film conformality over high aspect ratio 

structures has also been demonstrated. 

 

7.2 Experimental section 

Film deposition  

The HfO2 thin films were deposited in an Oxford Instruments FlexALTM ALD reactor 

on 100 - 200 mm Si wafers either with a native oxide layer or H-terminated as created 

by a HF-last process (1% HF). The Hf precursor employed was HfCp(NMe2)3, 

HyALD™, obtained from AirLiquide. The precursor was stored in a stainless-steel 

canister and heated to 60 °C. At this temperature the vapor pressure of the HyALD 

precursor is approximately 100 mTorr.29 For the precursor delivery to the deposition 

chamber a 100 sccm Ar (>99.999 % purity) bubbling flow was employed. An Ar purge 

step with 100 sccm of Ar flow was applied after the precursor and plasma exposure 

steps. To avoid condensation of the precursor the delivery lines were kept at 90 °C 

while the reactor walls were heated to 120 °C. As the oxidizing agent an O2 (>99.999 % 

purity) plasma generated in an inductively coupled plasma (ICP) source was used. The 

reactor pressure during the plasma step was 15 mTorr. The plasma power used was 400 

W. The substrate stage was heated to temperatures in the range of 150 °C - 400 °C 

during the deposition processes. It is worth mentioning that there was a ~ 20-25% 

difference between the set temperature value and the actual substrate temperature for 

the reactor employed in this work. 

Film analysis 

The thickness and the optical properties of the HfO2 thin films were measured by 

spectroscopic ellipsometry (SE). Ex-situ measurements (J.A. Woollam M2000D) were 
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performed to determine the final thickness and the dielectric function in the 1.25 - 6.5 

eV spectral range. The film thickness evolution during deposition was monitored by in-

situ measurements (J.A. Woollam M2000F, 1.25 - 5 eV). 

To determine the elemental composition and the density of the films Rutherford 

backscattering spectroscopy (RBS) was used. Furthermore, elastic recoil detection 

(ERD) was employed to determine the hydrogen content in the films. Both RBS and 

ERD were performed using a 2 MeV 4He+ ion flux (Acctec BV, The Netherlands). X-

ray photoelectron spectroscopy (XPS) was also performed using a Thermo Scientific K-

alpha spectrometer using monochromatic Al Kα X-ray radiation (hν = 1486.6 eV). XPS 

was used to quantify C and N contaminations in the films due to the higher sensitivity 

of XPS compared to RBS for these elements. For the XPS analysis a 400 µm diameter 

spot was used and photoelectrons were collected at a take-off angle of 60°. The samples 

were neutralized during the XPS analysis using an electron flood gun in order to correct 

for differential or non-uniform charging. 

Grazing incidence X-ray diffraction (GI-XRD) was employed to determine the 

crystalline phases of the HfO2 thin films. The XRD analysis was performed on a 

Panalytical X’Pert PRO MRD employing Cu Kα (1.54 Å) radiation with an incidence 

angle of 0.5° with respect to the substrate plane. Atomic force microscopy (AFM) was 

used to investigate the surface morphology of the films. The AFM scans were 

performed in tapping mode with a NT-MDT Solver P47 microscope using a TiN coated 

Si tip (NSG10/TiN, NT-MDT). Cross-sectional TEM analysis was performed using a 

JEOL ARM 200 operated at 200 kV. For this, the HfO2 film was coated with a SiOx/Pt 

film stack as a protective layer and subsequently prepared using a standard FIB lift-out 

TEM sample preparation scheme. 

The conformality of HfO2 ALD process was determined on substrate coupons with 

high-aspect-ratio (HAR) nanostructures. These HAR nanostructures were created by 

etching SiO2 grown by PECVD into the Si wafer. The SiO2 nanostructures were then 

coated with a SiNx layer deposited by high-temperature CVD, onto which an SiO2 thin 

film was deposited using ALD. The HfO2 sample was coated with a layer of spin-on 

epoxy to fill the remaining gaps in the trenches in order to protect the film from 

curtaining damage during the subsequent lift-out FIB sample preparation. 
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7.3 Results and discussion 

7.3.1 ALD growth 

The ALD process was characterized by monitoring the growth-per-cycle (GPC) by in-

situ SE analysis. The influence of dose steps was investigated by varying the duration of 

the precursor step, the O2 plasma step and the purge steps between each half cycle. 

Figure 7.1 (a) - (d) shows the growth-per-cycle (GPC) values obtained at a substrate 

temperature of 250 °C when varying the HyALD and O2 plasma exposure steps (Figures 

7.1 (a) and (c) respectively), and purge times after the precursor dose and the plasma 

exposure step (Figures 7.1 (b) and (d), respectively).  

 

 

Figure 7.1 Growth-per-cycle (GPC) values as a function of (a) HyALD dose; (b) Ar purge time 

after precursor dose; (c) O2 plasma exposure; and (d) purge time after the plasma step. The 

substrate temperature during the process was 250 °C. The dashed lines serve as a guide to the 

eyes.  

 

The GPC showed a clear saturation behavior for both the precursor and the plasma half 

cycles resulting in a GPC value of ~ 1.1 Å /cycle. The Ar purge after the HyALD dose 

showed a negligible influence on the GPC (Figure 7.1 (b)). Also, when no purge step 
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was applied after the precursor dose step, the GPC value did not show a remarkable 

change. By supplying O2 during all ALD steps, including the precursor dose, it was 

verified that the HyALD precursor does not react with the molecular oxygen in the 

process space investigated, thus excluding the presence of a parasitic CVD component. 

The duration of the purge step applied after the plasma step showed however an 

influence on the growth, in particular a higher GPC was recorded with a decreasing 

purge time. This is likely caused due to a parasitic CVD growth component due to 

chemical reactions between the by-products after the plasma step (i.e. H2O) and the 

HyALD precursor when low purge times are employed. On the basis of the results in 

Figure 7.1, to guarantee a genuine saturation behavior of precursor and purge steps, a 

precursor/purge/plasma/purge sequence of 5s/2s/8s/5s was chosen in this work.  

 

 

Figure 7.2 (a) Film thickness as a function of number of ALD cycles with temperature ranging 

between 150 °C and 400 °C. The thickness values have been obtained from in-situ SE. (b) GPC 

values corresponding to the studied substrate stage temperatures and the average number of Hf 

atoms deposited per ALD cycle as determined from RBS measurements.  

 

The influence of the substrate temperature on the GPC was also determined. Figure 

7.2 (a) shows the thickness evolution of HfO2 films deposited at substrate stage 

temperatures ranging between 150 °C and 400 °C as obtained from in-situ SE. For all 

temperatures studied, the films showed a linear growth trend without growth delay as 

expected for a typical O2 plasma ALD process. Figure 7.2 (b) shows the GPC values as 

calculated from Figure 7.2 (a), corresponding to the studied substrate stage temperatures 

and the average number of Hf atoms deposited per ALD cycle as determined from RBS 

measurements. As mentioned above, the high thermal stability of HfCp(NMe2)3 allows 

to explore a larger temperature window.29 The GPC value remains constant at around 
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1.1 Å /cycle for the whole range of substrate stage temperatures from 150 °C - 400 °C 

signifying the decomposition-free deposition. 

 

The relatively higher GPC value at low temperatures (150 °C - 200 °C) can be 

attributed to a higher incorporation of impurities combined with a lower density of the 

films for lower deposition temperatures. This hypothesis was confirmed by the 

elemental composition analysis carried out by XPS and RBS as reported in Table II. 

The film densities were obtained through the combined RBS and SE analysis and the 

stoichiometric ratios for Hf/O were determined from the RBS areal density values for 

Hf and O, respectively. As reported in Table 7.2, the Hf/O ratio increased with 

increasing deposition temperature and an excellent stoichiometric value close to ~0.5 

was achieved at 400 °C.  

 

Table 7.2 The elemental composition of HfO2 films as determined by Rutherford backscattering 

(RBS), Elastic recoil detection (ERD) and X-ray photoelectron spectroscopy (XPS). The typical 

corresponding errors for Hf/O ratio, density values and H content are mentioned. The Tauc band 

gap values (Eg) are obtained from SE measurements; a dash (-) means not measured. 

Substrate stage 

temperature 

(°C) 

Hf/O content 

from RBS 

Density from 

RBS 

(g/cm
3
) 

H content 

from ERD 

(at%) 

Eg (eV) 

150 - - - 5.5 

200 0.46 ± 0.03 8.7 ± 0.1 3.4 ± 0.2 5.5 

250 - - - 5.5 

300 0.48± 0.03 9.0± 0.1 1.4 ± 0.1 5.4 

350 - - - 5.3 

400 0.49± 0.03 9.3± 0.1 0.8 ± 0.1 5.5 

 

The over-stoichiometric films (i.e. oxygen rich) obtained at lower deposition 

temperatures might be attributed to the formation of hydroxyl impurities. The hydroxyl 

impurities are directly related to the H content which decreased with the increasing 

deposition temperature. Furthermore, the N and C levels were below 1 at% and 2 at% 

irrespective of the deposition temperature. The corresponding XPS depth profile spectra 

for the films deposited at the substrate stage temperature of 400 °C is shown in Figure 

A.7.1 (in Appendix). The low N and C levels obtained are a clear merit as in earlier 

work the performance of devices with HfO2 has clearly shown to degrade with 
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increasing impurity levels.30, 31 Moreover, as will be shown in the next section, the 

degree of crystallinity increases for higher deposition temperatures. 

 

As mentioned above, the GPC obtained in this work (1.1 Å/cycle) is considerably 

higher than the previously reported values in the literature when using HfCp(NMe2)3 in 

combination with H2O (0.23 - 0.36 Å/cycle) or O3 (0.75 Å/cycle) as oxidizing agents. 

This can likely be attributed to the creation of a higher density of reactive surface sites 

for precursor adsorption owing to the higher reactivity of plasma species.28 It is also 

worth mentioning that the usage of plasma species leads to reduction in purge time 

resulting in shorter cycle times which impacts the overall ALD process throughput.28 

This is corroborated by the fact that HfCp(NMe2)3 in combination with H2O requires a 

long post H2O purge time (30s) 23 as compared to post O2 plasma purge time (5s) in this 

work which therefore increases the net ALD throughput. 

 

7.3.2 Optoelectronic properties and crystallinity  

The optical properties of HfO2 films have been analyzed by ex-situ spectroscopic 

ellipsometry (SE). Cauchy and B-spline models were used for obtaining the dielectric 

functions in the fully transparent and absorbing regions, respectively. Figure 7.3 shows 

the dielectric function, i.e. the real (ε1) and imaginary part (ε2), of ~ 32 nm HfO2 films 

deposited in the temperature range studied.  

 

The imaginary part of dielectric function was used to determine the Tauc band gap by 

plotting (ԑ2E
2)1/2

 as a function of photon energy and extrapolating the linear part to zero 

absorption. The resulting band gap values obtained by this procedure is listed in Table 

A.7.1 and a Tauc plot corresponding to the film deposited at substrate stage temperature 

of 400 °C is shown in Figure A.7.2 (in Appendix). As evident in Figure 7.3, the films 

deposited at higher temperatures have the higher values of ε1 in the regions with ε2 = 0. 

The higher value of ε1 corresponds to a higher refractive index and is consistent with the 

elemental analysis: less impurities and a higher density for thin films deposited at high 

temperatures. Furthermore, the dielectric function of the film deposited at 400 °C shows 

distinctive sharp features, both in ε1 and ε2, compared to the other films. These features 

can be imputed to a polycrystalline nature of the film leading to sharper electronic 

transitions. An onset from a smooth dielectric function (< 300 °C) to one with sharper 

features (400 °C) for the film deposited at 350 °C is visible in the inset of Figure 7.3.  
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Figure 7.3 The real (ε1) and imaginary (ε2) part of the dielectric function as a function of photon 

energy measured by ex-situ SE. The sharp features at a growth temperature of 400 °C indicates 

the polycrystalline structure of the film. The transition from smooth to sharp dielectric function 

for films grown at 400 °C can be observed in the inset.  

 

These findings were corroborated by GI-XRD analysis of the same films as shown in 

Figure 7.4. The GI-XRD spectra of the film deposited at 200 °C showed no distinctive 

diffraction peaks, and only a broad peak at 2ϴ ~ 32° was detected corresponding to 

amorphous HfO2. The film deposited at 300 °C also showed a broad peak at 2ϴ ~ 32° 

while a broad diffraction peak with weak intensity, corresponding to the (111) peak of 

the monoclinic phase, could be detected. This indicates that the HfO2 thin films studied 

were mostly amorphous for deposition temperatures up to 300 °C. When increasing the 

deposition temperature to 350 °C a clear transition in the GI-XRD spectra could be 

seen. Diffraction peaks corresponding to the monoclinic, tetragonal and cubic HfO2 

phases were detected indicating a higher degree of crystallinity as compared to lower 

deposition temperatures of 200 °C and 300 °C. By further increasing the substrate stage 

temperature to 400 °C, peaks having higher intensity were measured indicating a higher 

degree of crystallinity. The monoclinic phase appeared to be dominant at this deposition 

temperature. 

 

The GI-XRD patterns obtained in this work are remarkably similar to the ones 

reported by Niinistö et al.,24 for the HfO2 ALD process employing the same precursor, 
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HfCp(NMe2)3, and O3 as the oxidizing agent. In their work, Niinistö et al. showed a 

similar temperature dependence of the HfO2 film crystallinity with a clear transition 

from amorphous to crystalline films at a deposition temperature of 300 °C. The 

difference in temperature between this work and the one reported by Niinistö et al. at 

which this transition could be observed is imputed to a ~ 20-25% difference between the 

set stage temperature value and the actual substrate temperature for the reactor 

employed in this work.32 It can be concluded that the crystallization temperature of 

HfO2 films is rather independent of the oxygen source used in combination with 

HfCp(NMe2)3 during the ALD process. However, the usage of a plasma-assisted ALD 

process may open the possibility for tuning of the crystalline phase by ion bombardment 

by employing substrate biasing during processing33 which is the subject of further 

investigation.  

 

Figure 7.4 The GI-XRD diffractogram for 32 nm thick HfO2 films prepared by ALD. The 

substrate stage temperatures during deposition are indicated by the labels. The subscripts M, T, C 

at indices denote monoclinic, tetragonal and cubic phases, respectively. The spectra show a clear 

temperature dependence of the HfO2 film crystallinity with a transition from amorphous to 

polycrystalline films embarking at a temperature of 300 °C. 

 

Figure 7.5 shows a cross-sectional TEM image of a ~32 nm HfO2 film deposited at 

400 °C on H-terminated Si substrate. The full Si / HfO2 (32 nm) / SiOx (~100 nm) / Pt 

stack is shown in Figure 7.5 (a). The HfO2 film shows a sharp interface with the 

underlying Si substrate, while an interface with higher roughness was formed with the 

overlying protective SiOx layer due to the crystalline HfO2 grains. A close inspection of 
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Figure 7.5 (b) reveals the presence of an amorphous SiO2 layer at the Si/HfO2 interface. 

The amorphous nature of the Si substrate is imputed to damage caused by the focused 

ion beam used during sample preparation. The TEM image shows that the HfO2 film is 

fully crystalline which is in line with the GI-XRD analysis. Furthermore, individual 

HfO2 grains can be identified (Figure 7.5 (b)) with an average lateral grain size of ~ 20 - 

30 nm. 

 
Figure 7.5 (a) Cross-sectional TEM image of a ~32 nm HfO2 film deposited at 400 °C on a H-

terminated Si substrate. The Si/HfO2 (32 nm)/SiOx (~100 nm) stack demonstrating a sharp 

interface between HfO2 and underlying Si has been highlighted within a square. (b) A close up of 

the cross-sectional TEM image clearly showing the individual crystalline grains of HfO2 and an 

amorphous SiO2 layer at the Si-HfO2 interface. 

 

7.3.1 Surface morphology 

The AFM scans over an area of 500 x 500 nm2 for the ~32 nm thick HfO2 films (300 

ALD cycles) deposited at 200 °C, 300 °C, 350 °C and 400 °C are depicted in Figure 7.6 

(a), (b), (c) and (d), respectively. The root-mean-square (RMS) roughness values 

obtained from 2 x 2 µm2 AFM scans of the same samples are indicated in Figure 7.6 (a-

d). For the film deposited at 200°C, a very smooth surface (RMS = 1.29 nm) with very 

few randomly distributed singular features were obtained (See Figure 7.6 (a)). The 

higher substrate stage temperature of 300 °C and 350 °C yielded an increase in density 

and size of these singular features as depicted in Figure 7.6 (b) and (c). The RMS 

roughness values also showed an increment with increasing deposition temperature 

from 200 °C to 350 °C. AFM scans of the HfO2 sample deposited at 400 °C revealed a 
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slightly different film morphology with a decreased RMS roughness value compared to 

the film deposited at 350 °C (Figure 7.6 (d)).  

 

Figure 7.6 (Color online) AFM scans with a scan area of 500 nm x 500 nm of the ~ 32 nm HfO2 

films (300 ALD cycles) deposited at (a) 200 °C (b) 300 °C (c) 350 °C and (d) 400 °C. An increase 

in amount of the crystallites can be detected from 200 °C to 400 °C indicating enhanced 

crystallinity with increase in substrate stage temperature. Similar AFM scans of thicker ~80 nm 

HfO2 (750 ALD cycles) films deposited at (e) 250 °C and (f) 400 °C show higher roughness. 

 

On the basis of the obtained morphology, it can be argued that the singular features 

observed might be associated to the increasing degree of crystallinity with the increase 

in deposition temperature from 200 °C to 350 °C resulting in a transition from 



  Chapter 7 

163 

amorphous to polycrystalline films as shown before in Figure 7.3 and Figure 7.4 

corresponding to the SE and GI-XRD analyses. Furthermore, the lower RMS roughness 

value obtained at 400 °C might be attributed to the full crystallization obtained already 

during the deposition process leading to a laterally homogeneous and smooth HfO2 thin 

film, which is also supported by TEM image (Figure 7.5).  

 

This effect was also confirmed for thicker films as depicted in Figure 7.6 (e) and (f) 

with 500 x 500 nm2 AFM scans of ~80 nm HfO2 films deposited at 250 °C and 400 °C, 

respectively. The RMS roughness values of these two films are also indicated in Figure 

7.6 (e, f). The increase in RMS as a function of layer thickness of the samples grown at 

400°C can be explained by grain coarsening, i.e. increase in (lateral) grain size as a 

function of film height. The film deposited at 250 °C shows higher surface roughness 

compared to the one deposited at 400 °C, most likely because of coalescence of 

individual crystalline grains at 400 °C in the top part of the layer.  

 

7.3.4 Conformality 

The conformality of the above HfO2 ALD process was determined by depositing a ∼20 

nm thick HfO2 film over high-aspect-ratio (HAR) nanostructures with varying aspect 

ratio (0.6 - 9) at a deposition temperature of 250 °C. Figure 7.7 shows a cross-sectional 

TEM image of the HAR trench structures conformally covered with the HfO2 film. It 

should be noted that the deposition conditions for this purpose were kept the same as 

implemented for the planar Si substrates.  

 
Figure 7.7 (left) Cross-sectional transmission electron microscopy image of a conformal HfO2 

layer deposited on high aspect ratio nanostructures by ALD at 250 °C using HfCp(NMe2)3 and O2 

plasma. (right) A close up of trench structures with varying aspect ratios shows the conformal 

HfO2 thin film. 



  Chapter 7   

164 

A comparison of the HfO2 film thickness on the side walls and planar areas of the 

nanostructures shows that the HfO2 films had a conformality of 79% and 72.2% for 

aspect ratios of 3 and 7.3, respectively. A further optimization of the precursor dose and 

plasma conditions is required to exclude the recombination-limited or diffusion-limited 

regimes being the limiting factors for the step coverage.34
 

 

7.4 Conclusions  

In this study, a plasma enhanced atomic layer deposition process for the deposition of 

HfO2 thin films using a hafnium precursor [HfCp(NMe2)3] comprising 

cyclopentadienyl-alkylamido ligands in combination with O2 plasma has been 

evaluated. The growth characteristics clearly show the high thermal stability and high 

growth rate of the used precursor combined with O2 plasma yielding a high GPC value 

of ~1.1 Å/cycle over a wide ALD temperature range of 150 °C - 400 °C. High purity 

HfO2 thin films were obtained even at fairly low deposition temperatures with carbon 

and hydrogen residual impurity contents below 2 at% and 3.5 at% respectively for the 

whole range of substrate stage temperature investigated. A high substrate stage 

temperature of 400 °C resulted in fully crystalline, predominantly monoclinic as-

deposited HfO2 thin films with a high refractive index and a smooth surface. It was also 

found that the HfCp(NMe2)3 in combination with O2 plasma requires shorter ALD cycle 

time relatively as compared to the ALD process using H2O as oxidizing agent and 

therefore the plasma - enhanced ALD process offers a promising and viable method 

complementary to the thermal ALD process for producing high quality HfO2 thin films. 
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Appendix 

 
Table A.7.1 The atomic concentration of C and N contents with increasing substrate  

stage temperatures; d.l. stands for ‘detection limit’ 

Substrate stage 

temp. 

(°C) 

N content from 

XPS 

(at%) 

C content from 

XPS 

(at%) 

150 0.8 ± 0.1 1.7 ± 0.1 

200 0.7 1.0 

250 0.6 0.7 

300 0.6 0.6 

350 0.5 below d.l. 

400 0.5 below d.l. 

 

 

 

 

 

Figure A.7.1 The atomic concentration of ALD grown HfO2 film at deposition temperature of 400 

°C obtained after XPS depth profiling. A very low atomic concentration of N (< 1 at%) and C (< 

2 at%) was obtained for the whole deposition temperature range (150 °C - 400 °C) as shown in 

Table 7.1 (in the main text). 
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Figure A.7.2 A Tauc plot of (ԑ2E

2)1/2 vs photon energy for a HfO2 thin film deposited at substrate 

temperature of 400 °C. An indirect optical band gap value (Eg ) of ~ 5.5eV was extracted by 

extrapolating the linear part to zero absorption (HfO2 was considered as an indirect band gap 

material). 
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Conclusions and Outlook 

 
 

Atomic layer deposition (ALD) is an emerging technique for the synthesis of 2-D 

materials beyond graphene. In this dissertation, different aspects of ALD process 

development for a 2-D material, i.e. MoS2, have been studied. Furthermore, the ALD 

synthesized MoS2 films have been implemented as electrocatalysts for hydrogen 

evolution reaction during water splitting and as the channel in a proof-of-principle 

transistor device. From this work, the following general conclusions can be drawn: 

 

 Wafer scale, highly uniform 2-D MoS2 films can be synthesized with a 

precise thickness control ranging from a monolayer to bulk using plasma-

enhanced ALD (PEALD). Plasma-enhancement in the co-reactant step (i.e. 

H2S based plasma) enables the yield of as-synthesized crystalline 2-D MoS2 

film at relatively low temperature (300 - 450 °C) which otherwise, is only 

possible at high temperature (> 600 °C) when using techniques like chemical 

vapor deposition. Furthermore, besides enabling ultimate control over 

thickness, this work shows that PEALD allows to tune the film morphology, 

wetting and chemical composition by tuning the process parameters. This 

tuning of properties has been leveraged to demonstrate successful 

applications of PEALD synthesized MoS2 films for electrocatalysis. 

 

 ALD can be combined with a high temperature thermal sulphurization 

process to yield the high quality, basal plane oriented films. The number of 

MoS2 layers could be precisely controlled by tuning the number of ALD 

cycles for the parent MoOx films. The use of low temperature during the 

PEALD process makes it compatible with the conventional e-beam 

lithography resist. The integrative approach of combining PEALD and 
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thermal sulphurization thus makes it possible to obtain patterned MoS2 films 

on device ready substrates eliminating the need of any transfer/etch step 

which generally act as a source of contamination and thus resulting in the 

degradation of film properties.  

 

One of the biggest advantages of using ALD for the synthesis of 2-D materials is its 

ability to offer atomic level thickness control on a wafer scale. Furthermore, the film 

properties can be controlled in a facile way by modification of the process parameters. 

Based on the work presented in this thesis, a brief summary of each chapter is given as 

follows: 

 

 In Chapter 3, a low temperature PEALD process for synthesizing uniform, 

high quality 2-D MoS2 films over large area has been introduced. The 

precise thickness control down to a monolayer and the tuneability of 

morphology of the 2-D layers by varying the growth temperature from 150 –

 450 C have been achieved. The morphology transformation from in-plane 

to out-of-plane oriented films has been observed at 450 °C. Based on the 

transmission electron microscopy (TEM) analysis, it can be concluded that 

the enhanced precursor adsorption on the highly energetic edge sites as 

compared to basal planes of MoS2 can play a major role in the 

transformation to out-of-plane oriented films. The excellent control over 

morphology attained by PEALD is leveraged in electrocatalysis using the 

hydrogen evolution reaction (HER) where the out-of-plane oriented films 

outperform flat, in-plane oriented films. These results offer the opportunity 

of using PEALD to not only realize the uniform, large area growth of 2-D 

materials but also to control the film morphology for multiple applications.  

 

 The use of a plasma co-reactant during the second half cycle of ALD process 

provides a wide parameter space for material processing. The plasma 

parameters thus can have a number of effects on film properties like density, 

composition etc.1 In Chapter 4, it has been demonstrated that the 

morphology and wettability of out-of-plane MoS2 nanostructures can be 

tuned by varying the plasma parameters during PEALD. The modulation of 

plasma gas composition and substrate bias during PEALD can be used to 

alter the film morphology in a controlled way at the nanoscale with chemical 
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properties intact. This alteration of morphology can be leveraged to tune the 

water contact angle ranging from 109° to near superhydrophobic 146° which 

offers to contribute towards advancement of future applications utilizing 

MoS2 based nano-structured surfaces.   

  

 Apart from the out-of-plane oriented films, amorphous molybdenum 

sulphide (MoSx) films synthesized by PEALD also deliver excellent HER 

performance, as is discussed in Chapter 5. The change in structural 

properties of predominantly amorphous MoSx synthesized at 250 °C 

compared to nano-crystalline material (synthesized at 450 °C) results in 

better HER performance. The use of PEALD allows to conformally coat the 

HER relevant high surface area substrates like carbon fiber paper. A high 

current density (10 mA/cm2) at low overpotential (~ 235 mV) has been 

achieved. The X-ray photo electron spectroscopy analysis has shown the 

presence of S2
2- species (sulphur dimers) in MoSx synthesized at 250 °C. 

Furthermore, the extended X-ray absorption fine spectroscopy (EXAFS) 

analysis has revealed a peak which most likely corresponds to the presence 

of distorted Mo - S bond in MoSx films. Based on these results, it has been 

concluded that the structural differences collectively might render the 

predominantly amorphous MoSx films a higher HER activity. In a nutshell, 

PEALD has been demonstrated as a well suited tool to synthesize 2-D 

materials based high performance electrocatalysts for HER applications.  

 

One of the other approaches to synthesize high quality 2-D MoS2 films is to combine 

atomic layer deposition with thermal sulphurization. This allows to precisely control the 

number of layers in MoS2 films while achieving high quality crystalline films with 

excellent properties.  

 

 To enable the large area and patternable synthesis of MoS2, a method 

combining low temperature (50C) PEALD process to first deposit ultra-thin 

MoOx films and a subsequent high temperature (900C) thermal sulphurization 

is introduced in Chapter 6. The horizontal basal plane oriented crystalline 2-D 

layers with a grain size up to ~ 50 nm have been attained. Importantly, the 

number of layers in MoS2 could be precisely controlled by tuning the number 
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of ALD cycles for the parent MoOx films in a facile way. Using the combined 

approach, it is possible to conformally coat 2-D MoS2 layers on high aspect 

ratio trench structures. The usage of low temperature during PEALD allows for 

an e-beam lithography compatible process to obtain patterned MoS2 films with 

high fidelity. The patterned MoS2 films have been directly acquired on device 

ready substrates omitting the need for any etching and transfer step which 

keeps the film surface pristine and less prone to contamination. This approach 

might offer opportunities for device applications and to assemble 2-D 

heterostructures.  

 

 In 2-D materials, the charge carriers are within a confined space and the 

Coulomb/charged impurities are randomly distributed at the channel/dielectric 

interface. The charge carriers thus get scattered via the long-range Coulomb 

interaction with the charged impurities. In literature, it has been demonstrated 

that the capping of MoS2 with ALD deposited HfO2 suppresses the Coulomb 

scattering resulting in superior device performance.2 Keeping this in 

perspective, in Chapter 7, a plasma enhanced atomic layer deposition process 

is introduced for the deposition of HfO2 thin films using a metal precursor 

comprising cyclopentadienyl-alkylamido ligands [HfCp(NMe2)3] in 

combination with O2 plasma. The high stability of the used metal precursor 

allows for a wide processing temperature range (100 - 400 °C) resulting in both 

amorphous and polycrystalline HfO2 thin films. The high quality nature of the 

as-deposited films offers opportunity for their integration with 2-D MoS2 films 

and advance towards device applications.  

 

 

Outlook 

The results obtained in this thesis work illustrate that PEALD, both direct and combined 

with thermal sulphurization, is a promising method for the synthesis of high quality 

MoS2 over large area and offer opportunities for myriad device applications. This work 

can lead to exciting future research areas to be explored. The following examples are 

only a few of the numerous possible directions which can be investigated for continued 

research on the topic of atomic layer deposition of 2-D materials: 
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From Direct ALD perspective 

 ALD, besides offering excellent thickness control and highly conformal 

films is an excellent method for doping the films by introducing an 

additional dose of the desired dopant during ALD cycle. For MoS2 films, it 

has been shown in literature that the doping with some metals like Nb or Mn 

results in the improvement of electrical properties.3, 4 Similar kind of doping 

approach can be adopted during PEALD process to investigate the effect of 

dopants on the electrical properties of the as synthesized MoS2 films. 

Furthermore, the post processing of as-synthesized MoS2 films is also an 

area of great interest. For example, the electrocatalytic properties of the out-

of-plane oriented MoS2 films (Chapter 3) can be tailored by decorating them 

with nanoparticles of Pt and Co using ALD processes. Pt is one of the best 

known electrocatalysts and therefore a high HER performance can be 

expected from such Pt/MoS2 composites. Likewise, it was demonstrated that 

the ALD coating of TiO2 on the basal planes of MoS2 had a positive impact 

on their HER performance.5 It can thus be speculated that the ALD coating 

of TiO2 might enhance the HER performance of out-of-plane oriented MoS2 

films synthesized in this thesis work and therefore this is worth 

investigating.  

 

From Indirect ALD and device fabrication perspective  

 The 2-D MoS2 film synthesized using PEALD and thermal sulphurization is 

polycrystalline in nature with a grain size up to 50 nm. To further improve 

the FET device performance, different approaches for enhancement of grain 

size are worth investigating. One method could be to reduce the nucleation 

density of MoOx species on SiO2/Si substrates during ALD process by 

implementing inhibitor molecules to reduce the density of available surface 

sites for Mo precursor. This could enhance grain boundary mobility in the 

lateral direction ultimately resulting in larger grain sizes. Furthermore, 

single-crystal sapphire and GaN can be investigated as substrates for the 

synthesis of MoS2 films. These substrates have a low lattice mismatch and 

high commensurability with MoS2 which can suppress the random crystallite 

orientation resulting in well-defined grain boundaries. For these substrates, it 

is possible to devise top-gate configuration for fabricating FET devices.  
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 From a device point of view, the exploration of different dielectric 

environments either as top gate oxide or capping layer (to suppress the 

coulombic charge scattering for possible increase in mobility) is also of 

interest. To this purpose, thermal ALD grown Al2O3, HfO2 or polymers can 

be investigated. For example, it has been shown that for MoSe2 based FET 

devices, the use of polymer parylene as a dielectric resulted in 2-3 fold 

enhancement in mobility.6 Furthermore, a number of metal contacts to MoS2 

can be explored aiming at reduced contact resistance. In this context, the 

graphene/metal composite and Mo as metal contacts to MoS2 are most 

attractive candidates for investigation as they have been shown to result in 

low contact resistances and high device performance.7, 8 

 

From materials development perspective 

 The method devised for patterned synthesis of MoS2 can be extended to 

assemble 2-D heterostructures on a large scale. The fabrication of both 

vertical and lateral heterostructures is possible using the schematic shown in 

Figure 8.1. In this schematic, the steps I - IV remain essentially the same as 

described in Chapter 6 where the patterned islands of MoOx are obtained. 

The e-beam lithography patterning step needs to be repeated then to attain 

the patterned PMMA according to the desired profile i.e. for vertical or 

lateral heterostructure (step V - VI).  From this point onwards, the low 

temperature PEALD for WOx can be leveraged to deposit WOx film 

uniformly without damaging PMMA (step VII). It is to be noted that a low 

temperature PEALD process for WOx has already been developed in our 

group9 which can be readily incorporated in the proposed process flow. The 

standard lift-off technique would result in patterned lateral or vertical 

heterostructures of MoOx/WOx which can be subjected to high temperature 

thermal sulphurization to acquire final 2-D MoS2/WS2 van der Waals 

heterostructures. The heterostructures have been shown for exciting future 

applications like interband tunneling, optospintronics etc.10, 11 and therefore 

the fabrication of such heterostructures with controlled thickness might be 

an valuable attribute. Our approach can potentially be expanded for 

assembly of other 2-D materials based heterostructures. 
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Figure 8.1 The schematic process flow for fabrication of lateral and vertical 2-D van der Waals 

heterostructures. 
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Summary 

 
 

The landmark invention of graphene in 2009 by Geim and Novoselov has stimulated the 

exploration of other 2-D materials beyond graphene in a quest for future generation 

nano-electronics. Besides graphene, molybdenum disulphide (MoS2), a natural 

semiconductor, is one of the most studied layered nanomaterials because of its earth 

abundance, stability in ambient and direct band gap in the monolayer regime. This 

makes MoS2 an interesting candidate for future (opto-)electronics applications. 

Additionally, when the MoS2 basal planes are oriented out-of-plane, the active edge 

sites of the basal planes provide a unique opportunity for electrocatalytic applications. 

However, the synthesis and precise control over the thickness and morphology of these 

layers at the nano-scale over large areas is still a major challenge. Atomic layer 

deposition (ALD) is a preparation method for thin films which offers a precise thickness 

control down to a sub-monolayer and is instrumental for synthesis of 2-D materials. 

Therefore, the focus of this thesis is to explore the potential of plasma-enhanced ALD 

(PEALD) process, both in direct and indirect way, for synthesis of 2-D MoS2 over large 

area with precise thickness control.  

In Chapter 3, a low-temperature plasma-enhanced ALD (PEALD) process was 

presented to synthesize large area, uniform mono-to-few layered MoS2 films. The 

characteristic self-limiting ALD growth with a growth-per-cycle of 0.1 nm/cycle and 

precise thickness control down to a monolayer combined with excellent wafer scale 

uniformity was demonstrated. The transformation in film morphology from in-plane 2-

D to out-of-plane oriented 3-D layers as a function of growth temperature was observed. 

A model based on high-resolution transmission electron microscopy analysis was 

hypothesized to elucidate the film morphology transformation at 450 C. Therefore, an 

excellent control not only over thickness but also over morphology could be attained, 

which was showcased in electrocatalysis where out-of-plane oriented films 

outperformed in-plane oriented films. 

The surface wettability of out-of-plane oriented films can play a crucial role in 

determining its electrocatalytic properties e.g. hydrogen evolution reaction (HER). It 

was demonstrated in Chapter 4 that the tuneable wettability of MoS2 nanostructures 
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could be attained in a facile way by modulating the plasma gas composition and 

application of substrate bias (mainly affecting ion energy) during the PEALD process. 

While a wide range (109° - 133°) of tuneable water contact angles (WCA) was obtained 

on SiO2/Si substrates, a close to superhydrophobic (~146°) WCA was achievable on 

HER relevant carbon fibre paper substrates. 

Apart from the out-of-plane oriented films, amorphous molybdenum sulphide (MoSx) 

films synthesized by PEALD also deliver excellent HER performance, shown in 

Chapter 5. A high current density (10 mA/cm2) at low overpotential (~ 235 mV) for 

predominantly amorphous MoSx films was achieved. A detailed analysis using X-ray 

photoelectron spectroscopy and extended X-ray absorption fine spectroscopy (EXAFS) 

allowed to conclude that the change in structural properties of MoSx film synthesized at 

250°C compared to nano-crystalline material synthesized at higher temperature results 

in better HER performance.  

Another approach to synthesize high quality, patternable MoS2 ultra-thin films by 

combining PEALD and thermal sulphurization was also explored in chapter 6. In this 

case, low temperature PEALD (50C) was first used to deposit MoOx ultra-thin films. 

Subsequently, a high temperature (900C) sulphurization process using a H2S+Ar gas 

mixture was used to sulphurize MoOx films. The in-plane, layered morphology variant 

of MoS2 with strong photoluminescence signal from a monolayer was obtained. Large 

area uniformity and excellent conformality over high aspect ratio trench structures were 

displayed. The low temperature processing during the first step allowed the use of 

electron beam lithography to pattern MoOx islands with high fidelity. These MoOx 

islands were sulphurized to yield patterned MoS2 on device ready SiO2/Si substrates and 

thus eliminating any need for etching and/or transfer. The thickness of the final MoS2 

patterns could systematically be controlled just by tuning the number of ALD cycles for 

the parent MoOx films. 

For device integration, the deposition of high- dielectrics on MoS2 has been 

demonstrated as a crucial step. A PEALD process using a combination of a heteroleptic 

precursor and O2 plasma for depositing HfO2 thin films was investigated in chapter 7. 

An extensive film characterization was carried out which revealed that both amorphous 

and polycrystalline HfO2 films could be deposited depending on the deposition 

temperature. The film conformality was also assessed on 3-D high aspect ratio 

nanostructures. 
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In conclusion, it has been demonstrated that ALD is a viable technique to deposit high 

quality, large area MoS2 with an excellent control over both thickness and morphology 

and therefore this technique is potentially extendable to other 2-D materials. Most of 

this thesis work has been or will be published in peer-review scientific journals, and 

provides opportunities for future integration of MoS2 in devices for a broad range of 

applications. 
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