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Abstract 

 
The unique electrical, optical and mechanical properties of graphene make it attractive as 

a flexible transparent electrode for applications in organic electronics, e.g. organic light emitting 

diodes (OLEDs). However, the intrinsic electronic structure of graphene does not match energy 

levels in organic systems. Such matching can be achieved by depositing a transition metal oxide 

(TMO) on graphene, creating a heterostructure with new electronic properties.  

The aim of this work concerns mainly the modification of graphene work function due 

to interaction with TMO of high work function (WF) with respect to matching the energy levels 

of the developed heterostructures to the requirements of OLED technology. The core of this 

thesis addresses synthesis of selected TMOs (molybdenum and rhenium oxides, MoO 3 and 

Re2O7) on graphene and highly oriented pyrolytic graphite (HOPG). The morphology of grown 

structures was studied in detail, with particular emphasis on molybdenum oxide monolayers. 

The electronic structure of obtained heterostructures was investigated, in particular, value of 

work function. 

As a first step, the study focuses on the direct synthesis and in-situ characterisation of 

monolayer MoO3 on HOPG by thermal evaporation in UHV. It results in two-dimensional, nearly 

stoichiometric, and electrically conductive MoO3, where local electronic structure possesses 

apparent energy gap of 0.4 eV which is uniform for the first three layers. Next, we address the 

deposition process of MoO3 on graphene, with different properties depending on its substrate, 

to ultimately get as thin MoO3 layer as possible. The third step is to explore the WF of MoO3 

monolayers in different conditions. The innovative character of this part is proposing crystalline 

MoO3 monolayer for enhancement of substrate WF up to 6.4 eV for thicknesses as low as 0.7 

nm. To close with the second TMO example, we study the potential of Re 2O7 to increase 

graphene WF, leading to +0.8 eV for graphene/Re2O7 heterostructure.  
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Streszczenie 

 

Unikalne właściwości elektryczne, optyczne i mechaniczne grafenu czynią go 

atrakcyjnym jako elastyczna, przezroczysta elektroda do zastosowań w elektronice organicznej, 

np. organicznych diod elektroluminescencyjnych (OLEDs). Jednakże, struktura elektronowa 

grafenu nie jest dopasowana do poziomów energetycznych w układach organicznych. Takie 

dopasowanie można osiągnąć poprzez osadzenie tlenku metalu przejściowego (TMO) na 

grafenie, tworząc heterostrukturę o nowych właściwościach elektronicznych.  

Celem niniejszej pracy jest opracowanie modyfikacji pracy wyjścia grafenu  

w następstwie oddziaływania z TMO o wysokiej pracy wyjścia (WF) z uwzględniłem dopasowania 

poziomów energetycznych powstałych heterostruktur do wymagań technologii OLED. Główna 

część rozprawy dotyczy syntezy wybranych TMO (tlenków molibdenu i renu, MoO 3 i Re2O7) na 

podłożach grafenowych i grafitu pyrolitycznego (HOPG). Zbadano zarówno morfologię 

otrzymanych heterostruktur, ze szczególnym uwzględnieniem monowarstw tlenku molibdenu, 

jak również ich strukturę elektronową, w szczególności wartość pracy wyjścia.  

W pierwszym etapie pracy skupiono się na bezpośredniej syntezie i charakteryzacji 

in-situ monowarstwowego MoO3 na HOPG metodą parowania termicznego w warunkach ultra 

wysokiej próżni. W ten sposób otrzymano dwuwymiarowy, prawie stechiometryczny  

i elektrycznie przewodzący MoO3, którego lokalna struktura elektronowa posiada przerwę 

energetyczną o szerokości 0,4 eV – taką samą dla pierwszych trzech warstw. Następnie, zajęto 

się procesem osadzania MoO3 na grafenie, którego właściwości różniły się w zależności od 

podłoża, na którym został wytworzony i ostatecznie skoncentrowano się na otrzymaniu 

możliwie cienkiej warstwy MoO3. W trzecim etapie zbadano pracę wyjścia monowarstw MoO3 

w różnych warunkach. Nowatorski charakter tej części pracy polega na zaproponowaniu 

krystalicznej monowarstwy MoO3 dla zwiększenia pracy wyjścia podłoża do 6,4 eV przy grubości 

zaledwie 0,7 nm. Na zakończenie zbadano drugi przykład TMO – Re2O7, w celu określenia jego 

potencjału do zwiększenia pracy wyjścia grafenu. Wykonane badania wskazują, że w przypadku 

heterostruktury grafen/Re2O7 następuje wzrost pracy wyjścia o 0.8 eV. 
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Introduction 

 
The unique electrical, optical, and mechanical properties of graphene make it attractive as  

a transparent electrode for potential applications in organic electronics. However, the intrinsic 

electronic structure of graphene does not match energy levels in organic systems. Such matching 

can be achieved by depositing transition metal oxide (TMO) on graphene, creating  

a heterostructure with novel electronic properties.  

TMO films are commonly used in organic electronics devices to improve 

charge-injection between electrodes and organic layers. TMO monolayers hold their promise in 

ultrathin optoelectronics. However, as described in the literature TMOs films need high 

deposition temperatures and are usually amorphous/polycrystalline, thereby requiring thick 

films to provide continuity and desired properties, hindering their further ultrathin applications.  

Despite some graphene/TMOs heterostructures satisfying initial expectations in organic 

electronic applications, the choice of TMOs with particular properties remains unlimited, and 

the choice of required thickness of TMOs seems undefined. In the case of graphene anodes, this 

mainly concerns modification of their work function (WF) due to interaction with a TMO having 

high WF. The study of described choices will be the subject of this work, which can contribute 

to designing a new type of conducting, transparent, and flexible heterostructures for anodes 

with electronic structure aligned to organic semiconductors. 

 
The aim of this work is to synthesise selected TMOs (molybdenum and rhenium oxides) 

on substrates belonging to the graphene family. The morphology of grown structures will be 

studied in detail, with particular emphasis on molybdenum oxide monolayers. The electronic 

structure of obtained heterostructures will be investigated, in particular, value of their WF.  

As a first step, the study will focus on direct synthesis and in-situ characterisation of 

MoO3 monolayer on a graphene bulk counterpart – highly oriented pyrolytic graphite (HOPG). 

To establish a base for 2D form of MoO3 concerning growth habits, stoichiometry, and local 

electronic structure for the first layers, which would be a novelty, we will study a model 

heterostructure of HOPG/MoO3. 

Next, we address the deposition process of MoO3 on graphene with different properties 

depending on a substrate (Cu or SiC) and thickness (from monolayer to few-layer graphene) to 

ultimately get as thin MoO3 layer as possible – this time on the target substrate, i.e. graphene.  

The third step is to explore the WF of MoO3 under different conditions in order to 

determine the highest value of WF that MoO3 has to offer while reaching the limit of the minimal 

thickness of films, i.e. going down to monolayers. Therefore, the contribution of this study is 
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going beyond the usual approach, i.e. finding the final saturation of WF with increase in film 

thickness. Instead, we optimize the crystallographic and chemical structure of material to search 

for films that meet the WF requirements with continuity of surface with lowest possible 

thickness. Testing different conditions in this study will define the critical environment for 

utilising the highest qualities of MoO3 monolayers and possible threads. Post-processing method 

of annealing after air exposure will be investigated. 

To close with the second TMO example, we study the deposition and potential of Re2O7 

in tuning the graphene WF. In contrast to MoO3, rhenium oxides are not commonly used in 

organic electronic devices yet. Studying Re2O7 is not only much room for unexplored applications 

and development of new heterostructures, but also an advantage of lower temperatures of 

deposition. 

 
The chosen transition metal oxides will be deposited by thermal evaporation in UHV. 

After determination of optimised deposition parameters, the samples will undergo 

comprehensive characterisation. For this purpose, the complementary experimental techniques 

will be used for analysis of surface morphology (atomic force microscopy (AFM) and scanning 

tunnelling microscopy (STM)), crystal structure (low-energy electron diffraction (LEED) and high-

resolution transmission electron microscopy (HR-TEM)), chemical composition (X-ray 

photoelectron spectroscopy (XPS)), and local and global electronic structure (scanning 

tunnelling spectroscopy (STS), kelvin probe force microscopy (KPFM), ultraviolet photoelectron 

spectroscopy (UPS)). Additionally, the obtained results will be supported by numerical 

calculations in density functional theory (DFT) framework. 

 
Note that in this Thesis, the terms MoO3 and Re2O7 refer to molybdenum trioxide and 

rhenium heptoxide, which are not fully stoichiometric. 

 

Outline 
 
This thesis is structured as follows.  

• Chapter 1 presents the background and elaborates on the motivation driving this 

research. It starts with a need of organic electronic and continues with an overview of 

selected TMOs: MoO3 and Re2O7, with emphasis on 2D MoO3 as well as substrates: 

graphene and HOPG. The reader can expect to find more literature review necessary for 

discussion in each of subsequent Chapters describing experimental results.  
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• Chapter 2 describes the experimental methods used in this work, covering the most 

details on work function measurements, including a practical UPS guide for 

interpretation of results from uncoalesced 2D films or two-component surfaces. 

• In Chapter 3, the study of MoO3 monolayers on HOPG is described in detail. In particular, 

the morphology, crystal structure, chemical composition, and electronic structure of the 

first three MoO3 layers in the macro- and nanoscale are analysed. Additionally, the 

effect of air exposure is investigated. DFT calculations support the experimental 

analysis. 

• Chapter 4 presents a growth study of MoO3 on graphene substrates revealing the 

difficulties in reproducing monolayers of MoO3 grown on HOPG, where graphene 

synthesized on Cu and SiC were used. Moreover, it describes whether the chosen 

deposition method is harmful to graphene. 

• Chapter 5 is devoted to work function measurements in ambient and UHV conditions of 

MoO3 monolayers on HOPG and graphene. Moreover, the restoration method after air 

exposure is proposed and tested. 

• Chapter 6 focuses on studying graphene heterostructure with Re 2O7. In particular, it 

describes morphology, chemical composition, and the electronic properties of 

deposited structures. 

• Finally, Chapter 7 summarizes and concludes the major experimental findings of this 

Thesis.  

Appendix A contains literature data of binding energies and energy separation of Mo oxidation 

states helpful for Mo3d analysis by XPS. A list of publications and details of the academic 

contributions that have resulted from this thesis are summarized in Appendix B.  
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1. Background and Motivation 
 
Numerous scientific groups have made much effort to guarantee energy-level alignment 

between functional layers in organic electronic devices [1–5]. If we take only one element of  

a device, an anode and think of it as a separate part, we may design a transparent, flexible, and 

ultra-thin electrode, which needs to possess specific properties to meet, i.e., energy-level 

alignment requirements. 

Transparent electrodes are used in many areas of modern electronics and are commonly 

found in optoelectronic devices [6,7], such as displays [8,9], touch screens [8,10], light-emitting 

diodes [9,11], and solar cells [2,12]. Thereby, doped metal oxides like indium tin oxide (ITO) are 

currently widely used as the standard material [2,13,14]. In addition, future displays are 

expected to be larger and reside on plastic. Therefore, prospective displays must be flexible, 

while ITO is brittle [14,15], and must be produced at low temperatures and over large areas. 

Such requirements must be in addition to standard technical requirements associated with, e.g., 

low sheet resistance. 

Among the range of potential replacement materials for ITO, graphene shows great 

promise due to its two-dimensional (2D) bonding configuration offering flexibility, mechanical 

robustness as well as chemical inertness combined with excellent electrical and optical 

transparency in the range of visible light [1,16,17].  

Graphene supports high electronic mobility, but at the same time, it intrinsically shows 

low electrical conductivity due to the low charge carrier concentration. Consequently, stable 

doping of graphene is crucial to achieving sheet resistance below 100 Ω/sq with optical 

transmittance above 90% [1,18,19]. This links to substantial modification in the work function 

(WF) of graphene.  

Recent reports highlighted promising results of graphene-based electrodes, particularly 

for organic electronic applications, including organic light-emitting diodes (OLEDs) and organic 

photovoltaic (OPV) cells [11,14,19]. For those applications, band engineering is at least as 

important as sheet resistance of the transparent conductor materials.  

From the perspective of an anode in those devices, the low WF of graphene [1,19,20] 

causes inefficient hole injection between the graphene anode and the neighbouring 

hole-transporting layer (HTL) due to high potential barrier between those components [4]. 

Hence, the efficiency of OLEDs with the graphene anodes becomes poorer than OLEDs 

fabricated on the ITO anode.  

To reduce interfacial barriers, the graphene drawbacks have been overcome by 

deposition of layers of transition metal oxides (TMOs) onto graphene, forming graphene/TMO 
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heterostructure systems. The TMOs and graphene themselves cannot provide the desired 

parameters, but the idea of merging two dissimilar materials of different physical and chemical 

properties into one heterostructure system of new properties seems very promising.  

While such interfacial TMO films are becoming more and more widely used with 

graphene electrodes, the focus of the scientific discussion has been either revolving around 

stable doping [4] or improved wetting [21,22], and there are few reports addressing  

a fundamental understanding of the new interfacial electronic structure [3,23,24]. From the side 

of organic semiconductors, the mechanism for level alignment between the organic layers and 

TMOs was demonstrated [3,5], where they derived a mathematical relation that describes the 

alignment governed by electron-chemical-potential equilibration. Although the application of 

graphene/TMOs heterostructures as anodes satisfy initial expectations [14,19], their ultimate 

optimisation remains ambiguous in terms of the minimal thickness or highest work function. 

Such a heterostructure system is interesting for basic research in terms of thickness limitations 

and exploration of TMOs candidates to be connected with graphene, in addition to the proven 

advantages of electronic applications. 

 

1.1. High work function of selected TMOs: key parameter 
 

TMOs have been the subject of studies on charge transport in organic electronic devices [23,24]. 

In particular, they have been reported to impact device performance significantly. Enhanced 

hole injection in OLED [25,26] and hole extraction in OPV [2,12] were established with the 

insertion of a thin layer of TMO, improving their performance. High WF TMOs – such as MoO3, 

WO3, and V2O5 – are already in use as anode buffer layers in organic electronics [23,24,27]. 

However, rhenium oxides, also characterised by high WF (over 7 eV [28,29]), have not yet been 

extensively explored. 

Due to their high WF, selected TMOs provide a favourable alignment of the energy levels 

with the neighbouring active materials in mentioned devices [23,24]. The relative position of the 

energy levels at the interface and the resultant energy level alignment between the two 

contacting materials is essential for efficient charge transport [23,24]. A low-resistance contact 

requires the Fermi level of the anode (parameterised by WF) to be closely aligned with the 

highest occupied molecular orbital (HOMO) level of the organic semiconductor. In fact, the 

Fermi level of graphene is located at around 4.2–4.6 eV [19,20], while the typical hole 

transporting material - commonly used in OLEDs – like N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-

biphenyl)-4,4′-diamine (α-NPD) has a HOMO level at around 5.5 eV [3,30]. 
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With minor variations in the mechanism of the caused enhancement [2,23,24], the 

improved contact with the anode and organic layer material for the hole transportation is almost 

undisputed. The high WF of TMO is recognised as the key parameter for understanding such 

improvements [24,31,32]. 

 

WF is defined as the minimum energy required to withdraw an electron completely from 

a metal surface [33–35]. The experimentally measured WF value of a material represents the 

energy difference between the Fermi and the local vacuum level [23,31]. The surface science 

techniques to measure WF are ultraviolet photoelectron spectroscopy (UPS), on the microscale, 

and kelvin probe force microscopy (KPFM), on the nanoscale. Both these techniques will be used 

in this work. 

As widely highlighted in the literature, securing the energy level alignment has been 

proven to increase efficiency of devices [4,19,36]. Consequently, determining the way to obtain 

the highest WF possible, therefore its dependence on TMO film thicknesses has been the focus 

of many research groups [6,19,20,37,38]. In other words, how thick needs to be a TMO film to 

modify the WF of its substrate to provide aligned energy levels.  

The literature describes WF tuning of TMOs in the function of film thickness and the 

influence of the substrate [6,19,37–41]. The evolution of WF observed by UPS measurements is 

usually presented in the following way: a rapid shift of WF occurs during the deposition of the 

first few nm of the TMO film, while saturation occurs between specific thicknesses, reaching the 

highest possible surface WF at given conditions. In the case of MoO3 films deposited on the 

graphene substrates for anode applications, a gradual increase along with MoO3 film thickness 

has been reported. At the nominal thickness of 1.4 nm, WF reaches 5.9–6.4 eV [6,41], while the 

final saturation (≤ 6.80 eV) occurs for thicker MoO3 films of about 4.0–5.0 nm [6,19,37]. The 

latter value agrees with the reported WF for bulk α-MoO3 of 6.9 eV [19,38,42,43].  

On the other hand, α-MoO3 has been predicted to retain bulk electronic properties while 

taking 2D form [44–48], which includes the high work function. Other calculations explain the 

WF enhancement in electrodes by modifying surface dipoles induced by the ultrathin dielectric 

layer [49,50]. In particular, these works suggest that the work function of metals can be 

significantly increased or decreased by a dielectric coating as thin as just one monolayer thick. 

In this Thesis, we propose monolayer α-MoO3 films sufficient to increase the WF of the 

graphene substrate to a desirable level for organic electronic applications.  This could 

downscale the thickness of films currently used for tuning WF down to <  1 nm. 
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1.2. Transition Metal Oxides in Organic Electronics 
 
For investigations described in following Chapters among all TMOs the molybdenum and 

rhenium oxides were chosen for building heterostructures with graphene. This selection was 

supported by several reasons: 

I. Mo and Re oxides have higher work function than graphene. 

II. Mo and Re oxides can be deposited via thermal evaporation; therefore, the film 

thickness can be easily monitored and controlled. 

III. Mo and Re oxides can be deposited in low temperatures (with particularly low for 

Re2O7). 

IV. Mo and Re oxides deposited via thermal evaporation are unlikely to induce defects 

in graphene in contrast to, e.g., TiO2 [51]. 

V. Mo and Re oxides can be deposited in UHV; therefore, the environment can be 

controlled avoiding any contact with air (air is likely to reduce work function of these 

TMOs [42,43]). 

VI. α-MoO3 is naturally layer material holding a promise of functional monolayers.  

VII. Films of MoO3 are commonly used in organic electronics as a hole injection layer 

and bulk MoO3 has been extensively studied. Thus, the electronic structure of bulk 

MoO3 is well understood, supporting reliable analyses on the MoO3 monolayers. 

Additionally, what is beyond this study, some aspects of optical properties of chosen 

materials are worth mentioning. The visible light transmittance of one- to five-layer pristine 

graphene was reported to be at the level of 98%, 95%, 93%, 90%, and 88%, respectively [52], 

which means that transmittance of graphene decreases by around over 2% with each added 

layer [52,53]. TMOs, themselves, have high transmittance of 85%–90% in the visible range 

[25,54]. In particular, the transmittance through graphene synthesised on SiC and covered with 

Re2O7 (nominal thickness of 25 nm) decreased by about 7% in comparison with uncovered 

graphene [20]. The average optical transmittance of ReO3 film with different thickness (up to 

nominal 1.5 nm) on quartz substrate was higher than 98% [13]. 

 

1.3. Introduction to Transition Metal Oxides 

 
Transition metal oxides (TMOs) is a family of materials with many diverse properties such as 

superconductivity, magnetism, and ferroelectricity [55,56]. Thus, TMOs find applications ranging 

from catalysis, solar cells to electronic devices [24,55].  
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TMOs family contains wide variety of oxides. Many TMOs exhibit more than one stable 

oxidation state and form more than one oxide [27,57]. For example, molybdenum occurs at the 

following formal oxidation states: 6+ and 4+, with the corresponding stable oxides: MoO3 and 

MoO2. In addition, there is possibility of oxides affected by oxygen vacancies both undefined 

and those with defined stoichiometry [27,57]. Some of them are stable, e.g., Mo4O11, Mo5O14, 

Mo6O17, Mo7O20, Mo8O23, Mo9O26, Mo17O47, and Mo18O52. Then, each oxide possesses unique 

properties. For example, electronic band structure of TMOs can range from insulating to 

conducting [31,38]. Some TMOs are inert, while others are catalytically active [58]. Also, they 

can exhibit a wide range of work functions [31,59]. TMOs thin films are commonly used in 

organic electronics to improve charge-injection between organic semiconductors and electrodes 

[23,24,27]. Some TMOs are good hole-injectors, while some others are good electron-injectors. 

The metal oxidation state, stoichiometry and density of vacancy defects are the factors affecting 

TMOs electronic structures [55,60]. Therefore, any of these factors may affect energy-level 

alignment in organic electronic devices. 

 Among other members of TMOs family such as vanadium, nickel or copper oxides, we 

will provide more detail review only for those presented in this Thesis: molybdenum [19,31] and 

rhenium oxides [28,29]. The vast part of following investigations focuses on monolayer of 

α-MoO3. Therefore, a broader review in this topic will be described in the following Section 1.3.2. 

 

1.3.1. Molybdenum Oxides 
 
As mentioned, molybdenum can be found in various oxide stoichiometries, which play  

an important role in many versatile applications, ranging from catalysis, batteries, gas sensors 

to optoelectronics, and future twistronics [27,61,62]. Variations in the oxidation states allow for 

manipulating the crystal structure, morphology, and oxygen vacancies, to control and engineer 

electronic states [27]. In terms of organic electronics, efforts have been taken toward graphene-

based electrodes addressing devices with films of MoO3 as a hole injection layer (HIL) [6,19]. 

However, the practical attractiveness of MoO3 may lay in the electronic structure of its 2D form 

(monolayer of α-MoO3(010) phase (see below for explanation)), as theoretical calculations 

predict that it is not significantly altered from the bulk [44–48].  

The most stable phase of molybdenum trioxide is orthorhombic α-MoO3. It has  

a layered crystal structure, Figure 1, consisting of corner-sharing octahedral nets linked by van 

der Waals (vdW) forces [39,63], which offers creation of 2D morphologies. The unit cell of  
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a 

 

b 

 

Figure 1: Crystal structure of α-MoO3. (a) Side view of two layers (2L) of MoO3 on HOPG. The 
height of a monolayer (1L) MoO3 including vdW gap is marked. (b) top view of the atomic 
structure of 1L α-MoO3. 

 
α-MoO3 is built of two layers (see marked 2L in Figure 1a) of chemically bonded octahedra, 

where the layers are separated by a vdW gap [39,63]. The layered α-MoO3 was the subject of 

many studies; however, its 2D form was not uniformly addressed. Here we want to define  

a monolayer (1L) of α-MoO3 as a single layer of the octahedral net corresponding to half of the 

unit cell (in vertical b direction or [010]) with the thickness of 6.9 Å, which is a half of the b-axis 

lattice parameter of a single unit cell α-MoO3. 

α-MoO3 is an n-type semiconductor with a bandgap of over 3 eV [46], while it can be 

easily doped by oxygen vacancies forming MoO3-x [42,46,64–66] and inducing additional bands 

below the conduction band minimum (CBM), which leads to a local decrease of the bandgap 

[67]. Therefore, the electronic properties of molybdenum oxides are in the broad range of 

insulating (for stoichiometric MoO3) through semimetallic (for MoO3-x with relatively small x) to 

metallic (for MoO3-x, x ≤ 1). The stoichiometry of molybdenum oxides can be easily controlled 

via, e.g., annealing in vacuum or nitrogen [65,68,69]. On the other hand, annealing treatments 

of ultrathin films have barely been reported. 

 

1.3.2. 2D α-MoO3 

 
There are relevant papers regarding the models of MoO3 growth in 2D form. This section covers 

the information available up to date in the literature about layers of α-MoO3, focusing on 

monolayer (1L), and bilayer (2L) up to few layers (called also nanosheets). The data relates to 2D 

MoO3 films grown on various substrates, including metals (Au), 2D templates (e.g. graphene, 

hBN, mica), and oxide substrate (SrTiO3). The growth of mono- or few-layered MoO3 films has 

been achieved by several methods, such as the most common thermal evaporation either in air 

(hot plate method) [44,70,71] or in UHV [72], e-beam evaporation [73], flame  
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Ref. Substrate 
& Method 

Monolayer (1L) Bi- (2L) or Few-layer Highlights 

Kim et al. 
2019 [71] 

multilayer 
graphene or 
graphite;  

hot plate 
method 

• unstable in air 
(observed by 

AFM but mobile) 

• α-MoO3 phase 

• square-like 

• single crystal 

thickness-insensitive properties: 
• friction 

• work function 

• dielectric constant 
PES: (450eV) Mo6+ ~70%, Mo5+ 
~30%; (750eV) also Mo4+ and 
lower oxidation states  

Kim et al. 
2018 
[70] 

graphene 
hBN 
mica 

MoSe2 
MoTe2 

WSe2 
sapphire; 
hot plate 

method 

• height of 0.7 nm 
• quasi-stable 

• irregular shapes 

• α-MoO3 phase 
• quasi-square 

• single-crystal 

• relative angles 
integer multiples 
of 60° 

• thickness-dependent band gap 
2.9 eV to 3.2 eV (bulk) 

• valence band maximum 2.8 eV 

below the Fermi level  
• work function of 4.6 eV 

(as-grown) to 5.2 eV (after 
sputtering) 

XPS: Mo6+ 96%, Mo5+ 6% 

Wang et al. 

2016 
[74] 

fluorophlogo-

pite mica 
APPVD 

- • α-MoO3 phase 

• rectangular flakes  
• aligned in three 

major orientations 

120° wrt. each 
other 

• 1.4 nm height 

• growth temperature between 

350 °C and 480 °C 
• controllable thickness 
• lateral sizes reaching several 

tens of micrometres 
• AFM: visible perturbations 

Molina-
Mendoza 

et al. 2015 
[44] 

muscovite 
mica(001); 

hot plate 
method 

- • α-MoO3 phase 
• 1.4−4.0 nm height 

• ∼60° between 
crystals 

• transferable 
• lateral sizes reaching 

centimetres 
• thickness variations 

XPS: transfer onto Au resulted in 
pure MoO3 

Cai et al. 

2017 
[75] 

muscovite 

mica; 
flame 
synthesis 

• lateral size of 

several 
micrometres 

• ∼0.8 nm height 

 • at 450 °C 

• controllable thickness 
• rapid deposition (2 min) 

 
few-layer 
graphene; 

flame 
synthesis 

 • α-MoO3 phase 
• rectangular shape  

• thickness of 2 to 12 
nm 

• rapid deposition 
• structural change under 

electron beam 

Biener et 
al. 2004; 

Biener and 
Friend 
2004; Deng 

et al. 2008; 
Guimond 

et al. 2013; 
Quek et al. 
2005 

[22,76–79] 

Au(111); 
oxidation of 

Mo layer 

• (5.77 × 5) Å  
• first published 

0.5 nm[76,77] 
height of 0.7 
nm[22] 

• semimetallic 

• well-defined 
edges with kinks 
and domain walls 

• 6% Mo5+ 

• (11.5 × 5.0) Å 
• corrugation lines 

>2L 
• crystallites of 

α-MoO3 

• 1.3 nm height 
• domains with 

random azimuthal 
orientations 

• despite herringbone 
reconstruction of clean 
Au(111), STM images indicated 
no reconstruction under the 
MoO3 islands 

• hydrogen adsorbed more 
strongly than on bulk MoO3 

Du et al. 

2016 
[72] 

Nb-doped 

SrTiO3(001); 
UHV thermal 
evaporation  

• height of 0.7 nm 

• iso-oriented 
• square-like 

(concluded from 

an STM scan by 
the author) 

• Mo5+ 9% 

• α-MoO3 phase 

• single-phase 
epitaxy 

• highly crystalline 

• fully stoichiometric 

• self-limiting growth 

• deposition at 450 °C results in 
the nucleation of monolayers 

• charge transfer between MoO3 

and SrTiO3 stabilised the 
interfacial layer  

 

Table 1: The summary of growth characteristics of MoO3 mono- to few layers on various 
substrates according to cited references. 
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synthesis [75], as well as oxidation of a Mo layer [22,76,77,79,80] and transformation from MoS2 

to MoO3 [66,81]. The formation of MoO3 ultrathin films was also usually followed by post-

deposition annealing in oxygen atmosphere [22,72,73]. 

Table 1 summarises morphology and growth characteristics of molybdenum oxide 

ultrathin films with an emphasis on defining monolayer structure depending on the surrogate 

substrate. The prior works provide a guide for synthesising MoO3 nanosheets with specific 

shapes and distributions, while Au substrate was studied in the most comprehensive approach 

so far [22,76–79]. The first layer (also called buffer layer) of MoO3 on Au is distinguished from 

the next layers and bulk α-MoO3 [22,76,77,79]. Most of the first layers were reported to consist 

of mostly Mo on 6+ oxidation state with some percentage of atomic concentration of 5+, which 

is given in Table 1. 

In terms of achieving monolayer films on large scale, the study of Wang et al. [74] 

showed that vdW epitaxy by ambient pressure physical vapour deposition (APPVD) is a simple 

and effective method to fabricate ultrathin α-MoO3 nanosheets of lateral sizes of several tens 

of micrometres. Bigger lateral dimensions of centimetres – unbeatable record so far – were 

offered by the hot plate method established by Molina-Mendoza et al. [44], which requires less 

complex setups than other large-scale synthesis methods like the chemical vapour deposition 

(CVD) or molecular beam epitaxy (MBE). The key to achieving large-scale monolayer films of 

α-MoO3 may be a self-limiting process reported by Du et al. [72] and its translation to other 

surrogate substrates. 

Based on above examples, the use of vdW layered materials, such as mica or graphene, 

as growth templates allows growing laterally aligned 2D MoO3 layers. The vdW interaction 

between the substrate and MoO3 relaxes the lattice mismatch, thus promoting vdW epitaxial 

growth of MoO3 layers. Allowance of lateral growth is in contrast to other substrates including 

Si and glass [82]. Due to surface dangling bonds, those growth templates promote, e.g., 

horizontally aligned MoO3 nanobelts among other structures [82]. 

 In two recent papers, Kim et al. [70,71] reported on 2D single-crystal (square-like) MoO3 

nanosheets on multilayer graphene (graphite). However, the thinnest measurable MoO3 

nanosheet was bilayer due to instability of irregularly shaped monolayer with the thickness of 

approx. 0.7 nm, as suggested in their first paper. The growth of the 2L MoO3 films was in ambient 

conditions. The multilayer MoO3 of rectangular shape on graphene was also reported therein 

[70] and by Cai et al. [75]. Interestingly, many of 2L to few-layer MoO3 properties were reported 

to be independent of the number of layers such as friction, dielectric constant, and work 

function (4.73 eV in ambient) [71]. In contrast, the band gap increased from 2.9 (for bulk) to 3.2 

eV (for the thinnest portion measured) as the thickness decreased [71]. This is in conflict with 



24 
 

theoretical expectations, where no thickness dependence of the band gap in α-MoO3 should be 

observed because of weak interlayer interaction [44]. 

 We find the ability to synthesise two-dimensional high-quality α-MoO3 films under UHV 

conditions superior, as it allows direct in-situ characterisation. Thus, it can lead to fundamental 

research and a great advance in our understanding of their properties. Thermal evaporation in 

UHV is the method of our choice and was used to obtain results presented in this work. 

Moreover, the ability to grow α-MoO3 films in a controllable fashion on more substrates 

from graphene family opens possibilities for practical applications in organic electronics. This is 

especially prospective due to, as mentioned, the reported synthesis of large-scale 2D α-MoO3 

up to centimetres on other substrates [44,74,75,83] or wafer-scale in case of amorphous films 

[84]. 

 

1.3.3. Rhenium Oxides 
 
Rhenium oxides are of high importance for their wide applications as they are the most common 

precursor for catalyst preparation and the synthesis of metalorganic compounds [55,85]. Their 

high work function (reaching 7 eV) is vital for both classes of their applications: electronics and 

catalysis [55]. Rhenium heptoxide is known for its high catalytic activity in olefin metathesis as 

well as the only catalyst working efficiently at room temperature [86]. 

Rhenium exists in at least five oxidation states: 7+, 6+, 4+,and 3+ [87]. The oxides with 

Re2+ is uncommon, and high valent species are more stable. The stable binary oxides are ReO2, 

ReO3 and Re2O7. When exposed to air the oxides may form a surface layer of Re2O7 [88], as Re2O7 

is thermodynamically most stable. While ReO3 has a melting point at about 340 °C [26,89], Re2O7 

sublimes at lower temperature of about 225 °C [89]. Rhenium in the highest oxidation state form 

Re2O7 in yellow angular crystals. UV−visible absorption spectroscopy indicated that Re 2O7 has an 

absorption at 405 nm (3.06 eV), which is responsible for its yellowish colour [90]. Re2O7 is highly 

hygroscopic [90] which presumably affects its properties after contact with moisture in ambient 

conditions.  

Crystalline Re2O7 is an electrically insulating material [91], with a predicted direct 

bandgap of 2.9 eV [92]. Both phases of ReO2, low-temperature monoclinic phase α-ReO2 and 

high-temperature orthorhombic phase β-ReO2, have metallic conductivity [91]. Similarly, ReO3 

is a red solid with a metallic character. 
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a 

 

b 

 

Figure 2: Crystal structure of Re2O7. Unit cell structure model taken from [93]. (a) standard 
orientation of crystal shape (b) side view of Re2O7. 

 
The structure of Re2O7 is layered with top oxygen to oxygen vdW contacts in between 

layers – note that the unit cell is cut half by this vdW gap in b direction (see Figure 2a and b). 

The two layers building a unit cell and consist of subunits interconnected through the corners of 

the octahedrons [94]. The lattice parameters are a = 12.5 Å, b = 15.2 Å, and c = 5.4 Å [94].  

Lawler et al. described the molecular and electronic structure of Re 2O7 [92]. Considering 

theoretical studies of ReO3, the electronic structure and the relation between its structural and 

electronic properties are well described in [55,95]. In particular, (001) surface of ReO3 was 

reported to offer the possibility of tuning its work function from initial 7 to 3 eV by controlling 

the concentration of oxygen vacancies; the more vacancies, the lower work function [55]. It was 

also observed experimentally by Baikie et al. [28], who presented that oxidation substantially 

increases the work function of rhenium metal from clean 5.1 eV at room temperature to as high 

as 7.1 eV at around 525 °C. Zhou et al. [29] focused on tri-rhenium oxide clusters and 

computationally analysed the chemical bonding, and elucidated electronic and structural 

evolution in these clusters. More recently, Wang et al. predicted hourglass Dirac chain metal 

realising in ReO2 [96]. Comprehensive information about rhenium and its oxides can be found in 

[97]. 

Due to the rich chemistry of rhenium oxides, it is worth mentioning that based on the 

literature, the database for chemical analysis of these oxides suffers from inconsistency in the 

reported binding energies of Re4f. For example, the Re4f 7/2 binding energy has been reported 

between 45.4–46.9 eV [98–100]. Thus, in this work, we support our XPS Re4f interpretation on 

a comprehensive, in-situ studies by Greiner et al. [88]. 

 

1.4. Graphene & HOPG 
 
Graphene, a monolayer-thick allotrope of carbon, was initially investigated in 2004 [101], and is 

a 2D material having exceptional physical properties. Notably, in the K/K’ corners of the 
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hexagonal Brillouin zone, the valence and conductance bands of graphene show a linear 

dispersion relation precisely crossing at the so-called Dirac points [16,17]. This behaviour is 

similar to massless relativistic particles described by the mass-less Dirac equation and leads to 

treating graphene as a zero-gap semiconductor. The new papers suggest that graphene 

description by the quantum electrodynamics theory [16,17,101,102] is more accurate than the 

nonrelativistic Schrödinger equation. This application notably predicts high mobility of charge 

carriers due to the pseudospin conservation rule as well as high optical transparency in the 

visible light, making this material promising for flexible optoelectronic applications [16,17].  

The properties and variety of graphene fabrication methods have been summarized in 

review papers such as [10,14,16,103]. More on graphene as a flexible electronic material can be 

found in reviews on mechanical limitations related to structural defects induced during synthesis 

[104,105] and transfer [106].  

In the ongoing research, it has been shown that graphene may have its electronic 

properties easily adjusted in a broad spectrum [19]. Therefore, it can be used as a base for 

complex systems such as heterostructures. These modifications include properties like doping 

level, band gap width and modification of the dispersion relation. The background of graphene 

heterojunctions is broadly covered in [107,108]. For example, the introduction of dopant atoms 

into the graphene lattice or deposition of inorganic and organic layers can cause the mentioned 

modifications [19,52,109].  

In the focus of this work, graphene is the most promising thin film electrode as  

a replacement for ITO. The relatively low work function of graphene of 4.2–4.6 eV [19,20] is one 

of the major limits for the energy level alignment in organic electronic structures. The most 

commonly used method to solve this issue is the mentioned modification of graphene by 

combining it with additional layers of high work function films such as TMOs. This opens  

a platform to tune the work function value to desired level. 

As the first step in this direction, we aim to use a HOPG surface as a model graphene 

system. Graphite is, in principle, a bulk material consisting of many graphene layers forming vdW 

structure. An exposed HOPG(0001) surface is a perfect model graphene layer on a graphite 

substrate, providing repeatable quality. HOPG was previously used as a prototypical inert and 

atomically flat template for the vdW epitaxial growth of numerous crystalline nanomaterials 

[41,110,111]. Thus, HOPG is ideal for studying the growth of 2D MoO3 layers and should hold 

promise considering its compatibility with characterization techniques such as scanning 

tunnelling microscopy/spectroscopy (STM/STS) and high-resolution transmission electron 

microscopy (HR-TEM).  
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2. Experimental Methods 
 

This Chapter presents the experimental equipment, TMOs sample preparation details, and 

describe the substrates used in this study. A series of techniques was used in this work in order 

to characterise and understand the morphology, crystal and electronic structure, as well as 

chemical composition of prepared materials. Background information about characterization 

techniques is not included; the principles of used techniques are well known and available in the 

literature, such as about STM/AFM microscopy in refs. [112,113]. Thus, only the technical 

aspects are covered in this Chapter.  

The presentation of relevant operating parameters, their ranges, and details of the 

analysis of experimental results is intended to not only allow other researchers to reproduce the 

results but also work as optimal initial values for either TMOs evaporation, substrate preparation 

or data analysis. 

Work function determination for 2D materials require more attention from the 

perspective of this study. Therefore, we provide a commentary on UPS measurement for 

monolayers, to provide a practical guide for the determination of high WF attributed to 2D 

islands on a substrate with relatively lower WF. We address complications associated with 

double secondary electron cut off due to insufficient coverage  based on UPS analysis of various 

lateral area ratios between 2D-MoO3 islands and HOPG. 

 

2.1. Ultra High Vacuum Systems 
 
Majority of experimental results presented in this dissertation were obtained at three UHV 

systems at Department of Solid State Physics, University of Lodz. 

TMOs were thermally evaporated in two dedicated UHV systems, while the following 

characterization was performed in the third UHV system. The latter, Multiprobe P Scienta-

Omicron with a base pressure of 5 × 10-10 mbar, is equipped with the Omicron VT STM/AFM 

microscope, LEED optics, and hemispherical analyser for XPS, UPS and ARPES. Figure 3a shows 

the UHV Multiprobe P system. The system is interconnected with other UHV systems (see below) 

using vacuum suitcase (base pressure of 5 × 10-8 mbar) shown in Figure 3b (highlighted blue). 

The other UHV systems are dedicated to deposition of TMOs. The UHV system by Prevac 

of base pressure of 3 × 10-8 mbar is used for molybdemun oxides – see Figure 4a. The OXFORD 

Instruments system (base pressure of 7 × 10-10 mbar) is used for rhenium oxides deposition – 

Figure 4b. In both cases growth rate was monitored using a quartz crystal microbalance (Quartz 

Monitor QM20, EDF-electronics). 
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a b 

  

Figure 3: UHV facilities at University of Lodz (a) Multiprobe P Scienta-Omicron UHV system 
dedicated to characterisation and post-proccesing including annealing. (b) vaccum suitcase 
highlighted blue while attached to the Load Lock of the Omicron system (a). 

 

2.2. Sample Preparation: Thermal Evaporation 
 
Deposition of films was performed by thermal evaporation in UHV conditions – a simple bottom-

up method, which belongs to Physical Vapour Deposition (PVD) techniques. Basically, material 

placed in a crucible is heated until its atoms have sufficient energy to leave, producing gas phase 

material. At this point they will traverse the chamber in UHV, and coat a substrate positioned 

above the evaporating material. 

A representative effusion cell (Knudsen cell) is shown in Figure 4c (highlighted blue) 

when assembled at the Prevac system (Figure 4a). To present the whole instrument, a design 

drawing of effusion cell is shown in Figure 4d. Generally effusion cell utilizes a containment 

crucible (made of, e.g., Al2O3, Mo or W) which is surrounded by a heat source coiled around the 

crucible such as a tungsten or tantalum resistance wire. Crucibles are heated in 

a controlled fashion utilizing a thermocouple sensor, integral water cooling if applicable, and  

a heater controller. Thereby, the source powder material is heated and evaporates from the 

open end of the crucible if a shutter is open. The evaporation rate is controlled with power input 

(equivalent to heating element temperature).  
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a b 

  

c 

 

d 

 

Figure 4: UHV facilities at University of Lodz dedicated to sample preparation including TMOs 
deposition. (a) UHV system used for molybdenum oxides, Prevac, equipped with home-made 
cleaving tool for HOPG in the Load Lock, and heating of substrates during deposition (b) UHV 
system used for rhenium oxides, OXFORD Instruments.  (c) Effusion Cell (Knudsen Cell) for 
thermal evaporation of TMOs, highlighted blue while assembled at the Prevac system (a). (d) 
design drawing of effusion cell adapted from www.prevac.eu. 

 

2.2.1. Substrates: Graphite and Graphene 
 
In this Thesis the following substrates have been used:  

I. HOPG(0001), ZYA grade – treated as graphene-like substrate contributing to 

fundamental understanding of the nature of graphene/MoO3 heterostructure, and 

most importantly providing repeatable quality substrate surface. 

II. For MoO3 heterostructures, graphene monolayers were synthesized by chemical 

vapor deposition (CVD) method on copper foil (Cu) substrates and silicon carbide 

http://www.prevac.eu/
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6H-SiC(0001) using AIXTRON reactor at Łukasiewicz Research Network – Institute of 

Electronic Materials Technology, Warsaw [114]. While few-layer graphene on SiC 

was fabricated by graphitising SiC surfaces in Si flux [115] (BeeGraphene) at 

Jagiellonian University, Cracow. 

III. For Re2O7 heterostructures, the graphene layers were synthesized by CVD method 

on 6H-SiC(0001) substrate using AIXTRON reactor at Institute of Electronic Materials 

Technology, Warsaw [114]. The graphene was hydrogen intercalated, i.e. consists 

of bilayers (hereafter referred to as graphene) and exhibited p-type doping. 

 

2.2.2. Molybdenum Oxide on HOPG and Graphene 

 
Molybdenum oxide was deposited on HOPG substrate or graphene (on Cu and SiC) by thermal 

evaporation using Knudsen effusion cell from MoO3 powder source (Sigma-Aldrich). The 

temperature of the effusion cell was maintained at 330 °C for evaporation – the power imput 

was controlled manually and after reach the desired temperature by utilizing PID controler. 

In the case of a HOPG substrate, it was first introduced into UHV system to be cleaved 

in base pressure of 5 × 10-8 mbar. After cleavage, the substrate was immediately introduced into 

the next chamber (base pressure of 3 × 10-8 mbar), where it was annealed at 330 °C for at least 

1 h (counted from reaching the temperature) prior to MoO3 film growth. The HOPG substrate 

was held at 220 °C for MoO3 growth. 

In the case of graphene, the graphene samples were treated diffently depending on 

their substrates. Graphene on Cu foil was UHV annealed at 350 °C for at least 1 h in order to 

remove atmospheric contaminations. Then, the MoO3 growth was on the heated substrate kept 

at 265 °C. Graphene on SiC was UHV annealed at 440 °C for at least 1 h, and the MoO3 growth 

was on the heated substrate kept at 220–250 °C. 

2.2.3. Rhenium Oxide on Graphene 
 
Re2O7 was deposited on graphene substrate by thermal evaporation using Knudsen effusion cell 

from powder source of ReO3 (Sigma-Aldrich). The graphene substrate on SiC was first annealed 

at 300–350 °C for at least 1 h prior to the oxide deposition. Re2O7 was evaporated on the 

substrate held at room temperature. The temperature of the effusion cell was maintained at 

260 °C for evaporation – the power imput was controlled manually. 

Fabrication of graphene heterostructures with Re2O7 is possible because ReO3 in solid 

phase is unstable at temperature above 300 °C in vacuum, in consequence it decomposes by 

disproportional thermal reaction into Re2O7 (gaseous phase) and ReO2 (solid phase) [13,116]. 
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2.3. Material Characterisation 
 
The majority of the characterisation measurements were performed in the UHV Multiprobe  

P Omicron system at room temperature (RT), see Figure 3a.  

STM and AFM measurements were performed with VT-STM/AFM microscope, Omicron. 

For STM a mechanically cut tip (90% Pt–10% Ir, Goodfellow) was used. Typically, STM scans were 

acquired at a positive bias in the range of 0.2–0.6 V and current 0.1–0.3 nA. In STS technique, 

current imaging tunnelling spectroscopy mode (CITS)  or STS mapping, the I/V curves are 

recorded with topography by the interrupted-feedback-loop technique. The STM data was 

processed with WSxM 5.0 DEVELOP 7.0 [117], Gwyddion software [118], and Modular Analyse 

System (MAS) ver. 2.6.07.374, which is being developed at University of Lodz by Dr. Pawel J. 

Kowalczyk, DSc, prof. UL. The statistical data of step heights was extracted from images in a form 

of height histogram from area that was as big as possible when consisting of one step, i.e. MoO3 

nanosheet on HOPG. 

LEED data were acquired by OCI Vacuum Microengineering Inc. spectrometer with 

energy set to 55 eV at RT for MoO3 layers. The surface lattice constants of MoO3 could be 

calculated from the diffraction rings, using the graphite first-order diffraction ring as a reference 

of known diameters. 

A hemispherical energy analyser Phoibos 150 (SPECS) with 2D-CCD detector was used 

for photoelectron spectroscopy measurements. The pass energy was set to 30 eV and 5 eV for 

XPS and UPS measurements, respectively. The DAR 400 X-ray source with Mg Kα (1253.64 eV) 

non-monochromatic radiation was utilised in XPS measurement. UPS measurements were 

performed with the Helium I line (21.22 eV) of VUV Source HIS 13 (Focus GmbH) with a sample 

bias of -3.1 V. The energy calibration was conducted at the Fermi level (EF) of Au(111). At the 

pass energy of 5 eV, we determined the energy resolution of ~100 meV for the settings used in 

this study for finding secondary electron cut-off positions (step size of 0.01 eV). 

Analysis of the photoemission spectra was performed in CasaXPS software. In UPS, the 

work function values were derived from the intersection of linear extrapolation of a steep edge 

of secondary electron cut-off (SEC) with the background, i.e., Edge Up background type provided 

in CasaXPS. More information about analysing two-component surfaces can be found in the next 

Section 2.4. 

All the XPS spectra were calibrated using C1s peak (284.5 eV). The XPS data analysis 

involved Shirley background subtraction, curve-fitting, and peak area determination based on 

given elements. In the case of Mo3d, a mix of Gaussian–Lorentzian function was used, with 85% 
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of Gaussian. The Mo3d region was fitted by two doublets (Mo6+ and Mo5+) with fixed 

parameters: spin-orbit separation (3.1 eV), (3d3/2):(3d5/2) intensity ratio (0.67) and full width at 

half maximum constraint (FWHM = 1.8 eV). Binding energies of particular Mo oxidation states 

are given in Appendix A (see page 109). In the case of Re4f, a mix of Gaussian–Lorentzian 

function was used, with 75% of Gaussian. The Re4f region was fitted by three doublets with fixed 

parameters: spin-orbit separation (2.4 eV), (4f5/2):(4f7/2) intensity ratio (0.75) and FWHM from 

1.77 to 1.95 eV. 

NT-MDT Ntegra Aura system was used for AFM and STM measurement in ambient 

conditions. 

External measurements without much of specific parameters are following. HR-TEM 

measurements were performed at the National Center for High Resolution Electron Microscopy 

(nCHREM) at Lund University. Details of HOPG/MoO3 samples, their transport and preparation 

can be found in [67]. Raman studied were performend at Łukasiewicz Research Network – 

Institute of Electronic Materials Technology by the use of Renishaw inVia Raman Microscope in 

ambient, at RT, and with a 532 nm laser with an average power about 5 mW [20]. 

 

2.4. UPS Work function Measurements in UHV: Uncoalesced 2D Films 
 
For the sake of providing practical guide for interpretation of work function measurements on 

uncoalesced 2D films or nanosheets, we comment on UPS measurement on monolayer (1L) 

MoO3 nanosheets on HOPG. Despite the usefulness of UPS [6,19,20,37,41,43], there is little 

discussion on conducting measurements on patchy or multicomponent samples with laterally 

heterogeneous work function (WF). The available discussions have focused on patchy samples, 

where patches derive from dirt or designed patterning [33,41,119–121]. In contrast, our setup 

is a perfect system to discuss the limitation of this technique for heterogenous systems.  

In the case of UPS, WF is extracted based on the width of an observed spectrum versus 

photoelectron energy [119,120]. The spectrum, on the one hand, starts with high-energy 

electrons coming from the Fermi level; on the other hand, it ends with low-energy electrons 

whose limit to leave the sample is the work function (at SEC). When calibrated to vivid Fermi 

energy of clean metal surfaces, as in our case Au, the SEC position on the kinetic energy scale 

indicates the work function of the material. The low-energy end of the photoelectron spectra is 

observed as step edges, where the SEC position is read from the point where the edge merges 

into the background. 
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Figure 5: Series of He I UPS spectra of HOPG/MoO3 multicomponent surface of different 
area ratio of HOPG and monolayer (1L) MoO3 patches. (a) illustration of a patchy HOPG/1L-
MoO3 sample structure; UPS measurements were taken along marked lines in x and y: 
secondary electron cut-off (SEC) region with a range of spectra taken at various points across 
the sample in intensity arbitrary units (b and c) and normalised intensity (d). The x-axis of 
photoelectron energy is calibrated to Au Fermi level (E - EF), corresponding to work function. 
The vertical lines indicate the positions of high-energy SECs. Inset in (b) represents gradient 
of MoO3 surface coverage – additional photography was taken on SiO2 substrate for 
visualization. 

 
We present a real-life experiment, where area of patches with different WF depends on 

the sample morphology (see also Figure 29). Our test sample has a topography of randomly 

distributed 1L MoO3 nanosheets of different shapes, where patches of HOPG remain uncovered. 

In our deposition setup, we can obtain a gradient of deposition coverage – see Figure 5a 

illustrating the HOPG/1L-MoO3 area coverage from dense (red, MoO3) to scarce (blue, HOPG). 

For visualization, an additional photography was taken on similar sample but on a SiO2 substrate, 

where a thicker film interference pattern is observed due to the gradient – see inset in Figure 

5b. Due to coverage gradient on HOPG samples, we can provide the UPS results from the various 

area ratio between 1L MoO3 patches and exposed HOPG.  

At UPS spectra, with fractional coverage by 1L MoO3 the SEC does not take a typical step 

edge shape but may consists of two components (two edges) observed at lower and higher 

energy. The first SEC at low energy can be assigned to an apparent WF value of both materials 

HOPG and MoO3, while the second SEC at high energy corresponds to MoO3 only. The 

explanation of the observed effect is well described by Schultz et al. [119]. The double SEC is 

explained by electrostatic potential distribution due to the presence of two components on the 

surface. 
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We took a range of spectra at various points (see lines x and y in Figure 5a) to show how 

acquired UPS spectra can vary in such conditions. Within the horizontal line x, where coverage 

is expected to be similar, the UPS spectra are consistent – see Figure 5b. On the contrary, when 

HOPG/1L-MoO3 area ratio varies – vertical line y in Figure 5a – the UPS spectra significantly 

change. Figure 5c presents SEC region with that series of spectra, while Figure 5d replots them 

with normalised intensity to highlight the positions of high-energy SECs, which are marked by 

the vertical lines on all plots. The high-energy SEC, related to WF of MoO3 is observed in the 

same position for all the spectra regardless the HOPG/1L-MoO3 area ratio. However, the shift in 

the low energy SECs is clear (about up to 200 meV) as well as change in SEC shape, width, and 

relative intensities of distinct SECs depending on a HOPG/1L-MoO3 pattern within the probed 

area. Regarding the latter, note that if the area covered by MoO3 is insufficient to contribute 

and build up a distinct high energy SEC, a spectrum reveals only one broad SEC giving no 

significant information about any distinct material [119] – see the top blue spectrum in Figure 

5c and the only spectrum lacking the second component in Figure 5d. Then the MoO3 

contribution is hidden and the single broad SEC reveals work function higher than bare HOPG 

and lower than MoO3. It is higher than it would be for HOPG due to higher additional 

electrostatic barrier as a result of the presence of MoO3 nanosheets. In order to elaborate on 

usability of UPS for WF determination of 2D islands, some useful information can be deduced 

from these measurements as listed below:  

I. for different spots on the sample, i.e. different ratios of two materials, the high-

energy SEC is uniformly located [119] at ~6.50 eV, thus is determined as 

absolute value of work function of high-WF material, here MoO3; 

II. the energy of the low-energy SEC shifts, thus it is dependent on area ratio  

between MoO3 and exposed HOPG, as the position of low energy SEC is 

governed by electrostatic potential distribution above a two-component 

surface [119]; 

III. with the low-energy SEC shifting towards lower energy, the relative intensities 

of the peaks change, i.e. the contribution from HOPG increases, thus, the 

intensity of the low-energy SEC increases; alike, the overall intensity of  

a spectrum in SEC region increases as well [119] – the same variation in SEC was 

found by Sharma et al. [120] for patches composed of ITO and Au; 

IV. there is a minimal area of high-work-function material required for observation 

of a distinct high-energy SEC. Sharma et al. [120] determined that only with 

coverage higher than 60% there is identifiable contribution of higher work 

function material. In our case, we do not quantitatively determine such 
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requirement, however, we also recognised broad spectra without distinct 

components, which we attribute to an insufficient area of MoO3.  

 

2.5. KPFM Work function Measurements 
 
Frequency-modulated KPFM experiments were performed with Omicron Matrix system and 

Nanonis controller (SPECS). Contact potential difference (CPD) maps were obtained 

simultaneously with topography non-contact-AFM (nc-AFM) operating in UHV. In ambient 

conditions, NT-MDT Ntegra Aura system was used for KPFM conducted using a two-pass 

technique. A freshly cleaved HOPG was used as a calibration sample before and after the 

measurement of MoO3 to ensure uniform tip condition and correct calibration. The calibration 

value varied by 3 mV, thus the measurement error is mostly affected by tip-sample distance, 

especially at steps. Autoreference was used if applicable – for HOPG/1L-MoO3 samples with 

uncovered substrate. 

CPD is directly related to work function differences. The work function of MoO3 was 

calculated with respect to the work function of HOPG measured using UPS (ΦHOPG = 4.5 eV) 

according to the following equation (1):  

 𝛷𝑀𝑜𝑂3 = 𝛷𝐻𝑂𝑃𝐺+𝑒(𝐶𝑃𝐷𝐻𝑂𝑃𝐺 −𝐶𝑃𝐷𝑀𝑜𝑂3) (1) 

where e is the elementary charge. The KPFM images were processed using Gwyddion software 

[118]. 

 

2.6. Computations & software 
 
The experimental work was supported by calculations as a result of collaboration within the 

Department of Solid State Physics at University of Lodz with dr. Karol Szalowski, DSc, prof. UL. 

The first-principle calculations based on Density Functional Theory (DFT) were carried out with 

QUANTUM ESPRESSO software [122,123]. Details of data presented in Chapter 3 can be found 

in [67]. Drawings of crystal lattice were produced by VESTA [124]. LEED patterns were simulated 

in LEEDpat, Version 4.2 [125]. 

  



36 
 

3. α-MoO3 Monolayer Grown on Graphite Substrate 
 
This Chapter presents the possibility of development van der Waals (vdW) heterostructures 

based on graphene-like substrates and stable metal oxide monolayer.  

The results shown here will serve as a reference for the further analysis presented in the 

thesis. The Chapter is devoted to monolayers of molybdenum trioxide in the α phase (α-MoO3), 

where we disseminate the possibility to synthesise slightly nonstoichiometric MoO 3 on highly 

oriented pyrolytic graphite (HOPG). HOPG was chosen as it mimics the physical and chemical 

properties of graphene as a substrate for MoO3 growth. At the same time, HOPG is a highly 

repeatable and nearly defect-free substrate in contrast to any available graphene. Such MoO3 is 

electrically conductive while maintaining its two-dimensional (2D) character.  

Most of the results discussed in this Chapter have been already reported in the article 

entitled ‘Local electronic structure of stable monolayers of α -MoO3-x grown on graphite 

substrate’, published in 2D Materials on November 13, 2020 [67]. The transmission electron 

microscopy (TEM) measurements and density functional theory (DFT) calculations were 

performed by Domagoj Bielić and Karol Szałowski, respectively. The author acknowledges their 

contribution. 

The work is the first to report stable 2D MoO3 with monolayer (1L) thickness directly 

grown on HOPG. That stability is in stark contrast to previously available results on graphene  

describing mobile 1L MoO3 [70,71]. Our results are obtained under ultra high vacuum (UHV) and 

provide scanning tunnelling spectroscopy (STS) information on the electronic properties of 

MoO3 on the first three layers. To our knowledge, STS measurements have been previously 

reported only on bulk molybdates. Due to the future application of graphene/MoO3 

heterostructures in flexible electronics, the studies of the electronic structure of monolayer 

MoO3 at the nanoscale play a crucial role, where a HOPG surface works as a model of a graphene 

system. The presented approach is in line with previous studies,  where HOPG has been used 

extensively as a prototypical substrate for the vdW epitaxial growth of 2D materials 

[41,110,111]. 

The aim of the presented research is to synthesise monolayers of MoO3 on the 

graphene-like substrate and investigate its electronic structure. This Chapter presents  

an introduction to the electronic structure of MoO3 and answers the following questions: 

I. Is it possible to synthesise crystalline α-MoO3 with monolayer thickness on  

a graphene-like substrate? Is thermal evaporation under UHV a suitable method to 

obtain such layers? 
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II. What is the stoichiometry of MoO3 layers obtained by UHV evaporation? Are any 

defect states induced in the bandgap according to possible oxygen deficiency?  

III. Is there any particular difference between the first few layers of MoO3? What is the 

energy gap for the first few layers of MoO3 on HOPG?  

IV. How does the bandgap states and work function (WF, Φ) of UHV obtained MoO3 

monolayers change upon air exposure? 

 

3.1. Introduction 
 
Monolayers of MoO3 have been previously grown on atomically flat substrates, e.g., graphene 

[70,71], mica [70,75], hBN [70], or SrTiO3 [72], as described in Section 1.3.2. In particular, Kim et 

al. [70,71] reported few-layer MoO3 nanosheets growth on graphene (multilayer graphene or 

graphite) using so-called hot plate method. Due to instability of 1L MoO3, the thinnest 

measurable MoO3 structure  possessed two layers. Irregularly shaped 1L MoO3 was mobile; 

however, it’s thickness appeared to be approx. 0.7 nm by AFM [70]. Note that in those 

experiments: both the growth and AFM characterisation, were carried out in ambient 

conditions.  

Extensive photoemission spectroscopy (PES) studies were widely conducted on reduced 

molybdates to understand the influence of substrate as well as charge transfer [38–40,68]. In 

particular, Greiner et al. [38] focused on how metal contacts affected the properties of MoO3 

and elucidated how they induce Mo4d gap states at the interface leading to making MoO3 

semimetallic or metallic. They attributed this interface’s reactivity to the oxygen and electron 

chemical potential difference between MoO3 and the substrate. The former induces oxidation 

or reduction reactions, while the latter reduces Mo6+ through charge transfer with the substrate. 

In addition, the formation of Mo4d gap states decreases the work function while increasing the 

conductivity [19,38,69,126]. Similar to other transition metal oxides (TMOs) [20], these effects 

are confined to a few nm of the MoO3 film from the substrate [6,19,37,38], which may be an 

advantage of MoO3 in 2D form. PES has also indicated that the graphene/MoO3 interface exhibits 

non-negligible reactivity. It has been reported that contact with graphene results in a 0.3 eV shift 

in the valence band edge of thin MoO3 films [6,19]. Wu et al. [6] and Meyer et al. [19] made 

important advances in analysing graphene/MoO3 heterostructures, reporting that the 

heterostructure’s work function can be tuned to high values by increasing the thickness of MoO3 

films. 

A clear trend can be derived from previous PES results [16–19,41,42] from distinct yet 

broad peaks built by emission from gap states in oxygen-deficient MoO3 in the range of 2 eV. 
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The trend is clear considering a transition from MoO2 to final MoO3. Upon oxidation, the peaks 

evolved in three following steps: 

I. doublet at 0.4–0.5 and 1.6–1.7 eV, which in some cases fell to 0.0 eV (accompanying 

Mo4+); 

II. rather broad peak at 1.1 eV (accompanying Mo5+); 

III. peak at 0.8–0.9 eV (accompanying nearly stoichiometric MoO3).  

At the graphene/MoO3 interface, an additional emission was indicated at 0.9–1.0 eV (local 

maximum) [6,19]. A comprehensive but not conclusive discussion on the nature of defects in 

molybdates is given in [68,127], while the gap states are discussed in [43,128]. 

Even though the molybdates band structure has been investigated via PES and widely 

discussed, there are surprisingly scarce experimental reports on their local electronic structure. 

Among molybdenum oxides, STS measurements were acquired for the cleaved Mo 18O52 [63] as 

well as Mo8O23 [129] crystals. Interestingly, Smith and Roher [63] have observed distinctive 

differences in probing unfilled states of Mo18O52 in relation to its topography. Nasretdinova et 

al. [129] have presented a complex Mo8O23 electronic structure with various phenomena such 

as metal-to-insulator transformation and the formation of charge density waves. Moreover, Kim 

et al. [71] have suggested that MoO3 is an excellent candidate for tunnel barriers by 

demonstrating tunnel current gaps by conductive AFM for few-layer MoO3 films, i.e. 1.6 V for 

bilayer, 2.8 V for trilayer. In contrast, a comprehensive analysis of the nanoscale electronic 

properties of 2D α-MoO3 on HOPG has not yet been conducted. Yet, investigations of these 

heterostructures under UHV conditions are missing. 

All the above make the graphene/MoO3 system attractive for fundamental research on 

the electronic properties of the first few MoO3 layers on the nanoscale using scanning tunnelling 

microscopy (STM) and spectroscopy. Herein, in controlled UHV conditions, we used HOPG as  

a model platform to study graphene/1L-MoO3 heterostructures.  

In contrast to previous results [70,71], we present stable 1L α-MoO3 that covers the 

HOPG substrate nearly uniformly. This layer stability enables precise scanning probe microscopy 

(SPM) characterisation with STM and contact atomic force microscopy (c-AFM) under the UHV 

conditions, minimising possible contamination and oxidation of the MoO 3 films. First, we 

present the crystalline lattice structure of α-MoO3 nanosheets determined by TEM and 

low-energy electron diffraction (LEED) measurements. Combining ultraviolet and X-ray 

photoelectron spectroscopies (UPS and XPS), we examine the chemical composition of 

HOPG/MoO3 and the interface-induced defects states. The nanoscale characterisation by 

STM/STS permits us to investigate the local electronic structure of the first layers (1 to 3L) of 

α-MoO3 on HOPG. 
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In addition, we investigate the effect of air exposure on 1L MoO3. After air exposure, we 

perform STM/STS characterisation without any cleaning procedure. We demonstrate the 

differences in the electronic structure due to exposure to air, while in contrast, the atomic 

structure is fully preserved. Our findings shed light on the heterogeneity of the electronic 

structure of the first MoO3 layer at the interface with the substrate, which contributes to the 

fundamental understanding graphene/1L-MoO3 system. Finally, using UPS, we study the work 

function of HOPG/1L-MoO3 before and after exposure to air. 

We support the analysis of experimental results by theoretical predictions of 

crystallography and electronic structure dependence on a number of layers of MoO 3. 

 

3.2. Results and Discussions 
 

3.2.1. Stable Monolayer of MoO3: Morphological and Crystallographic 
Characterisation 

 
It has been demonstrated previously that the first monolayer of MoO3 grown on multilayer 

graphene was highly mobile due to weak interaction with the substrate [70,71]. The reference 

to layers corresponds to known α phase of MoO3, where 1L is attributed to half of out-of-plane 

lattice parameter of a single unit cell [39,46,63] (see Figure 1). As mentioned instability hindered 

characterisation of 1L material and limited potential ultrathin applications, we decided to study 

growth processes in fully controllable conditions, i.e. UHV, and directly on contamination free 

and repeatable substrate. We thermally evaporated MoO3 monolayers on HOPG, kept at 220 °C 

– for details see Experimental Section 2.2.2. The success of our process lies in the ultraclean 

substrate due to cleaving top layer of HOPG in UHV prior to growth. This technique leads to 

crystalline and stacked MoO3 nanosheets. Such 1L MoO3 films are stable and allow 

characterisation by STM and c-AFM in UHV. 

Typically shaped monolayer MoO3 nanosheets are shown in a large-scale STM image in 

Figure 6a. The 1L nanosheets are characterised by curved edges. For 2L nanosheets, we observe 

another type of morphology – rectangular for relatively small nanosheets, which seem to be 

common (see a framed region of stack layers in Figure 6a and Figure 6b). However, for larger 

area nanosheets, also irregular shapes alike the 1L were rarely seen – marked on c-AFM images 

provided in Figure 6c. The rectangular morphology of 2L nanosheets of MoO3 is in line with 

previous reports [70,71,74,75].  

MoO3 forms 1L nanosheets at submonolayer coverages, which preferentially (yet not 

exclusively) nucleate at the steps or domain edges of the substrate. Typically, MoO 3 grow over 

HOPG steps, i.e. on neighbouring terraces. This can be observed in topographies in Figure 6a-c, 
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which show numerous MoO3 nanosheets attached to step edges and a few free-standing 

nanosheets that presumably nucleated at morphological defects. While the first layer tends to 

cover the majority of the substrate surface, nucleation of the second layer, similarly, starts at 

HOPG step edges. The multilayer (≥ 3L) nanosheets are detected at presumably large 

morphological defects. Figure 6d shows higher MoO3 coverage, where the surface is covered by 

numerous stacked nanosheets of rectangular-like shapes. 
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Figure 6: Typical morphology of monolayers of MoO3 on HOPG. (a-b) large-scale STM images 
of typically shaped monolayer (1L) and bilayer (2L) MoO3 nanosheets on terraces of the HOPG 
substrate (Vtip = 0.6 V, I = 0.1 nA, acquired in UHV). MoO3 nanosheets are mostly monolayers 
and present the typical morphology of this material. (c-d) contact AFM (c-AFM) images of 
MoO3 on HOPG acquired in UHV conditions, showing irregular 2L nanosheets and higher 
coverage, respectively. Note in (a), there is an indicated region of multiple stacked layers that 
is characterised in Figure 13.  

 
We believe that the distinction between these morphologies results from a subtle 

balance between various factors such as speed of edge diffusion, interface energy promoting 

symmetry-enforced rectangular nanosheets, and local flux decrease in the vicinity of step edges 

or other adislands. To fully comprehend the growth mode, detailed calculations involving the 

energies of surfaces, interface, and edges of the HOPG/MoO3 system are required [22,23]. All 

the aforementioned factors suggest: 
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I. the mean free path of MoO3 clusters, which directly impinge and diffuse on top of 

1L MoO3 is large, i.e. clusters that land on top can reach the film edge;  

II. Ehrlich-Schwöbel barrier for downward MoO3 cluster diffusion is sufficiently small 

due to MoO3 clusters overcoming it when arriving at the step edge of 1L films. 

In consequence, the first MoO3 layer initially grows in favour of the second layer. 

 

a 

 

b 

 

c 

 

d 

 

Figure 7: Statistical analysis of MoO3 film thickness for the first three layers.  
(a) a representative large-scale STM image of typically shaped monolayer (1L) MoO3 

nanosheets (framed by dash lines) on HOPG terraces (framed by dotted lines) (V tip = 0.6 V, I = 
0.1 nA, acquired in UHV). (b) the lateral profile (averaged over 10 px) taken across the line 
marked in (a) reveals the 1L height of around 0.82 ± 0.10 nm. (c) height distribution of 
individual layers measured on multiple MoO3 nanosheets based on 54 STM images acquired 
in UHV with respect to (wrt.) a layer underneath. (d) height distribution of detected steps 
belonging to MoO3 nanosheets based on 16 AFM images acquired in UHV conditions without 
differentiation between 1–3 L.  

 

To elaborate on thicknesses of MoO3 layers, we performed multiple measurements of 

their heights using STM and c-AFM. Figure 7a presents a large-scale STM image of typically 

shaped 1L MoO3 nanosheets on terraces of the HOPG substrate. Across the line marked in Figure 
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7a, we took a cross-section profile to show a representative measurement of the 1L MoO3 height 

– it reveals a value of around 0.82 ± 0.10 nm (see Figure 7b with the profile and a step fit).  

Figure 7c show statistical height distribution of individual layers of MoO3 films measured 

by STM in UHV. The height measurements were acquired on multiple MoO3 nanosheets based 

on 54 STM images with respect to a surface of a layer underneath, i.e. 1L to HOPG, 2L to 1L, and 

3L to 2L. For details of acquiring statistical data, see Experimental Section 2.3. We statistically 

found the apparent thickness uniform for all first three layers. Mean values of heights based on 

STM measurements are presented below. The error intervals are the standard deviation.  

I. 1L MoO3: 0.79 ± 0.09 nm 

II. 2L MoO3: 0.80 ± 0.10 nm 

III. 3L MoO3: 0.79 ± 0.10 nm 

Because the given apparent height via STM is affected by the geometric and electronic 

structure and can substantially deviate from the actual height [112,113], especially at various 

applied biases (the majority of the measurement were acquired at similar parameters, i.e. Vtip = 

0.6 V, I = 0.1 nA), we also evaluated the MoO3 layer heights by AFM in contact mode. Figure 7d 

show statistical distributions of the step heights of MoO3 films measured by c-AFM in UHV. 

Because of insufficient AFM data for discrimination of individual layers, we derive a mean value 

of step height for all three layers together: 0.69 ± 0.10 nm. While it is in agreement with STM 

measurements, AFM provides more accurate height measurements than STM. Our step height 

measurements are in line with previous reports, i.e. a minor step in α-MoO3 crystal observed by 

AFM was 6.9 Å [63]. 

In order to estimate epitaxial relation between MoO3 monolayer and HOPG as well as 

surface lattice constants of grown MoO3, we performed LEED measurement at room 

temperature at 55 eV. In Figure 8a, the LEED pattern from HOPG, covered mainly by MoO3 

monolayer, consists of rings. The presence of rings instead of sharp spots is observed because 

both structures comprise many crystallites having random in-plane orientations. Additionally, 

Figure 8b shows the same pattern with overlayered rings: the black outer ring correspond to 

first-order diffraction spots of graphite, while the white inner rings correspond to the 

rectangular MoO3 structure and their first and higher order diffraction spots. Black and white 

dots were drawn to schematically illustrate where LEED spots would occur from single-domain 

graphite and α-MoO3, respectively. For a clear explanation, the LEED pattern was simulated in 

LEEDpat software – see Figure 8c. The simulated pattern consists of spots of single-crystal 

graphite (marked by empty dots and connected by a blue ring, only first-order diffraction spots) 

and three distinguished domains of α-MoO3 (marked by green, red, and purple dots and 

connected by white rings) with arbitrary alignment with respect to graphite. The two inner rings 
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correspond to first-order diffraction spots, while the outer one to second-order diffraction spots 

of MoO3. 

 

a b c 

  
 

Figure 8: Crystal structure of monolayer α-MoO3 on HOPG. (a) LEED pattern from  
a monolayer film of α-MoO3 on HOPG at RT and E = 55 eV. (b) schematic of the diffraction 
rings drawn on top of (a). The inner (white) rings correspond to the rectangular lattice 
structure, and the outer (black) ring indicates the location of the HOPG first-order diffraction 
ring. Black dots indicate where LEED spots would occur from single-crystal graphite, while 
white dots illustrate possible locations of diffraction spots of a single -domain of α-MoO3 
structure. (c) simulated LEED pattern of single-crystal graphite and multidomain (three 
distinguished domains) α-MoO3 with arbitrary alignment with respect to graphite.  

 
The presence of many crystallites with random in-plane orientations is clearly seen for 

graphite, where the corresponding most outer ring (marked black in Figure 8b) has uniform 

intensity (see Figure 8a). In contrast, some intensity modulation can be seen in three inner rings 

corresponding to α-MoO3 (marked white in Figure 8b). It indicates that crystallites of grown 

MoO3 monolayer have lateral dimensions larger than domains of underlying HOPG. In turn, this 

observation further supports the proposed above growth mechanism, in which direct ly 

impinged clusters diffuse toward α-MoO3 edges promoting the growth of monolayer. 

Nevertheless, due to too small lateral dimensions of domains of MoO3 and HOPG, we cannot 

determine any particular epitaxial relation between them using LEED. 

The surface lattice constants of α-MoO3 obtained from the diffraction rings are 

(4.00 ± 0.50) × (4.23 ± 0.50) Å2, using the graphite diffraction ring as a reference. Unfortunately, 

the experimental error is high due to the proximity of the inner rings leading to the unclear 

measurement of their diameters. The given surface lattice constants are slightly bigger but 

within the error range agree with known MoO3(010) [39,46,63]. 
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a 

 

b 

 

Figure 9: Atomic structure of MoO3 monolayer on HOPG. (a) HR-TEM image (right) and 
typical FFT pattern (left) of single-domain MoO3 nanosheet. Red solid and dashed circles 
indicate first and higher-order diffraction spots of α-MoO3, respectively (see Figure 8 for a full 
description of particular spots), while blue circles indicate first-order diffraction spots of HOPG 
lattice. (b) highly resolved raw STM image (left) recorded at 1L MoO3 (Vtip = 0.2 V, I = 0.9 nA, 
acquired in UHV) together with FFT pattern (inset) and the corresponding filtered image (right 
panel). 

 
To further confirm and expand information on crystal structure, we continued with high-

resolution TEM (HR-TEM) and STM analysis. Samples suitable for TEM measurements were 

peeled off from the top surface of the bulk HOPG in the form of multilayer graphene flakes with 

MoO3 on top. Figure 9a shows an atomically resolved HR-TEM image (left panel) revealing  

a uniform MoO3 layer formed at HOPG. Together with a typical fast Fourier transform (FFT) 

pattern (Figure 9a, right panel), HR-TEM data suggests orthorhombic unit cell of α-MoO3. The 

calculations based on inner diffraction spots, marked with solid red rings, provide the 

dimensions of the surface unit cell equal to – (3.66 ± 0.20) × (3.88 ± 0.10) Å2, which is in 

agreement with literature data for α-MoO3 [39,46,63]. The spots marked with red dashed rings 

come from higher-order diffraction spots of α-MoO3. The outer spots in the FFT, marked blue, 

are identified as the hexagonal reciprocal lattice of graphene/graphite. 

It would be interesting to analyse the lattice overlays configuration of HOPG/MoO3. In 

multiple HR-TEM images, we observed that MoO3 forms domains, which tend to be rotated by 

15° (or 105°) and 30°(or 120°) with respect to each other. However, the inspection of the 

alignment angle between MoO3 and HOPG lattices revealed various angles in quantitative 

analysis of FFT of HR-TEM images. Unfortunately, we find our analysis inconclusive and wish to 

expand this study. In contrast to previous reports (on substrates such as graphite, hBN, MoSe2 

and mica [44,70]) where 2L MoO3 sheets grow with restricted facet orientation of 60° with 
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respect to each other, HOPG seem to allow growth of 1L MoO3 domains in several azimuthal 

alignments. In particular, Kim et al. [70] presented graphene(multilayer)/MoO3 crystalline 

orientation relation, where the MoO3 aligns along the main symmetry axes of graphene. We 

have not observed such a configuration. It may indicate that, for the case of UHV epitaxy, the 

HOPG (and presumably also graphene) substrate does not influence the orientation of grown 

monolayer MoO3 films. 

The orthorhombic structure of 1L MoO3 is further confirmed by an STM image with 

atomic resolution acquired on the 1L terrace (Figure 9b, left panel), which shows a nearly square 

unit cell (see the corresponding FFT pattern in the inset). It should be noted, that at room-

temperature the thermal drift affects the precise determination of a unit cell dimensions. 

However, our statistical analysis from STM images yields the dimensions of surface unit cell of 

(3.85 ± 0.66) × (4.41 ± 0.77) Å2, which agrees with the LEED and HR-TEM results.  

 

3.2.2. Chemical and Electronic Structure: XPS and UPS Characterisation 
 

3.2.2.1. XPS Characterisation  

 
First, we describe XPS results to estimate stoichiometry of 1L MoO3 film. The XPS measurements 

were recorded at 60° grazing electron exit angle with respect to the surface normal in order to 

increase the surface sensitivity. Figure 10a shows an XPS spectrum for the Mo3d core-level 

region. For details of the fitting curve parameters, see Experimental Section 2.3. The spectrum  

 

a 

 

b 

 

Figure 10: Chemical composition of MoO3 monolayer on HOPG: XPS measured at exit angle 
of 60° to the surface normal. (a) Mo3d XPS spectrum; experimental data (points) and fitting 
with a two-component profiles corresponding to Mo6+ (blue) and Mo5+ (red) in approx. 95:5 
ratio. (b) O1s XPS spectrum; experimental data (black line) with fitting. Two components 
correspond to lattice oxygen of MoO3 (blue) and hydroxyl groups (red).  

was fitted with two double components that correspond to approx. 95% of Mo6+ (3d5/2 at binding 

energy (BE) of 233.2 eV) and 5% of Mo5+ (3d5/2 at BE of 231.8 eV) [19,43,65,69,71,79]. Although 
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the Mo3d region shows no indication of further splitting or broadening beyond Mo5+ within our 

experimental resolution, we cannot fully exclude the presence of Mo4+ (3d5/2 typically observed 

at 229.4 eV [41,43,65,71,79]). We tentatively refer to the 1L molybdate structure as nearly 

stoichiometric MoO3-x, where x = 0.03 ± 0.01, based on the areas of the Mo6+ and Mo5+ peaks.  

In addition, the O1s region is shown in the XPS spectrum in Figure 10b. Typically in TMOs, 

the O1s peak is asymmetrical towards higher BE. The O1s peak at BE of 531.0 eV is attributed to 

the metal oxide component, i.e. the lattice oxygen of MoO3, along with a shoulder peak at BE of 

about 532.3 eV, which can be associated with hydroxyl groups (-OH) on the surface [40,130]. On 

the contrary, this shoulder peak has been previously assigned to the oxygen in distorted 

environment due to defect (vacancy) sites [65,127]. However, we discount this assignment. 

Nonetheless, we treat apparent Mo reduction as a quality rather than a quantitative indicator 

because the likely substoichiometric level of (3 – x) is around 2.97. As already stated, in this 

thesis, we refer to nearly stoichiometric MoO3 without indicating a slight reduction in the index. 

Previously, it has been shown that thermally evaporated MoO3, like other TMOs, was oxygen-

deficient resulting in a typical substoichiometric level (3 – x) ≥ 2.5 [43,131]. 

The oxygen deficiency level depends on the substrate’s choice and growth conditions, 

such as the source’s temperature and the substrate during deposition [6,38]. We kept the HOPG 

substrate at the temperature of 220 °C during evaporation. Following previous reports, it should 

result in non-negligible oxygen loss as annealing above 200 °C leads to the presence of Mo6+, 

Mo5+, and some Mo4+ [65,69].  

On the other hand, the lower oxidation states of Mo may appear due to charge transfer 

with the substrate induced by chemical potential difference at the interface [6,19,37,38,43]. 

MoO3 is known to induce p-type doping in carbon substrates leading to downshifting in the BE 

of the C1s peak by 0.3–0.7 eV [6,19,37,41,132]. Such conclusions are beyond the experimental 

resolution capabilities in our system. 

Interestingly, Greiner et al. [38] reported that a MoO3 film was indeed reduced at the 

contact with metal, so within the first few nanometres. Moreover, it is known that the MoO3 

electronic structure exhibits thickness dependence on graphene substrates; graphene induces  

a significant amount of Mo5+ formation at the graphene/MoO3 interface [6,19]. However, those 

reports did not focus on the crystalline α phase of MoO3. In the next Section 3.2.3, we discuss 

that reported conclusion by comparing 1L–3L MoO3 and their electronic structures. Also, Du et 

al. [72] suggested that charge transfer between MoO3 monolayer (approx. 9% of Mo5+) and the 

SrTiO3 substrate was responsible for the stabilisation of the MoO3 film. Similarly, Quek et al. [22] 

associated the charge redistribution at the Au/MoO3 interface with the stabilisation of the 

monolayer structures. 
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Figure 11: Valence band region of MoO3 monolayer on HOPG: XPS measured at exit angle 
of 60° to the surface normal. The intensity is dominated by O2sp contributions and some of 
Mo4d at lower BE. The valence band edge is at BE of about 2 eV.  

 
Both scenarios of the thermal reduction during growth and the charge transfer between 

the MoO3 monolayer and the substrate are possible. Thus, we do not exclude each other but 

conclude that some amount of reduced MoO3 species is present, which further can be associated 

with a considerable number of states within the bandgap – described in the following Sections. 

In general, α-MoO3 has valence and conduction bands approx. 3.0 eV apart, and while slightly 

reduced has additional bands below conduction band minimum, leading to decrease of the 

bandgap [42,46,64,65] – see also Section 3.2.5. Here, we present the XPS valence region in Figure 

11. The overall intensity of the spectrum is dominated by O2sp contributions, with some 

intensity between 0.0 and 3.0 eV corresponding to Mo4d [42,65]. The intensity in that range 

indicates the presence of oxygen vacancies [79]. 

 

3.2.2.2. UPS Characterisation of Valence Band Region 
 
In this Section, we continue the investigation of the valence band region, but with a better 

resolution by utilising He I (21.22 eV) UPS.  

Figure 12 presents UPS spectra recorded in the valence band region of HOPG/1L MoO3 

(blue spectrum). Note that in this case, the UPS data consists of spectral contributions from both 

MoO3 and the HOPG substrate – we estimate the coverage by 1L MoO3 film to be roughly 70%. 

Firstly, we measure an average bandgap width. The typical approach neglects the low emission 

at lower energies due to the gap states close to 0 eV. The average bandgap considers the 

dominant signal in a UPS spectrum. Therefore, the valence band edge is estimated (dash line) at 

3.1 ± 0.1 eV, which agrees with [19]. However, the bandgap may be wider based on previously 

published IPES measurements that placed the edge of the conduction band at 0.2 eV (take the 

opposite sign when comparing with our binding energy scale) [42,128]. Thus, we can assume the 

width of the bandgap even up to 3.3 eV, agreeing with the width for bulk MoO3 [46]. 
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Figure 12: Valence band region of MoO3 monolayer on HOPG: He I UPS spectra. Inset: 
magnification of gap states region; pristine HOPG (black) and HOPG/MoO3 (blue). Dashed 
lines mark valence band edge and gap state edge (inset).  

 
On the other hand, XPS measurements proved that the presence of states within the 

bandgap is non-negligible, detecting some occupied Mo4d states (Section 3.2.2.1). Also here, 

we are interested in that low-intensity contribution close to 0 eV. In the inset of Figure 12, next 

to the blue spectrum of HOPG/1L MoO3, we added a black spectrum of bare HOPG to serve as a 

reference to track the differences in the electronic structures. 

When comparing the two spectra, we can recognise an additional broad peak (see an 

arrow marking the build-up intensity) in the range of 0.0–1.2 eV for the sample with MoO3 in 

contrast to bare HOPG, which agrees with a feature observed for graphene/MoO3 [6,19]. The 

gap state edge is estimated to fall to 0.0 eV (see dash lines). The emission from Mo4d occupied 

states further confirms the XPS conclusions and indicates that some reduced MoO 3 is present at 

the interface with HOPG. 

Because UPS does not resolve distinct peaks at the region of interest, our conclusion of 

a small but detectable number of reduced Mo species can be further investigated on the 

nanoscale. 

 

3.2.3. Local electronic structure of MoO3 from monolayer to trilayer: 
STM/STS characterisation 

 
Theory calculations predict that the electronic structure of α-MoO3 is nearly independent of the 

number of layers [44–48] – see also Section 3.2.5. Previous experimental studies by PES, have 

not provided insights into the MoO3 electronic structure depending on the number of layers, 

primarily due to amorphous structures and lack of investigations on the nanoscale.  
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b 

 

Figure 13: LDOS varying with a number of MoO3 layers (1–3 L) on HOPG: STM and STS. (a) 
STM topography (top panel) with overlaid LDOS map (bottom panel) of MoO3 nanosheet of 
monolayer (1L), bilayer (2L) and trilayer thickness (3L) (V tip = 1.5 V, I = 100 pA; LDOS displayed 
at -1.3 V). The broader topography of (a) is shown in Figure 6a. The scale of LDOS map ranges 
from black (corresponding to the low value of LDOS) to yellow (corresponding to high LDOS). 
The inset’s lateral profile taken from the dashed line across the topography. (b) dI/dV curves 
recorded and averaged from square regions marked on the LDOS map for 1L (black), 2L (blue) 
and 3L (red). Additionally, a dI/dV curve for 1L (dashed line) was taken after air exposure. For 
easy comparison, another spectrum was plotted (bottom spectrum, dashed curve) – air 
exposure effect is described in the following Section 3.2.4). 

 
To determine the dependence of MoO3 electronic properties on thickness, local STS 

measurements were performed on the first three layers. Figure 13a shows an STM topography 

in the top panel with overlaid LDOS map in the bottom panel. The STM topography shows three 

stacked MoO3 nanosheets with one-, two-, and three-layer (1–3 L) thickness, while the broader 

topography can be seen in Figure 6a, revealing the underlying HOPG surface. The edges of those 

layers are marked by dotted lines based on the topography information. Additionally, the lateral 

profile (inset in Figure 13a) taken across the STM topography (see dashed line) reveals a height 

of approx. 0.68 nm for each of the MoO3 layers. In correlation with the topography, the bottom 

panel presents spatially resolved STS data that measures local density of states (LDOS) in 

function of bias voltage (energy). dI/dV quantity is plotted in the LDOS map plots at the bias 

voltage of -1.3 V. The map shows clear contrast in LDOS between 1L and subsequent layers. Note 

that black colour corresponds to low values of LDOS, while yellow colour corresponds to high 

values of LDOS. The electronic structure of 1L MoO3 is distinguishable from the subsequent 

layers. 
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The STS spectra of the respective layers reveal a decrease in the density of states in the 

valence bands with an increase in thickness, resulting in the vivid contrast on the LDOS map.  

A closer inspection of the STS map shows maximum LDOS values for 1L MoO 3 at energies  

< -1 eV. This maximum is characteristic for the whole area of 1L – presented as high intensity 

(yellow colour) in LDOS map at -1.3eV – which does not occur for 2L and 3L. In comparison, the 

transition from 2L to 3L MoO3 presents only a subtle difference. The dependence on the number 

of layers (the thinner MoO3 film, the higher LDOS at energies < -1 eV) suggests more reduced 

MoO3 species at the interface with the HOPG substrate. Such interpretation agrees with the 

aforementioned trend (see Section 3.2.2) of higher MoO3 reduction at the interface and lower 

with increasing thickness. If the electronic structure of the α-phase MoO3 is thickness-

independent, as the theory suggests, we can associate the observed differences between the 

first three layers with the reduction of Mo. Assuming that the reduction is due to charge transfer 

at the interface with the substrate, this may also explain the stability of 1L MoO3 on HOPG [72]. 

Figure 13b shows the STS spectra (as normalised differential conductance) recorded on 

the first three layers of MoO3, which were obtained by averaging and differentiating approx. 50 

I(V) curves from each area marked on the LDOS map (bottom of Figure 13a). The typical spectra 

from 1–3 L reveal a semiconducting character, where the bandgap is narrow and roughly equal 

to 0.4 eV for all thicknesses. The narrow bandgap can be explained by the defect states observed 

in XPS and UPS measurements. 

We can distinguish a few characteristic features from the STM results for all three MoO3 

thicknesses – see the valence bands highlighted by a grey rectangle in Figure 13b. The features, 

when grouped, form an apparent increase (local maximum) of the LDOS, which is centred at 

roughly -0.7 eV and spans from -1.2 to -0.2 eV. It agrees with the UPS (Figure 12), which provides 

information over a wider sample area. In particular, when we average STS from a wider area, 

LDOS becomes featureless, with only one broad peak having a plateau from -0.6 eV towards 

higher energies, which resembles the UPS spectrum (Figure 12). We attribute the distinct 

features to defects representing possible nonstoichiometric Mo-O configurations, in line with 

the previous reports on PES studies. However, our observations of local changes in the MoO3 

electronic structure suggest that they are heterogeneous. The local variations imply that the 

electronic structure of MoO3 cannot be simply learnt from averaged data measured over a large 

scale – note variance of differential conductance at 1L and energies < -1 eV in the LDOS map in 

Figure 13a). The defects must be randomly distributed and localised, presumably down to a few 

atoms, because they are undetected in HR-TEM observations, displaying long-range ordered 

structures. On the other hand, the lack of any periodicity excludes other phases exhibiting 

uniformly distributed crystallographic shear planes. Moreover, routinely acquired STM atomic 
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resolution and HR-TEM results indicate no considerable lattice deviation. It implies a substantial 

disorder of undefined type coexisting with the ordered structure. We propose that the possible 

aggregation of defects affects the local properties as it is typical of other TMOs [133,134]. 

Nevertheless, the heterogeneity of MoO species observed for 1L MoO3 at the interface with 

HOPG remains unclear. 

 

3.2.4. Air Exposure Effect on Monolayer MoO3: STS and UPS 
Characterisation 

 
In the previous sections, we presented in-situ investigations in UHV, which describe the 

properties of as-synthesised material. This Section investigates 1L MoO3 films after exposure to 

ambient conditions and assesses the possibly introduced changes. It has been reported that the 

bulk MoO3 electronic structure changes upon exposure to oxygen and air [42,43]. We extend 

the available data by examining the air exposure effect on crystalline 1L MoO3. 

After exposure to air for a few days, we reintroduced the HOPG/1L MoO3 sample back 

to UHV. Note that the sample has not been cleaned, and the STM measurements are easily 

performed on 1L MoO3. We did not aim to remove air-induced adsorbates from the surface as 

even gentle sputtering is known to induce defects [39], while annealing reduces MoO3 [65,69].  

 

a 

 

b 

 

Figure 14: Atomic structure of MoO3 monolayer on HOPG after air exposure: STM. (a) highly 
resolved STM image recorded at 1L MoO3 (Vtip = 0.2 V, I = 0.9 nA). (b) the corresponding FFT 
pattern.  

 
We present the atomic resolution STM image taken on a sample which was exposed to 

air – see Figure 14a. The crystal structure of 1L MoO3 is unaffected upon exposure to air. This 

indicates high stability of 1L MoO3 films on HOPG. The corresponding FFT pattern (Figure 14b) 

suggests a nearly rectangular unit cell of (4.20 ± 0.40) × (4.40 ± 0.70) Å2 (room-temperature drift 

affects the precise determination). 

Here, we refer once more to the STS results in Figure 13b (page 49), presenting the dI/dV 

curve recorded at 1L MoO3 exposed to air (see the bottom spectrum, dashed line). The plot 

shows that the apparent bandgap narrows compared to the unexposed 1L MoO3/HOPG (see 

solid black line). In contrast, regardless of air exposure, the differential conductance maintains 

the asymmetry of higher values for bias < -1 V. We suggest that the mechanism of narrowing 
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the bandgap after air exposure is related to hydrogenation or hydroxylation of MoO3. Li et al. 

[48] claimed that for MoO3 monolayer, hydrogenation results in the formation of conduction 

bands. Also, adsorption of water and hydroxide groups might lead to the vanishing of the 

bandgap in MoO3 [135]. Further research is necessary to fully understand the processes 

underlying the bandgap closure due to air exposure of MoO3. 

 

a 

 

b 

 

Figure 15: Electronic properties of MoO3 monolayer on HOPG: He I UPS. Bare HOPG spectrum 
serves as a reference (black) and HOPG/MoO3 spectra were taken before (blue) and after air 
exposure (red). (a) valence band region. Dashed lines extrapolate valence band edges. The 
inset magnifies region of low BE, where maxima of gap states are marked. (b) secondary 
electron cut-off (SEC) region. The photoelectron energy is calibrated to Au Fermi level (E – EF), 
the energy indicated by SEC corresponds to work function. The arrows indicate that work 
function increases after MoO3 deposition (blue) and decrease after air exposure (red).  

 

To further confirm the narrowing of the bandgap at a larger scale, we also study the air 

exposure effect by UPS. Figure 15a presents UPS spectra of HOPG/1L-MoO3 before (blue; see 

also Figure 12) and after air exposure (red). The intensity in the range of 5.0–2.5 eV is higher 

after air exposure, which agrees with [38,39]. The valence band edge related to O2sp states can 

be found at 2.5 ± 0.1 eV for the exposed sample, which is upshifted by 0.6 eV with respect to 

the original unexposed sample. Additionally, the inset in Figure 15a, magnifying the region of 

low BE, shows a higher intensity for the exposed sample than the unexposed sample (see that 

marked maxima of gap state contribution also shift). This observation agrees with Irfan et al. 

[43] regarding the higher intensity of detectable gap states when MoO3 was exposed to ambient. 

It can be explained, based on the previously referenced PES results, as a partial reduction of Mo 

species contributes to the higher gap states intensity at BE of around 0.9 eV. However, we 

cannot entirely exclude the possible role of a charge transfer from the adsorbates from air [43]. 

Finally, we start discussing the air exposure effect on the 1L MoO3 work function. The 

secondary electron cut-off (SEC) region of UPS spectra is shown in Figure 15b. The black 

spectrum corresponds to bare HOPG, which SEC denotes the expected work function of 
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4.50 ± 0.10 eV (in agreement with literature values: 4.40–4.60 eV [136,137]). The blue spectrum 

corresponds to HOPG/1L-MoO3, where the 1L MoO3 nanosheets cover HOPG at around 70%. 

The SEC of blue spectrum is found at 5.7 ± 0.1 eV, which is related to increase in the 

initial WF of the substrate (marked by a blue arrow). Next, the red spectrum corresponds to the 

HOPG/1L-MoO3 that was exposed to air. Upon air exposure, SEC downshifts by around 1.0 eV 

(marked by a red arrow), to 4.7 ± 0.1 eV indicating reduction of the work function of this system. 

Due to low coverage by 1L MoO3 and uncovered regions of HOPG, the SEC value does 

not indicate the WF of MoO3 nanosheets, but resultant SEC for two-component surface of HOPG 

and MoO3. Detailed SEC interpretation for such systems is given in Section 2.4 and a separate 

Chapter 5. However, the UPS results present clear trend of increasing heterostructure WF with 

deposition of MoO3 and further reduction upon air exposure, which agrees with previous results 

for thicker films [6,19]. The reduction is in line with the well-known effect of air, where the WF 

of bulk MoO3 reduced from 6.9 eV to 5.2 eV [42,43]. 

 

3.2.5. Theoretical characterisation 
 
To support the discussion of experimental results, we performed DFT calculations. The results 

allow for addressing the dependence between the number of layers in MoO3 system and the 

unit cell parameters including the estimation of monolayers thicknesses. Additionally, the 

influence of the number of layers and the presence of oxygen defects on the electronic structure 

was calculated. Drawings of crystal lattices were produced using VESTA [124]; note that VESTA 

default parameters govern the presence or absence of chemical bonding.  

3.2.5.1. Crystal structure: Lattice Parameters Estimation 

 
Firstly, we describe DFT calculations predicting in- and out-of-plane dimensions of α-MoO3 

layers. Figure 16a shows separately: 1L α-MoO3 with a marked height (measured between 

terminal O atoms); and two layers of α-MoO3 (2L) with marked height of one layer and 1L 

together with interlayer spacing. The predicted distanced between terminal O atoms for  

1L α-MoO3 equals 6.40 Å. The calculated interlayer spacing between layers (equal to 7.34 Å) are 

essentially in line with experiments where the interlayer spacing between MoO3 and HOPG is 

taken into account.  

The measured lattice parameters for 1L and 2L (marked in Figure 16a) are plotted in 

Figure 16b together with data for 3L, 4L and bulk – the height of single MoO3 layer slightly varies 

with an increasing number of layers. Note that the y-axis presents lattice parameter b, which is 
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the distance between terminal O atoms, so it should not be confused with unit cell size in the 

standard sense used for bulk α-MoO3. 

 

a b 
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Figure 16: DFT calculations. (a) scheme: the dimensions of a 1L α-MoO3 are marked as 
distanced between terminal O atoms and with interlayer spacing at 2L. (b-d) graphs: lattice 
constants of α-MoO3 in the function of a number of layers with bulk values for reference 
(lattice constant b is given as distance between O terminal atoms). (e-f) top views of the 
atomic structures of 1L α-MoO3 and 1L MoO2.875; lattice constants are given. 

 
Additionally, DFT calculations provide unit cell parameters: a and c for 1–4L α-MoO3, 

plotted in Figure 16c and d, respectively, with bulk values for reference. The a and c lattice 

constants in the function of the number of layers exhibit subtle differences among the layers, 

which are immeasurable experimentally. With an increase in the number of layers, one can 

predict elongation in both a and c unit cell constants accompanied by a decrease in b (see Figure 

16b). Our DFT calculations of 1L α-MoO3 predict a rectangular surface unit cell (3.96 × 3.70) Å2, 
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which is in agreement with the literature [45,47] and experimental values (see Section 3.2.1). In 

Figure 16e, we also illustrate the top view structure of stoichiometric MoO3 with those lattice 

constants (2 x 2 supercell projection on 1 x 1 cell). 

To complement the preceding Sections, we highlight how oxygen vacancies may affect 

different cell parameters. We chose as an example 1L MoO2.875 – the top view of the atomic 

structure is shown in Figure 16f with given lattice parameters. It indicates a change of unit cell 

constants after embedding the oxygen vacancy, which was apical on a MoO3 surface to a 2 × 2 

supercell. It results in an expanded unit cell compared to the stoichiometric MoO3. For  

an extensive discussion of oxygen vacancies affecting MoO3 crystal structure, see [138,139].  

 

3.2.5.2. Density of States: Oxygen defects and Thickness dependence 

 
To simulate the influence of oxygen vacancies on the 1L α-MoO3 electronic structure, we 

calculated the density of states (DOS) for stoichiometric 1L α-MoO3 and reduced 1L MoO2.875. In 

Figure 17a, we compare the calculated DOS for 1L α-MoO3 (black) with 1L MoO2.875 (blue). The 

calculations indicate that the bandgap for 1L α-MoO3 is 1.8 eV. Such underestimation (related 

to the experimental results near 3.2 eV) is known in DFT and depends on pseudopotential 

selection [45,46]. Our selection of pseudopotential aimed primarily at analysing the lattice 

parameters (Figure 16) and not the reproduction of the bandgap. For 1L of MoO2.875, oxygen loss 

induces states within the bandgap of the stoichiometric α-MoO3 structure. Consequently, unlike 

stoichiometric α-MoO3, 1L of MoO2.875 becomes conducting.  

To recognise the contribution of particular elements, Figure 17b plots the DOS for 1L 

MoO2.875 projected on oxygen and molybdenum atoms in red and blue, respectively, while the 

total DOS is in black. The majority of the contribution to DOS around 0 eV is related to Mo 

(mostly to d states).  

Finally, to check DOS dependence on a number of layers α-MoO3, Figure 17c shows 

calculated DOS for 1L, 2L, and 3L α-MoO3 (in black, blue, and red) as well as bulk α-MoO3 (dashed 

line). All characteristics are nearly uniform. The bandgap width for bulk is the widest and equal 

to 1.8 eV; for 1L–3L the bandgap is slightly narrower. However, the difference is neglectable.  

Qualitatively, our findings suggest that oxygen vacancies generate additional states 

between -1 and 0 eV. Such a conclusion is consistent with our experimental result of the narrow 

bandgap and the presence of states around 0 eV. Thus, the α-MoO3 electronic structure is not 

determined by the number of layers (within the first three layers) but rather by the 

concentration and arrangement of defects as well as the possible electronic interaction at the 

HOPG/MoO3 interface. 
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a 

 

b  

 

c 

 

Figure 17: DFT calculations: density of states. (a) DOS of 1L α-MoO3 (black) and 1L MoO2.875 

(blue); (b) DOS of 1L MoO2.875 (total, black) projected on molybdenum (blue) and oxygen (red) 
atoms. (c) DOS of 1L (black), 2L (blue), 3L (red) and bulk (dashed) α-MoO3. 

 

3.3. Conclusions 
 
It was proved that it is possible to synthesise the monolayers of MoO 3 on HOPG and the 

electronic structure of such layers was investigated by various methods. To sum up, we answer 

to questions asked at the beginning of the Chapter. 

1. Thermal evaporation under UHV directly on HOPG resulted in crystalline MoO3 with 

monolayer thickness, proving our method was successful. The morphology and 

crystal structure investigations are summed up in the following list: 

• The grown 1L MoO3 were stable and allowed detailed nanoscale 

characterisation by SPM. 

• We determined two shapes of MoO3 nanosheets growing on HOPG by STM and 

c-AFM: irregular with curved edges (mostly for 1L) and rectangular (mostly for 

2L). 

• We discussed MoO3 nucleation, which starts at defects and the steps or domain 

edges of the HOPG substrate. MoO3 tends to build up monolayers to cover the 

substrate before forming successive layers. The diffusion of MoO3 clusters on 

the HOPG surface is sufficiently high to favour monolayer growth over 

successive layers. 

-8 -6 -4 -2 0 2 4
0

2

4

6

 

 

D
O

S
, 
s
ta

te
s
/e

V
 p

e
r 

f.
u

.

Energy - Fermi energy, eV

  MoO
3

  MoO
2.875

-8 -6 -4 -2 0 2 4
0

2

4

6

 

 

D
O

S
, 
s
ta

te
s
/e

V
 p

e
r 

f.
u

.

Energy - Fermi energy, eV

  MoO
2.875

  total

  Mo

  O

-8 -6 -4 -2 0 2 4
0

2

4

6

 

 

D
O

S
, 
s
ta

te
s
/e

V
 p

e
r 

f.
u

.

Energy - Fermi energy, eV

  bulk

  1 ML

  2 ML

  3 ML



57 
 

• By STM and c-AFM, we determined 1L MoO3 thickness as 0.7 ± 0.1 nm, which 

agrees with half of the height of single unit cell of α-phase MoO3 corresponding 

to the basic vdW building block of the α-MoO3 layer structure. 

• We measured surface lattice constants for MoO3 by LEED, HR-TEM, and STM, 

proving the crystallinity of monolayers. The results agreed with the 

orthorhombic unit cell of α-phase MoO3 [70] with dimensions: (3.66 ± 0.20) × 

(3.88 ± 0.10) Å2. 

2. Such a deposition method led to slightly reduced 1L MoO3, consequently, to defect 

states in the bandgap. 

• We determined oxidation states of Mo ions in the films by XPS, showing the 

presence of 95% of Mo6+ and 5% of Mo5+, leading to the substoichiometric level 

of around 2.97, i.e. MoO2.97.  

• Due to reduced MoO3 spices, we observed the gap states at low binding 

energies 0.0–1.2 eV by XPS and UPS. We discussed their origin from Mo4d filled 

states. We discussed a wide bandgap of 3.1 ± 0.1 eV in common approach from 

UPS. 

3. The nanoscale study of the electronic structure by STS, revealed that the first layer 

is distinguished from two subsequent layers.  

• The heterogeneity of the local electronic structure of the first layer is due to 

either oxygen vacancies or interface-induced defects.  

• The narrow apparent energy gap is similar for the first three layers of MoO3 on 

HOPG and measures 0.4 eV. 

4. The air exposure affected 1L MoO3: the apparent bandgap closed, and work function 

reduced. 

• A notable decrease in work function to 4.7 eV accompanied the higher emission 

intensity gap states, which was measured by UPS. 

• It was possible to characterize the air exposure material by STM without any 

cleaning procedure and the results proved the preservation of 1L MoO3 

crystallinity. 

• The local changes in the 1L-MoO3 electronic structure further decreased the 

bandgap width, which was confirmed by STS. 

In addition, DFT calculations predicted lattice parameters and found little differences 

between one to four layers of MoO3: rectangular unit cell (3.96 × 3.70) Å2 and thickness of 

0.73 nm (when adding interlayer spacing). The calculations also shed light on the possible cause 
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of experimentally observed decrease of the bandgap, indicating that the concentration and 

distribution of oxygen defects in MoO3 monolayers may significantly narrow the bandgap. 
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4. Towards Graphene/2D MoO3 Heterostructures: Translating 

the Growth of α-MoO3 from Graphite to Graphene 
 
Many studies have focused on the growth parameters and post-deposition processing to find 

routes to improve MoO3 film properties; however, the effect of the underlying substrate has not 

yet been carefully explored and could hold an essential key to the improvement of the quality 

of MoO3 films, particularly those grown in UHV. Substrate selection influences the growth 

models, including TMOs and MoO3. Epitaxial growth of MoO3 monolayers on HOPG has been 

demonstrated in Chapter 3. Using a HOPG surface as a model of a graphene -like system, our 

studies highlight that careful substrate preparation is a crucial factor for promoting lateral 

growth of 2D MoO3.  

The aim here is to allow lateral growth of 2D MoO3 films on graphene and this way to 

synthesise a new 2D heterostructure layer. The ability to grow 2D structures in a controllable 

fashion may open exciting possibilities for practical applications. One could expect no difference 

between graphene and HOPG, as the top layer structure and vdW interaction during growth 

should be similar. However, a reliable source of high-quality and large-area graphene film 

remains challenging. Based on the optimised growth parameters on HOPG, which provided  

a repeatable substrate surface, we demonstrate MoO3 growth models in examples of various 

types and qualities of available graphene films.  

Graphene can be synthesised on a number of substrates. Depending on the chosen 

substrate, grown graphene layers are characterised by different properties, which are often 

contradictory, e.g., either transferable but defective or of high quality but bonded to the 

substrate, to name crucial ones from the perspective of this study. Graphene synthesised on 

two selected substrates will be presented as a building block of graphene heterostructures with 

MoO3: 

I. graphene on copper; 

II. graphene on silicon carbide. 

To compare the MoO3 growth modes on selected substrate surfaces, the presented 

results underwent a similar experimental procedure, which consisted of pre -growth graphene 

UHV annealing and deposition on a heated substrate. Note that slightly different parameters 

were often used in seeking optimum growth conditions. Parameters are given in figure captions. 

The findings in this Chapter provide valuable information for the growth behaviours of 2D MoO3 

heterostructures based on atomic force microscopy (AFM) in semi-contact and contact mode  

(c-AFM) as well as low energy electron diffraction (LEED) studies. 
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4.1. Introduction to Graphene/MoO3 Heterostructures 
 
As mentioned, the literature describes the fabrication of graphene/MoO3 heterostructures 

without much discussion of the morphology of MoO3 films. Only scarce effort towards 

morphology, available in the literature, is limited to results performed in an uncontrolled 

environment [6,19,70,71].  

Studies on thin MoO3 films by two research groups are worth mentioning. Essential 

steps in studying graphene/MoO3 heterostructures were taken by Meyer et al. [19] and Wu et 

al. [6], reporting on tuning the work function of the heterostructure to high values by increasing 

the film thickness. In particular, Meyer et al. [19] show the morphology of deposited films: at 

submonolayer coverage, MoO3 nanoclusters decorated the graphene surface, which indicates a 

Volmer-Weber type nucleation mode (i.e. island formation). Such heterostructures require 

relatively thick films to obtain desired high work function, which MoO3 offers. Thus, the 

controllable method to grow 2D MoO3 films may open up new possibilities for practical uses 

while downscaling MoO3 thicknesses to their physical limit, i.e. monolayer. 

 In a couple of papers, Kim et al. [70,71] reported on 2D single-crystal MoO3 on multilayer 

graphene or graphite, where square-like nanosheets were obtained. However, the thinnest 

measurable MoO3 nanosheet was bilayer (1.4 nm) due to instability of irregularly shaped 

monolayer with the thickness of approx. 0.7 nm, as suggested in their first paper [70]. The 

growth of the 2L MoO3 films was in ambient conditions. The multilayer MoO3 of rectangular 

shape on graphene was reported therein and also by Cai et al. [70,75]. 

In this study, we continue with graphene, which in principle is known for its atomically 

smooth and chemically inert surface, as the growth template for MoO3 via thermal evaporation 

in UHV. We find the ability to synthesise 2D high-quality α-MoO3 films under UHV conditions 

superior to the previous reports, as it allows direct in-situ characterisation. Thus, it leads to 

fundamental research and a significant advance in our understanding of their properties.  

 Another important factor to consider for anode applications is surface roughness, where 

2D films provide excellent smoothness. Moreover, no structural defects should be developed in 

graphene during the MoO3 growth process to guarantee high quality. The previous transmission 

electron microscopy (TEM) images (Figure 9) indicate that the multilayer graphene is not 

damaged during the deposition of MoO3. According to the previous reports, Raman 

spectroscopy indicates that such a deposition does not defect graphene structure [70]. Thus, 

graphene/MoO3 heterostructures may take advantage of the high quality of both components 

and be a subject of nanoscale investigations. 
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4.2. Results and Discussion: Effect of Graphene Substrate on the 

Growth of MoO3 Thin Films Grown by Thermal Evaporation 
 
To investigate the effect of the graphene properties on the MoO3 growth, the synthesis was 

carried out with different growth substrates, namely graphene synthesised on different 

materials and by different methods: chemical vapour deposition (CVD) and graphitising SiC, 

which result in either monolayer or few-layer graphene films. 

 

4.2.1. Graphene on Cu: Morphological Characterisation 

 
The first graphene substrate to be challenged in this study is copper. Although Cu may not be an 

obvious choice of a substrate for graphene and further applications, especially regarding the 

necessity of high transparency, Cu can be used as a surrogate substrate and allow subsequent 

transfer onto transparent glass or polymer film (PET) substrates [10,106]. Moreover, Cu has the 

potential to be an excellent economical choice. The pioneers of CVD graphene were using Cu 

because of its advantages: catalytic power, price, and availability [10].  

Cu metal allows controllable synthesis of single-layer graphene with relatively low 

carbon solubility [10,140] and weak binding force with graphene [10,141], where graphene on 

Cu foils should be described as polycrystalline material [142]. The polycrystallinity may influence 

the local growth processes of MoO3, which we describe below. 

The Cu/graphene was used in the first and already mentioned reports of 

graphene/MoO3 heterostructures by Wu et al. [6] and after transfer onto SiO2 or glass substrates 

by Meyer et al. [19]. 

AFM was used to assess the quality of Cu/graphene. AFM micrographs in Figure 18a-b 

show that graphene on Cu is characterised by relatively high roughness on revealed numerous 

steps. The surface of the pristine graphene is only locally smooth, with an overall root-mean-

square (RMS) value of 9 nm, in Figure 18a. The phase image in Figure 18b shows continuously 

the same contrast on all Cu terraces, where only step edges appear as narrow regions are 

suggested to have different surface properties. The AFM scans showing the surface before the 

MoO3 growth help recognise the substrate topography and the subsequently grown structures. 

It should be noted, that the graphene film is supposed to be continuous over the observed step 

edges of Cu substrate, however such continuity is not preserved between domains, which are 

present in graphene layers [142]. 

The typical result of thermal evaporation of MoO3 on Cu/graphene is presented in Figure 

18c, where MoO3 forms three-dimensional (3D) nanoclusters. The distinct surface 
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Figure 18: AFM micrographs of graphene synthesised on Cu before and after MoO3 
deposition. Semi-contact AFM topographies in (a), (c), and (e); the corresponding phase-
contrast images in (b), (d), and (f), which highlight MoO3 deposited structures. The dark blue 
areas indicate the MoO3 nanoclusters, while the light blue represents graphene regions. (g) 
height profile taken across the marked line in (e) averaged over 10 px. Scan sizes: (5 × 5) and 
(1 × 1) µm2. Roughness: (a) RMS = 9 nm, (c) RMS = 8 nm, (e) RMS = 6 nm. Process parameters: 
pre-growth substrate UHV annealing (350 °C, 1 h), growth on the heated substrate (265 °C). 
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properties allow differentiation of MoO3 from neighbouring graphene in the phase map (Figure 

18d). The clusters are not evenly distributed over the graphene surface but are accumulated in 

particular areas and decorate preferential lines – see the phase-contrast image in Figure 18d 

with a vivid contrast between two materials highlighting those accumulations.  

The observed accumulation of MoO3 nanoclusters suggests strong binding energy 

between MoO3 and some regions of the substrate surface, which leads to the selective 

nucleation of MoO3 and 3D growth instead of wetting the graphene surface. The line-type 

decoration by nanoclusters seems to take place on graphene domain boundaries, which may 

indicate their strong influence on the growth process, presumably where the surface is not 

atomically flat (e.g., graphene domain edge exists or its continuity has been interrupted) and 

there are dangling bonds present. Interestingly, note that the step edges of the Cu substrate 

(visible in phase image in Figure 18d as a bright lines) have negligible, if any, influence of MoO3 

nucleation. This indicate that the nucleation is driven mainly by the defects in which the 

continuity of graphene is not preserved and grafen folds (as over step edges) do not limit the 

MoO3 diffusion. 

When we compare the roughness of the surfaces before and after MoO3 deposition, we 

cannot draw any conclusion (RMS after deposition is 8 nm in Figure 18c, and 6 nm in zoom-in, 

Figure 18e), as the as-received Cu/graphene is rough intrinsically. To investigate the sizes of 

MoO3 nanoclusters shown in Figure 18e-f, we derived a height profile taken across the surface 

in Figure 18e (average of 10 px) – see  Figure 18g. The profile presents the heights of the MoO3 

structures of approx. 15 nm.  

AFM experiments show that the growth of MoO3 on Cu/graphene leads to the 

favourable formation of 3D nanoclusters. The average diffusion path must be limited on this 

type of graphene either because of its defected surface or because of the interaction of 

graphene with the Cu substrate, which causes surface potential perturbations and can act as  

a local trap for diffusing molecules. On the other hand, we believe that the Cu/graphene 

substrate is relatively clean although the annealing applied may not entirely ensure the removal 

of chemically adsorbed molecules. However, annealing at a higher temperature could induce 

structural defects in graphene. 

The direct translation of growth parameters from HOPG to Cu/graphene leads to 

undesired 3D type structures, which would not be advantageous compared to literature reports 

[6,19]. After numerous trials of tuning pre-growth substrate preparation and growth 

parameters, the Cu/graphene substrate did not allow desired lateral 2D growth. For example, 

one of the parameters that have been tested was the temperature of the substrate during the 

MoO3 deposition; while from RT to 315 °C, the growth leads to 3D clusters as presented above, 
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at higher temperatures up to 400 °C, nanoclusters decorate only the boundaries of graphene 

domains leaving the graphene fully uncovered due to longer range of mobility of MoO 3 species 

on the surface of growth template. The latter observation may indicate that the graphene within 

domains has low defect density preventing nucleation of MoO3 or that the MoO3 molecules had 

enough energy do not to stop on these defects. Besides, such a high temperature of the 

substrate probably caused re-evaporation of deposited material. Then, the only structures left 

are those which have adsorbed in large wells of potential. On the other hand, other parameters 

we tested – the duration and temperature of pre-growth annealing of Cu/graphene – lead to 

the same MoO3 growth. 

 

4.2.2. Graphene on SiC: Morphological and Crystallographic Characterisation 

 
As a commercially available semiconducting or semi-insulating substrate, silicon carbide has the 

main advantage that the graphene films grown on such substrate are considered an attractive 

solution for directly integrating graphene in electronic devices. Therefore, no damaging transfer 

process is required [143]. Moreover, using SiC has potential in electronic applications operating 

at high frequencies, voltages, and temperatures [143]. 

Furthermore, SiC allows synthesis of high-quality graphene, which may be the closest to 

exfoliated 2D flakes from graphite [10], and can be the next step in expanding the potential of 

our studies of HOPG/MoO3 structures. We expect the two substrates, HOPG and SiC/graphene, 

to behave the same in supporting MoO3 during a deposition process, as the top surface layer is 

of the same graphene proving the high quality of the latter. However, not all graphene 

substrates provide repeatable and defect-free surfaces. In the following paragraphs, we show 

three examples of achieved results in MoO3 deposition: two on monolayer graphene and one 

on few-layer graphene. 

We start with monolayer graphene synthesised by CVD on SiC (hereafter referred to as 

ML-graphene). The surface of as-received ML-graphene is presented in Figure 19a-b. Typically, 

after the graphene synthesis process on a SiC substrate, it is characterised by many faults. These 

faults are edge groupings of SiC terraces as seen in c-AFM topography image, Figure 19a. The 

heights of such faults change depending on the process used in graphene growth. Figure 19a 

shows one such fault with a height of about 15 nm. However, the available data show that 

graphene covers both terraces and faults, which are present on the surface.  

We used AFM lateral force measurement to characterise the graphene substrate 

further. In this configuration, a tip is sensitive to changes in surface properties and can  
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Figure 19: AFM micrographs of monolayer (ML) graphene synthesised on SiC before and 
after MoO3 deposition on top. As-received ML-graphene on SiC: Contact AFM topography in 
(a) and the corresponding lateral force in (b) to highlight the heterogeneity of surface 
properties. MoO3 on ML-graphene: semi-contact topography in (c and e) together with the 
corresponding phase-contrast image in (d and f), which highlights full coverage by deposited 
MoO3 structures. (g) height profile taken across the marked line in (e) averaged over 10 px. 
Scan sizes: (5 × 5) µm2. Roughness: (a) RMS = 2.5 nm, (c) RMS = 3 nm. Process parameters: 
pre-growth substrate UHV annealing (330 °C, 1 h), growth on the heated substrate (220 °C). 
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discriminate between areas of different friction coefficients while the tip is moved across the 

sample surface. The lateral force image recorded on ML-graphene is shown in Figure 19b. It 

shows a significant variety of contrasts, which indicates different coefficients of friction in given 

areas of the ML-graphene surface. It is worth mentioning that the change, in contrast, can also 

occur due to topographical changes on the surface, which occurs on faults. This is clearly seen 

in Figure 19b, where the contrast on the faults is visibly different than at some distance from 

them. However, this figure also shows structures with non-regular contours appearing 

particularly near the fault at the upper edge (these structures can also be seen in the 

topographic image, Figure 19a). However, they appear not only near the edges but on all 

terraces with different densities. In our opinion, these changes attribute to discontinuities of 

graphene surface, indicating some degree of defectiveness in available ML-graphene substrates. 

In the first example of MoO3 growth on SiC/graphene, the AFM micrographs of the 

deposited film are shown in Figure 19c-d. The ML-graphene surface seems to be fully covered 

by deposited material – see uniform contrast in phase map, Figure 19d. While the majority of 

the grown material appears amorphic, some patches are covered by crystalline -like grains. The 

shape of the grains is elongated as needle-shaped or thicker bars. As in many references 

mentioned in Table 1, it is common in the α-MoO3 phase that crystallites grow in square or 

rectangular nanosheets. To measure the dimensions of the elongated grain, we extracted a 

height profile across the marked line in Figure 19c (averaged over 10 px), which is shown in 

Figure 19g. The profile reveals a flat surface of the grain and its height of about 2.1 nm, which 

suggests 3 layers of α-MoO3. Note that the overall roughness increased after MoO3 deposition 

(from RMS = 2.5 nm to 3 nm, Figure 19a and c, respectively). However, the surface of the grain 

is smooth without additional protrusions, which confirms more than 1 layer of α-MoO3 – more 

discussion on topographical protrusions on MoO3 monolayer is in Chapter 5. 

Due to heterogeneity of the as-received substrate surface, we attribute mixed growth 

mode to a significant number of defects. Therefore, the mean free path of MoO3 spices is too 

short to promote only the desired lateral, crystalline and monolayer films.  

The second example of MoO3 growth on SiC/graphene is presented in Figure 20a-b. The 

substrate tested here is one of the same ML-graphene samples as in the previously discussed 

example (see Figure 19a-b). The AFM topography of another MoO3 film on ML-graphene is 

shown in Figure 20a. Despite the same deposition procedure, the resultant MoO3 film appears 

entirely amorphous (note relatively high RMS of 2.5 nm as for two terrace area), without any 

signs of grain crystallites. The corresponding phase-contrast image (Figure 20b) suggest full 

coverage of ML-graphene. 
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Figure 20: AFM micrographs of ML-graphene on SiC after MoO3 deposition. Semi-contact 
AFM topography in (a) together with the corresponding phase-contrast image in (b). Scan 
sizes: (5 × 5) µm2. Roughness: (a) RMS = 2.5 nm. Process parameters: pre-growth substrate 
UHV annealing (330 °C, 1 h), growth on the heated substrate (220 °C). 

 
These dissimilar results showed us that for defective ML-graphene substrates it is 

impossible to achieve reproducibility of the growth process. Even though the signs of desired 

crystallization process were observed for one sample, it did not occur for the second one. This 

made any approach to optimizing growth inefficient or impossible. The unfortunate lack of 

repeatability in obtained results shifted our focus towards few-layer graphene, which may 

provide higher reproducibility. 

For the third example of MoO3 growth on SiC/graphene, we used few-layer graphene 

fabricated by BeeGraphene, graphitising SiC surfaces in Si flux [115] (hereafter referred to as 

FL-graphene). The morphology of the as-received FL-graphene surface is presented in Figure 

21a-b. This FL-graphene is characterised by uniform surface, as seen in topography in Figure 21a, 

despite many terraces in scanned area. The difference in the diversity of surface properties is 

significant compared to the previously described example. This is especially visible when we 

compare the phase images for ML-graphene (Figure 19b) and FL-graphene (Figure 21b). For 

FL-graphene we observe the uniform contrast with only slight disturbances from subsurface 

topography, while ML-graphene showed high concentrations of dark spots related to intense 

tip-surface interaction caused by the presence of defects. 

In contrast to the previous example, including especially graphene on Cu, the translation 

of growth parameters from HOPG to SiC/FL-graphene leads to desired lateral 2D growth type 

structures, which would be advantageous compared to literature reports. The topography of 

such layers is presented in Figure 21c. The corresponding phase image in Figure 21d clearly 

distinguishes between MoO3 nanosheets and uncovered graphene. 
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Figure 21: AFM micrographs of few-layer graphene on SiC before and after MoO3 deposition 
on top. Semi-contact topography in (a) and (c), together with the corresponding phase in (b) 
and (d), which highlights MoO3 deposited structures. (e) height profile taken across the 
marked line in (c) average of 10 px. Scan sizes: (5 × 5) and (2 × 2) µm2. Roughness: (a) 
RMS = 1 nm, (c) RMS = 2 nm. Process parameters: pre-growth substrate UHV annealing 
(440 °C, 3 h), growth on the heated substrate (250 °C). 

 
Similarly to HOPG, the growth mode on FL-graphene is layer-by-layer according to AFM 

observations, suggesting vdW epitaxy. The AFM micrographs reveal the flat morphology of the 

surfaces. Note that the MoO3 nanosheets grow over the edges of the terraces (Figure 21c-d), 

indicating continuous graphene film and suggesting similar growth kinetics as on HOPG. The 

profile taken across the surface in Figure 21c (average of 10 px) is shown in Figure 21e, and it 

presents the thickness of the MoO3 island of approx. 1.5 nm. This thickness is closer to 2L (1.4 

nm) than 1L (0.7 nm); however, we observed that measurements in ambient are notably 

affected by adsorbents. A more detailed thickness investigation is described based on 

measurements in UHV (see Chapter 5). However, the number of layers more than 1 agrees with 

previous reports on 2D MoO3 on graphene-like substrates found in the literature [70,75]. While 
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on HOPG we clearly achieved monolayer growth, the difference for FL-graphene may be due to 

different interaction energy between MoO3 and the substrate. Confirmation of such a 

hypothesis would be possible by DFT calculations which, however, seem to be very difficult due 

to the required large size of supercells and, therefore, lack of possibility to perform calculations 

in a finite time. 

Successful 2D growth of MoO3 is achieved through the additional graphene layers on 

the SiC substrate due to the uniform surface properties of graphene promoting the diffusion 

(the high diffusion rate and length) of adsorbed MoO3 spices along the in-plane direction. The 

results indicate that FL-graphene is a viable substrate for the lateral growth of other 2D 

materials. 

 

a b c 

 
  

Figure 22: LEED patterns of  MoO3 nanosheets on SiC/FL-graphene at energy of 55 eV. (a) 
diffraction from a region where the intensity of first-order spots from FL-graphene is high 
while MoO3 pattern has low intensity due to insufficient MoO3 coverage. (b-c) diffraction from 
a region where intensity from MoO3 surface results in two rings. For clarity, in (c), a schematic 
of the diffraction rings is drawn: the white rings correspond to the rectangular MoO3 
structure. Process parameters: pre-growth substrate UHV annealing (440 °C, 3 h), growth on 
the heated substrate (250 °C), post-annealing (UHV, 100 °C, 1 h). 

 
For further characterisation of the MoO3 nanosheets on FL-graphene, we employed 

LEED, which may indicate crystallography information on epitaxial relation between MoO 3 and 

the graphene substrate and verify whether the proposed process of  MoO3 deposition disturb 

the surface crystallography of FL-graphene.  

In the previous Chapter 3 (Figure 8), we commented on the HOPG/MoO3 LEED pattern 

featuring rings that imply random in-plane rotation of domains for HOPG and 2D MoO3. The 

LEED measurements (performed at room temperature and energy of 55 eV)  of 

FL-graphene/MoO3 are shown in Figure 22. The diffraction features of graphene are seen in 

Figure 22a. Notably, the central spots of the hexagon pattern are surrounded by additional spots 

forming flower-like hexagon patterns around the main spots. The flower-like patterns can be 
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attributed to (6√3 × 6√3)R30° reconstruction and are characteristic of buffer layer and graphene 

overlayers [144], indicating few-layer graphene film on SiC. The observation of nearly pure 

graphene pattern was possible due to the low and non-uniform coverage of the measured 

sample, which allowed focusing the beam on exposed graphene in between the MoO3 

nanosheets. 

Figure 22b-c present a diffraction pattern from a more covered area where two rings 

are observed next to graphene spots, revealing a multidomain MoO3 lattice. Note that the inner 

ring is thicker than the outer, which corresponds to first-order and higher-order diffraction spots 

of the rectangular α-MoO3 structure in (010) plane, respectively. For simulation of the diffraction 

pattern of three-domain α-MoO3, see Figure 8. For clarity, in Figure 22c, three white rings were 

drawn inside the graphite features. Therefore, in the case of FL-graphene/MoO3, we do not see 

any defined orientation between graphene and MoO3 domains. The fact that a random epitaxial 

relationship exist suggests negligible deposition to substrate interaction at their heterointerface.  

Furthermore, despite blur, the characteristic diffraction pattern of graphene after the 

MoO3 deposition may indicate that FL-graphene has not been significantly damaged during the 

process. 

Exhaustive STM imaging of MoO3 layer on FL-graphene substrates was performed at 

various combinations of working parameters, such as bias voltage and current. However, those 

trials did not produce representative information on either morphology or electronic structure. 

We observed the high mobility of MoO3 structures on graphene, which hinders nanoscale 

measurements by STM. This observation is in line with previously reported high mobility of 

MoO3-x monolayers in ambient by Kim et al. [70]. 

A thicker MoO3 layer was deposited on FL-graphene to check the possibility of STM 

measurements. Note that the substrate was kept at a low temperature (50 °C) during the 

deposition process to minimise the diffusion and promote higher nucleation site density to allow 

full coverage. The thicker layer was expected to be more stable than MoO3 clusters or monolayer 

islands. 

Optical image (Figure 23a) taken in AFM microscope after STM scanning presents  

a pattern made in the MoO3 layer by STM tip in ambient conditions. The inset illustrates the 

pattern: four rectangular STM scans were taken. Around each scan window, there is a vis ible 

accumulation of the swiped material appearing as a dark frame.  
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Figure 23: Result of STM scanning in ambient: (a) optical image of FL-graphene/MoO3 after 
STM scans taken in a pattern shown in the inset. AFM micrograph of cleared window by STM 
uncovering the graphene substrate: (b) semi-contact topography together with (c) the 
corresponding phase. (d) height profile taken across marked line in (b) average of 10 px. Scan 
size: (14 × 10) µm2. Process parameters: pre-growth substrate UHV annealing (300 °C, 3 h), 
growth on the heated substrate (50 °C). 

 
Semi-contact mode AFM images of the locations of the prior STM scans are shown in 

Figure 23b-c. The topography reveals clean rectangular window in the centre (Figure 23b), while 

the corresponding phase image confirms removing MoO3 down to the substrate surface (Figure 

23c). STM is known to be able to clear surfaces while a tip acts as a 'broom' to sweep the material 

from the scan area [145,146]. As mentioned earlier, the cleared widow is surrounded by 

accumulation of the MoO3 material in uneven chunks around the edges. The profile taken across 

the topography image (see Figure 23d) finally confirms the uncovered area of graphene together 

with a surrounding layer height of approx. 5 nm and accumulation line up to 25-nm high with 

respect to the MoO3 surface. Because the accumulated material seem to build relatively small 

banks, it may be explained by agglomeration of particles around the  probe [146]. If so, in 
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consequence, the accumulated material at scan edges would be due to a pick-up–drop-off 

process rather than mechanical dragging of particles to the side. 

The observed high mobility and easy MoO3 removal by STM point towards low adhesion 

on graphene/MoO3 interface. This, unfortunately, prevents us from studying electronic 

structure on the nanoscale. However, it is ideal for nanomanipulation studies and precise 

nanopatterning. 

 

4.3. Conclusions 
 
The obtained results collected information about the potential of graphene layers grown on 

selected substrates to surrogate MoO3 layers. Based on the results presented in this and the 

previous Chapter 3, we can compare the growth mode of MoO3 on HOPG and graphene, where 

HOPG is considered an initial model of a graphene system. The HOPG substrate had  

a better crystallinity providing reproducibility in a controlled manner, while the graphene 

substrates available in our study were not uniform and resulted in various deposited structures. 

The main findings are listed below. 

I. Cu/graphene as a surrogate substrate for MoO3 promotes 3D growth, while the 

nucleation takes place in preferential areas, presumably where defects are 

accumulated as MoO3 structures decorate domain boundaries. Although Cu offers 

transferability, Cu/graphene does not allow the growth of MoO3 layers but leads to 

MoO3 high agglomeration on the graphene surface. 

II. There is a variety of SiC/ML-graphene surfaces, which lead to the growth of different 

MoO3 structures from amorphous to crystalline in an unrepeatable manner.  

III. While monolayer graphene appeared to be an unreliable substrate, few-layer 

graphene promotes the desired layer-by-layer growth mode of MoO3 by providing 

a low energy barrier MoO3 spices migration and promoting the lateral growth. 

IV. MoO3 islands take random orientation on the FL-graphene surface for the given 

surface nanosheet dimensions, suggesting random epitaxial alignment.  

V. There is low adhesion between MoO3 and FL-graphene, hindering STM 

measurements on the nanoscale. Our experiments show that the nanoparticle 

system of MoO3 on graphene is an ideal candidate for nanomanipulation.  

To sum up, there is a high dependence on the quality and purity of graphene, which 

could serve as an advantageous substrate for MoO3 lateral growth. Due to the insufficient 

quality of the tested graphene substrates, the processes of nucleation and the formation of flat 

MoO3 layers are disturbed. With an increase in the number of layers and a decrease in the 
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number of graphene defects, nucleation begins to proceed similarly to that observed on the 

HOPG. Therefore, this Chapter set landmarks in the growth characteristics of MoO3 on graphene, 

proving that FL-graphene is a suitable substrate for synthesising 2D MoO3. Such informational 

gain is fundamental for designing further steps to completely understand the nature of 

graphene/2D MoO3 heterostructure. 
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5. Work Function of α-MoO3 Monolayers in Heterostructures 

with Graphite and Graphene 
 

The MoO3 electronic structure directly translates into applications, where the work function 

(WF, Φ) has tremendous significance in performance of devices [43]. According to the literature, 

the high WF of MoO3 (for bulk 6.9 eV [19,38,42,43]) is tuned by film thickness and is dependent 

on the substrate for the first layers of MoO3. The MoO3 work function is known to be notably 

degraded by exposure to air [42,43]. However, it has also been reported that even air-degraded 

MoO3 films maintain efficient performance in devices [42]. 

Chapter 3 showed that 2D MoO3 on HOPG offers the WF of 5.7 eV measured globally 

over around 70% coverage and monolayer thicknesses. On the other hand, results in Chapter 4 

proved that monolayers of MoO3 can be grown on graphene. Therefore, 2D MoO3 offers the 

possibility of fabricating transparent graphene-based anodes with desired properties, i.e. tuned 

work function. There is a gap in the literature concerning the WF of 2D MoO 3. The work 

presented in this Chapter is the first to report MoO3 monolayers ensuring efficient enhancement 

of substrate WF.  

In contrast to previous reports, we emphasise that crystalline 2D MoO3 guarantees high 

WF, and in this regard, the material does not require thicker but coalesced monolayers. 

Furthermore, our study not only provides nanoscale results by non-contact atomic force 

microscopy (nc-AFM) and Kelvin probe force microscopy (KPFM) in controlled ultrahigh vacuum 

(UHV) conditions, but also positively verifies that commonly accessible ultraviolet 

photoemission spectroscopy (UPS) is, under defined here circumstances, suitable for the 

determination of WF attributed to 2D nanosheets on a substrate with lower WF. Both of our 

observations carry important implications in the design of van der Waals heterostructures for 

energy-level alignment and characterisation of 2D materials beyond MoO3. 

This Chapter aims to fill the literature gap; it focuses on the work function of 

heterostructures built by monolayers of MoO3 and graphene-like substrates. It is divided into 

three sub-chapters to answer the following questions: 

I. What are the values and local distribution of work function of the heterostructures 

in ambient conditions? How air exposure affects the local work function of the MoO3 

monolayer? Are the properties of the first layers of MoO3 considerably different, 

namely is the first layers different from the second layer? 

II. What is the work function of 2D MoO3 if it was kept in a controlled (UHV) 

environment? 
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III. Is it possible to restore the high work function of air-exposed MoO3 monolayers? 

And if so, to what extent? Does duration of exposure make a difference in 

subsequent restoration? 

 

5.1. Introduction 
 
Many research groups have focused on determining the dependence of TMO electronic 

properties on film thickness [6,19,20,37,38]. Concerning MoO3 and its WF, there are numerous 

relevant bodies of literature on the influence of film thickness and a substrate type on the WF 

value [6,19,37–41]. In particular, much effort was taken to increase WF of MoO3 by increasing 

film thickness [6,19,37,41]. Those works showed that the highest WF value can be observed only 

at a particular film thickness from which the WF is as high as for bulk. In the case of MoO3 films 

on graphene substrates, a gradual increase along with thickness has been reported. At MoO3 

thickness of 1.4 nm (bilayer), it reaches 5.9–6.4 eV [6,41], while saturation (≤ 6.8 eV) occurs for 

thicker films of around 4.0–5.0 nm [6,19,37]. Those investigations were performed by UPS. 

However, the electronic structure of α-MoO3 has been predicted not to alter with 

decrease in a number of layers down to a monolayer [44–48] (see also Section 3.2.5.2). α-MoO3 

in bulk form possesses WF as high as 6.9 eV [19,38,42,43], which is higher than work functions 

of HOPG and graphene (4.2–4.6 eV [19,20,136,137]). Therefore, we propose that monolayer 

α-MoO3 films can be considered sufficient for enhancing WF of graphene heterostructures while 

downscaling the thickness to < 1 nm of films currently used for tuning WF.  

Not only the accurate determination of work function is crucial, but also its homogeneity 

for future applications. This issue leads to choosing the most suitable technique for obtaining 

such information: local technique such as KPFM or global one such as UPS. In principle, both 

techniques provide information on WF value and its distribution over the studied area, however, 

on different scales. Uncoalesced films are typical for 2D materials, which leads to uncertainty in 

UPS measurements. UPS has proven its importance in surface science; however, measurements 

on multicomponent samples with laterally heterogeneous WF, e.g. with monolayer nanosheets, 

require careful investigation [33,41,119–121], and are only valid under certain sample 

conditions, as has been extensively described in the Experimental Section 2.4.  

We believe that the highest possible work function of MoO3 monolayer (1L) has not 

been experimentally revealed partially due to the uncontrolled environment as well as 

underestimation of UPS results. A great example of the latter is the first interpretation of UPS 

spectrum (Figure 15b) on heterogeneous in WF surface, i.e. HOPG/1L-MoO3. The presented 

result was a WF of 5.7 eV, which is a significant improvement compared to bare HOPG. However, 
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we need to note that 1L-MoO3 did not fully cover HOPG, and the coverage was estimated to be 

approx. 70%. A closer look at the shape of the secondary electron cut-off (SEC) determining the 

WF value reveals a broad and tilted edge. The broad spectral distribution is due to emission 

contributions from two surface components: 1L-MoO3 and uncovered HOPG . Thus, the value of 

5.7 eV is not a WF of pure 1L-MoO3, meaning the monolayer of MoO3 can have higher work 

function as predicted. More on SEC interpretation is discussed below in this Chapter and 

Experimental Section 2.4. On the other hand, local work function measurements are missing in 

the literature for 1L-MoO3, in particular considering different environments. 

In material science, comprehensive characterisation requires external facilities, specific 

equipment, and collaboration. Such requirements lead to dealing with transfer of samples. For 

susceptible to moisture surfaces, which is the case of molybdenum oxides, breaking the UHV 

environment significantly affects electronic properties that are of interest to this work. 

Therefore, the transfer issue has been encountered in the process of this study, where a vacuum 

suitcase could not be used. The aroused need included either a reliable transferring atmosphere 

of inert gas in a reliable container or a method to restore the previous properties. Regards the 

former, there is another issue with the protective atmosphere. When a sample reaches its 

destination, it needs to be introduced into a UHV system, which requires exposure to air again. 

Only facilities equipped with glove boxes and vacuum suitcases, or similar solutions would be 

compatible and avoid exposure. Given the above arguments, a method of electronic properties 

restoration is demanded after air exposure. 

Another topic that has been widely investigated was indeed restoring the high WF value 

of MoO3 after air exposure [6,19,37,42,43]. Monolayer and few-layer MoO3 properties strongly 

depend on the processing history and ambient environment. Air exposure degrades the WF of 

MoOx from 6.9 eV to ~5.2 eV for bulk MoO3 [42,43] and to ~4.7 eV for MoO3 monolayer (Figure 

15b). It is due to the effect of oxygen, moisture, and impurities on MoO x films [43,147], which 

can be partially recovered via simple annealing. In the literature, many attempts have been 

made to recover the high WF of air-exposed MoOx films, e.g., the recovery was measured to be 

over 60% at an annealing temperature of about 450 °C [148]. However, MoOx is easily reduced 

while annealing [65]. Even with successful approaches, those studies were focused on neither 

proving that the electronic structure of α-MoO3 is independent of a number of layers nor 

nanoscale measurements. The latter turns crucial when going down in thickness to a monolayer. 
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5.2. Results and discussion 
 

5.2.1. Local Surface Potential of Monolayer MoO3 in Ambient Conditions 

 

We start with KPFM local surface potential measurements, i.e., mapping contact potential 

difference (CPD), which is directly related to work function. The study in ambient is focused on  

morphology and work function distribution, along with investigation of differences between the 

first MoO3 layers, namely the differences between the first and the second deposited layer.  

 

a 

 

b 

 
c 

 
Figure 24. Local surface potential of MoO3 monolayer (1L) on HOPG: KPFM measurement in 
ambient. (a) AFM topography. (b) corresponding contact potential difference (CPD) map. 
Yellow colour of CPD signal is attributed to low work function, while blue colour to higher 
work function. Line profiles through the images are presented in (c). For clarity, the number 
of layers is indicated from 1L to bilayer (2L) as well as the work function values, Φ. Scan sizes: 
(1 × 1) µm2. Process parameters: pre-growth substrate UHV annealing (380 °C, 1.5 h), growth 
on the heated substrate (220 °C).  

To focus on local air exposure effects, we applied KPFM to investigate the surface 

potential and WF under ambient conditions. Figure 24 shows a KPFM measurement of HOPG 

with MoO3 nanosheets. Topography, in Figure 24a, presents monolayer (1L) MoO3 nanosheets 

on three HOPG terraces. In the centre, there is also a small nanosheet indicating two stacked 

MoO3 layers (2L). The smooth topography is affected by height variations in the form of unevenly 

distributed perturbations over nanosheets, which are typically observed in air. The contact 

potential difference between the HOPG substrate and MoO3 is clear in Figure 24b. Yellow colour 

is attributed to a high CPD signal, which corresponds to a low WF (HOPG), while blue colour 

indicates a higher WF (MoO3). Figure 24c presents overlayered profiles extracted from the 

topography and the corresponding CPD (marked by lines in the images). The heights of MoO3 
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nanosheets are 0.9 ± 0.2 nm for monolayer (1L) on each terrace and 0.8 ± 0.1 nm for 2L. The 

potential values of two materials are calculated by taking the average values from an area where 

values are constant away from nanosheet edges, e.g. see horizontal plate aus in the CPD profile 

(CPDHOPG = 0.29 V; CPDMoO3 = 0.03 V). The surface potential in the middle of the MoO3 nanosheets 

is lower than the HOPG background by 0.26 V (the CPD difference changed from place to place 

and varied in range of 150 meV). Note that the gradient at edges of MoO3 is not related to 

properties of the interface of HOPG–MoO3, but it is a matter of measurement method. 

We reference CPD measurement to a known work function, which allows calculation of 

WF (see Experimental Section 2.5). With reference to the HOPG WF, ΦHOPG = 4.50 ± 0.10 eV (see 

UPS results in Figure 15b), it gives ΦMoO3 = 4.80  ± 0.10 eV and agrees with the trend of WF 

reduction after air exposure presented by UPS (Figure 15b).  

 

a 

 

b 

 

Figure 25: Surface perturbations on MoO3 monolayer: semi-contact AFM in air. (a) 
topography image of HOPG/1L-MoO3. (b) the corresponding phase distribution map allows 
easily distinguish the perturbations from MoO3 surface (where MoO3 is lighter blue). The 
uncovered HOPG region is also distinguished from MoO3. Scan size: (1 × 1) µm2. Process 
parameters: pre-growth substrate UHV annealing (380 °C, 1.5 h), growth on the heated 
substrate (220 °C). 

 
To magnify the air-induced impurities, we present the topography of an edge of MoO3 

island (Figure 25a). The corresponding phase distribution map is shown in Figure 25b, where  

a clear contrast between MoO3 surface and HOPG can be recognised due to different interaction 

of both materials with AFM tip. In both images a clear perturbations can be observed in form of 

large protrusions and very small area dips. In particular, dips are related to strong point 

interaction between AFM tip apex and surface material and lead to characteristic dark spots on 

the topography image and disturbances of phase. The exact nature of both types of defects is 

unknown and may be related to the presence of some adsorbates at the structure defects, such 

as physisorbates or chemisorbates formed with oxygen, moisture [43,147], or other impurities 

because of exposure to the atmosphere. It is worth mentioning that one can notice similar 
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perturbations in AFM scans on MoO3 and MoO2 in other works [74,149–151], which were not 

discussed; thus, as a common feature, it may lead to crucial implications on properties such as 

work function and requires further investigation.  

 

a 

 

c 

 

b 

 

Figure 26. Local surface potential of MoO3 monolayer on HOPG: KPFM measurement of 
perturbations in ambient. (a) smooth topography affected by perturbations – marked by 
black circles. (b) corresponding contact potential map. Yellow colour is attributed to large CPD 
signal (low work function), while blue colour corresponds to low CPD (higher work function). 
The perturbations are accompanied by changes in the CPD pointing towards higher work 
function. The extracted profiles (indicated by lines in (a) and (b); average of 10 px) are 
overlayered in (c). Process parameters: pre-growth substrate UHV annealing (350 °C, 1 h), 
growth on the heated substrate (220 °C). 

 
Next, we study CPD distribution over the topographic perturbations – see Figure 26. In 

the AFM topography image (Figure 26a), the smooth surface is affected by protrusions marked 

by black circles. These topographic protrusions are barely seen in the exact locations in the 

corresponding CPD map shown in Figure 26b, but are well resolved in cross-section profiles. 

Figure 26c shows overlaid profiles of height and CPD extracted along lines shown in Figure 26a-

b using average of 10 px. The height of the topographic protrusions is roughly 0.3 nm, while CPD 

between protrusions and defect-free MoO3 surface is Δ = 0.03 V (CPDHOPG = 0.45 V; CPDMoO3 = 

0.23 V). 

On the other hand, air exposure does not degrade the 1L MoO3 from STM perspective. 

While STM does not observe any aggregates on the surface (see Figure 14), scanning by AFM in 

semi-contact mode reveals a significant number of aggregates on the surface, and those 

structures affect the electronic properties of 1L MoO3. Therefore, KPFM examination of 

molybdenum oxide in UHV is highly desired (see Section 5.2.2). Although recent studies shed 

some light on this issue, suggesting adsorption of hydrogen and wetting surface by water [150], 

it does not explain the nature of the surface aggregates observed in the experiment. It is also 

clear that observed in air value of WF is far lower than measured using UPS in vacuum, which 
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indicates crucial influence of aggregates on the electronic properties of MoO3. We encourage 

further investigations as this issue is out of the scope of this study. However, it is worth 

mentioning that those protrusions are more common for monolayers than the subsequent 

layers (they are not exclusive for monolayers; however, the density is significantly lower for the 

successive layers). 

 

 
Figure 27: Topography and local surface potential of MoO3 layers (1–2 L) on HOPG: KPFM 
measurement in ambient. The centre was imaged by AFM in semi-contact mode. The number 
of layers is indicated – different font colours are used for particular HOPG terraces. Process 
parameters: pre-growth substrate UHV annealing (350 °C, 2 h), growth on the heated 
substrate (220 °C). 

 
As the literature reports claim that work function of MoO3 increases with thickness (for 

amorphous growth), it is worth investigating also WF in function of a number of layers of 

crystalline α-MoO3. The previous results from Kim et al. [71] presented KPFM measurements of 

layered MoO3, did not show any WF variation from 2 to 7 layers in ambient conditions. In 

contrast, our investigations prove a relatively small but noticeable difference between 1L and 

2L of MoO3. Note that a sharp tip and very low tip-surface distance are required to observe these 

differences (see Figure 24 where no CPD contrast was observed on 2L).  

Figure 27 presents a wide AFM topography of MoO3 nanosheets on HOPG. The majority 

of the coverage is built up by monolayer; however, minor 2 and at least 3 or more stacked layers 

can be found. The magnifications of topography regions show KPFM imaging: CPD signals 
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between 1L MoO3–HOPG and 1L–2L MoO3. There is clear CPD contrast between subsequent 

layers, although the intra-layer difference (1L–2L MoO3) is low, approx. 0.03 V, while the 

difference between 1L MoO3–HOPG is equal to 0.26 V. This shows that thicker MoO3 film in air 

indeed increases the WF but the change of 1 layer is little.  

Further investigation and understanding of the variation in WF with thickness of MoO3 

– showing for the first time the variation in WF with the number of layers of MoO3 in ambient – 

could explain the reported thickness dependence (for thicker films) on graphene -like substrates. 

In accordance with local electronic structure study by STS in Section 3.2.3, we believe that the 

first MoO3 layer on HOPG has local variations of electronic structure in contrast to subsequent 

layers. At this point, we state a hypothesis that the first layer of MoO3 is more defective, which 

makes it more prompt to physisorption or chemisorption of foreign species, thus reducing WF 

in higher extent than for the subsequent layers. This explanation is supported by topographic 

perturbations observed on monolayers in much higher numbers than on subsequent layers. 

Nevertheless, it has to be kept in mind that measurements in ambient are known to make KPFM 

difficult to precisely assess CPD, and thus work function. The absolute surface potential is altered 

by moisture and atmospheric adsorbates as well as intrinsic limitations of KPFM [152–154]. 

 

5.2.2. Local Surface Potential on Monolayer MoO3 & HOPG in UHV 

 
Next, we performed in-situ KPFM measurements in UHV to minimise influence of the 

environment. For determination of actual properties of MoO3, the UHV conditions are essential 

as air contaminants critically influence work function of 1L-MoO3. The difference between work 

function value for bulk (6.9 eV [42,43]) and air-exposed monolayer (4.7 eV) is notable. 

Figure 28a shows KPFM topography of a 1L MoO3 nanosheet on HOPG, consisting of 

multiple domains. Note that MoO3 nanosheet boundaries are affected by an nc-AFM artefact, 

lifting the edges to a height of around 10 nm. This artefact arose due to impossibility  

of compensation of electrostatic forces at the boundary of two materials with relatively high 

differences in CPD values – as it is in the presented case (see discussion below). Therefore, the 

AFM tip was repulsed at the boundary of two materials, i.e. where the tip ape x interacts with 

HOPG and 1L MoO3 [155]. Also, one can recognise that the 1L-MoO3 nanosheet is divided by 

domain boundaries in this image. However, the smooth surface of MoO 3 is free from the 

protrusions observed in air. 
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Figure 28: Local surface potential of MoO3 monolayer (1L) on HOPG: KPFM measurement in 
UHV. (a) topography of HOPG/1L MoO3, where 1L-MoO3 edges are artificially lifted. (b) the 
corresponding CPD map. Yellow colour of CPD signal corresponds to a low WF (HOPG), 
whereas blue corresponds to higher WF (MoO3). (c) CPD histogram extracted from (b). Shaded 
areas represent Gaussian fits for 1L MoO3 (red) and HOPG (blue). The right axis indicate the 
work function obtained using the calibration on HOPG. Inset: line scan of the CPD signal 
corresponding to the line marked in (b) where rectangles highlight plateaus in CPD for: MoO3 
(red) and HOPG (blue). Scan size: (1 × 1) µm2. Process parameters: pre-growth substrate UHV 
annealing (390 °C, 2 h), growth on the heated substrate (220 °C). 

 
The corresponding CPD map (Figure 28b) presents a clear contrast between MoO3 and 

the HOPG substrate. The yellow colour is attributed to high CPD signal, which corresponds to 

low WF values at the HOPG surface, while the blue colour indicates lower CPD and higher WF at 

the MoO3 monolayer. To show CPD values over those materials, a line profile was taken over 

HOPG/1L-MoO3 surface as indicated in the CPD map – the inset in Figure 28c exhibits two 

plateaus highlighted blue and red respectively. The CPD between the HOPG and 1L MoO3 

extracted from the profile is negative, which indicates that the MoO3 work function is higher 

than HOPG WF.  

Figure 28c presents a histogram extracted from the CPD map. Additionally, the scale on 

the right represents WF values (calibrated using WF of HOPG). Two Gaussian distributions fitted 

the data for quantitative evaluation. They allowed determination of mean CPD and full width at 

half maximum (FWHM) for MoO3 and HOPG: CPDMoO3 = -2.10 V and CPDHOPG = -0.30 V, while 

FWHM for each material is 0.03 V. This gives the surface potential difference of  

ΔMoO3/HOPG = -1.80 ± 0.05 V. With the calibration to the known WF value of HOPG,  ΦHOPG = 4.50 ± 

0.10 eV, the MoO3 monolayer exhibits work function as high as ΦMoO3 = 6.30 ± 0.12 eV. The 

observed WF for MoO3 monolayer in UHV is significantly higher than the value measured in air 

(the difference is approx. 1.50 eV) indicating destructive character of contaminations.  
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Figure 29: Work function of MoO3 monolayer on HOPG. KPFM surface potential and UPS in 
UHV. (a) topography of 1L MoO3 on HOPG. (b) the corresponding CPD map. Yellow colour of 
CPD signal corresponds to a low WF (HOPG), whereas blue corresponds to higher WF (MoO3). 
Scan sizes: (2 × 2) µm2. He I UPS spectra of secondary electron cut-off regions: (c) monolayer 
film of MoO3. (d) partially covered HOPG with nanosheets of monolayer MoO3. The coloured 
dashed curves indicate the fits of SECs; while the shaded areas highlight SEC widths. Insets: 
schematic illustrations of a HOPG/1L-MoO3 sample coverage. Process parameters: pre-growth 
substrate UHV annealing (390 °C, 2 h), growth on the heated substrate (220 °C). 

 
To confirm the local work function over wider area with a global technique, we use UPS, 

which requires sufficient MoO3 coverage. Figure 29 shows KPFM measurements of almost 

coalesced 1L MoO3 film satisfying the coverage requirement. While topography reveals mainly 

domain boundaries and artificially lifted edges of 1L MoO3, the CPD map clearly shows minor 

holes to the substrate. Full coverage enables using the HOPG substrate as a direct reference. 

Thus, such a system requires additional measurements on a reference, e.g. another HOPG 

crystal, making it a disadvantage of KPFM. In such cases, UPS becomes useful for direct 

measurement of arbitrary WF value. 

He I UPS spectrum in SEC region of a coalesced 1L-MoO3 film is given in Figure 29c; for 

clarity, the inset illustrates the HOPG/MoO3 coverage. The work function is determined from the 

intersection of linear extrapolation of an edge of SEC with the background [20,67], as it was 

described in Experimental Section 2.4. The x-axis of photoelectron energy is calibrated to 

Au(111) Fermi level, so the energy indicated by SEC corresponds to the WF. The WF of MoO 3 is 

determined as ΦMoO3 = 6.40 ± 0.10 eV, in agreement with our UHV KPFM measurements.  

It is worth noting that the shape of the SEC is a measure of uniformity of work function 

and surface cleanliness [33,34]. 1L MoO3 film features a homogenous work function as the SEC 
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width, i.e., FWHM = 0.05 eV, as highlighted by shaded area in red (Figure 29c). Furthermore, the 

absence of any low kinetic energy tail (towards lower energies) indicates high surface cleanliness 

since air-derived contaminants are known to lower the work function of MoO3 [67]. 

Interestingly, the UPS approach can also be applied for WF assessment of partially 

covered substrate by nanosheets of 1L MoO3. A UPS spectrum from a sample of fractional 

coverage is given in Figure 29d. For clarity, the inset illustrates the HOPG/MoO3 coverage. 

Providing sufficient coverage by MoO3 nanosheets yet not complete within the probed area, the 

observed SEC consists of two edges. We assign the SEC edge at high energy 6.50 ± 0.15 eV 

(highlighted in red) to the MoO3 monolayer only. The UPS spectrum of coalesced monolayer 

(Figure 29c) confirms that the high energy SEC accurately measures WF of 1L MoO3. The other 

SEC edge observed at low energy at 6.15 ± 0.15 eV (highlighted in purple) corresponds to  

a complicated horizon of electrostatic potential distribution above the HOPG/MoO 3 surface, 

where photoelectrons emitted from HOPG (low WF) face an additional energy barrier created 

by MoO3 (high WF). The explanation of double-edge SEC has been well described by Schultz et 

al. [119] – see also Experimental Section 2.4, including details on fitting distinct SEC. 

The above example emphasises that UPS spectra for uncoalesced films are prone to 

misinterpretation of SEC and thus the work function of studied material.  

Overall, the measured values of WF (~6.40 eV confirmed by KPFM and UPS) proved that 

it is possible to achieve the HOPG/1L-MoO3 heterostructure, where the modification of initial 

WF is efficiently enhanced by deposition of a single monolayer. Here, the 4.50 eV of WF for 

graphene-like substrate was increased by nearly 2 eV, proving that crystallinity of deposited 

material and provided UHV environment are beneficial in excluding the need for thicker 

deposition of films. 

 

5.2.3. Restoration of High Work Function of Air-Exposed MoO3 Monolayers: 

Post-Processing by UHV Annealing 

 
This Section describes a post-processing method applied to samples kept in UHV and samples 

that underwent air exposure in order to recover the high WF of MoO3 films. We investigate the 

influence of annealing in UHV on work function, morphology, and chemical structure. To mimic 

possible transportation procedures and check effect of exposure duration, the samples are 

exposed to air for a few minutes or days. 
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b

 
c

 

Figure 30: Work function evolution of 1L MoO3 on HOPG: KPFM measurements in UHV. (a) 
column chart of work function Φ measured in UHV (red), after air exposure of 5 min (blue), 
and after annealing in UHV for 1 h at 200 °C (grey). Φ calculation was referenced to uncovered 
HOPG. UHV KPFM images taken after annealing in UHV (1 h, 200 °C) (b) topography and (c) 
corresponding CPD map. Yellow corresponds to low WF (HOPG), whereas blue corresponds 
to higher WF (MoO3). Scan sizes: (1.5 × 0.7) µm2. Process parameters: pre-growth substrate 
UHV annealing (380 °C, 2 h), growth on the heated substrate (220 °C). 

 
First, we investigate work function evolution after controlled short exposure to air, 

which leads to a decrease in WF. For reference to the initial WF, we performed KPFM 

measurements in UHV on a HOPG/1L MoO3 sample, where uncovered HOPG was used as known 

WF. Average CPD of HOPG/1L MoO3 (Δ = 1.75 V) was taken to calculate 1L MoO3 work function 

– ΦMoO3 = 6.25 ± 0.10 eV. Next, the HOPG/1L MoO3 sample was exposed to air for 5 minutes and 

introduced back to UHV. The short exposure to air decreased the WF to 4.85 ± 0.10 eV in 

repeated KPFM measurements (average CPD between HOPG and MoO3 is Δ = 0.35 V, which 

agrees with previous results from air – Section 5.2.1). Finally, annealing at 200 °C for 1 h in UHV 

leads to WF increase to 5.75 eV (Δ = 1.25 V), which gives 92% of the initial value. The column 

chart in Figure 30a depicts the evolution of WF in those three steps.  

Simultaneously with CPD, we studied the morphology of the sample surface – after 

annealing, the surface of 1L MoO3 appears rough with visible corrugations (see Figure 30b and 

compare with the initial smooth surface in Figure 28a). Despite clear roughness observed in 

topographic image (RMS on nanosheets is around 0.15 nm), the corresponding surface potential 

image in Figure 30c remains uniform without any local WF variations in a given spatial resolution. 

The origin of molybdenum oxide surface corrugation introduced during annealing in UHV 

remains unclear. More investigations are required to understand underlaying physical 

phenomena. For example it may be explained by induced material degradation by higher density 

of oxygen vacancies or be related to mechanical stress during heating/cooling process, 

deforming the monolayers. 
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Figure 31: Work function evolution of 1L MoO3 on graphene: KPFM measurements. 
Sequence of KPFM images: topography and corresponding CPD map. Yellow corresponds to 
low WF (graphene), whereas blue corresponds to higher WF (MoO3). (a-b) taken in air. (c-d) 
taken in UHV after annealing (1 h, 100 °C). (e-f) taken after annealing in UHV (1 h, 100 °C). 
Process parameters: pre-growth substrate UHV annealing (440 °C, 3 h), growth on the heated 
substrate (250 °C). 

 
The second case to be investigated is prolonged, few-day air exposure. The starting 

point is a sample of MoO3 grown on FL-graphene taken to air after the growth. It was 

immediately taken to AFM for imaging (in air) – see Figure 31a-b. The topography shows the 

smooth surface of MoO3 nanosheets (RMS = 0.25 nm, Figure 31a). The corresponding CPD map 

is disturbed by changing tip (Figure 31b) – note some horizontal lines at a different voltage (also 

visible at the topography image). Nevertheless, the contact potential difference between 

graphene and MoO3 remains constant and equal to 0.23 V, consistent with previous results on 

HOPG. 

Next, after prolonged air exposure of a few days, we introduced the sample into UHV, 

annealed the sample at 100 °C for 1 h, and repeated KPFM measurements – see Figure 31c-d. 

The annealing temperature was set lower than for the previously discussed HOPG/MoO 3 sample 

in attempt to avoid roughening the surface of MoO3 nanosheets. AFM topography image 

recorded on the sample prepared in a such way is shown in Figure 31c. Unfortunately, the 

reduced annealing temperature also caused changes of the film morphology as before. The 
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changes seem to occur in smaller extend, i.e. the measured RMS is equal to 0.27 nm while for 

sample annealed at 200 °C RMS was 0.15 nm.  

In Figure 31d CPD map of annealed graphene/MoO3 sample is shown. Clearly, the gentle 

annealing led to higher surface potential difference between graphene and MoO3 if compared 

to air exposed sample. The CPD difference estimated from Figure 31d is 0.55 V which is by 0.32 V 

more than before annealing. Such increase of the CPD difference after gentle annealing indicate 

that the WF of 2D MoO3 on graphene can reach around 5 eV. Note, that for HOPG/MoO3 sample 

annealed at 200 °C the final WF is even larger therefore, we decided to anneal the 

graphene/MoO3 sample again. 

The results after the second UHV annealing in the same conditions (100 °C, 1 h) can be 

seen in Figure 31e-f. Clearly, the second annealing resulted in further increase of film roughness 

reaching RMS = 0.67 nm (see the topography image shown in Figure 31e). Moreover, the 

corresponding CPD map does not satisfy expectations for further recovery of WF value due to 

yielding contact potential difference at the same level (Δ = 0.50 V). This leads to the conclusions 

that prolonged air exposure may hinder the WF recovery, and efficient restoration of high WF 

value can only be achieved at the cost of deformation of the layer morphology as the nanoscale 

structural evolution was previously observed at the MoO3 crystal surface at elevated 

temperatures [156]. 

With the two above examples, we continue to study the WF evolution of UHV annealed 

and air-exposed 1L MoO3 using UPS. To monitor changes in WF, we tested samples in two 

variants. As a reference, we gradually annealed a HOPG/1L-MoO3 sample in temperatures 

between 100 and 325 °C for 2 h each step, while this sample was kept in UHV without any 

exposure. As a test sample, we exposed a HOPG/1L-MoO3 sample for a few days and introduced 

it back into the UHV chamber, where it was similarly annealed. 

In Figure 32, the WF of 1L MoO3 films is presented as a function of increasing UHV 

annealing temperature from room temperature (RT) to 325 °C. The initial value of WF of 1L MoO3 

in UHV was measured to be 6.40 ± 0.10 eV. The reference sample (data points marked by blue 

dots) gradually annealed shows little increase in the WF up to 6.50 ± 0.10 eV.  

The situation is completely different for test sample (data points marked by blue stars). 

The initial WF is reduced to 4.70 eV (see arrow pointing down at RT), which is consistent with 

previously discussed results. Next, the sample was gradually annealed in UHV. At 100, 150, 200, 

and 270 °C temperatures, the WF were measured to be 5.05, 5.30, 5.45 and 5.46 eV, 

respectively. With a further increase in annealing temperature, we expect no further changes in 

WF, as the saturation in WF recovery was reached around the annealing temperature of  
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Figure 32: Sequence of annealing: UPS and XPS measurements. (a) Work function of 
evaporated MoO3 films versus annealing temperature: HOPG/MoO3 kept in UHV, along with 
air exposed heterostructures graphene/MoO3 and HOPG/MoO3. Chemical structure 
HOPG/MoO3 kept in UHV: (b) Mo3d XPS spectra at exit angle of 60° to the surface normal.; 
experimental data and fitting with a two-component Gaussian-Lorentzian shaded profiles 
corresponding to Mo6+ (blue) and Mo5+ (red). The Mo oxidation states and annealing 
temperatures are indicated. (c-d) atomic concentrations of Mo5+ versus annealing temperature 
and work function, respectively.  
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270 °C. The saturation is in line with previous results of annealing thick evaporated MoO3 

films [148]. Cleary, the WF recovery suggests removal of impurities from the surface. However, 

our experiments show also that the surface morphology changes in consequence of sample 

annealing, thus, there might be some concurrent processes leading to increase of WF coexisting 

with removal of impurities.  

The overall WF recovery at the final annealing reaches 85% of the initial value, which is 

lower than that achieved after short air exposure, further confirming the conclusion that 

prolonged exposure may hinder WF recovery. Incomplete recovery suggests that some 

impurities remained on the surface, which is difficult to remove with the annealing. In addition, 

we added to the plot two data points (marked by orange crosses) from the above described FL-

graphene/MoO3, which agree with the trend of the WF recovery upon annealing. 

To monitor the corresponding chemical evolution of coalesced 1L MoO3 film (without 

air exposure) over annealing, we performed XPS measurements at 60° grazing electron exit 

angle with respect to the surface normal increasing the surface sensitivity. Figure 32b shows the 

Mo3d photoemission spectra along with peak fits and assignments at increasing UHV annealing 

temperature. The spectra were fitted with two double components corresponding to Mo6+ (3d5/2 

at binding energy (BE) of 233.2 eV) and Mo5+ (3d5/2 at BE of 231.8 eV) [19,43,65,69,71,79]. For 

details of the fitting curve parameters, see Experimental Section 2.3. The Mo3d region shows 

no indication of the presence of Mo4+ (3d5/2 typically observed at 229.4 eV [41,43,65,71,79]), 

however, it cannot be entirely excluded within the given resolution.  

During annealing in UHV, 1L MoO3 becomes reduced, giving rise to one oxidation state, 

Mo5+ – see increasing area of red peaks with increasing annealing temperature. For quantitative 

analysis, Figure 32c plots atomic concentration on Mo5+ in function of annealing temperature. 

The plot reveals a positive trend (see dash line) representing the behaviour of reduction of 1L 

MoO3. After combining UPS and XPS data, we arrived at Figure 32d plots atomic concentration 

on Mo5+ in function of WF. This plot similarly reveals a positive trend of increase in WF along 

with further reduction of the oxide and introduction of defects to the initial chemical structure. 

This observation is contrary to previously reported results of decrease in WF at deviating from 

stoichiometric MoO3 [148]. On the other hand, the observed WF changes are minor and are 

close to the experimental error. As previous results were obtained on different thicknesses of 

the layers a direct comparison is impossible. However, our results suggest that introducing 

defects (defect engineering) may pave the way to precise WF tuning of 1L-MoO3 

heterostructures as suggested for bulk MoO3 and related annealing changes [59,65]. 
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5.3. Conclusions 
 

In this Chapter a performed comprehensive study of work function of 1L MoO 3 was described. 

To sum up, we answer to questions asked at the beginning of the Chapter grouped by three 

topics. 

I. The first Section described how work function is reduced by air exposure on the 

local scale by KPFM. 

• 1L MoO3 after contact with air exhibited the WF of 4.80 ± 0.10 eV, which is 

significantly lower than the predicted theoretical value. Our findings 

highlighted the need for a controlled environment to maintain access to the 

high WF of MoO3. 

• Topographical protrusions were observed on the MoO3 surface exposed to 

air with a notable higher density on 1L than 2L. 

• 2L MoO3 exhibited higher WF by 0.03 V than 1L that is close to the resolution 

limit but suggests the dependence, which has not been reported yet. The 

observed difference may be related to properties of electronic structure or 

the concentration of surface defects. This observation is consistent with the 

results of STS that were described in previous Chapter 3. 

II. The second Section elucidated WF of MoO3 monolayer in UHV, emphasising its 

potential as an effective buffer layer for relevant applications in organic electronics. 

• We determined experimentally that 1L MoO3 boosts the work function of 

the graphite-based heterostructures to high values according to KPFM 6.30 

± 0.12 eV, which agrees with UPS-derived 6.40 ± 0.10 eV. 

• So high efficiency of WF tuning with MoO3 has never been reported before 

for crystalline coverages with thicknesses below 1 nm. 

• Therefore, we proved that the controlled environment, unbroken UHV 

conditions for both growth and characterisation, was the critical factor in 

observing and further applying the high work function of 1L MoO3. 

III. The third Section describes an attempt to restore high WF values of MoO3 

monolayers on graphene and HOPG. 

• After 5 min exposure, the material lost its initially high WF, but UHV 

annealing at 200 °C led to WF recovery of 1.25 eV to 5.75 eV, which gives 

92% of the initial value of 6.25 eV. 
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• After a few days of exposure, UHV annealing at 200 °C led to WF recovery 

of 0.75 eV to 5.45 eV, which gives 85% of the initial value of 6.40 eV. WF 

saturation was observed for annealing temperatures at 200–270 °C. The 

recovery after prolonged exposure was poorer than for short air exposure. 

This suggested that the material degradation process occurred, which could 

not be reversed by simple UHV annealing. 

• Annealing in UHV induced roughening of the 1L MoO3 film. This process 

remains unclear. However, could be both related to material degradation 

or with mechanical stress during heating/cooling process, which is able to 

deform monolayers. 

• We monitored the chemical changes as a function of annealing 

temperature. While the gradual reduction of films was observed, it was 

accompanied by WF. The changes are relatively small and are close to 

experimental error but may show the way of precise WF tailoring.  

 

For a clear view of the above WF data, we gathered them in Table 2 with relevant 

available WF values in the literature, including a method of obtaining the data. Note that KPFM 

data from UHV is taken exclusively from this work as it is not available in the literature. It is 

worth comparing the data with the experimental literature WF value of Φlit.,MoO3 = 6.90 eV for 

bulk α-MoO3 [19,38,42,43]. 
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Material Sample WF (eV) Method Reference 

MoO3 1L MoO3(010) on HOPG(0001) 6.30 ± 0.12  KPFM in 
UHV 

this work 

1L MoO3(010) on HOPG(0001) 6.40 ± 0.10 He I UPS this work 

amorphous MoO2.86 of nominal 

thickness of 1.4 nm on 1L graphene on 
Cu 

5.92 He I UPS [6] 

2 nm coalesced film of reduced MoOx 

on transferred 1L graphene on Si/SiO2 

6.42 He I UPS [19] 

bulk MoO3 6.90 He I UPS [19,38,42,43

] 

air-exposed bulk MoO3 5.20 He I UPS [42,43] 

 air-exposed 1L MoO3(010) on 
HOPG(0001) 

4.70 ± 0.10 
4.80 ± 0.10 

He I UPS 
KPFM in air 

this work 
this work 

 5-min air-exposed 1L MoO3(010) on 
HOPG(0001) and annealed (200 °C) 

5.75 KPFM in 
UHV 

this work 

 air-exposed 1L MoO3(010) on 
HOPG(0001) and annealed (200 °C) 

5.45 He I UPS this work 

HOPG UHV-cleaved HOPG(0001) 4.50 ± 0.10  He I UPS this work 

graphene 2L graphene on SiC(0001) 4.50 He I UPS this work 

UHV-annealed (350 °C) 2L graphene on 
SiC(0001) 

4.19 He I UPS this work 

 
Table 2: Summary of the obtained results and the literature values of MoO3 and 
HOPG/graphene work functions. 
 
 
 

  



93 
 

6. Graphene Heterostructures with Rhenium Oxide 
 

In the previous Chapters, we provided examples of successful work function (WF) tuning of 

graphene heterostructures with MoO3, which belongs to the target group of transition metal 

oxides (TMOs). However, to be compatible with organic components in electronics with inverted 

structures, low-temperature evaporable materials are highly desirable. Similarly to the case of 

graphene/MoO3 heterostructures, energy alignment between graphene and organic layers can 

be achieved by modifying the electronic properties by depositing a layer of another TMO – 

rhenium heptoxide (Re2O7). Re2O7 has the lowest melting temperature among TMOs [89].  

Therefore, exploring Re2O7 potential in the role of WF modifying layer is a prerequisite 

for further realising graphene-based anodes, which have not yet been much studied [89]. This 

mainly concerns the modification of graphene heterostructures with rhenium oxides. 

Furthermore, to guarantee the high quality of both heterostructure components, no structural 

defects should be developed in graphene during the TMO growth process. Due to the lack of 

such information on graphene/Re2O7 we assess this topic. 

Some of the results discussed in this Chapter have already been reported in the article 

entitled ‘Work Function Tunability of Graphene with Thermally Evaporated Rhenium Heptoxide 

for Transparent Electrode Applications’, which was published in Advanced Engineering Materials 

on November 20, 2019 [20]. The Raman measurements were performed by Paweł Ciepielewski. 

The author acknowledges the contribution. 

The topic undertaken in this Chapter is aimed at deposition Re2O7 and investigation of 

the physical and chemical mechanisms occurring in graphene heterostructures with Re2O7. 

With such a motivation, the studies were carried out on the layers of Re 2O7 thermally deposited 

on graphene grown by chemical vapour deposition (CVD) on silicon carbide crystals by several 

characterisation techniques: X-ray photoelectron spectroscopy (XPS), atomic force microscopy 

(AFM), Raman spectroscopy, scanning tunnelling microscope (STM), and ultraviolet 

photoelectron spectroscopy (UPS). 

 The following list describes the highlights of this Chapter: 

I. Chemical properties of rhenium oxide structures, including dependence on nominal 

thickness, i.e., duration of deposition. 

II. Morphology of rhenium oxide structures deposited on graphene by thermal 

evaporation in UHV, including a test of the potential damage of graphene during 

deposition. 
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III. Test of mobility of obtained structures on the graphene surface – challenging STM 

characterisation. 

IV. Tuning the work function of obtained heterostructures by controlled deposition of 

Re oxide species. 

 

6.1. Introduction 
 
The literature provides examples of successful work function tuning of graphene 

heterostructures by MoO3 [6,19]. This agrees with our results from the previous Chapters with 

MoO3. Expanding the TMO family in terms of studying candidates with low evaporating 

temperatures may be useful for compatibility with low melting-point organic materials. This 

turns our attention toward rhenium oxides. In this group, we can find ReO3 with a melting point 

of 340 °C [26] and Re2O7, which starts to melt at temperatures as low as 225 °C [89]. To broader 

the potential WF enhancement candidates from the target group of TMOs, we selected Re2O7 

with the highest valence state of rhenium. 

Up to now, TMOs with low evaporating temperature were reported by Leem et al. [26], 

who doped ReO3 into a hole transporting layer in organic light-emitting diode (OLED). The 

second example is the work by Jia et al. [89], who doped Re2O7 into a hole transporting layer in 

OLED, where higher stability was reported for Re2O7-doped layers than ReO3 in air. 

In the literature, there are not many reports on rhenium oxides on the graphene surface. 

Miramontes et al. [157] reported on ultra-small rhenium clusters supported on graphene. 

Despite not discussing rhenium oxides, it is worth noting that octahedral and tetrahedral Re 

structures worked as seeds to create more complex morphologies. Interestingly, they claim that 

a higher catalytic effect could be expected in adsorbed clusters on graphene than when clusters 

are isolated. For other works in the literature considering Re and graphene, see for example: 

computations on Re–Pt clusters on monovacancy sites in graphene [158]; or graphene directly 

grown on a superconducting Re(0001) thin film, where the superconducting behaviour was 

studied [159]; or, in reverse, Re deposited on graphene, where no intercalation or chemical 

reaction was observed even after annealing [143]. Regarding local electronic structure 

measurements, attempts of STS studies have been taken on bulk ReO3 [160] and metallic ReO3 

nanoparticles on HOPG of sizes between 4–10 nm, where resistance increased with decrease in 

particle size [145].  

For designing heterostructures, it may be advantageous if a material contacting 

graphene does not form carbide, thus, rhenium can be a good candidate [143]. However, 

rhenium oxide species can intercalate graphite [161,162]. In particular, Fröba et al. [161] 
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investigated the electronic structure and the medium-range order of Re2O7 graphite 

intercalation compounds by X-ray absorption near edge structure (XANES), revealing a charge 

transfer from graphite to rhenium.  

From this Thesis perspective, the most prominent study of Re oxides work function was 

undertaken by Baikie et al. [28] on strongly temperature-dependent WF of oxidised surface 

using UHV scanning Kelvin probe. They presented that oxidation substantially increases the WF 

of Re from clean 5.1 eV at room temperature (RT) to as high as 7.1 eV at around 525 °C [28]. This 

suggests that Re2O7 may become an effective WF enhancement for graphene.  

 

6.2. Results and Discussion 
 

6.2.1. Chemical Structure: XPS Characterisation 
 
We start with XPS studies in order to determine the oxidation states of Re on the obtained 

graphene/rhenium oxide heterostructures.  

 

a 

 

b 

 

Figure 33: Chemical structure of deposited rhenium oxide on graphene. (a) XPS spectra in 
Re4f region with increasing nominal thicknesses. The Re oxidation states are indicated in the 
legends. The red line represents the raw data, while the black line represents the sum of all 
synthetic peak fits. (b) extracted atomic concentrations of Re oxidation states. Processes 
parameters: pre-growth substrate UHV annealing (300–330 °C, 1 h), growth on substrate at 
RT. 

 
For all investigations described below the ReO3 powder was used as an initial material 

for evaporation processes. As mentioned in Introductory Section 1.3.3, the chemistry of rhenium 
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oxides is complicated. The vapour composition during deposition process in UHV may vary from 

pure Re2O7 to mixtures of Re2O7/ReO3, Re2O7/Re, or Re2O7/ReO3/Re [89]. Even though the 

temperature of the effusion cell was controlled to form only Re 2O7, namely, the temperature 

was kept below ReO3 melting point, we cannot exclude the presence of other oxide mixtures by 

default – see Experimental Section 2.2.3 for details. 

Figure 33a shows XPS spectra of the Re4f core-level region for graphene covered with 

rhenium oxide in the function of a nominal thickness (i.e. thickness according to measured 

deposition rate). A description of the peak fitting is given in Experimental Section 2.3. The 4f7/2 

and 4f5/2 spin-orbit doublet peaks of the predominant Re7+ are found at binding energies of 

about 45.6 and 48.0 eV, respectively. The Re6+ oxidation state with 4f7/2 and 4f5/2 spin-orbit 

doublet peaks is found at binding energies of about 43.1 and 45.6 eV, respectively . These binding 

energies agree with the reference work by Greiner et al. [88], who performed comprehensive 

studies of rhenium oxides identification. The XPS spectra, along with peak fits, indicate that 

deposited films mainly consist of two oxidation states of Re. These are, respectively – relative to 

the atomic percentage – 7+, 6+ and a small amount of 4+. When comparing the three given 

spectra, there is no significant change seen with the increase of the deposite d amount of the 

oxide material. 

To quantitatively analyse changes in the function of nominal thickness, Figure 33b shows 

a plot of atomic concentrations of Re7+, Re6+, and Re4+ extracted from the XPS spectra. The three 

deposited layers predominantly consist of Re2O7 phase (represent by the presence of Re7+) in an 

average 80% of atomic concentration, which is the most stable thermodynamically phase of 

rhenium oxides [21]. The rest, in average 19%, corresponds to Re6+, while a non-negligible 1% 

corresponds to the lower oxidation state, Re 4+. The observed Re6+ may be described as  

a presence of ReO3 component in the obtained material, however, as it has minor concentration 

we should rather relate it to the (sub stoichiometric) defects in the obtained Re2O7 system. It 

should be noted, however, that the non-stoichiometry of our material is relatively high. 

Comparable contents of individual oxidation states of Re testify to the repeatability of 

the deposition process and the independence of the chemical structure from the size or number 

of deposited nanoparticles, as the morphology is presented in the following Sections.  

 

6.2.2. Thermally Evaporated Re2O7 Nanoparticles on Graphene 

 
To check the surface morphology of graphene synthesised on 6H-SiC(0001) covered with 

thermally evaporated Re2O7, we have performed AFM investigations in semi-contact mode in 

ambient conditions. 
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Figure 34: Typical appearance of Re2O7 nanoparticles produced by thermal evaporation in 
UHV on graphene on SiC: AFM micrographs in ambient. Semi-contact topography in (a), 
together with corresponding phase in (b), which highlights Re2O7 deposited structures. Scan 
size: (1 × 1) um2. Roughness: (a) RMS = 3.5 nm. (c) AFM topography from (a) visualised in 3D 
highlighting size and height distribution of particles. (d) height profile taken along the line 
marked in (a) and averaged over 10 px, showing representative height variations of particles. 
Process parameters: pre-growth substrate UHV annealing (330 °C, 1 h), growth on substrate 
at RT. 

 
A surface of representative graphene/Re2O7 heterostructure is shown in Figure 34 (the 

preparation of the samples is discussed in Experimental Section 2.2.3). In the topography image 

(Figure 34a), Re2O7 nanoparticles are evenly distributed across the graphene surface and tend 

also to decorate the edges or defects; in the phase image (Figure 34b), the lack of vivid contrast 

may suggest full coverage of the graphene surface by Re 2O7. However, note that the dark spots 

in the phase image are related to strong point interaction between the AFM tip apex and the 

surface of high nanoparticles, leading to characteristic phase disturbances only at those spots 

and not in between.  

The Re2O7 nanoparticles vary in size, which is presented in 3D visualisation in Figure 34c. 

Figure 34d shows the height profile, measured along the line marked in the topography image 

(Figure 34a) and averaged over 10 neighbouring pixels. The nanoparticles have an average 

height of 12 nm and a diameter of 40 nm with significant size distribution (note that the diameter 

measurement value may be affected by the shape of the scanning tip). The area in between the 

relatively big nanoparticles seem to be flat, which may indicate that the graphene has not been 

entirely covered by Re2O7. This is further discussed in Section 6.2.3. 

In all our experiments, we observed that the deposition of films of Re 2O7 is problematic 

in obtaining full coverage on the graphene substrates. Our method does not lead to formation 



98 
 

of a homogenous layer on chosen type of graphene synthesised on SiC. It may be explained by 

the used temperatures and the oxide tendency to evaporate both at low temperatures and in 

UHV conditions, which in our case may lead to re-evaporation of the deposited material. The 

film of Re2O7 was found to sublime at a very low temperature of around 150 °C [88], which is 

lower than was previously reported for bulk Re2O7 [163]. Another possible explanation is the 

influence of moisture in the ambient condition, to which the material was exposed between 

evaporation and the characterisation process. Re2O7 is highly hygroscopic [90] and decomposes 

into perrhenic acid (HReO4) [164], suggesting that dewetting process may occur and form 

nanoparticles in air. In both scenarios, we may conclude low adhesion to the substrate, which is 

a strong factor hindering any coalescence.  

From a technical point of view, in our experience AFM scanning on Re2O7 nanoparticles 

on graphene is difficult due to the high mobility of oxide nanoparticles caused by low adhesion 

to the graphene surface. Little oxide coverage is nearly impossible to catch on scans. Only at 

higher nominal coverage and with very low interaction between AFM tip and nanoparticles, it is 

feasible to visualise the surface morphology. More on high mobility of Re 2O7 particles will be 

discussed in Section 6.2.3.  

 

 
Figure 35: Raman spectra for the vibrational modes of graphene. Spectra recorded on 
pristine bilayer graphene (black) and graphene/Re2O7 heterostructure with 2 nm of nominal 
oxide thickness (blue). 

 
In order to test the potential structural damage of graphene during the evaporation 

process of Re2O7, we used the Raman spectroscopy technique, which is a non-destructive and 

powerful tool to determine the quality of the graphene and the number of graphene layers 

[165]. Figure 35 shows the Raman spectra of pristine graphene before Re2O7 evaporation (black 

spectrum) and after the oxide deposition (blue spectrum).  
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Obtained Raman spectrum show typical features of the graphene, which exhibits two 

strong peaks at 1583 cm-1 and at 2700 cm-1, corresponding to G- and 2D-modes, respectively 

[165]. The intensity ratio of the 2D to G peak of 0.9 and the FWHM of 2D band of 57 cm-1 agree 

with the literature values for graphene [165]. The high crystalline quality of used graphene is 

proven by barely seen D peak at 1350 cm−1, whose mode is activated by structural defects. 

After deposition of Re2O7 film, the Raman spectrum (top in Figure 35) is very similar to 

pristine graphene, where the two vibrational modes associated with graphene are unchanged. 

The lack of the D peak at about 1350 cm-1 indicates a non-destructive evaporation process onto 

graphene, during which additional defects in the structure of graphene were barely developed.   

 

6.2.3. Re2O7 Nanoparticles Misplacement by STM/AFM Tips on Graphene 

Surface 

 
As mentioned in the previous Section, thermally evaporated Re 2O7 nanoparticles are highly 

mobile on graphene. While for little coverage, even semi-contact mode does not allow 

morphological characterisation, for high enough coverage or for nanoparticles big enough, that 

mode can provide morphological information. Nevertheless, if we try to investigate the 

electronic properties on the nanoscale, it turns out that it is highly challenging. The Re 2O7 

nanoparticles formed on the surface of graphene are easily misplaced by tips of both STM and 

AFM in contact mode. Tip acts as a broom sweeping the particles from the scan area. The 

interfacial adhesion is too weak to enable STM and AFM-contact imaging. 

Exhaustive STM imaging of Re2O7 nanoparticles on graphene substrates, performed in 

ambient conditions at various combinations of bias voltage and tunnelling current, showed 

migratory species across the substrate surface (see Figure 36a–b). Images in Figure 36a–b were 

acquired by the use of Au tip at 4 V and 0.1 nA and show spikes of moving species, which is 

particularly vivid in the top parts of the images. Imaging trials were made with hand-cut Pt–Ir 

(70%–30%) and Au tips as well as etched W tips. We did not attain imaging conditions for any 

particular value of working parameters (for biases in the range of -5–5 V), as reported earlier for 

ReO3 nanocrystals on HOPG [145].  

However, following the STM scanning, semi-contact mode AFM images were obtained 

in the exact locations of STM scans and are shown in Figure 36c–d. The tilted squares in the 

images are areas of STM scans. The topography image (Figure 36c) clearly shows the frames of 

the prior STM scans, where the material accumulated. The phase image (Figure 36d) highlights 
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a 

 

b 

 

c 

 

d 

 

Figure 36: Re2O7 nanoparticles misplacement by STM tip on graphene: STM and AFM 
micrographs. STM topography in (a), together with current in (b). Scan size: (1 × 1) um2. Semi-
contact AFM topography including areas of prior STM scans in (c), together with 
corresponding phase in (d), which highlights Re2O7 deposited structures. Scan size: (30 × 30) 
um2. All scans taken in ambient. Process parameters: pre-growth substrate UHV annealing 
(350 °C, 1 h), growth on substrate at RT. 

 
the efficiency of sweeping the material as the smallest size scan window is the cleanest. Note  

that the particles were removed equally regardless of terraces edges. Those patterns confirm 

that Re2O7 nanoparticles were misplaced or removed from the STM-scanned locations. The 

smaller size STM scan, the more efficient sweeping the particles from the scan area – due to 

longer interaction time of the tip with each nanoparticle (the constant frequency scanning is 

typically used in our experiments and as a result of zooming in - the tip speed is decreased and 

the density of scanned lines increased). 

AFM is a powerful tool for imaging and lithography of nanoparticles. Contact mode AFM 

is known for sweeping loose particles aside while scanning [166,167]. Such sweeping is shown 

in a sequence of scans in AFM semi-contact, contact, and semi-contact mode (see Figure 37). 

The initial condition of distributed Re2O7 nanoparticles on the graphene surface is shown in the 

topography image (Figure 37a). The corresponding phase image (Figure 37b) shows 

characteristic phase disturbances at the Re2O7 nanoparticles. 

 

 



101 
 

a 

 

b 

 

c 

 

d 

 

e 

 

f 

 

Figure 37: Sequence of AFM scanning in semi-contact, contact, and semi-contact mode: 
Re2O7 nanoparticles misplacement by AFM tip on graphene. AFM micrographs: topography 
in semi-contact mode in (a), together with phase in (b), which highlights Re2O7 initially 
deposited structures. Scan size: (2 × 2) um2. Topography in contact mode in (c), together with 
DFL signal in (d). Scan size: (1 × 1) um2; taken in marked area in (a-b). Topography in semi-
contact mode in (e), together with corresponding phase in (f). Scan size: (2 × 2) um2. All scans 
taken in ambient. Process parameters: pre-growth substrate UHV annealing (350 °C, 1 h), 
growth on substrate at RT. 

 
For this experiment, only one tip has been used. Because the tip is devoted to semi-contact 

operation, the imaging in contact mode leads to an only smeared image in all of the collected 

signals (Figure 37c–d). Such a scan should be understood in terms of nanolithography on the 

surface using shear forces. The scan in contact mode was taken in a framed window as shown 

in Figure 37a–b. The following scan in semi-contact mode and the exact location again shows 

misplacement of Re2O7 nanoparticles on graphene (see Figure 37e–f). Note that the 
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accumulation of the swept particles is at the right scan boundary. This can be explained by tip 

push mechanism, i.e. the tip initially moves from left to right pushing all nanoparticles to the 

right side of the scan frame. When the tip returns (moves from right to left) the interaction with 

nanoparticles is not strong enough to pull them toward left side of the scan frame. In 

consequence, the region at which nanoparticles are accumulating is selected by the first scan 

line, e.g. right (left) if forward scan direction if from left to right (right to left).  

The presented sequence of the AFM scanning demonstrates the possibility of creating 

precise surface patterns or particle arrangements of Re2O7 nanoparticles on the graphene 

surface, offering the potential for an easy approach to nanolithography.  

 

6.2.4. Controlling work function of graphene/Re2O7 heterostructure: UPS 

Characterisation 

 
We carried out UPS measurements to determine the work function of graphene/Re2O7 

heterostructure in function of nominal deposited thickness.  

 

a 

 

b 

 

Figure 38: Work function evolution in function of deposition. (a) He I UPS spectra in 
secondary electron cut-off (SEC) region of graphene/Re2O7 heterostructure. (b) changes of 
work function in function of nominal thickness of deposited Re2O7. Nominal thicknesses of the 
oxide layers, and work functions, are denoted.  

 
Figure 38a shows UPS spectra in the secondary electron cut-off (SEC) region for 

graphene and graphene/Re2O7 heterostructures with gradually increasing oxide thickness. Note 

that the initial work function of graphene (not shown) and after annealing at 350 °C for 1 h 

(bottom spectrum, Figure 38a) were equal to 4.50 and 4.19 eV, respectively. The determined 

values agree with the theoretical predictions (4.35 eV [168]) and previous experiments (4.25 eV 

[169]) performed on bilayer graphene synthesised on SiC(0001). The WF of air-exposed 
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graphene is affected by the presence of moisture, oxygen, and other species; whereas annealing 

leads to decrease in WF of graphene by about 0.31 eV, confirming the effectiveness of 

contamination desorption. 

Upon deposition of Re2O7, the WF of graphene heterostructure increases rapidly up to 

a value of 4.60 eV for nominal oxide thickness of 0.2 nm. With increasing deposition time, thus 

increasing the nominal thickness of the oxide film, a gradual shift of the SEC position towards 

lower binding energy was observed, which is equivalent to an increase in WF of the 

heterostructure. Interestingly, even a small amount of Re2O7 leads to a relatively large shift of 

SEC position towards lower binding energy in comparison with pristine graphene. Upon 

deposition of nominally 3.2-nm-thick Re2O7 layer, the WF of heterostructure starts to saturate 

at a value of 4.95 eV (top spectrum, Figure 38a). 

The above evolution is plotted in function of the nominal thickness of deposited Re2O7 

in Figure 38b. Those results indicate that graphene heterostructure work function tuning in the 

range of 0.76 eV can be achieved. In accordance with XPS results (Figure 33), the observed 

changes in the electronic structure of the heterostructures should be related only to the 

thickness of the oxide film, which is chemically homogenous (in the meaning of oxidation states). 

Finally, as was described in the case of MoO3 uncoalesced films (see Section 2.4 and 

5.2.2), the interpretation of UPS results is not easily conclusive for two-component surfaces. 

Because our observation in characterisation performed in ambient showed that Re2O7 

nanoparticles do not fully cover the graphene surface, we believe the WF tuning by Re2O7 can 

achieve higher values. The trend of increasing the WF is accurate, however, the apparent 

saturation may lead to underestimation of intrinsic WF of Re2O7 in given conditions governed by 

limited coverage (some patches of graphene may be exposed). Moreover, if the coverage area 

by the oxide is insufficient to provide high intensity signal at SEC edge in UPS spectra, we may 

not be able to see in the measured evolution double-component features, as we could 

successfully distinguish for MoO3 nanosheets on HOPG (Figure 5 and 29). The main factor is the 

lack of coalescence hindering the fully conclusive WF tunning, which remains a challenge to be 

met. 

However, it should be also emphasised that the morphology of Re 2O7 structures grown 

on graphene may be initially different than which we observed in air. Further studies in UHV are 

necessary to shine the light of this topic. 
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6.3. Conclusions 
 
In this Chapter the synthesis of heterostructures of Re 2O7 on graphene are described with the 

focus on the morphology and work function tuning. To sum up, we elaborate on the highlights 

stated at the beginning of the Chapter. 

I. The chemical structure of rhenium oxide structures was investigated in function of 

nominal thickness, i.e., duration of deposition. 

• The chemical composition of the rhenium oxide does not depend on its 

thickness, which was studied by XPS. The deposited structures were 

composed of Re2O7, in average of 80% of composition, with nearly 20% of 

ReO3 phase. 

II. The experiments involved the morphological characterisation of Re 2O7 

nanoparticles thermally evaporated on graphene in UHV and their high mobility on 

the substrate surface. 

• Morphology of rhenium oxide structures deposited on graphene was 

investigated by AFM in semi-contact mode, which allowed characterisation. 

The studies revealed created 3D structures of Re2O7 evenly distributed over 

the substrate surface, however fully coalesced films were hard to achieve.  

• Raman spectroscopy proved that deposited metal oxide films do not cause 

structural defects in graphene. This highlights that chosen method of 

deposition with selected working parameters is a non-destructive process 

for graphene. 

III. Test of mobility of obtained structures on the graphene surface.  

• One of the biggest problems we faced with the imaging by AFM (contact 

mode) and STM of the graphene/Re2O7 system is the choice of operating 

parameters that allow scanning the nanoparticles without inducing their 

motion on the graphene surface. Re2O7 nanoparticles are highly mobile  on 

the graphene surface, and STM investigations of electronic structure on the 

nanoscale seem very challenging as it has not been achieved yet.  

• Our experiments show that the nanoparticle system graphene/Re2O7 is an 

ideal candidate for nanomanipulation studies aimed at investigating, e.g., 

the underlying friction mechanisms under both ultrahigh vacuum and air 

conditions. 

IV. We tuned the work function of graphene/Re 2O7 heterostructure by controlled 

deposition of Re oxide species. 
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• Particular emphasis was on discussing the electronic properties of the 

fabricated graphene/Re2O7 heterostructures studied globally by the UPS 

technique, as STS measurements on the nanoscale were not allowed due to 

the instability of Re2O7 structures on graphene. 

• We presented WF modification from 4.2 eV to near 5.0 eV. UPS shows that 

upon deposition of Re2O7 on top of graphene, the WF of as-synthesised 

heterostructure increases gradually with film thickness. We believe that the 

WF can be further increased with further optimisation of achieving 

coalesced films of Re2O7. 

We showed that apart from other previously used materials, Re 2O7 can be successfully 

applied to tune the WF of graphene-based anodes. Our results emphasised the great potential 

of the modified graphene layer for use as a transparent anode and hole transport layer for 

organic electronic devices. As the evaporation of this material is proce ssed at relatively low 

temperatures, it can be beneficial for fabricating organic electronic devices in combination with 

temperature-sensitive functional layers. 
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Conclusions 

 
Driven by the interest in modifing graphene-based anodes, this Thesis has addressed the 

synthesis of selected transition metal oxides, namely molybdenum and rhenium oxides, on 

graphene and graphite substrates. As a result, the morphology of grown structures was studied, 

with particular emphasis on molybdenum oxide monolayers and differences between a few first 

layers. The electronic structure of obtained heterostructures was thoroughly investigated, 

particularly values of their work function under given environments. 

 The narration of the Thesis followed a trace of the ideal case of the crystalline, stable 

monolayer of MoO3 grown on nearly defect-free graphene counterpart, HOPG, to switch to 

more practical choices of graphene synthesised on different substrates and with different 

thicknesses surrogating various MoO3 structures. When layers of MoO3 were achieved on 

graphene, we focused on work function investigation under ambient and UHV. Motivated by the 

success of high work function MoO3 heterostructures, we compared it with a second oxide, 

Re2O7. 

 

In this study, a great emphasis was on MoO3 in 2D form, so more detailed background 

information on MoO3 mono- to few monolayers was provided that has not been gathered 

anywhere else so far. 

As a first step, the study focused on the direct synthesis and in-situ characterisation of 

MoO3 monolayer on HOPG, by thermal evaporation in UHV. In Chapter 3, the study of MoO3 

monolayers on HOPG was described in detail, using its surface as a model graphene system. We 

identified the 2D and single-crystal nature of the irregular-shaped MoO3 domains by using 

various methods, including STM, c-AFM, LEED, and HR-TEM . To establish a base for 2D form of 

MoO3 concerning growth habits and local electronic structure, we studied a model 

heterostructure of HOPG/MoO3. XPS study identified little deviation from stoichiometry of 

MoO3. We found by STS narrow apparent bandgap uniform for the first layers, which is  

a novelty. Our analyses suggested the presence of an electron state around 1.3 eV below Fermi 

level, which is present for the first MoO3 monolayer wetting the substrate. We connect this state 

with structure defects or interaction with the substrate. Additionally, the effect of air exposure 

was investigated by STM/STS and UPS, suggesting further closing of the bandgap. DFT 

calculations supported the experimental analysis predicting narrowing of the bandgap with 

reduction of monolayer MoO3. 
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Next, we addressed the deposition process of MoO3 on graphene with different 

properties depending on a substrate (Cu or SiC) and thickness (from monolayer to few-layer 

graphene) to ultimately get as thin MoO3 layer as possible on the graphene. Chapter 4 presented 

a growth study of MoO3 on graphene substrates revealing the difficulties in reproducing 

monolayers of MoO3 grown on HOPG. Among the studied graphene substrates, we achieved 

lateral growth of MoO3 only on few-layer graphene synthesised on SiC. MoO3 was prone to form 

nanoparticles on monolayer graphene obtained on Cu and SiC under the same preparation and 

growth conditions. While monolayer graphene led to various undesired structures, we found 

high instability of MoO3 on the graphene surface hindering STM characterisation. Moreover, by 

using LEED, we described that the chosen deposition method was harmless to graphene. 

The third step was to explore the WF of MoO3 under different conditions in order to 

determine the highest value of WF that MoO3 had to offer while reaching the limit of the minimal 

thickness of films, i.e. going down to monolayers. Chapter 5 was devoted to work function 

measurements in ambient and UHV conditions of MoO3 monolayers on HOPG and graphene. In 

contrast to previous reports, we emphasised that crystalline MoO3 guaranteed high work 

function of 6.4 eV and smooth surface, and in this case, this material does not require thicker 

films but coalesced monolayers. Moreover, with maturing of the synthesis of continuous 2D 

MoO3 films, this material becomes a great candidate for ultrathin buffer layers for work function 

enhancement. Our results assess the high WF homogeneity of MoO3 monolayers on the 

nanoscale by KPFM in UHV.  

Therefore, the contribution of this study is going beyond the usual approach of finding 

the final saturation of WF with an increase in film thickness. Those findings suggest new 

approach in optimalization of functional materials properties that is replacing the parameter of 

amount of material by focusing on its crystallographic and electronic structure. Results collected 

for this heterostructure were the subject of a scientific article which has been submitted and is 

currently under review.  

Testing different conditions in this study defined the critical environment, UHV, for 

utilising the highest qualities of MoO3 monolayers and possible threads found by air exposure. 

Moreover, the restoration method after air exposure was proposed and tested. Post-processing 

method of annealing after air exposure was investigated leading to main conclusion of limit of 

WF recovery lower for long exposures and higher for few-minutes exposures. However, the WF 

recovery is linked with structural changes visible on topography and chemical structure in 

reduction of MoO3 monitored by KPFM, UPS and XPS. 

The ability to synthesise 2D high-quality α-MoO3 films under UHV conditions allowed 

fundamental research on their surfaces and great advance in our understanding on their 
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properties. The ability to grow such structures in a controllable fashion on graphene opens 

possibilities for practical applications in organic electronics. 

Finally, the another transition metal oxide grown on graphene, namely Re2O7 was 

investigated with focus on increasing the substrate work function. In contrast to MoO3, rhenium 

oxides are not yet commonly used in organic electronic devices. Chapter 6 focused on studying 

graphene heterostructure with Re2O7 obtained by thermal evaporation in UHV. In particular, it 

described morphology, chemical composition, and the electronic properties, including 

increasing WF by deposition of Re2O7 structures monitored by AFM, XPS, and UPS respectively. 

Studying Re2O7 is not only much room for new applications and development of new 

heterostructures but also an advantage of lower temperatures of deposition as we found 260 °C 

ideal for evaporation of Re2O7 structures with uniform chemical structure independent of 

thickness. Raman spectroscopy proved that deposition of Re 2O7 do not cause structural defects 

in graphene. Most importantly, we presented WF increase of 0.8 eV. UPS showed that upon 

deposition of Re2O7, the WF of graphene heterostructure increases gradually with film thickness. 

In addition, the knowledge gained during the studies involved in the Thesis led to 

developing of a practical guide for interpretation of work function measurements on 

uncoalesced 2D films or nanosheets given in Chapter 2, where we comment on UPS 

measurement on 2D-MoO3 nanosheets on HOPG with various area ratio between those two 

surface components. Such contribution carries universal implications for the work function 

characterisation of 2D materials beyond MoO3. Another practical guideline can be found in our 

optimised procedure of MoO3 deposition on HOPG, with emphasis on cleaving the top surface 

under UHV conditions prior to MoO3 growth. Furthermore, we gathered a database of available 

literature results helpful for Mo3d analysis by XPS in Appendix A.  

 

The results presented in this Thesis proved that it is possible to synthesise MoO3 

monolayers on graphene, creating heterostructures of high work function. This is the first step 

in utilising the ultrathin graphene/MoO3 heterostructures with smooth surfaces in further 

applications. Re2O7 follows the same trend of enhancing work function at a specific thickness, 

which proves its potential in tuning heterostructure electronic structure. The main conclusion is 

that both graphene heterostructures are great candidates for anodes in organic electronics. 

We thus consider this work an essential material for applied research, particularly for 

functionalising graphene with TMOs for application as transparent and flexible electrodes and 

employing 2D MoO3 films in catalytic applications where high work function is required. We 

believe this Thesis contribution carries important implications and paves the way for designing 

more complex van der Waals heterostructures. 
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Appendix A: XPS Database for Mo3d 

 
While details of analysis and peak modelling are given in Experimental Section 2.3, here in Table 

3 is presented a database of Mo3d analysis by XPS. The literature data of binding energy values 

and energy separation of Mo oxidation states served as a base for interpretation of Mo samples 

described in this thesis. Table 3 is summarized with a line of chosen energies used in this study. 

 It is worth noting that some of the references highlight energy separation with respect 

to oxygen as well as carbon. Yet with those data one should be careful and first make sure of 

trustworthy analysis of contaminants at measured surface. 
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Ref. Mo oxidation state: Mo3d 
Binding Energy (eV) 

  

Binding Energy Separation (eV) 

6+ 5/2 5/2 ∆O1s-Mo3d ∆C1s-Mo3d 

4+ 
5/2 

4+ 
3/2 

5+ 
5/2 

5+ 
3/2 

6+ 
5/2 

6+ 
3/2 

3/2-5/2 
(4+)-
(6+) 

(5+)-
(6+) 

5+ 
5/2 

6+ 
5/2 

5+ 
5/2 

6+ 
5/2 

[81] 229.5 232.6   232.7 235.7 3.1 3.2      

[170] 229.1 232.2   232.8 235.9 3.1 3.7      

[171] 229.5 232.8   232.7 236.0 3.3 3.2      

[6]   231.6 234.8 232.6 235.8 3.2  1.0   52.6 51.6 

[19]   231.6 234.7 232.4 235.5 3.1  0.8   52.4 51.6 

[37]              

[41] 228.6 231.8 230.8 234.0 232.1 235.3 3.2 3.5 1.3   53.4 52.1 

[172] 229.7 232.8 231.2 234.3 232.5 235.6 3.1 2.8 1.3     

[71] 230.1  231.4  232.7   2.6 1.3     

[70]   231.7 234.8 232.8 235.8 3.0  1.0 299.6 297.2   

[72]     232.5         

[79] 229.2 232.3   232.7 235.9 3.2 3.5      

[173]     232.5 235.6 3.2       

[44]     232.8 236.0 3.2    297.7   

[78]   231.1 234.2 232.3 235.4 3.1  1.2     

[174]     233.2 236.3 3.1       

[131] 230.3 233.5 231.8  233.2 236.4 3.2 2.9 1.4 301.0 297.8   

[65] 230.7 233.9 231.6 234.8 232.5 235.7 3.16 1.8 0.9 300.1 298.0   

[175] 229.1 233.0 231.5 234.8 233.2 236.3 3.1 4.1 1.7     

[138] 229.8  232.2  233.4   3.6 1.2     

[127] 229.1    232.5   3.4   297.5   

[32]           297.8   

[176] 228.8  230.4  232.0  3.2 3.2 1.6  297.8   

[151]   231.8 235.1 232.8 235.9 3.1  1.0 299.1 297.8   

this work   231.8 234.9 233.2 236.3 3.1  1.4 300.5 297.8 52.7 51.3 

              

Table 3: Database of Mo3d region analysis by XPS. Literature data of binding energy values and 
energy separation of Mo oxidation states. 
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