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PREFACE 

The solar industry, notably solar photovoltaic (PV), has made a substantial contribution to 

meeting the increasing energy demands within the field of renewable energy resources. The a-

Si:H/c-Si(n) solar cells with an efficiency > 26% are leading in PV field; however, the 

requirement of capital-intensive fabrication techniques and the use of toxic gases as dopants to 

prepare n/p a-Si:H layers are encouraging the search for a suitable alternative material to 

eliminate these factors. Transition metal oxides such as MoO3-x are gaining interest as dopant-

free heterocontact, because of the extraordinary performance (>23%) of silicon wafer based 

solar cells when p-doped a-Si:H is replaced with MoO3-x as hole selective layer. The hole 

selectivity of MoO3-x depends on the work function of MoO3-x, which is sensitive to the 

deposition temperature, gaseous environment and post-deposition heat treatments. Thus, 

sequential adjustment of these deposition conditions is needed to fabricate MoO3-x films 

suitable for use as a hole selective layer in MoO3-x/c-Si(n) solar cells. The motivation for this 

thesis was to study the effect of deposition conditions on optoelectronic properties of MoO3-x 

films, as well as the utilisation of optimised conditions for the fabrication of dopant free single 

sided MoO3-x/c-Si(n) heterojunction solar cells. Based on this motivation, the objective of the 

thesis work had been:  

 Deposition of MoO3-x films under different conditions such as substrate temperature, 

gaseous environment and post-deposition conditions to check its influence of the 

structural, optical and electrical properties. 

 Post-deposition oxygen plasma treatment to improve the work function of MoO3-x 

films. 

 Preparation of device quality Indium Tin Oxide thin films. 

 Fabrication of dopant free single sided MoO3-x/c-Si(n) solar cells. 

 Simulation studies to understand the impact of work function of MoO3-x and thin silicon 

oxide layer between MoO3-x and c-Si(n) on the performance of MoO3-x/c-Si(n) solar 

cells using AFORS-HET software. 

The present dissertation contains 9 chapters. The first chapter provides a brief overview of 

carrier selective contacts, features of MoO3-x and progress in dopant free transition metal 

oxide/c-Si(n)  heterojunction solar cells. Chapter 2 presents an overview of the deposition 
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techniques used for ITO and MoO3-x film deposition and oxygen plasma treatment. This chapter 

also discusses the characterization techniques used to investigate the various properties of 

MoO3-x and ITO films. Chapter 3 discusses studies on the structural and optoelectronic 

properties of MoO3-x films prepared by rf-sputtering technique. The deposition conditions of 

MoO3-x films are optimised sequentially to prepare coloured and highly conducting MoO3-x 

films, as well as transparent and resistive MoO3-x films. Chapter 4 discusses the impact of 

deposition temperature on the structural, optical and work function properties of MoO3-x films 

deposited by thermal evaporation technique. In addition, post-deposition heat treatment of 

MoO3-x films deposited at room temperature is performed to investigate its influence on work 

function and compositional properties of MoO3-x. Chapter 5 focuses on the utilisation of 

oxygen plasma treatment (OPT) to increase work function of thermally evaporated MoO3-x 

films. OPT was first performed on thick MoO3-x films, but because we were interested in using 

MoO3-x for solar cell fabrication, we also performed OPT on thin MoO3-x films and examined 

its effect on MoO3-x's work function. Chapter 6 presents the influence of process pressure and 

substrate temperature on microstructure, morphology, optical and electrical properties of 

Indium tin oxide (ITO) thin films prepared by rf Sputtering technique. Chapter 7 presents the 

fabrication of dopant free single sided MoO3-x/c-Si(n) solar cells. The effect of deposition 

conditions on solar cell performance for the fabrication of transparent conducting oxide layer 

(ITO) and hole selective layer (MoO3-x) is investigated.  In addition, the influence of multiple 

heat treatments on the properties of MoO3-x and performance of solar cells are also studied in 

this chapter. Chapter 8 presents the simulation studies carried out using the AFORS-HET 

software to investigate the effect of MoO3-x work function on the performance of MoO3-x/c-

Si(n) solar cells. This chapter also investigates the role of carrier transport through thin SiOx 

layer and few pin holes on various solar cell parameters. Chapter 9 presents the overall 

conclusions and summary of the present thesis work and future scope of this research work. 
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CHAPTER 1 

Introduction 

The global demand for energy has experienced a notable increase in recent decades as 

a result of population growth and advancements in technology. Consequently, there has been a 

substantial increase in the utilization of conventional energy sources. This poses a potential 

risk of future scarcities in traditional energy resources, including coal, petroleum, diesel, and 

others, leading to an imminent energy crisis. The phenomenon of rapid climate change and 

global warming is currently giving rise to worrying circumstances and exerting a significant 

impact on the daily lives of individuals. These circumstances have presented an opportunity 

for researchers to explore other approaches or support systems that could perhaps mitigate this 

significant problem. Renewable energy sources are considered the most effective solutions of 

this particular problem.  The aforementioned elements have exerted a significant influence on 

the examination and progression of renewable energy sources. One of the primary attributes 

inherent to renewable energy (RE) resources is their capacity to refrain from emitting 
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Figure 1.1: (a) Expected trend in the growth of renewable energy sector to fulfil the energy demand [1] and (b) 

share of different renewable energy installation up to March 2023 in India [2]. 

environmentally detrimental greenhouse gases. Renewable energy supplies are characterized  

by their cleanliness, abundance and seemingly limitless availability. The International Energy 

Agency (IEA) predicts that the renewable energy sector, particularly solar and wind energy, 

will account for almost two-thirds of the global energy demand in the forthcoming years as 

shown in Figure 1.1a [1]. The Ministry of New and Renewable Energy provided statistics 

concluding that as of March 2023, the total installed capacity of renewable energy has reached 

125.2 GW. Figure 1.1b displays the distribution of installation shares derived from various 

renewable energy sources. The solar sector, specifically solar photovoltaic (PV), has exhibited 

a significant contribution towards fulfilling the increasing energy requirements within the 

realm of renewable energy resources. The positive results obtained from these notable 

outcomes have served as a catalyst for the photovoltaic community to persist in their pursuit of 

cost-effective materials and technologies, with the aim of ensuring universal accessibility to 

solar PV across diverse socioeconomic strata.   

1.1.  Solar cell and its Progress 

The considerable potential of solar energy and its promising prospects have spurred substantial 

progress in the photovoltaic technology. Solar cells operate based on the fundamental concept 
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Figure 1.2: (a) Schematic configuration and (b) energy band diagram of homojunction solar cell. 

 

Figure 1.3: Current density- voltage characteristics of a solar cell. 

known as the photovoltaic effect, wherein the exposure of a photovoltaic cell to sunlight results 

in the generation of an electric current. The three distinct processes involved in the operation 

of a solar cell are: generation, separation and collection of charge carriers. When photons with 

energy above the band gap are absorbed, free charge carriers are produced, leading to the 

formation of electron-hole pairs. The photogenerated charge carriers are then separated by the 

electric field due to band bending across the interface followed by the collection of free charge 

carriers through the front and rear metal contacts. Figure 1.2a depicts the schematic diagram of 

a p-n junction solar cell. The band bending that occurs at the p-n junction as depicted in Figure 

1.2b, makes it easier for minority carriers, specifically electrons to migrate from the p-layer to 

the n-layer and holes to migrate from the n-layer to the p-layer.  
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Figure 1.4: Different generation of solar cells [3]. 

The evaluation of a solar cell's performance is conducted by the analysis of its current density 

vs voltage (J-V) characteristics, as depicted in Figure 1.3. A solar cell's open circuit voltage 

(Voc), short circuit current density (Jsc) and fill factor (FF) are the characteristics that contribute 

together to determine the efficiency (η) of the cell. There are two primary classifications of 

solar cells: homojunction and heterojunction solar cells. Homojunction solar cells are made 

from the identical material with equal band gap but different dopants, whereas heterojunction 

solar cells are made up of dissimilar materials with varied band gaps. In homojunction solar 

cells, there is no band discontinuity at the interface, however this imposes certain constraint on 

solar cell characteristic like limited Voc, limited range of electromagnetic spectrum participating 

in electron hole pair generation. Nevertheless, heterojunction solar cells effectively address 

these concerns by facilitating the integration of materials with low and wide band gaps. This 

integration broadens the range of photons that may be absorbed across several layers, hence 

enhancing the overall performance of the device.  

Silicon (Si) solar cells are currently at the forefront of industrial-level solar photovoltaic due 

to the advantageous characteristics of silicon, including its low band gap, abundant availability, 

and cost-effectiveness. Ongoing research endeavours are focused on the exploration of 

alternative materials and technologies that have the potential to serve as substitutes for silicon-

based solar cells. However, the production cost, payback duration and stability of alternative  
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Figure 1.5: Efficiency chart for different solar technologies [4]. 

technologies to silicon solar cells continue to pose significant challenges when used on 

industrial scale. Figure 1.4 displays various generations of solar cells, whereas Figure 1.5 

provides a comprehensive list of state of art efficiencies for different solar cell technologies. 

[2]. 

The traditional silicon solar cell necessitates the establishment of a p-n junction, which is 

achieved by the process of doping distinct regions of a silicon wafer. Figure 1.6a illustrates the 

schematic structure of a conventional c-Si solar cell. The progressive development of c-Si solar 

cells has resulted in the development of a solar cells with an efficiency of ~25% [5]. 

Nevertheless, the utilization of diffusion-based technology for doping in this field is energy 

intensive due to its time-consuming nature and the high temperature requirement of above 900 

°C [6]. The issue has been partially resolved by the advancement of silicon heterojunction solar 

cells, which include the utilization of a thin layers of doped and intrinsic amorphous silicon (a-

Si:H) [7, 8]. Figure 1.6b illustrates the configuration of heterojunction silicon solar cells  
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Figure 1.6: (a) Conventional homojunction Si solar cell [5], (b) Heterojunction thin intrinsic layer Si solar cell 

[9] and (c) DASH Si solar cells [10]. 

featuring a thin intrinsic layer (HIT solar cells). The preparation of a-Si:H layers necessitates a 

low deposition temperature and much shorter time, thereby expediting the fabrication process 

of solar cells. However, the widespread adoption of this technology at an industrial scale is 

hindered by significant capital investment requirements and the utilization of toxic gases such 

as phosphine (PH3) for n-doping and diborane (B2H6) for p-doping. This development however, 

has facilitated the exploration of materials that can be synthesized at low temperatures by cost-

effective deposition methods, without the need of external dopants to exhibit n/p type 

characteristics. Carrier selective passivating contacts may serve as a suitable alternative in this 

context. Materials such as PEDOT: PSS and P3HT, transparent conducting oxides like ITO, 

and transition metal oxides (TMOs) including Titanium oxide (TiO2), Molybdenum oxide 

(MoO3), Tungsten oxide (WO3), and Vanadium oxide (V2O5) are among the organic polymers 

and inorganic compounds commonly employed in this context [8, 9]. These materials enhance 

the separation of photo-generated carriers by promoting the conductivity of one specific charge 

carrier (such as electrons or holes) while impeding the movement of the opposite type (such as 

holes or electrons). In a study conducted by Zielke et al., it was shown that the substitution of 

a doped p layer with PEDOT:PPS in silicon heterojunction solar cells resulted in a efficiency 

of 20% and an open circuit voltage of 657 mV [10]. Nevertheless, the primary drawback that 
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Figure 1.7: Band diagram of (a) c-Si (n) and electron transport layer and (b) c-Si (n) and hole transport layer. 

hinders the utilization of this material in photovoltaic (PV) systems is its inadequate chemical 

stability. Transition metal oxides belong to a distinct category of materials that have 

demonstrated exceptional carrier-selective characteristics due to their distinctive and intriguing 

optoelectronic capabilities and stability. The aforementioned materials have provided a novel 

technological advancement in the domain of silicon solar cells, known as Dopant free 

asymmetric heterocontact (DASH) Si solar cells. The corresponding structure of this particular 

form of solar cell is depicted in Figure 1.6c. 

1.2  Carrier selective contacts (CSCs) 

In traditional solar cells, a p-n junction is formed and the electric field developed across the 

junction is responsible for charge carrier transportation. Basically, the difference in the quasi 

Fermi levels of n/p Si layers govern the motion of charge carriers. The carriers’ separation and 

transportation are one of the important key parameters to have a good device. Thus, a good 

contact scheme with low contact resistivity, good passivation effect and carrier selectivity is 

required. This demands the search for carrier selective contacts which allows the movement of 

particular charge carrier (i.e. holes or electrons) while blocking the transport of any other 

charge carrier (i.e. electrons or holes). Recently, the PV community has developed designs 

based on carrier selective contacts that aid in reducing recombination across the metal-
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semiconductor contact [11]. Carriers selective contacts are categorized as an hole 

transport/selective layer (HTL/HSL) and electron transport/selective layer (ETL/ESL). The 

selectivity of ETL and HTL is mainly guided by the band offsets across the conduction band 

(Ec) or valence band (Ev) and work function values [12]. Figure 1.7a shows the energy band 

diagram for electron transport layer and hole transport layer. For ETL, low ΔEc offset value 

and the downward band bending across the interface, facilitates the transport of electron from 

c-Si (n) to ETL side. In the similar manner for HTL (Figure 1.7b), ΔEv favours movement of 

holes across the junction from c-Si (n) towards hole transport layer. Apart from facilitating 

effective charge carrier movement at the interface, these selective contacts provide good 

passivation, cost-effective manufacturing, and simple patterning procedures [11]. ETL and 

HTL are categorized into two types one is doped silicon based (in which doping of silicon is 

done to tune the work function) and other is dopant free i.e. non-silicon based contacts.  

1.2.1 Doped Silicon based carrier selective contacts 

To create an electron transport layer/hole transport layer in case of HIT solar cells, intrinsic 

amorphous silicon films (a-Si:H) need to be externally doped using PH3 and B2H6 for n and p 

doping respectively. The widely employed carrier selective contacts are doped amorphous 

silicon and polysilicon layers [11]. The direct deposition of the carrier selective contact on top 

of a c-Si (n)/c-Si (p) interface results in the creation of defect states across the interface. These 

interface defects can be reduced using surface passivation techniques such as hydrogen/silane 

plasma treatment using chemical vapour deposition. Sanyo group is the first to introduce thin 

intrinsic (i) layer between the doped amorphous silicon layer and the absorber layer (c-Si(n)/c-

Si(p)) [7, 8]. The i-layer helps to decrease the surface defects by satisfying the dangling bonds 

present on the surface. This structure is called heterojunction thin intrinsic layer (HIT) solar 

cell. Apart from this, other kind of passivation is field effect passivation [13]. In this technique,  
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Figure 1.8: (a) Band diagram of HIT silicon solar cell with doped ETL and HTL and (b) solar cell structure 

with 26.81% record efficiency [14]. 

the amorphous silicon layer is highly doped. This leads either to charge accumulation or 

inversion on the surface because of the work function difference and presence of fixed charges 

in the a-Si:H layer. The electric field formed across the interface causes the effective separation 

of electrons/holes and thus recombination across the amorphous layer and absorber layer is 

reduced. The difference in the Fermi levels of c-Si and a-Si:H produces band bending across 

the interface, permitting the transport of only one type of carrier while obstructing another. In 

this way, doped a-Si:H layers offer carrier selectivity [13]. Figure 1.8a shows the energy band 

diagram for such device structure. The charge carrier transportation shown here is different 

from that shown in Figure 1.2b. In heterojunction solar cell, photo generation takes place 

primarily in absorber layer (c-Si (n)) and photo-generated carriers are transported to respective 

contacts depending on the band bending taking place across the interface which in governed 

by the Fermi level position. The work function (Φ), which is defined as the difference between 

the vacuum and Fermi levels, determines whether a carrier selective contact will be an ETL or 

HTL. LONGi group reported the record efficiency of 26.81% for HIT silicon solar cell (Figure 

1.8b) till 2023 [14].  

1.2.2 Dopant free carrier selective contacts 

DASH (dopant free asymmetric heterocontacts) are another term for dopant free CSCs [15].  
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Figure 1.9: List of TMOs used in optoelectronic devices as HTL and ETL [16]. 

The HIT solar cell requires low temperature processing but expensive fabrication techniques 

and use of toxic gases for doping [17]. Furthermore, silicon-based materials have a limited 

work function and band gap range. These limitations for silicon based materials have led to the 

exploration of dopant free carrier selective contacts. Among organic CSCs, Spiro-

OMeTAD, poly (3, 4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) [11, 18] 

and among inorganic, transition metal oxides (TMOs) are frequently used CSCs [6]. TMO is 

composed of a transition metal atom linked to oxygen atoms. Transition metal oxides have 

wide band gap and variable range of work function (3-7 eV). A large band gap (3.3 eV) allows 

minimal absorption losses in the HTL or ETL layer, increasing the value of the short circuit 

current density of solar cells.  Work function tunability is viable for TMOs since it is dependent 

on oxygen vacancies, metal cation concentration and the stoichiometry of oxygen (O) and 

transition metal. TMO can be insulating, semiconducting, or metallic depending on its 

stoichiometry. TiO2, ZnO are frequently utilised as ETL in semiconductor devices due to its 

low work function. [15]. MoO3, V2O5 and NiOx are the commonly used HTL in the field of 

organic or inorganic based solar cells because of high work function (5 to 6 eV) [11, 17]. Figure 

1.9 shows the list of TMOs used in optoelectronic devices as HTL and ETL. We shall go into 

detail on TMO features because inorganic CSCs are our focus.  
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Figure 1.10: Effect of metal cation oxidation state and oxygen vacancies on work function [19]. 

1.2.3 Properties of TMOs 

In TMOs, defects can be induced by oxygen vacancy (Ov), metal vacancy and occupancy of 

interstitial sites by oxygen and metal atoms [19, 20]. Metal vacancies act as p doping and 

oxygen vacancies form n-doping in TMOs, respectively. However, oxygen vacancies are the 

dominant defects because of low defect formation energy and are responsible for doping 

irregularity in TMOs [20]. The conduction band minima lies in close proximity to the defect 

gap states caused by oxygen vacancies in TMO like MoO3 [21]. To maintain the charge 

neutrality, oxygen vacancies also lead to the generation of metal atoms in lower oxidation states 

[6]. The oxygen vacancy concentration and metal cation oxidation number of TMO determine 

whether it behaves as an insulator, a semiconductor, or a metal. The conductivity and work 

function (Φ) of TMOs are thus substantially impacted by oxygen vacancies [19].   Figure 1.10 

depicts the influence of metal cation oxidation state and Ov on Φ. The concentration of Ov can 

be impacted by deposition methods (sputtering/thermal evaporation), thin film depositing 

parameters (substrate temperature/process pressure/gaseous environment), post-deposition 

treatments (annealing/oxygen plasma treatment/ultraviolet ozone treatment) and air exposure 

of films. Thin film of these oxides can be prepared by different techniques like electro-

deposition, flash evaporation, chemical vapour deposition, sputtering and thermal evaporation  
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Figure 1.11: Annealing temperature effect on (a) work function and O/Mo ratio and (b) on transmission spectra 

[22, 23]. 

[24]. Sputtering and thermal evaporation are two of the most frequently used methods [25]. 

The sputtering offers a diverse set of parameters for optimising the optical and electrical 

properties of TMOs films [26]. Non-reactive sputtering technique produces conducting films 

due to the presence of extra oxygen vacancies, whereas reactive sputtering technique produces 

semiconducting TMOs thin films. Thus, this technique offers good control over the 

stoichiometric ratio and tuning of TMO properties according to its application [24]. J. Sun et 

al. compared the films prepared using thermal evaporation and sputtering techniques and 

observed that thermal evaporation formed more resistant films having high work function [25]. 

That’s why thermal evaporation method is the commonly used method for fabrication of 

dopant-free asymmetric hetero contacts. But, use of this technique at industrial scale is still 

challenging. The process pressure, substrate temperature and gaseous environment conditions 

like Argon gas (Ar), Argon + Hydrogen gases (Ar+H2), Argon + Oxygen gases (Ar+O2) during 

film preparation have also a great impact on the properties of TMOs [24, 26]. Many groups 

have also examined how heat treatments like post-annealing alter the band gap, transmission, 

work function, and stoichiometry ratio of transition metals and oxygen (O) [22, 23, 27, 28]. 

The work function and transmission variation of TMO films with respect to annealing 

TH-3337_166151008



Introduction 

  Page | 13  
 

 

 

Figure 1.12: (a) MoO6 octahedron, (b) α-MoO3, (c) β-MoO3, and (d) h-MoO3 crystal structures [29]. 

temperature is presented in  Figure 1.11.  Increased annealing temperature induces a decrease 

in the band gap, transmission, and work function because of increase in oxygen vacancies, a 

decrease in the oxygen/transition metal ratio and the formation of rough TMO thin films. 

Therefore, both the deposition conditions and the post-treatment must be optimized to make 

TMO appropriate for usage as a hole-or electron selective layer in optoelectronic devices. 

1.2.4 Molybdenum Oxide and its properties 

Among all TMOs, MoO3 is commonly used HTL in organic as well as inorganic optoelectronic 

devices [30]. The building block of the MoO3 structure is octahedron MoO6, as depicted in 

Figure 1.12a. The oxygen atoms at the edge and corner of MoO6 are shared with other octahedra 

in three different ways, resulting in three different crystal phases of MoO3: (i) the 

thermodynamically preferred and stable orthorhombic phase (α-MoO3) (Figure 1.12b); (ii) the 

metastable monoclinic phase (β-MoO3) (Figure 1.12c); and (iii) the metastable hexagonal  
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Figure 1.13: MoO6 octahedron with Ot, Oa and OS and layered structure of MoO3 [31]. 

phase (h-MoO3) (Figure 1.12d). Among three, mixed phases of (α-MoO3) and (β-MoO3) are 

commonly found. The layered structure of the α-MoO3 makes it different from other phases. 

As shown in Figure 1.13, the octahedron MoO6 is comprised of three distinct types of oxygen 

atoms. Ot ( the terminal oxygen) is shared with only one Mo atoms with 1.67Å bond length 

and Os (the symmetric oxygen), also called bridging oxygen, forms three bond with Mo atoms, 

two bonds (1.95 Å) in the same layer and one bond (2.33Å) in neighbouring sub-layer [31]. Oa 

(the asymmetric oxygen) forms two asymmetric bonds (2.25 Å and 1.73 Å) with two Mo atoms 

present in the same layer. Ot sites are more favourable to the formation of oxygen vacancies 

since it requires lesser energy to remove oxygen from this site than other Oa and Os sites [31]. 

Ot sites are hence suitable for catalytic processes. The presence of oxygen vacancies in MoO3 

enhances its electrical conductivity and distance between interlayers, thereby improving its 

electrochemical characteristics. Therefore, increase in Ov makes MoO3 appropriate for use in 

catalytic processes and storage devices. In order to attain high work function and adequate 

conductivity, moderate Ov is required, which makes MoO3 suitable for its use as the HTL in 

solar cells. 

Thin films of MoO3 can be synthesized by vapour phase methods and liquid phase methods. 

Vapour phase synthesis methods are categorized into two techniques, physical vapour  
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Figure 1.14: Changes induced in the band structures of molybdenum oxides as an effect of oxygen vacancies [32]. 

deposition and chemical vapour deposition [29]. Physical vapour deposition methods include 

direct current (DC) sputtering/ radio-frequency (rf) magnetron sputtering, pulsed laser 

deposition, electron beam evaporation and thermal evaporation. Thermal evaporation is the 

preferred method for depositing MoO3 films because it forms nearly stoichiometric films and 

the crystalline stable phase of MoO3. The chemical vapour deposition approach also provides 

good control over the formation of stoichiometric MoO3 films by post-annealing of the films in 

an oxygen-rich environment. Sol-gel, hydrothermal, spin-coating, and electrochemical 

deposition are all liquid phase processes used for fabricating MoO3 films. As MoO3 has a 

layered structure, mechanical and liquid phase exfoliation methods are also used to produce 

MoO3 films [29].  

Molybdenum oxide is an intrinsically n-type high band-gap semiconductor (3-3.5 eV). The 

maxima of the MoO3 valence band are generated by oxygen 2p orbitals, whereas the minima 

of the conduction band are formed by unoccupied Mo 4d states [21, 32, 33]. Metal and oxygen 

atoms are in bound states at the bottom of the valence band, while non-bonded states are at the 

top. Conduction band is formed by anti-bonding interaction between oxygen atoms and the 

transition metal (d orbital). Oxygen vacancies in these oxides create defect states that act like 

donor levels within the valence band and conduction band [19, 32]. The increased oxygen 
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vacancies can raise donor levels closer to conduction band and reduce the work function, as 

shown in Figure 1.14, resulting in the formation of an n-type doped MoO3-x [32, 34]. The work 

function of molybdenum (Mo) oxide varies from 5.0 to 6.6 eV depending on the oxygen (O) 

/molybdenum (Mo) stoichiometry and the presence of Ov [35]. The experimentally prepared 

MoO3 always deviates from its ideal stoichiometry i.e. 3:1, so its sub-stoichiometric form is 

represented by MoO3-x. MoO3-x behaves like insulators with a high work function and 

extremely high resistivity if x is zero (x=0); however, if x is between 3 and 2 (3<x<2), MoO3-

x behaves like semiconductors with a reduced work function. MoO2, having high conductivity 

and low work function is formed when x=1. Since MoO3-x properties are sensitive to air 

exposure, thin MoO3-x films exposed to air for a long time exhibit a work function drop of 

approximately 1 eV [36]. Work function loss is caused by surface contamination and the 

surface adsorption of ambient oxygen on MoO3-x film surface. Annealing of MoO3-x films in 

presence of oxygen, post-deposition ultra-violet ozone and oxygen plasma treatments are the 

methods which can be used to recover the work function of MoO3-x [36, 37]. 

In addition to possessing a wide band gap and a high Φ, molybdenum oxide also exhibits the 

chromic effect, which means the external variables can alter its optical properties [38]. This 

effect is categorized as thermo-chromic, photo-chromic and electro-chromic, where the optical 

characteristics are sensitive towards temperature, irradiation and applied potential respectively. 

The transfer of charges between the various oxidation states of molybdenum atoms cause the 

change in colour of MoO3-x films. These interesting properties make MoO3-x suitable for its use 

in smart windows [39]. It is still unclear how exactly these chromic effects are obtained.  

1.2.5 MoO3-x as HTL in silicon solar cells 

Depending on the doping of c-Si (whether it is n doped or p doped), MoO3-x can function as  
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Figure 1.15: Band diagram showing (a) formation of inversion layer at MoO3-x/c-Si (n) interface, (b) 

accumulation layer at c-Si (p)/MoO3-x  interface and (c) band diagram of a-Si:H (p)/c-Si (n) [40, 41]. 

HTL in two distinct manners: the first approach involves forming an inversion layer between 

MoO3-x and c-Si (n), and the second requires formation of an accumulation layer between 

MoO3-x and c-Si (p) [12, 40, 42-45]. Figure 1.15a and 1.15b depict the band diagram showing 

the formation of the inversion layer across the MoO3-x/c-Si(n) interface and the accumulation 

layer across the c-Si(p)/MoO3-x interface, respectively. The band alignment for the MoO3-x/c-

Si(n) junction exhibits the same band bending behaviour as the a-Si:H(p)/c-Si(n) junction 

(Figure 1.15c) [46]. The difference between two is that holes are transported from valence band 

of c-Si (n) to valence band of a-Si:H (p) across a-Si:H(p)/c-Si(n) whereas when MoO3-x is used 

with c-Si (n), holes move from valence band of c-Si (n) to conduction band of MoO3-x side. At 

MoO3-x/c-Si(n) interface, the reaction between the silicon and MoO3-x results in the formation 

of a thin layer of SiOx (1.5 nm–2.8 nm). Figure 1.15a shows band bending with thin silicon 

oxide (SiOx) layer formed at MoO3-x and c-Si (n) interface. The ultrathin SiOx layer that forms 
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Figure 1.16: Schematic device structure using (a) unpassivated MoO3-x as HTL, (b) a-Si:H (p) as HTL for 

reference and (c) with thin a-Si:H (i) layer between MoO3-x and c-Si (n) [47, 48]. 

 

Figure 1.17: Solar cell structure reported to have record efficiency of 23.83% [49]. 

near the interface serves as a surface passivation layer [40]. In the device configuration 

(Ag/ITO/MoO3-x/c-Si(n)/a-Si:H(i)/a-Si:H(n)/ITO/Ag) depicted in Figure 1.16a, Voc of 580 mV, 

Jsc of 37.8 mAcm-2, FF of 0.65 and efficiency of 14.5% are achieved, when unpassivated MoO3-

x in used as HTL [47]. The efficiency of solar cells (Ag/IO:H/ITO/MoO3-x/a-Si:H(i)/c-Si(n)/a-

Si:H(i)/a-Si:H(n)/ITO/Ag) has increased to 20.81% with 725 mV Voc, and 0.76 FF by adding a 

thin intrinsic amorphous silicon layer (a-Si:H(i)) between MoO3-x and c-Si (n) [50]. This 

increase is due to improved passivation effect generated by a-Si:H (i) layer at the MoO3-x and 

c-Si (n) junction. By employing copper electrodes instead of silver ones, efficiency is increased 

to 22.5% and the fill factor is increased to 0.80 [50]. These findings encouraged the 

development of dopant-free TMOs and silicon heterojunction solar cells (SHJ). To obtain 

strong hole selectivity and passivation effect, J Dreaon and group reduced the thicknesses of 

the MoO3-x and a-Si:H (i) layers. [48]. A 4 nm thin MoO3-x layer and a 6 nm a-Si:H (i) 
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passivation layer have been found to improve device performance, with an efficiency of 

23.48%, Voc of 733.70 mV, Jsc of 39.15 mAcm-2, and FF of 0.81 [48]. Figures 1.16b and 1.16c 

display the reference and MoO3-x/a-Si:H(i)/c-Si(n) SHJ solar cell architectures, respectively. 

The intrinsic a-Si:H layer which is inserted between MoO3-x and c-Si (n) is plasma treated  

utilising silane, carbon dioxide, hydrogen and diborane gases using a plasma enhance chemical 

vapour deposition technique, yielding a record efficiency of 23.83% and fill factor of 0.82 [49]. 

The plasma treatment obstructs the diffusion and reaction of oxygen at MoO3-x/a-Si:H(i) 

interface and boosts the oxygen content and work function of MoO3-x films deposited using the 

thermal evaporation technique. The respective solar cell configuration is shown in Figure 1.17. 

These modifications and efficient device performances are making TMO an emerging 

alternative to doped carrier selective contacts in SHJ solar cells. These developments have 

introduced a new kind of photovoltaic device known as DASH solar cells that are entirely free 

of doped CSCs. The maximum reported efficiency of the DASH solar cell till now is 20.7% 

[10]. To further increase the efficiency of DASH solar cells, modifications to the device 

architecture and optimisations of the characteristics of dopant-free CSCs are going on.  

The performance of MoO3-x/c-Si(n) solar cells are significantly impacted by the both work 

function and trap states present in MoO3-x film. Depending on work function value and density 

of defect/trap states, the charge transfer between c-Si (n) (the absorber layer) and MoO3-x 

(HTL) are possible in two ways: (1) band to band tunnelling (B2B) and (2) trap-assisted 

tunnelling (TAT). When the work function is > 5.7 eV, direct transport of holes from c-Si (n) 

to MoO3-x (n) side is possible as shown in Figure 1.18a. This mechanism of holes transfer is 

called B2B tunnelling [12, 51]. When MoO3-x's work function is low, the presence of trap states 

is necessary for effective hole transport and these trap states originate from Ov. As traps are 

necessary for the efficient conveyance of holes from c-Si (n) to MoO3-x, this method is known 
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Figure 1.18: (a) Band to band tunnelling and (b) Trap-assisted tunnelling in MoO3-x/c-Si(n) solar cell  [51]. 

 

Figure 1.19: Effect of work function and traps density on J-V characteristics of MoO3-x/c-Si(n) solar cell [12] 

as TAT. Figure 1.18b depicts the TAT mechanism. The impact of MoO3-x work function and 

density of trap states on the J-V characteristics of c-Si(n) heterojunction solar cells with 

MoO3-x as an HTL is presented in Figure 1.19. Progress report of transition metal oxides and 

silicon heterojunction solar cells is summarized in Table 1.1. 

1.3 Motivations and objectives 

As discussed above, MoO3-x is the widely explored TMO finding its integration as suitable 

substitute of p-doped a-Si:H layer in silicon heterojunction solar cells. MoO3-x/c-Si(n) solar 

cells' promising performance has demonstrated its potential in the field of photovoltaic devices. 

MoO3-x optoelectronic features like transparency, band gap, work function and conductivity  
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Table 1. 1: Progress report of the TMO/c-Si(n) solar cells up to 2023.  

Device Structure V
oc

 (mV) J
sc

 (mAcm-2) FF (%) η (%) Year 

*“Ag/ITO/MoO
3-x

/c-Si(n)/a-Si:H(i)/a-

Si:H(n)/ITO/Ag” 

580 37.80 65.00 14.30 2014[47] 

*“Ag/IO:H/ITO/ MoO
3-x

 /a-Si:H(i)/c-

Si(n)/a-Si:H(i)/a-Si:H(n)/ITO/Ag” 

711 39.4 67.2 18.8 2014[52] 

#“Ag/IO:H/ITO/ MoO
3-x

 /a-Si:H(i)/c-Si(n)/a-

Si:H(i)/LiF
x
/Al” 

716.4 37.07 73.15 19.42 2016[53] 

*“Ag/IO:H/ITO/ MoO
3-x

 /a-Si:H(i)/c-

Si(n)/a-Si:H(i)/a-Si:H(n)/ITO/Ag” 

725 37.46 76.67 20.81 2015[50] 

*“Cu/IO:H/ITO/ MoO
3-x

 /a-Si:H(i)/c-

Si(n)/a-Si:H(i)/a-Si:H(n)/ITO/Ag” 

725.4 38.60 80.36 22.50 2015[50] 

*“Ag/ITO/ MoO
3-x

 /a-Si:H(i)/c-Si(n)/a-

Si:H(i)/a-Si:H(n)/ITO/Ag” 

733.7 39.19 81.77 23.48 2020[48] 

*“Ag/MgF2/IWO/MoO
3-x

 /a-Si:H(i)/c-

Si(n)/a-Si:H(i)/a-Si:H(n)/IWO/Ag” 

721.10 40.20 82.18 23.83 2022[49] 

#“Ag/ITO/MoO
3-x

 /a-Si:H(i)/c-Si(n)/a-

Si:H(i)/ TiOx/LiF/Ag” 

706 38.40 76.20 20.70 2018[10] 

#“Ag/ITO/MoO
3-x

 /c-Si(n)/LiFx/Al” 575 35.60 75.02 15.36 2019[54] 

§“Ag/MoO3-x NSs/c-Si(n)/Ag” 640  66.00 10.74 2023[55] 

Note:* Double sided + one dopant free CSC; 
#
 Double sided + all dopant free CSCs; §Single sided + all doped 

CSCs. 

rely on the O/Mo ratio, oxygen vacancies and Mo atom's oxidation number. All of these factors  

are further affected by the approaches used for synthesis, the environment during deposition 

and the post-deposition treatments performed on MoO3-x films. So, before integration of MoO3-

x as HTL in solar cell, sequential optimization of deposition conditions and post-deposition heat 

treatments are required to prepare device quality films. These observations have inspired us to 

fabricate MoO3-x films by different vacuum processes and optimize deposition conditions 

including substrate temperature, process pressure and gaseous environment to produce MoO3-

x films with a wide band gap and a high Φ. Thermally evaporated molybdenum oxide films are 

also subjected to some post-deposition treatments, such as annealing and oxygen plasma 

treatment, to investigate their effects on various MoO3-x film properties. The motivation of the 

thesis work is to investigate and optimize the optoelectronic properties of MoO3-x films and 

fabricate dopant free single-sided MoO3-x/c-Si(n) silicon heterojunction solar cells. 

To better understand the mechanism of charge carrier transport and band bending formed  
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across the interface, simulation studies on TMO and c-Si (n) heterojunction solar cells have 

also been conducted [51]. Sentaurus TCAD and AFORS-HET are the simulation tools that are 

used most frequently. It assists in directing us toward the best strategy for achieving better 

device performance and also gives us a clearer understanding of the various factors to be 

considered during fabricating the actual devices. In this thesis we have used AFORS-HET 

software to perform simulation studies on MoO3-x/c-Si(n) solar cells. 

Apart from HTL layer properties, the performance of the device is directly impacted by the 

transparent conducting oxide (TCO) layer, deposited on top of HTL.  The TCO layer serve as 

the optically transparent electrode at the front of solar cells, allowing photons to enter the solar 

cell and transporting the photo-generated electrons to the terminals of external devices. 

Therefore, for the front TCO of solar cell, low sheet resistance and low absorption in UV-Vis-

IR region are essential requirements [56]. So, in order to fabricate an efficient device, 

optimization of TCO layer is also necessary. Very few studies are available which show impact 

of ITO film preparation parameters directly on the performance of MoO3-x/c-Si(n) solar cells. 

The main objective of the present dissertation aimed to fabricate dopant free single-sided 

MoO3-x/c-Si(n) heterojunction solar cells. The following objectives were designed to 

accomplish it: 

1. Optimization of deposition conditions (rf power, substrate temperature, gaseous 

environment) to tune the optoelectronic properties of MoO3-x films deposited by rf-

magnetron sputtering and thermal evaporation techniques.  

2. Investigation of structural, optical and electrical properties, as well as compositional details 

of MoO3-x films prepared under varying conditions using several characterization 

techniques. 

3. Oxygen plasma treatment on thick and thin MoO3-x to improve the work function of  
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thermally evaporated MoO3-x films.  

4. Optimisation of deposition parameters (process pressure and substrate temperature) to 

prepare device quality ITO films using rf-sputtering technique 

5.  Fabrication of solar cells with optimized individual layer and its characterization by current     

density-voltage (J -V) measurement. 

6. Simulation studies to comprehend how the work function affects the transport mechanism 

and performance of MoO3-x/c-Si(n) solar cells. 

1.4 Content of Thesis chapters 

There are nine chapters in this thesis. The carrier selective contact and its types are briefly 

introduced in Chapter 1. A brief introduction to the properties of transition metal oxides, their 

synthesis methods, and their use in silicon heterojunction solar cells are discussed in this 

chapter. The literature review on the development of MoO3-x/c-Si(n) SHJ solar cells is also 

summarised in this chapter. In this chapter, the thesis's motivation and objectives are also 

addressed. 

Chapter 2, describes the details of deposition techniques such as the thermal evaporation and 

rf-puttering that have been utilised for the fabrication of dopant free single sided solar cells and 

deposition of MoO3-x (HTL) and ITO (TCO layer) films. The description of several 

characterization techniques used to investigate the morphological, optical, electrical, structural, 

and compositional properties of molybdenum oxide and performance of MoO3-x/c-Si(n) SHJ 

solar cells are also covered in this chapter.  

Chapter 3, presents research conducted on the structural and optoelectronic characteristics of 

MoO3-x films fabricated by rf-sputtering technique. The optimization of deposition conditions 

(rf power, substrate temperature and gaseous environment) is carried out in a sequential manner 

TH-3337_166151008



Chapter 1 

Page | 24 
 

to study how deposition conditions affect the optoelectronic properties of MoO3-x. High rf 

power (80 W) and substrate temperature (400 °C) has enabled the formation of MoO3-x films 

that exhibit uniformity and high conductivity. The incorporation of oxygen gas during 

deposition has transformed the coloured and conducting MoO3-x films prepared at 400 °C to 

highly transparent and resistive MoO3-x films, making it suitable for use as a hole selective or 

emitter layer in solar cells. 

Chapter 4 presents the impact of deposition temperature (RT and 100 °C) and heat treatment 

(vacuum annealing at 130 °C and 150 °C) on the optical, electrical, and structural properties of 

MoO3-x films deposited by thermal evaporation technique. Decrease in band gap, work function 

and increases in oxygen vacancies are observed with an increase in deposition and annealing 

temperatures.  

Chapter 5 presents an overview of the research conducted on the effects of oxygen plasma 

treatment (OPT) on thermally evaporated MoO3-x films. An increase in work function is 

observed when thick MoO3-x films are subjected to OPT due to the filling of oxygen vacancies 

with active oxygen atoms produced during OPT. Studies are performed sequentially by varying 

OPT conditions such as rf power, oxygen flow rate (OFR) and OPT time to optimize the 

treatment conditions. The 80 W rf power, 30 SCCM OFR, and 10-minute treatment duration 

increased the work function of 500 nm thick MoO3-x from 4.91 eV (for untreated films) to 5.22 

eV. Under optimised conditions, thin films of MoO3-x with thicknesses of 23 nm and 14 nm 

appropriate for solar cell applications are also subjected to OPT. The work function is improved 

from 4.47 eV (for No OPT) to 4.99 eV (after OPT) for 23 nm films and from 4.58 eV (for No 

OPT) to 4.95 eV (after OPT) for 14 nm films. These studies have provided empirical evidence 

supporting the effectiveness of oxygen plasma treatment, thereby establishing it as a suitable 

method for enhancing or restoring the work function of molybdenum oxide films.  
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Chapter 6 contains the detailed studies on the influence of deposition conditions such as process 

pressure and substrate temperature on the structural, optical and electrical properties of indium 

tin oxide (ITO) thin films. Low pressure of 3.8×10-3 mbar and substrate temperature of 150 °C 

and 170°C have led to the formation of highly transparent and good quality films having low 

sheet resistance (11-10 Ω/□). 

Chapter 7 presents the influence of back electrodes combinations and conditions for depositing 

ITO (the TCO layer) on the performance of MoO3-x/c-Si(n) solar cells. Dopant free single sided 

MoO3-x/c-Si(n) SHJ solar cells (Ag/ITO/MoO3-x/c-Si(n)/Al/Ag) are fabricated on both side 

polished n-type silicon wafer. ITO and MoO3-x films are prepared using thermal evaporation 

and rf-sputtering, respectively. Cell efficiency has improved from 8.58% to 10.06% with the 

decrease in process pressure from 5.3× 10-3
 mbar to 3.8× 10-3

 mbar for ITO films deposition. 

Enhancement in cell efficiency and photovoltaic parameters are due to the high deposition rate 

of ITO film at low pressure, which reduced the sputter damage between the ITO/MoO3-x 

interface. The effect of MoO3-x film deposition temperature on the current density-voltage 

characteristics of MoO3-x/c-Si(n) solar cells is also studied. When MoO3-x film is prepared at 

room temperature, an efficiency of 11.88% and open circuit voltage of 539 mV are obtained. 

This chapter also discusses the effect of multiple time heat treatments on the properties of 

MoO3-x films deposited at RT during device fabrication. During the fabrication of solar cells, 

two-time heat treatment of MoO3-x films has resulted in increased oxygen vacancies and 

structural distortion. 

Chapter 8 presents the simulation studies performed to understand how the work function of 

MoO3-x layer in the cell structure MoO3-x/c-Si(n) affect the cell performance using a user-

friendly AFORS-HET v-2.5 software. The simulation studies revealed that the increase in the 

work function of MoO3-x layer from 4.7 eV to 5.2 eV has increased the MoO3-x/c-Si(n) solar 
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cells' open circuit voltage from 115.7 mV to 605.80 mV, fill factor from 0.52 to 0.83 and overall 

power conversion efficiency from 2.23% to 19.18%. Furthermore, the effects of tunnelling 

through the SiOx layer, SiOx thickness and transport through pinholes on the efficiency of 

MoO3-x and silicon solar cells are also investigated in this chapter.  

Chapter 9 is the concluding chapter of the thesis, which summarises the discussions of each 

chapter and concludes the work done in this thesis.  The thesis work is wind up with the scope 

for future research based on the present studies.  
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CHAPTER 2 

Experimental Details and Characterization 

Techniques  

This chapter presents an overview of the techniques used for the synthesis of molybdenum 

oxide (MoO3-x), indium tin oxide (ITO) films and fabrication of MoO3-x/c-Si (n) solar cells. 

Various characterization techniques are used for investigating the structural, optical and 

electrical properties of MoO3-x and ITO films. This chapter presents a brief description of each 

characterization tool. The objective of this chapter is to give the reader a quick overview of the 

various experimental setups and the fundamentals of characterization techniques used in this 

thesis work. 

2.1 Film preparation and device fabrication techniques 

Molybdenum oxide films can be prepared by several techniques like physical vapour 

deposition (PVD) and chemical vapour deposition (CVD) techniques. PVD technique includes 

thermal evaporation [1], electron beam evaporation [2], radio-frequency (rf)/direct current 
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(DC) sputtering [3, 4] and pulsed laser vapour deposition [5]. Other than these two methods,  

thin films can also be prepared using exfoliation methods [6] and solution processed techniques 

like spin coating [7], electro deposition [8]. Our discussion in this thesis will be confined to the 

thermal evaporation and rf-sputtering techniques, which have been used to prepare MoO3-x 

films. For oxygen plasma treatment, radio frequency plasma enhanced chemical vapour 

deposition (rf PECVD) method is used. Indium tin oxide films and silver electrodes are 

deposited using rf-sputtering technique. Thermal evaporation is used to prepare the aluminium 

electrodes in MoO3-x/c-Si (n) solar cells. The next section covers a brief overview of these 

methods.  

2.1.1 Rf sputtering  

In this thesis, molybdenum oxide films, indium tin oxide (ITO) films and silver (Ag) as back 

electrodes are deposited on coring 1737 glass and silicon substrates using RF-sputtering. 

Sputtering is a physical vapour deposition (PVD) method utilised for thin film deposition in 

plasma environments. The ejection of atoms from the surface of a source material (the target) 

by bombardment with energetic particles is called sputtering [9]. The ions needed to carry out 

sputtering are produced by the glow discharge phenomenon in a gas when an electric field is 

applied between cathode and anode under low pressure. When a specific voltage is supplied, 

the ionisation of gas occurs, creating the plasma. The positively charged energetic plasma ions 

are accelerated towards the target which is negatively biased to strike the target surface and 

eject the target atoms. Sputtered atoms move towards the anode and impinge on the substrate 

to form thin film. If the target is an insulator, positively charged plasma ions striking the target 

develops positive charge on the target surface. This charge may reach a level where 

bombarding ions are repelled and the sputtering process stops. To continue the process, the 

polarity must be reversed to attract enough electrons from the plasma to eliminate surface  
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Figure 2.1: (a) Schematic diagram of rf-sputtering, (b) RF sputtering system in our lab and chamber view during 

deposition.  

charge. This periodic reversal of polarity is done automatically by applying a radio-frequency 

(rf) voltage on the target assembly. Thus, this type of sputtering is known as “RF sputtering” 

[3, 4]. It uses high radio frequency source of 13.56 MHz to generate plasma. The schematic 

diagram of rf sputtering is shown in Figure 2.1a. 

In order to increase the efficiency of the sputtering process, magnets are provided behind the 

negative cathode to trap electrons over the negatively charged target material. This magnetic 

field confines the plasma close to the target enabling the plasma to be operated at a higher 

density. The sputtering set up in our lab is shown in Figure 2.1b. The area of the rf electrode 

used in our case is 20.25 cm2 (diameter 2 inch).  

In order to avoid any chemical reaction between the sputtered atoms and the sputtering gas, the 

sputtering gas is usually an inert gas, such as argon. However, in some applications, such as 

the deposition of oxides, a reactive gas is purposely added to argon so that the deposited film 

is a chemical compound. This type of sputtering is called “reactive sputtering”. Materials that 

can be sputtered include elements such as pure metals and elemental semiconductors, alloys, 

and compounds (such as oxides and carbides). Sputtering allows the deposition of films having  
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Figure 2.2: (a) Schematic diagram of thermal evaporator, (b) Thermal evaporation system in our lab and (c) 

chamber while deposition.  

the same composition as the target source. This is the primary reason for the widespread use of 

sputtering as a thin-film deposition technique.  

2.1.2 Thermal evaporation  

Thermal evaporation is a widely used PVD technique in thin film technology. The schematic 

diagram of thermal evaporation is displayed in Figure 2.2a. This method is employed to deposit 

thin films of various materials onto solid substrates. The process involves the controlled heating 

of a source material until it reaches its sublimation temperature, at which point it turns into a 

vapour. The vaporized material condenses and forms a thin film on the substrate, which is 

usually held at a lower temperature. The entire process takes place in a vacuum (10-6 -10-7 

mbar) or controlled atmosphere to eliminate the interference of air molecules [10]. The material 

to be deposited is often referred as the “evaporation material” or “source material” is placed in 

resistively heated evaporation sources like filament, crucible or boat within an evaporation 

chamber. The evaporation sources are made of pure/elemental refractory metal such as 

tantalum (Ta), molybdenum (Mo), tungsten (W). Combinations of ceramic compounds and 

inert oxide are other materials used for developing evaporation sources [11].  

Thermal evaporation is commonly used to deposit good quality metal films (aluminium, silver,  
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Figure 2.3: (a) Schematic diagram of RF-PECVD, (b) system in our lab and (c) chamber view during the 

treatment process.  

gold) on optical accessories, solar cell, transistor and may more. It is also used to deposit 

organic compounds, oxides and ceramics. The thickness of the deposited films can be 

controlled by monitoring the deposition rate, which is determined by factors like the 

temperature of the source material, the distance between the source and substrate, and the 

deposition time. One of the important factor which determines the properties of thin films is 

the rate of evaporation (re) [11]. This requires heating of the source material to a temperature 

to produce the desired vapour pressure.  

r𝑒 = 3.513 × 1022 𝑃𝑒

√𝑀𝑇

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑐𝑚2−𝑠𝑒𝑐
                                                                   ------------------ (2.1) 

Here, Pe is the equilibrium vapour pressure in torr at temperature T and M refers to vapour 

species molecular weight. 

In this thesis, aluminium electrode is deposited using aluminium wire placed in tungsten 

filament as evaporation source and for depositing molybdenum oxide films, molybdenum boat 

is used. The thermal evaporator set up in our lab is presented in Figure 2.2b. 

2.1.3 RF-Plasma Enhanced Chemical Vapour Deposition 

Radio frequency Chemical Vapour Deposition (rf-PECVD) is commonly used technique for  

TH-3337_166151008



Chapter 2 

Page | 40 
 

thin film deposition and to perform plasma treatment of deposited thin film to remove surface 

contaminants or to improve the bonding at surface. In this technique, plasma is used to provide 

the energy to reacting gases for thin film deposition, hence it is called plasma enhanced CVD. 

A typical design of a PECVD set up is shown in Figure 2.3a. The setup consists of two parallel 

plates which acts as electrodes and uses voltage in the radio frequency domain (13.56-200 

MHz) to create glow discharge plasma. The commonly used rf frequency is 13.56 MHz. The 

rf-PECVD system we have in our lab is shown in Figure 2.3b. The rf-PECVD chamber during 

deposition/treatment is shown in Figure 2.3c. We have employed this method to treat thermally 

evaporated molybdenum oxide films (MoO3-x) with oxygen plasma. Due to plasma, the oxygen 

(O2) gas dissociates and radicals are generated. The dissociation of O2 gas takes place as 𝑂2  +

 𝑒− → 2𝑂 +  𝑒−. The generated active oxygen reacts with oxygen deficient MoO3-x deposited 

by thermal evaporation to fill the oxygen vacancy forming nearly stoichiometric molybdenum 

oxide films. The radicals generated due to glow discharge also react with surface adsorbed 

organic contaminants to clean the film surface. 

2.2 Preparation of MoO3-x  and ITO thin films  

MoO3-x films are dposited on corning 1737 glass (CG) substrates and n-type crystalline silicon 

wafers (c-Si (n)). Prior to deposition, CG substrates are cleaned using soapy solution to remove 

impurities and dirt and then sonicated in Reverse Osmosis (RO) water, de-ionized (DI) water  

and iso-propanol for 15 minutes sequentially to remove organic impurities and dried using the  

fast flow of dry nitrogen gas.  

The c-Si (n) wafers are at first sonicated for 10 minutes in DI water and then dipped in 2% 

diluted Hydrofluoric (HF) acid to remove native oxide. Dry nitrogen gas is then used for drying 

the cleaned silicon substrates. 
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2.2.1 MoO3-x films deposited using rf-sputtering 

Using radio frequency sputtering, MoO3-x thin films are deposited on CG substrates. MoO3-x 

films deposition conditions are optimised to tune the optoelectronic features of these films. 

Three series of samples are prepared by varying the following parameters: (1) the rf-power 

from 60 W to 80 W; (2) the substrate temperature from 100 °C to 400 °C; and (3) the gaseous 

environment which includes use of argon gas only, argon + oxygen gases  and oxygen gas 

solely during the deposition process. 

2.2.2 MoO3-x films deposited using thermal evaporation 

Thin films of MoO3-x are deposited on CG and c-Si (n) substrates by thermal evaporation 

technique. MoO3-x films are prepared at two deposition temperatures, room temperature and 

100 °C. Films deposited at room temperature are annealed for 30 minutes at 130 °C and 150 

°C under high vacuum (10-6 mbar) to analyse its impact on different properties of MoO3-x. 

2.2.3 Oxygen Plasma Treatment  of MoO3-x films 

Thermally evaporated molybdnum oxide films deposited on CG and c-Si (n) substrates are 

treated with oxygen plasma using rf-PECVD technique to investigate how this treatment affects 

the optoelectronic properties of MoO3-x films. A sequential optimisations of oxygen plasma 

tretament (OPT) conditions are carried out. For this, at first, rf power during OPT is varied 

from 20 W to 80 W, then oxygen gas flow rate is varied from 10 SCCM to 30 SCCM. 

Subsequently, the optimised parameters from the first two series are employed and only OPT 

time is varied from 10 minutes to 30 minutes and its influence on properties of thermally 

evaporated MoO3-x films are investigated.  

TH-3337_166151008



Chapter 2 

Page | 42 
 

2.2.4 Indium tin oxide films deposited using rf-sputtering 

Indium tin oxide (ITO) films are deposited on corning glass 1737 substrates using rf sputtering 

technique. Two series of samples are prepared by varying the process pressure from 9.3×10-3 

mbar, 5.3 ×10-3 mbar to 3.8×10-3 mbar keeping parameters fixed at 7 SCCM argon flow rate 

(AFR), 150 °C substrate temperature and 30 minutes deposition time. In the second series, 

substrate temperature is varied from 130 °C to 200 °C at process pressure of 3.8×10-3 mbar 

keeping rest parameters constant as first series. 

 

Figure 2.4: Schematic device structure of MoO3-x/c-Si (n) solar cell. 

2.3 Fabrication of Solar Cells 

The device structure which is used for fabrication of MoO3-x/c-Si(n) solar cells is shown in 

Figure 2.4. In this structure, MoO3-x is used as hole selective layer (HSL). Double side polished 

(100) oriented c-Si (n) (CZ) wafers of resistivity ~5-10 Ωcm and thickness ~275-325 μm have 

been used for solar cell fabrication. Several solar cells with active area of 0.07 cm2 are 

fabricated on 1×1 inch2 Si wafers. Si wafers are cleaned using the procedure developed by 

Radio Corporation of America (RCA) laboratory. The standard RCA-1 and RCA-2 cleaning 

process are followed for removal of organic/insoluble contaminants and ionic/heavy metal 

atomic contaminants respectively. The cleaning procedure steps are discussed below:  
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2.3.1 RCA-1 Silicon wafer cleaning 

In RCA-1, the solution consists of mixture of 5 parts of de-ionized water, 1 part of ammonium 

hydroxide (NH4OH) and 1 part of hydrogen peroxide (H2O2) [12-14]. The mixture of 100 ml 

of DI water and 20 ml of NH4OH (27%) in Pyrex beaker is heated on hot plate at 80 °C for 10 

min to increase the activation of reaction. Then, 20 ml of H2O2 (30%) is added to hot solution. 

c-Si wafer is soaked in the solution for 15 min when the solution started to bubble vigorously. 

c-Si wafer is then rinsed in DI water to remove residues from the surface, and then immersed 

in 2% diluted HF acid for 1 minute to remove the oxide layer. 

2.3.2 RCA-2 Silicon wafer cleaning  

In RCA-2, the solution consists of mixture of 6 parts of de-ionized water, 1 part of hydrogen 

chloride (HCl) and 1 part of hydrogen peroxide (H2O2) [12-14]. The mixture of 120 ml of DI 

water and 20 ml of HCl (27%) is heated on hot plate at 80 °C for 10 min. Then, 20 ml of H2O2 

(30%) is added to it. When the solution started to bubble rigorously, c-Si wafer is soaked in it 

for 15 minutes. c-Si (n) wafers are then rinsed with DI water and dipped in 2% diluted HF acid 

for 1 min to remove the native oxide.  

Subsequently, RCA cleaned wafers are transferred to the thermal evaporation chamber for 

depositing aluminium (Al) on rear side of c-Si (n) wafer. The c-Si (n) wafer is subsequently 

loaded in rf-sputtering system and annealed at 400 °C for 60 minutes under a high vacuum (10-

6 mbar) condition to diffuse Al into c-Si (n) wafer. Afterwards, c-Si (n) wafer is loaded in a 

different thermal evaporation system to deposit MoO3-x on the front side. ITO is deposited on 

the top of MoO3-x and Ag is deposited on the rear side by rf-sputtering technique. The front 

electrode grids are made using silver paste. Layer by layer optimisations are done in order to 

fabricate efficient solar cells. First, appropriate back electrodes are selected. The impact of ITO 
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and HSL deposition parameters on MoO3-x/c-Si(n) solar cells performance is next examined. 

The effects of multiple heat treatments on the properties of the MoO3-x layer and the 

performance of dopant-free solar cells are also studied, since the MoO3-x layer is sensitive to 

post-deposition treatments.  

2.4 Thin film characterization techniques  

The characterization techniques used to study structural, optical and electrical properties of 

MoO3-x and ITO films are discussed below. 

2.4.1 Raman Spectroscopy 

Raman spectroscopy is an effective analytical technique for investigating the vibrational and 

rotational modes of a material for understanding its molecular and crystal structures. This 

technique is based on the inelastic scattering of monochromatic light (often laser light) as it 

interacts with a material. The scattered photons can either lose or gain energy compared to the 

incident photons, resulting in a Raman spectrum. The energy shifts correlate to the sample 

molecules' vibrational and rotational energy levels, revealing information about their chemical 

bonding and structure. Raman spectra of MoO3-x thin films deposited on CG substrates are 

recorded using “Horiba JobinYvon LabRam HR” spectrometer with 633 nm laser wavelength 

(He-Ne) to gain more insight into structural properties. The spectral range of the recorded 

Raman shift is 200 - 950 cm-1, with a resolution of 1 cm-1. The spot size of the laser beam, the 

laser power and acquisition time are 1 µm, 13.5 mW and 20 seconds respectively. Because of 

the large size difference between the molybdenum and oxygen atoms, the vibrations in 

molybdenum oxide are primarily caused by the involvement of lighter oxygen atoms. The 

Raman peak detected in the region 950-600 cm-1 are caused by MoO6 octahedral stretching 

modes and the bands from 400 to 200 cm-1 are caused by MoO6 octahedral bending vibrations 
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and lattice modes [15-17]. The characteristics peak of the most stable orthorhombic phase α-

MoO3 is obtained at ~820 cm-1 which represents symmetric stretching of doubly coordinated 

oxygen atoms with molybdenum atoms (Mo-O-Mo) [15-17] whereas peak at 850 cm-1  

represents the formation of a metastable monoclinic phase β-MoO3  [15]. 

2.4.2 X-ray Diffraction 

X-ray diffraction (XRD) is an effective analytical method for examining the crystallographic 

structure of materials. The working principle of this technique is based on the theory of x-ray 

diffraction by crystal planes present in a material. This technique provides information on the 

type and nature of a material (amorphous or crystalline), structural phases (orthorhombic, 

monoclinic, hexagonal, etc.), crystallite orientation, mean crystallite size, unit cell parameters, 

micro strain, dislocation density, phase transition, and defects present. In this thesis, room 

temperature XRD measurements are carried out by “Rigaku Smartlab” diffractometer using 

CuKα radition of wavelength (λ) 1.54 Å. The measurements are performed in thin film mode 

with a scanning rate of 1°/min and a step size of 0.02° at a grazing angle of 0.5° for all samples. 

The Scherer’s formula is used for finding crystallite size peak corresponding to highest 

intensity given as in [18, 19].  

𝐷 =  
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                                    ------------------ (2.2) 

where λ is the wavelength of X-ray used, β is the full-width at half maximum (FWHM) of peak 

which has maximum intensity and θ is the Bragg’s angle. 

The crystallite size is also calculated using the Williamson-Hall equation (considering all the 

peaks). It is based on the concept that peak broadening of an XRD peak can happen as a result 

of changes in crystallite size (D) and strain (ε) produced during sample preparation  [18, 19]. 
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The approximate formulae for size broadening, BL and strain broadening, Be, vary quite 

differently with respect to Bragg angle, θ: 

𝐵𝐿 =  
0.9𝜆

𝐷𝑐𝑜𝑠𝜃
                                                                                                   ------------------ (2.3) 

𝐵𝑒 =  𝐶𝜀𝑡𝑎𝑛𝜃                                                                                               ------------------ (2.4) 

The summation gives the contribution of both crystallite size and strain in peak broadening  

𝐵𝑇𝑜𝑡𝑎𝑙𝑐𝑜𝑠𝜃 =  
0.9𝜆

𝐷
+  𝐶𝜀𝑠𝑖𝑛𝜃                                                                    ------------------ (2.5) 

Where, BTotal is FWHM of peak obtained at each Bragg’s angle. 

The intercept of the linear plot of  𝐵𝑇𝑜𝑡𝑎𝑙𝑐𝑜𝑠𝜃 vs. 𝑠𝑖𝑛𝜃 plot gives the average crystallite size. 

2.4.3 Field emission tranmission electron microscopy 

The micro-structure properties of MoO3-x are studied using Field Emission Tranmission 

Electron Microscopy (FETEM). Transmission Electron Microscopy is a powerful imaging 

technique used to investigate the interior structure of nanoscale materials. It relies on the 

transmission of electrons through a thin specimen to create high-resolution images and gather 

detailed structural information. FETEM can be used for imaging, diffraction and spectroscopy, 

providing information about sample shape, crystal structure, and chemical composition. TEM, 

selected area electron diffraction (SAED) patterns and high resolution TEM (HRTEM) images 

of MoO3-x are captured using “JEOL-2100” microscope. For this study, MoO3-x films are 

deposited on carbon coated copper mesh TEM grid keeping the thickness < 30 nm. During the 

measurements, the electron beam is accelerated at voltage of 200 KV. The inter-planar spacing 

is calculated from HRTEM image and SAED pattern using the “ImageJ” software.  
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2.4.4 Field emission scanning electron microscopy 

Field-Emission Scanning Electron Microscopy (FESEM) is an advance microscopy technique 

utilised for high-resolution imaging of the surface of materials at the nano-scale. FESEM 

operates on electron microscopy principles. It scans the surface of a specimen with a focused 

beam of high-energy electrons [20]. The term "field emission" refers to the emission of 

electrons from a sharp, pointed electrode (usually a tungsten tip) when exposed to a high 

electric field. This produces a highly focused electron beam. FESEM produces a clearer image 

with resolution <2 nm. Surface morphology of MoO3-x and ITO films are acquired using 

“FESEM Zeiss Sigma 300” microscope. FESEM imaging is done at electron high tension 

voltage (EHT) in the range of 3 kV to 10 kV using InLens detector and aperture of 30 µm. To 

avoid the charging effect during the analysis, all the films are coated with gold layer of 

thickness 2-5 nm using sputtering before mounting the sample for FESEM imaging. 

2.4.5 Atomic force microscopy 

The surface morphology and surface roughness of the films are studied using Atomic Force 

Microscopy (AFM). AFM is a high resolution surface scanning microscopy technique used to 

obtain morphological information from films surface.  The “Oxford instruments Cypher S” 

atomic force microscope in non-contact mode is used to generate AFM images by moving a 

sharp tip mounted on a cantilever across the sample surface. Surface forces (such as van der 

Waals, electrostatic, and chemical forces) interact with the tip as it moves across the surface of 

the sample [21]. The cantilever deflection caused by these interactions is monitored using a 

focused laser beam and used to generate high-resolution topographic images of the sample 

surface. AFM can be operated in various modes, including non-contact and contact modes. The 

most often utilised mode is non-contact/tapping mode, in which the AFM tip makes 

intermittent contact with the sample surface.  The “Oxford instruments Cypher S” AFM 
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microscope is used to obtain the topographic images for scanning area of 5µm × 5 µm in non-

contact mode. WSxM software is used to analyse the obtained AFM data.  

2.4.6 Ultra-Violet visible Spectroscopy 

Ultra-Violet visible (UV-Vis) spectroscopy is a widely used analytical technique for measuring 

the absorbance, transmittance and reflectance of ultraviolet and visible light by molecules in a 

sample. UV-Vis spectroscopy is based on the principle that molecules absorb light in the 

ultraviolet and visible ranges which further causes excitation of electrons from the ground state 

to a higher energy state. The intensity of the transmitted light is reduced as a result of this 

absorption and the spectrophotometer records this reduction as transmittance/absorbance. In 

this thesis, “Perkin-Elmer Lambda 950” spectrometer is used to record the transmission spectra 

of MoO3-x and ITO films deposited on CG substrates in the range of 200-850 nm. Transmission 

spectra of each sample is measured with the respect to air. The band gap is calculated using the 

Taucs’ relation [22]: 

𝛼ℎ𝜈
1

𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔)                                                                                   ------------------ (2.6) 

where, α is the absorption coefficient (cm-1), hν is the energy of incident photons (eV), A is  

proportionality constant. The exponent value n are 2 for indirect and  
1

2
 for direct band gap 

material, and α is given as:  

𝛼 =   
1

𝑑
× ln (

1

𝑇
)                                                                                              ------------------ (2.7) 

where, d is thickness (cm) and T is transmittance. 

The band gap of MoO3-x films is calculated from the 𝛼ℎ𝜈1/𝑛 vs. hν plot in the strong absorption 

region, where n = 2. 

Thickness of the ITO films is estimated by the Swanepoel’s method [23] using equation 2.8 
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𝑑 =  
𝜆1𝜆2

2(𝜆1𝑛2−𝜆2𝑛1)
                                                                                            ------------------ (2.8) 

where, 𝑛1 and 𝑛2 are the refractive indices at two adjacent maxima or minima corresponding to 

𝜆1 and 𝜆2 in transmission spectra near transparent region respectively. 

 

Figure 2.5: Mechanism of Energy Dispersive X-ray spectroscopy. 

2.4.7 Energy dispersive X-ray spectroscopy 

Energy Dispersive X-ray Spectroscopy (EDS) is a technique used to analyse the elemental 

composition of a sample in materials science. In EDS, presence of an element is identified by 

the energy of produced X-ray [24]. When electron beam strikes the specimen, it knocks out the 

electron (e-) present in inner shells (lower energy shells) creating vacancy. The vacancy is filled 

by the electron placed in outer shells (high energy shells), while this displacement some amount 

of energy is released which produces characteristics X-rays. The released X-ray energy helps 

in the identification of an element. The transition of e- from outer shell to particular inner shell 

is categorized by different series like K-series, L-series and M-series [24, 25]. The mechanism 

of EDS measurements is depicted in Figure 2.5. The energy supplied while EDS analysis has 

to be more than the energy required to remove electron from particular inner shell of an 

element. In EDS, energy of electron beam is controlled by the accelerating voltage [26]. In our 

case, 20 kV of accelerating voltage in SE2 mode is used for EDS analysis to detect the atomic 
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percent of Mo and Oxygen atoms present in the MoO3-x films deposited on CG and c-Si (n) 

substrates.  

 

Figure 2.6: Schematic diagram of working principle XPS. 

2.4.8 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is an analytical technique for determining the 

elemental composition, chemical state, and electronic state of elements on the surface of a 

material. It is highly surface senistive technique and can extract information from 10 nm depth 

from surface of a sample. However, depth profiling can be done using sputtering of the top 

surface to gain more information about the variation of elemental composition from surface to 

bulk. In XPS, an X-ray beam is used to excite molecules on the surface of a sample, resulting 

in the release of photoelectrons. We can gain important elemental and chemical binding 

information about a material's surface by analysing the energy of these photoelectrons. Since 

XPS employs a low-energy electron beam with a photon energy of 200-2000 eV to generate a 

constant charge state at the surface, it can be used to examine the surface composition of non-

conducting materials. The principle of XPS is depicted in Figure 2.6. The binding energy (BE) 

of core electron is given by the Einstein relation:  

𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 − 𝛷𝐴                                                                                           ------------------ (2.9) 
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where, hν is the energy of  incident X-ray, 𝐾𝐸 is the photoelectron kinetic energy and 𝛷𝐴  is 

the work function of the spectrometer. Thus, kinetic energy is measured and the emitted atom 

can be identified from the collected characteristic electron energy spectra.  

 XPS are carried out using PHI 5000 Versa Probe III spectrometer (Make: M/s Physical 

electronics, USA). The excitation source of aluminium K-alpha (Al-K) radiation (1486.7 eV) 

is used for XPS measurements. XPS spectra of MoO3-x films are collected at 0.125 eV step 

size, 25 eV pass energy, 45° electron emission angle and from 0.1×0.1 mm2 area. Samples are 

not etched before measurement. Charge compensation is carried out using a turnkey twin beam 

charge neutralisation system. The method suggested by G. Greczynski et al. is applied for 

binding energy scale referencing [27, 28]. The corrected carbon 1s peak is determined using 

the relation, 𝐸𝐵 = 289.58 𝑒𝑉 −  𝛷𝑠𝑎𝑚𝑝𝑙𝑒 , where 𝛷𝑠𝑎𝑚𝑝𝑙𝑒  refers to the work function of 

samples. The base pressure is maintained at 10-9 mbar during each measurement. Peak fitting 

of respective element is done for the quantitative analysis. For XPS peak fitting, background 

subtraction is done using Shirley method and Gaussian/Lorentzian peak nature is used to get 

good fit. Peak area ratio of Mo 3d3/2 and 3d5/2 doublets are maintained to be in 2:3 ratios due to 

degeneracy of spin states [29].  All MoO3-x films are stored in vacuum before and after XPS 

measurements as sample storage condition also affects the chemistry of materials [30]. 

2.4.9 Kelvin Probe Force Microscopy  

Local work function (Φ) of thermally evaporated MoO3-x films is studied using Kelvin Probe 

Force Microscopy (KPFM). The term local work function is used because the measurements 

are carried out in ambient conditions and any absorbents on surface can alter Φ. Using KPFM, 

contact potential difference (CPD) between sample and conducting tip is measured which is 

then used to find the work function of sample [31].  
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Figure 2.7: Schematic diagram showing different energy levels of tip and sample for finding contact potential 

difference using KPFM.   

𝑒𝐶𝑃𝐷 = 𝛷𝑡𝑖𝑝 − 𝛷𝑠𝑎𝑚𝑝𝑙𝑒                                                                               ------------------ (2.10) 

here, 𝛷𝑡𝑖𝑝 refers to the work function value of tip and 𝛷𝑠𝑎𝑚𝑝𝑙𝑒  represents work function value 

of sample and e is the electronic charge.  

𝛷 of tip is calculated using highly oriented pyrolytic graphite (HOPG) work function (𝛷𝐻𝑂𝑃𝐺) 

in the equation 2.11. HOPG is often used as a reference because it is not sensitive to 

contamination and does not form dipoles. 

𝛷𝑡𝑖𝑝 =  𝛷𝐻𝑂𝑃𝐺 +  𝑒𝐶𝑃𝐷                                                                              ------------------ (2.11) 

Using equation (2.10) and (2.11), work function of a sample can be found using [32, 33] –   

𝛷𝑠𝑎𝑚𝑝𝑙𝑒 =  4.6 𝑒𝑉 + 𝐶𝑃𝐷𝐻𝑂𝑃𝐺 − 𝐶𝑃𝐷𝑠𝑎𝑚𝑝𝑙𝑒                                           ------------------ (2.12)  

The schematic diagram displayed in Figure 2.7 explains the operating mechanism of KPFM. 

Figure 2.7a shows Fermi level (Ef) and work function of sample and tip with reference to 

vacuum energy level (Evacuum) when there is no interaction between the sample and tip. When 

conducting tip is brought near sample, electron tunnelling can happen which requires the 

position of Efsample and Etip to be at the same energy level to maintain equilibrium [31]. As there 

is an electrical contact between tip and sample, flow of electrons helps to attain the equilibrium 

TH-3337_166151008



Experimental Details and Characterization Techniques 

Page | 53 
 

by aligning Ef. The Fermi energy level alignment causes shift in vacuum energy levels and thus 

a contact potential difference is generated, as shown in Figure 2.7b. CPD also produces an 

electrical force, which is nullified by providing external bias DC voltage equal and in opposite 

direction to CPD [32, 33]. Thus, the fermi energy level return to its initial position as shown in 

Figure 2.7c. Externally applied DC voltage is equal to CPD and is the difference between work 

function of sample and tip. The value of CPD is used in the equation 2.12 to find the work 

function of molybdenum oxide films. This measurement requires preparation of films on 

conducting substrates and as our objective focuses on fabrication of  MoO3-x/c-Si(n) solar cells, 

thin films of MoO3-x are prepared on c-Si (n) substrate (275 - 325 µm, 1 - 10 Ωcm). In this 

thesis, Oxford Instruments, Cypher S microscope is used to find the work function of as 

deposited, oxygen plasma treated and heat treated MoO3-x films. 

2.4.10  Conductivity Measurements  

In order to gain insight into electrical properties of molybdenum oxide films, conductivity 

measurements are performed. To carry out this measurement, silver electrodes are prepared in 

coplanar geometry. Silver electrodes are made on the top surface of MoO3-x film deposited on 

corning 1737 glass substrates using conducting silver paste (purity 99.99%) and dried in 

vacuum before measurements. Electrode length and separation are 4 mm and 1 mm 

respectively. For supplying voltage and measuring current at room temperature and at different 

temperatures, Keithley source measure unit 2450 is used. All the measurements are done in 

vacuum. The conductivity (σ) of MoO3-x are given by equation 2.13 [34, 35]: 

𝜎 =  
𝐼×𝑡

𝑉×𝑙×𝑑
                                                                                                     ------------------ (2.13) 

here, d is the film thickness, V is the applied voltage between the silver electrodes of length l 

separated by the distance t and I is the measured current.  
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In order to perform temperature dependent conductivity measurements, MoO3-x films are 

placed inside high vacuum chamber (10-5-10-6 mbar) and heated from 30 ℃ up-to 100 ℃ under 

high vacuum. The temperature of MoO3-x films is measured with the help of a platinum 

resistance thermometer (PT-100). The activation energy (Ea) is calculated from temperature 

dependent dark conductivity (σd) data using Arrhenius equation. The Arrhenius relation is 

given by equation 2.14 [34, 35]: 

𝜎𝑑 =  𝜎𝑂 × exp (
−𝐸𝑎

𝑘𝐵×𝑇
)                                                                                  ------------------ (2.14) 

Here, σo is the prefactor, 𝑘𝐵is the Boltzmann constant and T is the temperature in Kelvin. 

 

Figure 2.8: Schematic diagram of four probe measurement. 

2.4.11  Four Probe Current Voltage Measurements 

The sheet resistance of ITO films are measured using the four probe current voltage 

measurements. The schematic diagram of four probe measurement set up is shown in Figure 

2.8. This measurement comprises four probes placed along a line, each with equal spacing 

between them. A current flows between the outer two probes (1 and 4), generating a voltage 

drop between the inner two probes (2 and 3). The sheet resistance can then be estimated by 

measuring the voltage change. The sheet resistance 𝑅𝑠ℎ𝑒𝑒𝑡 is given by the equation 2.15 [36, 

37]:  
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𝑅𝑠ℎ𝑒𝑒𝑡 =  
𝜌

𝑡
                                                                                                    ------------------ (2.15) 

Here, ρ is the resistivity of film and t corresponds to the thickness of film. 

The sheet resistance of ITO films on corning glass is measured using a four-point probe 

apparatus Ossila, T2001A. 

 

Figure 2.9: J-V characteristics of a solar cell. 

2.5 Solar cell characterization 

2.5.1 Current density and Voltage measurement 

The performance of fabricated MoO3-x/c-Si(n) silicon heterojunction solar cells is determined 

from Current density and Voltage  (J-V) measurement. The J-V characteristics measurements 

of solar cells are performed using Sciencetech solar simulator with AM 1.5 condtions and 100 

mW/cm2 incident power density. To apply bias voltage and mesure the corresponding current 

from solar cell, Keithley 2450 source-measure unit has been used. Figure 2.9 shows the J-V 

characteristics of solar cell under illumination conditions. The short circuit current density (Jsc), 

open circuit voltage (Voc), fill factor (FF) and efficiency (η) are determined from J-V 

characteristics. The solar cell efficiency (η) is defined as the ratio of maximum electrical energy 
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output to the incident photons on the cell. The η % is given by the following expression [38, 

39]:  

𝜂 (%) =  
𝐹𝐹×𝐽𝑠𝑐×𝑉𝑜𝑐

𝑃𝑖𝑛
                                                                                      ------------------ (2.16) 

and,  𝐹𝐹 =  
𝐼𝑚𝑎𝑥×𝑉𝑚𝑎𝑥  

𝐼𝑠𝑐×𝑉𝑜𝑐
   = 

𝑃𝑚𝑎𝑥

𝐼𝑠𝑐×𝑉𝑜𝑐
                                                                   ------------------ (2.17) 

where, Jsc, Voc, FF and Pin are current density, open circuit voltage, fill factor and incident 

power respectively.  

Jsc is the current density at which the voltage across the solar cell is zero. The Voc is the 

maximum voltage at which no current flows through the external circuit (i.e. Jsc = 0). FF 

represents the squareness of J-V curve and describes the operating point at which solar cell 

delivers maximum power to the attached load. In a solar, cell series (Rs) and shunt resistance 

(Rsh) are two important factors which significantly affect the performance of a solar cell and 

can be obtained from the J-V characteristic curve using the following expressions [40, 41]: 

1

𝑅𝑠
=  {

𝑑𝐽

𝑑𝑉
}

𝐽=0
                                                                                                                                                  ------------------ (2.18) 

1

𝑅𝑠ℎ
=  {

𝑑𝐽

𝑑𝑉
}

𝑉=0
                                                                                                                                               ------------------ (2.19) 

2.6 Details of simulation studies on MoO3-x/c-Si (n) solar cells 

using  AFORS-HET software 

AFORS-HET simulation software is used to perform the simulation studies for MoO3-x/c-Si (n) 

heterojunction solar cells. This software is widely used for the theoretical studies on 

performance of silicon heterojunction  solar cells [42-44]. It uses one-dimensional Poisson and 

two carrier continuity equations to perform the numerical studies about cell performance [43]. 
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The standard illumination condition air mass 1.5 (AM 1.5), 300 K with power density of 100 

mW/cm2 is used for analysis. The device structure used for the simulation study is 

Ag/ITO/MoO3-x/c-Si (n)/Ag. We employed MoO3-x as the hole transport layer and altered its 

work function from 4.7 eV to 5.2 eV to investigate its effect on the J-V characteristics of 

simulated solar cells. A thin silicon oxide (SiOx) layer is inserted between the MoO3-x and c-Si 

(n), to study its impact on the performance of MoO3-x/c-Si(n). 
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CHAPTER 3 

Optimization of deposition conditions to tune 

optoelectronic properties of MoO3-x films prepared 

by rf-sputtering technique  

As molybdenum oxide (MoO3-x) find its wide use in electronics, catalysis, chemical and 

gas sensing, optoelectronic properties of this material need to be tuned accordingly. Rf-

sputtering provides wide prospects to tune optical, electrical and structural properties of TMOs 

by changing the deposition parameters like substrate temperature, process pressure, rf-power 

and gaseous atmosphere. Thus, optimisation of deposition parameters are necessary to obtain 

required optoelectronics properties. In this chapter, rf-sputtering technique is used to prepare 

MoO3-x films and optoelectronic properties are tuned by optimising deposition conditions. For 

this, three series of samples are prepared by varying the deposition parameters; rf power (60 

W to 80 W), substrate temperature (100 °C to 400 °C) and gaseous atmosphere (Argon gas and 

Argon + Oxygen gases) during the deposition of MoO3-x films. The optical and electrical 

properties are studied using UV-Vis spectroscopy and conductivity measurements. X-ray 

photoelectron spectroscopy (XPS) and Energy dispersive X-ray spectroscopy (EDS) analysis 

are also carried out to know how different deposition parameters affect the composition of
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MoO3-x films. The optimised deposition parameters have led to formation of (a) highly 

conducting MoO3-x films which are suitable for catalysis application and (b) films having 

higher transparency, wide band gap and low conductivity suitable for application in solar cell.  

3.1  Experimental details 

Molybdenum oxide (MoO3-x) thin films were deposited on corning glass 1737 substrate by 

radio frequency (rf) sputtering technique. MoO3 target having 99.99% purity, 2-inch diameter 

and 0.25-inch thickness was used for preparing thin films. Before inserting the substrates inside 

the vacuum chamber, these were cleaned using the standard procedures described in Chapter 

2, section 2.2. The cleaned substrates were loaded in the chamber and pumped up to the base 

pressure of 5.5×10-5 mbar prior to each film preparation. The structural, optical and electrical 

properties were tuned by changing the deposition parameters like rf-power, gas flow rate, 

substrate temperature, gaseous environment etc. Three series of films were deposited by 

varying one parameter at a time as presented in following section. For each series, substrate to 

target distance was kept constant at 5 cm. 

Series 1 

For this series of films, rf power was varied while keeping other parameters constant. The 

detailed deposition conditions are listed in Table 3.1.  

Table 3.1: Deposition parameters for MoO3-x films deposited at different rf power. 

Fixed Deposition parameters rf power (W) (Variable) 

Deposition time = 30 minutes 

Substrate temperature = 100 °C 

Argon flow rate = 7 SCCM 

Process pressure = 1.8 × 10-2 mbar 

60 

70 

80 

 

Series 2 

In this series, MoO3-x films were deposited at different substrate temperature (Ts) (100 °C, 200  
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°C, 300 °C and 400 °C) and other parameters were kept constant as mentioned in Table 3.2.  

Table 3.2: Deposition parameters for MoO3-x films deposited at different substrate temperature. 

Fixed Deposition parameters Substrate temperature (℃) (Variable) 

Deposition time = 30 minutes 
RF power = 80W 

Argon flow rate = 10 SCCM 

Process pressure = 9.6 × 10-3 mbar 

100 

200 

300 

400 

Series 3 

In this series, we had studied the influence of different gaseous environment during deposition 

of MoO3-x films. Thin films of MoO3-x were deposited in presence of argon (Ar) gas, argon+ 

oxygen (Ar + O2) gases and oxygen (O2) gas only.  Deposition parameters used for preparing 

thin films of MoO3-x are mentioned in Table 3.3.  

Table 3.3: Deposition parameters for MoO3-x films prepared under different gaseous environment. 

Fixed Deposition parameters Gases used  Flow rate (SCCM) (Variable) 

Substrate temperature – 400 °C 

Process pressure- 9.5 × 10-3 mbar 

RF - 80 W 

Deposition time - 30 minutes 

O2  10 

Ar+O2  10 (Ar) +1.2 (O2) 

Ar 10 

 

3.2 Results and discussion 

3.2.1 Properties of MoO3-x films prepared at different rf-powers (Series 1) 

3.2.1.1 XRD studies  

XRD patterns of MoO3-x films prepared at different rf powers are shown in Figure 3.1 (a). Peak 

at 2θ = 25.37° corresponds to (040) plane of α-MoO3. The broad XRD peak indicates that 

MoO3-x films are mostly amorphous in nature, which is attributed to the fact that crystallization 

of molybdenum oxide is not initiated on the glass substrates even at high power density of 3.8 

W/cm2 corresponding to 80 W [7]. Though, the peak broadening may also be due to underlying 

amorphous glass substrate as film thickness is less, however the broad peak due to bare 
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Figure 3.1: (a) XRD patterns and (b) normalized XRD patterns of CG substrate and MoO3-x films deposited at 

different rf powers.  

substrate is slightly shifted towards low 2θ value (Figure 3.1a). Normalised XRD (normalized 

with respect to maximum intensity) patterns and its zoomed view is shown in Figure 3.1b and 

inset graph 3.1c respectively. A small shift in 2θ value towards smaller angle is observed when 

rf-power is increased. Shift in the peak position towards lower 2θ value represents the 

elongation of interlayer distance of α-MoO3 because of the formation of oxygen vacancy [8, 

9]. The observed shift in 2θ value, though very small with increasing rf power could be an 

indication of increase in oxygen vacancies in these films.  

3.2.1.2 Raman spectroscopy    

Figure 3.2 shows the Raman spectra of corning glass substrate and MoO3-x films deposited at 

different rf powers. Raman spectra is deconvoluted (Figure 3.2b) to identify different Mo-O 

modes present in the film. Raman peaks corresponding to Mo-O bending mode (200-600 cm-

1) and Mo-O stretching mode (600-1000 cm-1) are observed. Raman peaks present at 239 cm-1 

and 338 cm-1 are assigned to deformation modes (OMo2) and (OMo3) respectively and peaks 

at 422 cm-1 and 750 cm-1 represent the formation of sub-stoichiometric molybdenum oxide 

(MoO3-x) [9-15]. Raman peak at 422 cm-1 for 60 W and 70 W films has shifted to a lower value 

(397 cm-1) for 80 W films, indicating the formation of the MoO2 phase at higher rf power [16]. 
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Figure 3.2: (a) Raman spectra of corning substrate and MoO3-x films deposited at different rf powers and (b) 

deconvoluted Raman spectra of 70 W films. 

 

Figure 3.3: Relative intensity of Raman peaks at different rf powers. 

 Relative intensity of peak (
𝐼𝑝𝑒𝑎𝑘

𝐼880 𝑐𝑚−1
) is calculated by dividing the respective peak intensity by 

intensity of peak at 880 cm-1 corresponding to stretching mode (Mo=O). The relative 

intensity(Figure 3.3) of peaks at 239 cm-1 and 338 cm-1 (MoO2 phase) has increased with 

increasing rf power, whereas the relative intensity of peaks at 422 cm-1 and 750 cm-1 (MoO3-x 

phase) has decreased, indicating that at higher rf power, the formation of oxygen deficient 

MoO2 phase has increased [17]. The broad Raman peaks are due to amorphous nature of 

sputtered MoO3-x films.  
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Figure 3.4:  FESEM images of MoO3-x films deposited at (a) 60 W, (b) 70 W and (c) 80 W rf power. 

Table 3.4: Atomic percent of oxygen and molybdenum (Mo) atoms in MoO3-x films deposited at different rf 

powers. 

RF power Oxygen (%) Molybdenum (%) Silicon (%) Aluminium (%) 

60 69.6 7.3 17.0 6.2 

70 71.1 9.6 14.5 4.8 

80 68.7 11.2 15.8 4.3 

Corning 70.4  22.3 7.3 

3.2.1.3 FESEM and EDS studies 

FESEM images of molybdenum oxide films deposited at different rf power are shown in Figure 

3.4. Uniform distribution of grains and void free surface are observed for all MoO3-x films. 

Both XRD and Raman data suggest qualitative decrease in oxygen concentration with increase 

in rf power. To further confirm, the change in oxygen concentration, EDS measurements are 

done on these films. As MoO3-x film thickness is relatively low, presence of silicon (Si) and 

aluminium (Al) from CG substrate are also observed. A part of total oxygen observed is thus 

also from the substrate. Table 3.4 shows oxygen and molybdenum atoms concentration 

acquired from EDS data. Mo atoms concentration has increased in MoO3-x films as rf power 

increased however not much change in oxygen concentration is noticed indicating the 

formation of oxygen deficient MoO3-x films at high rf power. 
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Figure 3.5: AFM images of MoO3-x films deposited at different rf powers. 

3.2.1.4 AFM studies  

Surface topology of films deposited at 60 W, 70 W and 80 W is studied using atomic force 

microscopy (AFM).  AFM 2D and 3D images are shown in figure 3.5. No noteworthy change 

in growth pattern and surface roughness of MoO3-x films are observed for rf variation series.  

3.2.1.5 UV-Vis studies 

UV-Vis-NIR transmission spectra of MoO3-x films deposited at different RF power is shown 

in Figure 3.6a. A red shift in the absorption edge is witnessed at higher rf power, which is 

attributed to formation of sub-stoichiometric MoO3-x films. The reason of red shift is also 

associated to creation of oxygen anion vacancies [18]. The optical band gap of films has 

decreased from 3.12 eV to 2.94 eV with increase of rf power from 60 W to 80 W. The obtained 

band gap values are within the range reported in literature [19, 20]. Thickness of MoO3-x films 

are measured with stylus profilometer. Variation of band gap and thickness for all samples are 

presented in Figure 3.6b. An increase in deposition rate from 2.5 nm/min at 60 W to 4.1 nm/min 

at 80 W is observed [21]. Maximum transmission of MoO3-x films has dropped from 70% for 

60 W to 30% for 80 W. The decrease in transmittance is due to increase in thickness as well as 

shift of absorption edge towards higher wavelength. Change in electrical conductivity can also 
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Figure 3.6: (a) Transmission spectra, (b) band gap and thickness of MoO3-x films deposited at different rf powers. 

Table 3.5: Thickness, band gap, dark conductivity and activation energy of MoO3-x   films deposited at different 

rf powers. 

RF power Thickness (nm) Band gap (eV) Dark Conductivity at 

 RT (Ω-1cm-1) 

Activation 

Energy (Ea) eV 

60 75 3.12±0.01 1.01×10-7 0.548±0.030 

70 95 3.09±0.01 7.19×10-4 0.242±0.009 

80 124 2.94±0.02 15.18     *0.026±0.001 

*Note: This value  is closer to the  thermal voltage i.e. kT/q  at room temperature.  

be a cause of decreased transmission. Also, change in colour of MoO3-x films from light blue 

to deep blue is observed when rf-power is varied from 60 W to 80 W, which indicates a change 

in oxidation state of Mo atoms from Mo+6 to Mo+5 [18, 19].   

3.2.1.6 Electrical properties 

Room temperature (RT) and temperature dependent conductivity (σ) of prepared films are 

shown in Figure 3.7. An increment by 3-4 orders of magnitude (10-7 Ω-1cm-1 for 60 W, 10-4 Ω-

1cm-1 for 70 W and 15 Ω-1cm-1 for 80 W) in room temperature dark conductivity σd(RT) is 

noticed every time the rf- power is increased by 10 W. Since conductivity of metal oxides are 

prominently influenced by presence of oxygen vacancies [22], the enhancement in σd(RT) is 

allied to increase in oxygen vacancies at higher rf power, which is in line with both EDS and 

UV-Vis analysis. No photosensitivity is observed for these films under halogen lamp due to 

wide band gap (3.12 eV - 2.94 eV) of MoO3-x films and poor photon flux in this range.  

TH-3337_166151008



Optimization of deposition conditions to tune optoelectronic properties of MoO3-x films prepared by rf-

sputtering technique 

 

Page | 71 
 

 

Figure 3.7: (a) Room temperature dark conductivity and (b) Temperature dependent conductivity of MoO3-x films 

at rf power 60 W, 70 W and 80 W. 

Temperature dependent conductivity σd(T) measurements are performed on molybdenum oxide 

films in coplanar geometry. For rf power of 60 W, conductivity increases with temperature 

whereas σd(T) remains almost constant for 70 W and 80 W films, which have higher 

conductivity. The Arrhenius equation as described in Chapter 2, section 2.4.10, is used for 

calculating the activation energy (Ea), which is a measure of energy difference between 

donor/trap level and conduction band edge [23]. Ea value has decreased from 0.548 eV to 0.026 

eV as the rf power increased from 60 W to 80 W. Activation energy of 0.026 eV (~kT/q) 

suggests that donor state level almost overlapped with conduction energy band and charge 

carriers are present in thermal equilibrium with conduction band for 80 W films. The oxygen 

vacancies act as n-type doping in transition metal oxides [24] and shift the defect energy level 

closer to the conduction band because of the increase in electrons concentration. Thus, decrease 

in activation energy, further confirms the increase in oxygen vacancies in the films deposited 

at high rf power. Ea of all MoO3-x films are listed in Table 3.5. 

3.2.1.7 XPS studies 

XPS survey spectra of MoO3-x films prepared at different rf power is shown in Figure 3.8a. 

Characteristics peaks corresponding to Mo 3s (508.24 eV), Mo 3p (doublet) (415.48 eV for  
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Figure 3.8: (a) Survey spectra and (b) High resolution XPS spectra of MoO3-x films at rf power 60 W and 80 W. 

 

Figure 3.9: Deconvoluted XPS spectra of MoO3-x films prepared at (a) 60 W and (b) 80 W respectively. 

3p1/2, 398.49 eV for 3p3/2) and Mo 3d (doublet) (235.95 eV for 3d3/2, 232.85 eV for 3d5/2) are 

observed [25-27]. In addition, peak corresponding to O 1s and C 1s are also observed at 530.72 

eV and 284.83 eV respectively. C 1s peak is due to surface exposure of MoO3-x films to ambient 

environment while loading it to XPS chamber. Small shift (~0.15 eV) towards lower binding 

energy (BE) in Figure 3.8b also suggest the presence of Mo atoms in lower oxidation state for 

80 W MoO3-x films [28]. For quantitative studies, Mo 3d and O1s XPS peaks are deconvoluted. 

The fitting details used for deconvolution are described in Chapter 2, sections 2.4.8 [23-25]. 

The deconvoluted spectrum in Figure 3.9b shows an additional peak corresponding to Mo5+  
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Figure 3.10: O 1s XPS spectra for (a) 60 W and (b) 80 W MoO3-x films respectively. 

state along with Mo6+ state for 80 W film further confirming that high rf power has increased 

percent of non-stoichiometric MoO3-x inside prepared films [29, 30]. The relation between 

binding energy of oxygen and molybdenum atoms (∆= 𝑂 1𝑠 − 𝑀𝑜 3𝑑5/2) is used for finding 

the dominant oxidation state [31, 32]. The doublet separation of 3.10 eV and ∆= 297.87 𝑒𝑉 

confirms dominancy of Mo6+ for all MoO3-x films [33]. The amount of Mo atoms contributing 

to its Mo5+ oxidation is obtained by area ratio (Area of Mo5+/(Area of Mo5+ + Area of Mo6+)) 

[34]. Among both Mo6+ and Mo5+, about 20% of molybdenum atoms are found to be in Mo5+ 

state.  Deconvoluted O 1s spectra of 60 W and 80 W MoO3-x films are shown in Figure 3.10. 

O 1s peak at ~530.72 eV corresponds to molybdenum-oxygen (Mo-O) bond in MoO3-x termed 

as lattice oxygen (OL)  and  peak located at ~532 eV refers to oxygen vacancies (Ov) or 

molybdenum sub oxides bond [35]. Oxygen vacancies are observed for both 60 W and 80 W 

films but contribution from Ov peak is more for 80 W films.  Only 15% contribution is observed 

from Ov for films prepared at low rf power whereas it has increased to 22% for 80 W films. 

Reduction in band gap, colouration of MoO3-x films and enhanced conductivity of 80 W films 

are due to the presence of molybdenum atoms in two different oxidation states; Mo6+ and Mo5+ 

and more oxygen vacancies in these films compared to 60 W films. Similar observations are 

reported by M.P.Mosso et. al for MoO3-x films deposited at 80 W and 10×10-3 mbar pressure  
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[31].  

For this series, we have observed that change in rf power from 60 W to 80 W has reduced the 

band gap from 3.12 eV to 2.94 eV. Increase in conductivity of MoO3-x films by several orders 

of magnitude along with decrease in activation energy is also observed for films deposited at 

high RF power. Thus, films deposited at high RF power (80 W) have low band gap and high 

conductivity. The high rf power is used for preparing MoO3-x films for the next study.  

 

Figure 3.11:  XRD patterns of MoO3-x films deposited at different substrate temperatures. 

3.2.2 Properties of MoO3-x films deposited at different substrate 

temperatures (Series 2) 

3.2.2.1 XRD studies 

In this study, the substrate temperature is varied from 100 ℃ to 400 ℃ with increment of 100 

℃ at 80 W rf power. Deposition conditions are mentioned in Table 3.2. From XRD patterns 

shown in Figure 3.11, it is noticed that MoO3-x films deposited at 100 °C have a broad peak at 

2θ = 25.27° corresponding to (040) plane for MoO3 (α-phase). XRD peak obtained at 2θ = 

25.27°, shows little shift towards lower angle for Ts = 200 °C and Ts = 300 °C because of 

presence of oxygen anion vacancies in these samples [36]. Small humps at 36.89° and 53.48° 

are noticed indicating the nucleation of MoO2 phase at 200 °C. As substrate temperature is 
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increased above 200 °C, peaks corresponding to MoO2 phase have become significant; 

confirming the increase in oxygen vacancies with Ts. When Ts is raised to 400 °C, peak 

corresponding to MoO3-x phase has disappeared and replaced by sharp peaks at 2θ = 25.98°, 

36.89°, 41.55°, 49.40° and 53.50° corresponding to (1̅11), (111), (021), (3̅01), and (3̅12) 

planes of monoclinic MoO2 respectively (JCPDS card no. 00-032-0671). For high temperature 

films (Ts > 200 °C), the preferential growth is along (111) plane of MoO2 phase. The average 

crystallite size calculated using W-H plot is found 13.55 nm for Ts = 400 °C. Using the Scherrer 

equation, the crystallite size corresponding to the MoO2 phase's (111) plane is determined to 

be 11.10 nm. The crystallite size calculated using the Williamson-Hall equation (considering 

all the peaks) and Scherrer formula for peak corresponding to highest intensity as described in 

Chapter 2, section 2.4.2 [34, 35]. 

 

Figure 3.12: TEM images of MoO3-x films prepared at (a) Ts = 100 °C and Ts = 400 °C. 

3.2.2.2 FETEM studies 

Figures 3.12 shows TEM images of MoO3-x films, simultaneously grown on TEM grids at 

substrate temperatures of 100 °C and 400 °C. From these images, it appears that the films 

consist of nano sheets with multilayer edges at the periphery. Selected area diffraction pattern 

(SAED) shown in Figure 3.13a for low temperature film indicates that both amorphous and 

polycrystalline phases of α-MoO3 corresponding to different planes are present in these films. 

The lattice arrangement of MoO3-x nano sheets is portrayed in the HRTEM image (Figure 3.13 
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Figure 3.13: (a) SAED pattern and (b), (c), (d) and (e) HRTEM images of MoO3-x films prepared at Ts = 100 °C 

and (f) SAED pattern and (g), (h) HRTEM images of MoO3-x films prepared at Ts = 400 °C. 

b), which also illustrates the presence of several lattice planes, confirming the polycrystalline 

nature of MoO3-x film at 100 °C.  The lattice spacing of 0.239 nm (Figure 3.13c), 0.231 nm 

(Figure 3.13d), and 0.261 nm (Figure 3.13e), correspond to lattice planes (131), (060), and 

(140) of α-MoO3 respectively. Lattice spacing dissimilarities from the standard values are 

indicative of the presence of defects in the MoO3-x film.  

For the films deposited at higher temperature (400 °C), SAED pattern shown in Figure 3.13f, 

reveal that films are mostly crystalline in nature [37]. Corresponding HRTEM image presented 

in Figure 3.13g depicts the presence of single lattice plane (1̅11) having lattice spacing of 0.37 

nm of MoO2 confirming the crystalline nature of 400 °C film. The planes recognized from 

SAED patterns and HRTEM for both 100 °C and 400 °C films match well with the XRD results 

of MoO3-x films deposited on glass substrates. 
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Figure 3.14: FESEM images of molybdenum oxide thin films deposited at substrate temperature of (a) 100 °C, 

(b) 200 °C, (c) 300 °C and 400 °C respectively. 

Table 3.6: Atomic percent of Oxygen (O) and molybdenum (Mo) atoms in MoO3-x films deposited at different 

substrate temperatures. 

 

 

 

3.2.2.3 FESEM and EDS studies 

Surface morphology of MoO3-x samples are studied using FESEM. Figure 3.14a shows the 

presence of small patches along with small grains at the surface of film prepared at 100 °C. As 

the substrate temperature is increased to 200 °C, small patches disappeared and only small 

grains are present on surface (Figure 3.14b). Smooth and uniform surface is observed for 100°C 

and 200 °C. Surface of films prepared at 300 °C (Figure 3.14c) consists of small and large 

grains forming non-uniform surface. Further, presence of spherical shaped grains (Figure 3.14 

d) is observed for MoO3-x films deposited at 400°C. Atomic percent of oxygen atoms and 

molybdenum atoms obtained from EDS are mentioned in Table 3.6. The Mo concentration has 

Temperature 

(℃) 

O atoms (%) Mo atoms (%) Si atoms (%) Al atoms (%) 

100 60.4 3.5 27.2 8.9 

200 59.0 5.0 27.5 8.4 

300 56.6 8.6 26.6 8.2 

400 53.2 10.2 28.8 7.8 

Corning 70.4  22.3 7.3 
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increased but O atoms concentration has decreased when Ts is raised from 100 °C to 400 °C. 

Though some contribution from substrate is observed, the EDS data indicate a significant 

decrease in O/Mo ratio with increase in substrate temperature. These results confirm 

assessments made from XRD analysis that high substrate temperature results in oxygen 

deficient MoO3-x film. 

 

Figure 3.15: AFM images of MoO3-x films deposited at (a) 100 °C, (b) 200 °C, (c) 300 °C and (d), (e) 400 °C 

respectively. 

3.2.2.4 AFM studies 

Surface roughness of rf-sputtered MoO3-x films are measured using AFM. The 2D AFM images 

of molybdenum oxide thin films are shown in Figure 3.15. AFM images (Figure 3.15) show 

that films prepared at substrate temperature of 100 °C and 200 °C are smooth and uniform as 

compared to high temperature films. From AFM image (Figure 3.15c), different growth pattern 

is observed for Ts = 300 °C. Presence of both large grains along with smaller grains have 

increased roughness of these films to 1.40±0.28 nm. Further increase in substrate temperature 

have formed larger grains throughout the surface increasing surface roughness from 1.40±0.28  

nm for Ts = 300 °C to 2.34±0.55  nm for Ts = 400 °C [38]. These observation supports XRD  
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data where sharp peak corresponding to (111) plane of MoO2 are observed at Ts = 300 °C and 

400 °C. From AFM analysis, it is concluded that substrate temperature of 400 °C has led to 

growth of uniformly distributed spherical shaped grains as shown in Figure 3.15e. FESEM 

images have also shown the same growth morphology. 

  

 

Figure 3.16: (a) Transmission spectra and (b) band gap and thickness of rf sputtered MoO3-x films deposited on 

corning glass substrate and (c) appearance of films at different substrate temperatures. 

3.2.2.5 UV-Vis studies 

Transmission spectra of MoO3-x films prepared at different subsrate temperature is presented 

in Figure 3.16a. Thickness and band gap variation with temperature is shown in Figure 3.16b. 

Deposition rate for films prepared at 100 °C and 200 °C remain almost constant i.e. 3.6 nm/min, 

which has increased to 5.1 nm/min and 6.0 nm/min for 300 °C and 400 °C substrate temperature 

respectively. A decrease in maximum transmission (Tmax) and shift towards higher wavelength 

(λ) in absorption edge is observed as (substrate temperature) Ts is increased. Broad peak in  
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Table 3.7: Thickness, band gap, dark conductivity and Ea of MoO3-x films prepared at different substrate 

temperatures. 

*Note: This value  is closer to the thermal voltage i.e. kT/q  at room temperature.  

transmission spectra shows maxima at 468 nm for 100 °C which shifts to 427 nm for 200 °C.  

In this case, since thickness of two films are same, a change in refractive index due to change 

in oxygen vacancies is more likely reason for this shift in Tmax  position along with decrease in 

Tmax value [39]. The change in composition of films also shifts the absorption edge towards 

higher wavelength. Films deposited at 400 °C are MoO2 rich and an absorption edge is not 

expected in this case because of metallic nature of MoO2 [40]. However in our case, presence 

of absorption edge in transmission spectra indicates the existence of MoO3-x phase along with 

MoO2 crystallites. Band gap is calculated using Tauc’ plot and found to decrease as temperature 

is increased from 100 °C to 400 °C. The obtained band gap values are within the range reported 

in literature [19, 20]. All these observations further confirm that higher Ts results in increase in 

oxygen vacancies and lower oxidation state of Mo atoms which is also supported by XRD and 

EDS results. In MoO3-x film, oxygen vacancies basically act as donor states and form a 

forbidden gap below the conduction band which extend into the band gap and thus reduce the 

optical band gap of this TMO, along with reduction of transmission of MoO3-x films [41]. The 

decrease in transmittance is due to increase in thickness as well as shift of absorption edge 

towards higher wavelength. Meanwhile, when Ts is increased from 100 °C to 400 °C, colour 

change of MoO3-x films is noticed. Figure 3.16c shows the transparency and colour change of 

MoO3-x films produced at different substrate temperatures. At higher Ts (300 °C and 400 °C), 

the coloration behaviour is representative of the thermochromic properties of MoO3-x films, 

due to the increase in oxygen vacancies and shift in Mo atom oxidation state from Mo+6 to 

Temperature (℃) Thickness (nm) Band gap (eV) Dark Conductivity at 
RT (Ω-1cm-1) 

Activation Energy  
(Ea) eV 

100 110 2.99±0.03 1.81×10-3 0.226±0.005 

200 109 2.89±0.02 30.65 *0.025±0.001 

300 153 2.83±0.02 00.13 0.062±0.007 

400 180 2.82±0.02 207.30 *0.016±0.002 
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Mo+5 [18, 19, 42]. In literature, it is reported that post-deposition treatment upto 300 °C forms 

dark blue colour MoO3-x films due to formation of oxygen vacancies and bleaching starts when 

post-deposition treatment temperature is increased to 400 °C [27, 42, 43]. Nevertheless, the 

thermochromic effect is observed in this work even at 400 °C and is not dependent on any post-

deposition treatment. 

 

Figure 3.17: Dark conductivity of MoO3-x films measured at room temperature. 

3.2.2.6 Electrical properties 

The effect of substrate temperature on conductivity of rf-sputtered molybdenum oxide films is 

also investigated. Figure 3.17 represents room temperature dark conductivity (σd(RT)) of 

MoO3-x films. σd(RT) of samples prepared at different substrate temperature is listed in Table 

3.7. Here, dark conductivity is increased from 10-3 Ω-1cm-1 for 100 ℃ to 30.65 Ω-1cm-1 for 200 

℃ due to increase in oxygen vacancies. Also, XRD results have shown that formation of MoO2 

has initiated at Ts = 200 ℃, confirming the transformation of semiconducting MoO3-x towards 

metallic oxide which could also be the reason for significant rise in σd(RT). However, a 

decrease in conductivity is observed for films deposited at 300℃. The surprising decrement in 

conductivity for 300 ℃ film could be due to different growth pattern as confirmed from AFM 

study (Figure 3.15c). Films deposited at Ts = 300 ℃, consist of non-uniformly distributed larger  
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Figure 3.18: Temperature dependent conductivity of MoO3-x films prepared at 100 °C and 400 °C. 

grains of MoO2 phase and smaller MoO3-x grains throughout the surface. Thus, presence of 

grain boundaries will hinder the electron conduction and reduce the conductivity of MoO3-x 

films. Though, a further increase in Ts to 400 ℃ has led to improvement in σd(RT) to 207.30 

Ω-1cm-1 which can be related to highly crystalline nature of these films dominated by MoO2 

phase as observed in XRD (Figure 3.11). Increase in crystallite size leads to the formation of 

compact crystals allowing efficient movement of free charge carriers. Excluding the σd(RT) for 

films deposited at 300 ℃, the change in conductivity with Ts show similar trend as reported in 

literature [44-47]. No photosensitivity is observed for these films under halogen lamp due to 

wide band gap (2.99 eV - 2.82 eV) of MoO3-x films and poor photon flux in this range. 

Temperature dependent conductivity variation of molybdenum oxide films prepared at 100 ℃  

and 400 ℃ are shown in Figure 3.18. About one order change in conductivity is noticed when  

measurement temperature is raised from 313 K to 373 K for films deposited at Ts = 100 ℃ 

whereas for samples deposited at 400 ℃, a very small change in σ (< 10%) is observed in 

similar temperature range. The small change in σ with temperature for 400 ℃ film could be 

due to higher conductivity and also change in trapping and emission rates from shallow traps 

states which are within a few kT/q from the conduction band edge.                                                                              
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Ea of samples prepared at different substrate temperature is listed in Table 3.7. Ea is highest 

(0.226 eV) for films deposited at Ts =100 ℃ and lowest (0.016 eV i.e. ~ kT/q) for 400 ℃. For 

400 ℃ films, Ea is 0.046 eV near room temperature (300 K) and decreases to 0.016 eV around 

350 K. 400 ℃ films have more free electrons concentration because of higher oxygen vacancies 

as confirmed by XRD and EDS analysis. Increase in free charge carriers shifts the defect states 

level closer to conduction band and thus electrons require less energy to reach conduction band 

resulting in very low activation energy [48]. 

 

Figure 3.19:  XPS spectra of MoO3-x films prepared at 100 ℃ and 400 ℃. 

3.2.2.7 XPS studies 

XPS survey spectra of MoO3-x films prepared at different Ts are shown in Figure 3.19. 

Characteristics peaks corresponding to Mo 3s, Mo 3p (doublet) (3p1/2 and 3p3/2) and Mo 3d 

(doublet) (3d3/2 and 3d5/2) are observed [25-27]. In addition, peaks corresponding to O 1s and 

C 1s are also observed at 530.72 eV and 284.83 eV respectively. Deconvoluted spectra of 

MoO3-x films prepared at substrate temperature of 100 ℃ and 400 ℃ are presented in Figure 

3.20. Films deposited at substrate temperature of 400 ℃ show asymmetric widening of Mo 

3d5/2 and 3d3/2 peaks. After fitting, peaks are obtained for Mo6+ and Mo5+ valence states for both 

lower Ts = 100 ℃ and higher Ts= 400 ℃, confirming the existence of non-stoichiometric MoO3- 
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Figure 3.20: De-convoluted XPS spectra of MoO3-x films prepared at (a) 100 ℃ and (b) 400 ℃ respectively. 

 

Figure 3.21: O 1s XPS spectra of MoO3-x films prepared at (a) 100 ℃ and (b) 400 ℃ respectively. 

x inside prepared films [29, 30]. The doublet separation of 3.11 eV confirms dominancy of 

Mo6+ for all MoO3-x films [33]. The contribution of Mo5+ oxidation state inside MoO3-x films 

are found to be ~10 % for Ts = 100 ℃ which increases to 23% for 400 ℃, still Mo6+ state is 

dominant for both 100 ℃ and 400 ℃ MoO3-x.  Mo4+ is not observed for any of MoO3-x films 

probably, since XPS collects the information only from very thin (~10 nm) layer from the 

surface. Asymmetric O 1s spectra are also observed for both low temperature (100 ℃) and 

high temperature (400 ℃) films and are shown in Figure 3.21a. After fitting O 1s spectra, two 

peaks are obtained at ~530.79 eV and ~531.74 eV corresponding to Mo-O bond in MoO3 and  
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OV respectively [35]. A small shift of 0.12 eV is observed when Ts is raised from 100 ℃ to 400 

℃. The peak representing Mo-O bond is found to be the dominant one. MoO3-x films prepared 

at 100 ℃ contain oxygen vacancies of about 32% whereas for 400 ℃ films it is found to be 

43%. These observations further confirm that films deposited at high Ts have more oxygen 

vacancies and more molybdenum atoms present in oxygen deficient Mo5+ state. This is the 

reason for getting lower band gap, deep blue colour and higher conductivity of films deposited 

at 400 ℃. According to published reports, MoO3-x oxygen vacancies also cause a decrease in 

work function [24].  

These studies further confirm that high substrate temperature of 400 ℃ leads to formation of 

oxygen deficient conducting and crystalline MoO3-x film suitable for gas sensing and catalysis 

application. 

3.2.3 Properties of MoO3-x films prepared under different gaseous 

environment (Series 3) 

In this section, our focus is to optimise deposition conditions to obtain transparent and low 

conducting molybdenum oxide films which can be used as hole transport layer (HTL) in solar 

cells. Optimized conditions (rf power = 80 W, Ts = 400 ℃) of previous studies and different 

gaseous environment (Argon (Ar) gas, Oxygen (O2) gas, and Argon + Oxygen (Ar + O2) gases) 

are used to deposit MoO3-x thin films. Deposition conditions maintained to carry out this study 

are listed in Table 3.3. The effect of different gaseous environment is studied in detail.  

3.2.3.1 XRD studies 

XRD pattern of films prepared using different environment are presented in Figure 3.22. As 

discussed earlier, the presence of MoO2 is observed for films prepared at 400 ℃ using argon 

gas only. As the oxygen is incorporated during deposition, peak corresponding to MoO2 phase 

disappeared and new XRD peak appeared at 2θ = 12.77°, which represents (020) plane of 
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Figure 3.22: XRD patterns of thin films prepared in different gaseous environment. 

orthorhombic phase of MoO3 (JCPDS card no - 05-0508). Apart from this, signature of Mo9O26, 

an intermediate oxide is also observed with XRD peak at 2θ = 22.88° and 25.68° corresponding 

to (401) and (1̅12) planes (JCPDS card no - 05-0441) respectively. These results show that O2 

gas present while deposition has led to the formation of MoO3 along with Mo9O26 which is an 

intermediate oxide [49]. Average crystallite size obtained using W-H plot is found to be 35.30 

nm and 20.18 nm for samples prepared using Ar+O2 and only O2 gases respectively, whereas 

for films deposited in presence of Ar only, it is 13.55 nm. Oxygen gas has led to the formation 

of MoO3 phase with increase in crystallinity and crystallite size. Crystallite size calculated for 

(020) plane using Scherer formula from the most intense peak is found to be 15.47 nm and 

19.42 nm for samples prepared using Ar+O2 and O2 respectively.  

3.2.3.2 FESEM and EDS studies 

From FESEM images shown in Figure 3.23, it can be seen that different gaseous environment 

has also changed the surface morphology. Presence of spherical shaped grains along with large 

flakes are noticed on surface of MoO3-x films prepared under O2 environment. These results are 

in good agreement with XRD studies which show increment in crystallinity and size of MoO3 

particles deposited under O2 atmosphere only. The change in growth morphology is due to the 
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Figure 3.23: FESEM images of samples prepared under different gaseous atmosphere. 

Table 3.8: Atomic percent of Oxygen (O) and molybdenum (Mo) atoms in MoO3-x films prepared under different 

gaseous atmosphere. 

  

 

  

reaction taking place between rf-sputtered MoO3 molecules and chemically reactive oxygen 

species present in gas phase inside the deposition chamber. The atomic percent of Mo, O, Si  

and Al atoms present in films prepared under Ar, Ar+O2 and O2 environment are listed Table 

3.8. An increase in oxygen atoms concentration along with decrease in Mo atoms concentration 

is observed for films deposited using Ar + O2 and O2 gases indicating the transformation of sub 

stoichiometric MoO3-x closer to stoichiometric MoO3 films.  

3.2.3.3 AFM studies 

Effect of gaseous environment on surface morphology is analysed using AFM studies. Presence 

of Ar+O2 gases while deposition has initiated the formation of MoO3-x crystallites which can 

be clearly seen in Figure 3.24a. The surface of films deposited in Ar+O2 environment looks 

compact and uniform, whereas film surface is damaged harshly (Figure 3.24b) when only O2   

Gaseous 

Environment 

O atoms 

(%) 

Mo atoms 

(%) 

Si atoms (%) Al atoms 

(%) 

Ar 53.2 10.2 28.8 7.8 

Ar + O2 63.8 2.2 26.3 7.7 

O2 65.3 1.8 25.5 7.4 

Corning 70.4  22.3 7.3 
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Figure 3.24: AFM images of samples prepared under different gaseous environment. 

gas is present during deposition increasing the surface roughness from 10.47±1.15 nm (for 

Ar+O2 atmosphere) to 13.66±2.05 nm (for O2 atmosphere). Surface damage may happen 

because of the dissociation of O2 molecules which increase the active oxygen concentration 

inside the chamber. Thus, the rate at which reaction takes place between active oxygen and 

sputtered molybdenum oxide atoms also increase. The highly energetic particles may strike the 

surface in haphazard manner and damage the film surface. 

3.2.3.4 UV-Vis studies 

From transmission spectra shown in Figure 3.25a, it is observed that MoO3-x films prepared in 

presence of argon gas have low transmission (~ 20-30%). However, when oxygen is added 

during deposition, transparency of films increases. Also, films deposited in Ar+O2/O2 plasma 

show blue shift in absorption edge as compared to MoO3-x films deposited using Ar gas only. 

Highest transmission ~ 85% is observed in the range of 500 nm to 750 nm for samples prepared 

in presence of Ar+O2 environment. This refers to occupancy of oxygen vacancies by supplied  

active oxygen [50]. Thickness variation for different gaseous environment is shown in Figure 

3.25b. Inclusion of oxygen during sputtering also resulted in decrease in deposition rate of the  

films due to formation of active oxygen (O0) species (O2 + e- →O0) which cause the poisoning 

of target when adsorbed on the surface [51]. Effect of gaseous environment on band gap is 
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Figure 3.25: (a) UV-Vis transmission spectra, (b) thickness and band gap variation and (c) colour variation of 

thin films prepared under different gaseous environment.    

Table 3.9: Thickness, band gap, dark conductivity and Ea of MoO3-x films prepared in presence of different 

gaseous atmosphere. 

shown in Figure 3.25b. Increase in band gap and shift in absorption edge towards high energy 

confirms the formation of stoichiometric films due to filling of oxygen vacancies by adding O 

atoms during deposition [41]. The colour change is also noticed for these samples. Films 

prepared using only argon gas have deep blue colour as shown in Figure 3.25c whereas 

transparent films are obtained when mixture of argon and oxygen gases are used for deposition. 

A change is colour suggest the bleaching of MoO3-x in the presence of oxygen which changes 

the oxidation state of Mo atoms from Mo+5 to Mo+6, Mo+4 to Mo+5 [41]. These observations 

suggest that it is possible to deposit highly transparent oxygen rich molybdenum oxide films 

Gaseous 

atmosphere 

Thickness (nm) Band gap (eV) Dark Conductivity at 

RT (Ω-1cm-1) 

Activation Energy  

(Ea) eV 

Ar 180 2.82±0.02 207.30 0.016±0.002 

Ar+O2 144 3.18±0.03 2.15 × 10-6 0.389±0.070 

O2 130 3.26±0.01 2.09 × 10-6 0.183±0.023 
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by introducing oxygen during deposition. 

 

Figure 3.26:  Effect of different gaseous environment on dark conductivity measured at room temperature. 

3.2.3.5 Electrical properties 

Electrical properties of MoO3-x films are studied using conductivity measurements. Dark 

conductivity of all films, measured at room temperature are mentioned in Table 3.9 and 

graphical representation of σd(RT) is shown in Figure 3.26. Conductivity of films prepared in 

presence of oxygen gas is found to drop by nearly 8 orders of magnitude. This major decrement 

in σd(RT) is due to the conversion of MoO2 closer to stoichiometric MoO3. When oxygen is 

incorporated for preparation of MoO3-x films, increase in transmission and band gap whereas 

decrease in conductivity is observed. These findings further confirm that supplied oxygen has 

filled the oxygen vacancies and shifted sub-stoichiometric ratio of O and Mo atoms towards 

stoichiometric ratio.  

Increase in Ea is also observed for films deposited using oxygen. A higher activation energy 

indicates shift in trap/defect level away from the conduction band for films deposited in 

presence of O2. Here, conduction band reference is considered because MoO3 is inherently an 

n-type semiconductor [52]. This shift results in an increase in work function value which 

further improves the hole selectivity of MoO3-x and makes this material appropriate for its  
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application as HTL [25, 52].  

 

Figure 3.27: Survey spectra of MoO3-x films prepared in presence of Ar and Ar+O2 atmosphere. 

       

 Figure 3.28: Deconvoluted XPS spectra of (a) Mo 3d and (b) O 1s of MoO3-x films prepared in presence of 

argon and oxygen atmosphere. 

3.2.3.6 XPS studies 

From survey spectra displayed in Figure 3.27, it is observed that MoO3-x films prepared under 

different atmosphere do not contain trace of any other elements except Mo, O and C atoms. 

Figure 3.28a and 3.28b show fitted Mo 3d and O 1s XPS spectra for MoO3-x films prepared in 

Ar+O2 atmosphere respectively. Use of Ar+O2 while deposition has removed the shoulder 

peaks which appeared at 231.59 eV and 234.89 eV in Mo 3d XPS spectra as shown in Figure  
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Figure 3.29: (a) Mo 3d and (b) O 1s XPS spectra for MoO3-x films prepared in the presence of Argon + Oxygen 

gases and Argon only at 400 ℃. 

3.29a for films prepared using Ar gas only. Peaks corresponding to Mo6+ 3d5/2 and 3d3/2 are 

observed for Ar+O2 environment with no signature of Mo5+ oxidation state. Comparative O 1s 

spectra is depicted in Figure 3.29b. Mo-O bond contribution is found to be 57 % for Ar 

environment and 87% for Ar+O2 atmosphere. Also, presence of oxygen while deposition, has 

reduced oxygen vacancies contribution from 43% (for Ar atmosphere) to 13% (for Ar+O2 

atmosphere). This confirms that supplied oxygen has filled the vacancies present inside MoO3-

x films and also reduced Mo5+ formation which have resulted in developing transparent and 

resistive MoO3-x films. These results are consistent with the findings concluded from other 

characterization techniques results. 

In Series 2 and Series 3, we discovered that the substrate temperature and gaseous environment 

affect the rate at which MoO3-x films are deposited. Because of this, a variation in thickness is 

obtained when films are deposited at different Ts and gaseous environment. To distinguish 

between the observed changes in optoelectronic properties of films arising due to variation in 

thickness and variation in deposition conditions, a few more samples are made at temperatures  

of 100 °C in presence of Ar gas only and at 400 °C in presence of Ar+O2 gases keeping a 

constant film thickness of 180 nm (same as that for films deposited at 400 °C in presence Ar  
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Figure 3.30: (a) Transmission spectra and (b) room temperature dark conductivity of MoO3-x films prepared 

under different conditions keeping thickness constant (180 nm). 

gas only) and their optical and electrical properties are examined. Figure 3.30a shows the 

transmission spectra of 180 nm thick MoO3-x films deposited under different conditions. Even 

with the same thickness, films deposited in Ar atmosphere only at 100 °C had a higher 

transmission and band gap than films deposited at 400 °C under similar atmosphere. The 

transparency of MoO3-x film has increased from 30% (for Ar atmosphere at Ts = 400 °C) to 

80% for the same thickness when oxygen was introduced during deposition together with Ar 

gas. Additionally, it is found that for same thickness (180 nm), σd(RT) (Figure 3.30b) of films 

deposited in pure Ar atmosphere at 100 °C is 7-9×10-3 Ω-1cm-1, but for those deposited at 400 

°C, it increases by 5 orders (σd (RT) = 207-210 Ω-1cm-1). However, σd (RT) again decreases to  

8-10×10-6 Ω-1cm-1 for MoO3-x films prepared in the presence of Ar+O2 gases at Ts = 400 °C. 

These observations support that the optoelectronic properties of molybdenum oxide films are 

strongly influenced by the deposition conditions, such as substrate temperature and gaseous 

environment.  

3.3 Conclusion 

In this work, MoO3-x films are prepared by rf- sputtering technique and deposition conditions  
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are optimised in sequential manner to prepare highly conducting MoO3-x films which make this 

TMO suitable for their use as catalysis for different chemical processes. Later on, different 

combination of gaseous environment is used to deposit transparent and non-conducting MoO3-

x films for their application as HTL in organic/inorganic solar cells. It is observed that 

incorporation of oxygen gas while deposition has led to the formation of MoO3-x closer to its 

stoichiometric ratio. Films prepared using Ar+O2 and O2 have ~ 80% transmission in the UV 

and visible region and have low conductivity. Temperature dependent conductivity 

measurements suggest that presence of oxygen has increased the activation energy and hence 

increased the work function of molybdenum oxide making it suitable for its use as HTL. This 

study provides a possible way to tune the electrical and optical properties of molybdenum oxide 

films prepared using rf-sputtering technique. Optimised conditions for preparing conducting 

films are: high Ts (400 °C), high rf power (80 W) and pure Argon atmosphere. However, by 

introducing oxygen during deposition, transparent and resistive MoO3-x films are deposited at 

high Ts = 400 °C. Such a high conductivity of MoO3-x film at substrate temperature of 400 °C 

is not achieved yet. After, introducing oxygen gas along with argon gas during deposition, 

transparent MoO3-x films having wide band gap and low conductivity of order 10-6 Ω-1cm-1 

could be deposited at substrate temperature of 400 °C for hole transport layer application in 

heterojunction solar cells. Optimized conditions of these studies allow the preparation of both 

coloured and conducting as well as transparent and resistive molybdenum oxide films by 

changing the gaseous environment during the deposition of MoO3-x films.  
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CHAPTER 4 

Impact of deposition temperature and heat 

treatment on properties of molybdenum oxide thin 

films deposited by thermal evaporation technique 

Thin films of MoO3-x can be prepared by physical vapour deposition methods such as 

thermal evaporation [1], rf-sputtering (non-reactive or reactive) [2, 3] and other methods like 

electrochemical (cathodic electro deposition) [4], spin coating [5] and many more. Two of the 

most common procedures are sputtering and thermal evaporation. According to comparative 

research on MoO3-x films made by thermal evaporation and sputtering processes, thermal 

evaporation develops more resistive MoO3-x films with a high work function value [6]. As a 

result, the thermal evaporation method is the most extensively utilised method for developing 

dopant-free asymmetric hetero contacts. The optoelectronic properties (transparency, band gap, 

work function) of molybdenum oxide are sensitive to the presence of oxygen vacancies (Ov), 

which further depends on methodology and conditions used for film preparation. Post-heat 

treatment like annealing also affects the structural, morphological, optical and electrical 

properties of MoO3-x [7, 8]. As, MoO3-x is subjected to various heat treatments during the 
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preparation of other layers such as the transparent conducting oxide layer and back/front 

electrodes while fabricating solar cells, it is essential to select the annealing temperature at 

which the optical and electrical properties of MoO3-x can be retained without compromising 

their properties when compared to as-deposited films.  

In this chapter, the effects of deposition temperature and subsequent heat treatment on various 

properties of MoO3-x films deposited by thermal evaporation of MoO3 powder are investigated 

in detail. The oxygen vacancy concentration and work function of the as-deposited and 

vacuum-annealed MoO3-x films are analysed using XPS and KPFM, respectively.  

4.1 Experimental details 

Molybdenum oxide (MoO3-x) thin films were deposited on Corning glass (CG) 1737 and n type 

crystalline silicon (c-Si (n)) substrates using thermal evaporation. Pure MoO3 powder (99.99%) 

purchased from Sigma Aldrich was used for preparing thin films. CG and c-Si (n) substrates 

were cleaned following the standard cleaning methods as mentioned in Chapter 2, section 2.2. 

Two sets of films were deposited, one at room temperature (RT) and another at 100°C keeping 

thickness in the range of ~22-28 nm and its effect on different properties of MoO3-x were 

thoroughly investigated. Subsequently, films prepared at RT were annealed under high vacuum 

condition at 130 °C and 150 °C respectively for 30 minutes each to investigate how the heat 

treatment affects the structural, optical and electrical properties of MoO3-x films.  

4.2 Results and discussion 

4.2.1 Effect of deposition temperature (Ts) on MoO3-x properties 

4.2.1.1 FESEM studies 

Field emission scanning electron microscopy (FESEM) images of MoO3-x films deposited at 

RT and 100 ℃ are shown in Figure 4.1. FESEM images confirmed the formation of compact 
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Figure 4.1: FESEM images of molybdenum oxide films deposited on CG substrates at (a) room temperature and 

(b) 100 ℃. 

and uniform surface for films prepared at both temperatures.  

 

Figure 4.2: Transmission spectra of molybdenum oxide films deposited on CG substrates (a) at room temperature 

and 100 ℃ (b) zoomed inset image showing transmission variation for different deposition temperatures in visible 

range and  (c) Taucs’ plot of MoO3-x films deposited at RT and 100 ℃. 

4.2.1.2 UV-Vis studies 

The transmission spectra of the MoO3-x films deposited on corning glass substrates at room 

temperature (RT) and 100 °C are shown in Figure 4.2a and its enlarged view is shown as inset 

image in Figure 4.2b. Using profilometry, the thickness of films is found to be 28±5 nm for 

room temperature and 23±4 nm for 100 °C. Even though the thickness of RT film is slightly 
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more, a small increase in transmission is noticed for this film in the visible range. Though no 

evident shift in the absorption edge is observed in transmission spectra, Tauc plot predicted a 

small change in band gap of films deposited at two different temperatures (3.35±0.02 eV for 

100 ℃ and 3.41±0.04 eV for RT).  

 

Figure 4.3: KPFM images of molybdenum oxide films deposited on c-Si (n) substrates at (a) room temperature 

and (b) 100 ℃. 

4.2.1.3 KPFM studies 

Work function of molybdenum oxide depends on the stoichiometry ratio (O/Mo) and oxygen 

anion (O2-) concentration in MoO3-x matrix and these two factors are influenced by the 

temperature at which MoO3-x is deposited and subsequently annealed. By measuring contact 

potential difference (CPD) between tip and MoO3-x using Kelvin probe force microscopy 

(KPFM), the effect of deposition temperature on work function (Φ) is examined. Figure 4.3 

shows CPD mapping of as deposited films prepared at RT and 100 ℃. The work function 

values of all MoO3-x films deposited on silicon substrates (c-Si (n)) are determined using 

Chapter 2, equation 2.12 [9]. The average CPD has increased with a change in the deposition 

temperature from RT to 100 °C, resulting in a decrease in effective work function from 

4.75±0.02 eV to 4.47±0.01 eV for films deposited at high Ts. Apart from the development of 

oxygen vacancies and metal cations in lower oxidation states, another possible cause of change 
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in work function is the growth of surface diploes on film surface [10]. In order to determine 

the exact cause of the work function reduction, XPS measurements are carried out and 

discussed in following section. 

 

Figure 4.4: (a) All core level XPS spectra and (b) Mo 3d spectra of molybdenum oxide films deposited on corning 

glass substrates at RT and 100 ℃. 

4.2.1.4 XPS studies 

According to the XPS spectra shown in Figure 4.4a, the existence of oxygen (O 1s), 

molybdenum (Mo 3p, Mo 3d), and carbon (C 1s) atoms are confirmed [11]. The XPS spectra 

show absence of any other element's signature. Carbon contamination is inevitable because 

samples are exposed to air during its loading into vacuum chamber for XPS measurements. 

Further fitting of the recorded XPS spectra is done to investigate the quantitative changes [12]. 

The deconvoluted O 1s and Mo 3d spectra are shown in Figure 4.5. Mo 3d doublets: 3d5/2 and 

3d3/2 peaks are observed at 236.10 eV and 232.95 eV respectively [13]. Peak at 530.79 eV in 

the O 1s spectra (Figure 4.5a and 4.5b) denotes the contribution of oxygen atoms bonded to 

molybdenum atoms (Mo-O). However, the peak at 531.74 eV indicates that MoO3-x films have 

oxygen vacancies [14]. This peak also suggests the formation of a Mo-OH bond, which is 

composed of molybdenum atoms bonded to a hydroxyl group [14-16]. Figure 4.6 shows the 

relative contribution of Mo6+, Mo5+, Mo-O and oxygen vacancy obtained from the fitted 
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Figure 4.5: (a) O 1s and (c) Mo 3d spectra of molybdenum oxide films deposited at RT and (b) O 1s and (d) Mo 3d spectra 

of films deposited at 100 ℃.  

 

Figure 4.6: Relative concentration of MoO3-x films deposited on CG substrates at RT and 100 ℃. 

spectra. Higher deposition temperature has enhanced Ov/Mo-O ratio (0.27 for RT deposition 

and 0.94 for 100 °C deposition) and Mo5+/Mo6+ ratio (0.15 for RT deposition and 0.48 for 100 

°C deposition) suggesting the oxygen vacancy to be the main cause of reduction of work 

function for high Ts films. 
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Figure 4. 7: (a) TEM image (b) HRTEM, (c) respective plane images and (d) SAED pattern of molybdenum 

oxide films deposited at RT.  

 

Figure 4.8: (a) TEM image (b) HRTEM, (c), (d), (e) respective plane images and (f) SAED pattern of molybdenum 

oxide films deposited at 100 ℃.  

4.2.1.5 FETEM studies 

Oxygen vacancies not only affect the optoelectronic properties of MoO3-x films but also induce  

some structural changes [17]. Field emission transmission electron microscopy (FETEM) is 

performed to get more information about the role of deposition temperatures on structural 

properties of MoO3-x films. For FETEM analysis, MoO3-x films are directly grown on TEM 

grids. Nano-sheets of MoO3-x films are obtained for both RT film as well as 100 °C film as 

confirmed from TEM images shown in Figure 4.7a and 4.8a respectively. The formation of 

mixed phases (monoclinic: β-MoO3 and orthorhombic: α-MoO3) of molybdenum oxide 
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is confirmed by high resolution transmission electron microscopy (HRTEM) image (Figure 

4.7b) and selected area electron diffraction (SAED) pattern (Figure 4.7d). Planes (110), (021), 

(-212), and (412) obtained in SAED correspond to β-MoO3, whereas planes (221) and (-214) 

correspond to α-MoO3. Planes corresponding to the hexagonal (h-MoO3) phase and the β phase 

are obtained in the HRTEM image (Figure 4.8b) of 100 °C film.  The formation of h-MoO3 

and β-MoO3 for Ts = 100 °C is further confirmed by the SAED pattern presented in Figure 4.8f. 

Planes (310) and (331) correspond to h-MoO3 whereas planes (-202) and (140) belong to β 

phase of MoO3. From FETEM study, it is concluded that RT deposited films consist of stable 

phase of MoO3 (α-MoO3) along with its metastable monoclinic phase whereas 100 ℃ films 

consist of MoO3 in its metastable monoclinic and hexagonal phases. Thus, the mixed 

metastable phases of MoO3 and the creation of an oxygen-deficient film at this temperature can 

both contribute to the drop in work function observed for high temperature MoO3-x film [17]. 

At high Ts, MoO3-x particles have high energies and are less tightly bonded so there is a chance 

that energetic and loosely bonded oxygen atoms, may escape the surface when Ts is high [18]. 

As the deposition temperature rises, this causes an increase in oxygen vacancies and the 

formation of less resistant MoO3-x films. 

4.2.2 Influence of post annealing on MoO3-x properties 

During the fabrication of MoO3-x /c-Si (n) heterojunction solar cell, MoO3-x layer is subjected 

to heat treatment while depositing other layers such as indium tin oxide (ITO) and back 

electrode. As the work function and optical properties are sensitive to heat treatment such as 

annealing temperature, so it is necessary to study how the optoelectronic properties of MoO3-x 

are affected during deposition of ITO and back electrode. To investigate the effects of heat 

treatment on the characteristics of MoO3-x films, post-annealing of RT-deposited MoO3-x films 

is performed at 130 °C (A_130 °C) and 150 °C (A_150 °C) for 30 minutes under high vacuum.  
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Figure 4.9: FESEM images of molybdenum oxide films deposited on CG substrates at RT and annealed for 30 

minutes at (a) 130 ℃ and (b) 150 ℃. 

4.2.2.1 FESEM studies 

FESEM images for heat treated MoO3-x films are shown in Figure 4.9. When MoO3-x films 

deposited at room temperature have undergone heat treatment at 130 °C, no noticeable 

variation in surface morphology (Figure 4.9a) is observed when compared with as deposited 

film. When the annealing temperature is raised to 150 °C, coalescence began and a rough 

MoO3-x film is formed, as illustrated in Figure 4.9b, which can affect device performance when 

MoO3-x is being used as a hole selective layer in silicon-based solar cells [19].  

4.2.2.2 UV-Vis studies 

Post-annealing of MoO3-x films not only changed the surface morphology but also a decrease 

in transmission is observed as annealing temperature is increased. The maximum transmission 

of 87 % is observed for as deposited films which decreased to 80% and 76% for films annealed 

at 130 °C and 150 °C respectively (Figure 4.10b) which is also accompanied by a shift in 

absorption edge (Figure 4.10c). Reduced transmission and red shift in absorption edge with an 

increase in post-annealing temperature is due to the presence of larger grains and rough surface 

for films annealed at 150 °C as confirmed from FESEM study. The band gap of films decreased 
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Figure 4.10: Transmission spectra of molybdenum oxide films (a) deposited at room temperature and annealed 

at 130 ℃ and 150 ℃ (zoomed inset image (b) shows the transmission variation of as deposited and annealed 

MoO3-x films in visible range), (c) transmission spectra in the range of 200 nm-450 nm to visualize absorption 

edge shift of MoO3-x films deposited at RT and annealed at 130 ℃ and 150 ℃. All films are on CG substrates. 

from 3.41±0.04 eV (as deposited) to 3.38±0.02 eV and 3.25±0.05 eV for films annealed at 130 

°C to 150 °C respectively. The decrease in transparency and band gap from the values observed 

for as deposited MoO3-x film may also be caused by the reduction of Mo atoms to lower valence 

states and/or the development of oxygen vacancies in MoO3-x films during heat treatment [7, 

18, 20, 21]. Oxygen vacancies behave as donor centres and appear as trap states between the 

conduction and valence bands, lowering the molybdenum oxide's band gap.  

4.2.2.3 KPFM studies 

For this study, MoO3-x films are deposited at RT on c-Si (n) substrates, then annealed for 30 

minutes at 130 °C and 150 °C, respectively. KPFM imaging with maximum and minimum 

CPD values of annealed MoO3-x films are displayed in Figure. 4.11. The 𝛷 values (Figure 4.12) 

of MoO3-x are noticed to decrease from 4.75±0.02 eV for as deposited film to 4.66±0.02 eV 

and 4.54±0.03 eV for films annealed at 130 ℃ and 150 ℃ respectively. The present study 

confirmed that heat treatment affects the work function of MoO3-x. A decrease in the work 

function after annealing reflects the formation of more oxygen vacancies as the annealing 

temperature is raised [22, 23]. To further confirm these results, XPS analysis of annealed  
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Figure 4.11: KPFM images of molybdenum oxide films deposited on c-Si (n) at RT and annealed for 30 minutes 

at (a) 130 ℃ and (b) 150 ℃. 

 

Figure 4.12: Average CPD and work function of films prepared at RT, 100 ℃ and annealed at 130 ℃ and 150 

℃ for 30 minutes. 

MoO3-x films are performed.  

4.2.2.4 XPS studies 

O 1s XPS spectra for annealed films are shown in Figures 4.13. Oxygen vacancies contribution 

is found to increase from 21.55% for as deposited film to 28.30% and 36.98% for films 

annealed at 130 ℃ and 150 ℃ respectively, which is responsible for decrease in Φ of annealed 

films [1, 10, 24]. From Mo 3d spectra (Figures 4.13), it is observed that annealing has also 

enhanced the transformation of Mo6+ to Mo5+ because of increase in Ov. The relative 
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Figure 4.13: (a) O 1s and (c) Mo 3d spectra of molybdenum oxide films deposited on CG substrates at RT and 

annealed at 130 ℃ (b) O 1s and (d) Mo 3d spectra of films deposited at RT and annealed at 150 ℃. 

 

Figure 4. 14: Relative contribution of MoO3-x films deposited at RT and 100 ℃ and annealed at 130 ℃ and 150 

℃. 

contribution of Mo6+, Mo5+, Mo-O bond and Ov vacancies are shown in Figure 4.14.  

4.2.2.5 FETEM studies 

FETEM analysis is carried out to investigate the impact of annealing temperature on structural 

properties of molybdenum oxide films. From SAED pattern shown in Figure 4.15, it is  
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Figure 4.15: SAED patterns of MoO3-x film (a) deposited at Ts = RT, (b) annealed at 130 ℃ and (c) annealed at 

150 ℃ respectively.  

 

Figure 4.16: (a) HRTEM images, (b) respective plane and (c) SAED pattern of MoO3-x film annealed at 130 ℃ 

respectively.  

identified that as deposited films show well-organized diffraction patterns (Figure 4.15a), 

whereas annealed films exhibit distortion (Figure 4.15b and 4.15c). These differences could be 

the result of rearrangement of atoms and oxygen vacancies produced during annealing. For 

film that has been annealed at 150 °C, SAED pattern (Figure 4.15c) is composed of diffused 

and coalesced diffraction points, which show that the oxygen vacancies created during the 

annealing process have accumulated. These vacancies modify the interatomic distance and 

orientation of the MoO6 octahedra, changing the lattice properties of the MoO3 unit cell [25]. 

In all cases (Figure 4.7, Figure 4.16 and Figure 4.17) whether it is as deposited and post- 

annealed, formation of α and β phases of MoO3 are observed. For as deposited and 130 °C 

annealed film, single lattice plane is present in HRTEM images (Figure 4.7b and Figure 4.16 
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 Figure 4.17: (a) HRTEM images, (b), (c), (d) respective planes and (e) SAED pattern of MoO3-x film annealed at 

150 ℃ respectively.  

a). However, HRTEM image of 150 °C annealed film shows the presence of different distorted 

lattice planes (Figure 4.17d) confirming the transition of crystalline nature of MoO3-x to 

polycrystalline.  

These results suggest that low deposition temperature and low heat treatment temperature are 

desired for the preparation of MoO3-x films with fewer oxygen vacancies making it suitable for 

use as hole selective layer in semiconductor devices especially in solar cells. 

4.3 Conclusion 

Because of the sensitivity of MoO3-x film properties to deposition temperature and subsequent 

heat treatment such as annealing, it is essential to investigate how these factors affect the 

different properties of MoO3-x which further impact the performance of dopant free MoO3-x/c-

Si (n) solar cells. That’s why the influence of deposition temperature (RT and 100 °C) and heat 

treatment (vacuum annealing at 130 °C and 150 °C) on the optical, electrical and structural 

properties of MoO3-x films is thoroughly investigated in this work. With an increase in 

deposition and annealing temperatures, a decrease in transmission and band gap of MoO3-x 

films are noticed. When the deposition temperature is increased to 100 °C, the work function 

decreased by ~0.28 eV, according to KPFM study. Moreover, the annealing has also reduced 
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Φ value, changing from 4.75±0.02 eV for film deposited at RT to 4.54±0.03 eV for film 

annealed at 150 °C. According to XPS analysis, the causes of the considerable drop in work 

function values are increase in oxygen vacancies and Mo5+ cations concentration in annealed 

MoO3-x films. 
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CHAPTER 5 

Oxygen Plasma Treatment on MoO3-x films 

deposited by thermal evaporation technique 

This chapter discusses the effect of oxygen plasma treatment on structural, optical, 

electrical and compositional properties of thermally evaporated MoO3-x films. Thermal 

evaporation method is the commonly used method for depositing molybdenum oxide films 

because its forms good quality MoO3-x films having high band gap and high transparency. For 

its use as hole selective layer (HSL) in c-Si heterojunction solar cells, MoO3-x should have wide 

band gap, high work function and high trap density. All these factors are strongly influenced 

by oxygen deficiency, metal cation concentrations and stoichiometric ratio of O/Mo. In MoO3-

x films, these factors are sensitive towards the techniques used for its synthesis, deposition and 

annealing temperatures, which we have already discussed in previous chapters. Literature 

reports that work function of MoO3-x decreases by ~1 eV on exposure to ambient conditions. 

For efficient and stable devices, it is necessary to recover the decrease in work function by 

subsequent treatments. So, with the motivation to improve or recover the work function of 

MoO3-x, oxygen plasma treatment (OPT) using plasma enhanced chemical vapor deposition 

technique (PECVD) is carried out on MoO3-x films deposited by thermal evaporation. Here,
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sequential optimization of OPT conditions are done. For this at first, rf power is varied, 

followed by oxygen flow rate (OFR) and OPT duration and its effect on different properties 

are studied in detail. Further, the optimized OPT conditions are used to improve the work 

function of thin films (14 nm and 23 nm) suitable for MoO3-x/c-Si(n) solar cells. 

5.1 Experimental Details 

Molybdenum oxide films were deposited on corning glass 1737 substrates and n-type silicon 

(c-Si (n)) wafers using thermal evaporation technique. MoO3 powder (99.99%) purchased from 

Sigma Aldrich is used for preparing MoO3-x films. Both types of substrates were cleaned using 

separate cleaning process as described in Chapter 2, section 2.2. After completion of cleaning 

process, both substrates were dried using dry nitrogen and then loaded to the deposition 

chamber. The MoO3-x films were deposited at substrate temperature of 100 ℃ and pressure of 

5×10-6 mbar. After deposition, MoO3-x films were transferred to PECVD chamber for oxygen 

plasma treatment. OPT was performed at room temperature and 1 mbar pressure. Treatment 

parameters such as rf power, oxygen flow rate and oxygen plasma treatment time were varied 

to study the effect of these parameters on structural, compositional and electrical properties. 

Initially, rf power was varied from 20 W, 40 W, 60 W to 80 W at fixed oxygen flow rate (OFR) 

of 10 SCCM; then, OFR was varied from 15 SCCM, 20 SCCM, 25 SCCM to 30 SCCM at 

fixed rf power of 80 W. Using the optimized conditions obtained from these two series, OPT 

time was varied from 20 minutes to 30 minutes. 

5.2 Results and discussion- 

5.2.1 OPT on thick MoO3-x films  

5.2.1.1 Raman studies 

Figure 5.1a shows the recorded Raman spectra of ~500 nm thick as deposited (untreated) 
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Figure 5.1: Raman spectra of MoO3-x films treated using oxygen plasma at (a) different rf-power values(OFR 10 

SCCM, time 10 min), (b) different oxygen gas flow rates (OPT at 80 W for 10 min) and (c) different OPT times (rf 

80 W, OFR 30 SCCM).  

      

Figure 5.2: Deconvoluted Raman spectra for (a) untreated MoO3-x film deposited at 100 °C and (b) OPT 

performed at 80 W. 

MoO3-x films and those treated with oxygen plasma at different rf-power values. The broadness 

of Raman peaks confirms the amorphous nature of as deposited and OP-treated films.  From 

Raman spectra shown in Figure 5.1a, it is observed that untreated films have a broad and intense 

peak at 850 cm-1 that represents the formation of β phase of MoO3 i.e. a metastable monoclinic 

phase [1]. After oxygen plasma treatment, the peak is shifted to ~820 cm-1, which is the 

characteristics peak of the most stable orthorhombic phase of MoO3 (α-MoO3) [1-3]. Raman 

spectra are deconvoluted to extract information about small peaks present along with the 

characteristics MoO3 peak. To get an adequate fit, five peaks are used during the fitting process. 
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Figure 5.3: Intensity ratio of Raman peaks of as deposited MoO3-x films and after OPT (a) at different rf-powers 

value (OFR = 10 SCCM, time = 10 min), (b) at different oxygen gas flow rates (OFR) (rf power = 80 W, time = 

10 min) and (c) at different OPT times (rf power = 80 W, OFR = 30 SCCM).  

The deconvoluted spectra of as-deposited films (Figure 5.2a) show most intense peak at 850 

cm-1 along with small peaks at 780 cm-1 and 904 cm-1 corresponding to different bonding modes 

of β-phase and a small intensity peak at 820 cm-1 corresponding to α-phase [4, 5].  However, 

after OPT, the peak corresponding to α-phase is the most dominating whereas the intensity of 

different β-peaks (850 cm-1, 780 cm-1, 904 cm-1) is reduced. The peak intensity at 930 cm-1, 

corresponding to the intermediate oxide Mo9O26, is found to be higher in OP-treated films than 

as deposited films. [6]. A significant increase in intensity ratio (
𝐼𝛼(820 𝑐𝑚−1)

𝐼𝛽(850 𝑐𝑚−1)
) is observed for 

OP-treated films (Figure 5.3a). This suggests that oxygen plasma has triggered the reaction 

among oxygen radicals and MoO3-x causing phase transformation of MoO3 from β  to α phase 

[1]. Formation of Mo9O26 (Figure 5.3a) is observed to be more for OP-treated films.  

Raman spectra of OP-treated films for different oxygen flow rate (OFRs) are also recorded and 

are shown in Figure 5.1b. For this series also, all the plasma-treated films have a broad and 

intense peak at ~ 820 cm-1, the characteristics peak of α-MoO3. From the deconvolution data, 

it is observed that MoO3-x films treated using different OFRs also consist of Mo9O26 and mixed 

phase of MoO3 (α and β). The ratio of  (
𝐼𝛼(820 𝑐𝑚−1)

𝐼𝛽(850 𝑐𝑚−1)
) (Figure 5.3b) has initially decreased when 
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OFR is increased from 10 SCCM to 15 SCCM, however, an improvement in peak intensity 

ratio has taken place with further increase in OFR, confirming the dominance of α phase for all 

OP- treated films. The contribution of Mo9O26 phase has slightly increased at the expenses of 

β phase of MoO3-x when the oxygen flow rates have increased from 10 SCCM during OPT. 

Raman spectra of films undergone plasma treatment for different time are shown in Figure 

5.1c. Similar to the previous series, peak deconvolution is done using five peaks to obtain good 

fitting, which further confirmed the presence of orthorhombic and monoclinic phases of MoO3. 

An increase in peak intensity ratio is observed (Figure 5.3c) when OPT time is increased from 

10 minutes to 30 minutes, most likely due to an increased reaction probability between 

molybdenum oxide and oxygen radicals, which leads to a major conversion of β phase to α 

phase.  

5.2.1.2 XRD studies 

XRD patterns of as deposited MoO3-x films and after oxygen plasma treatment at different rf 

power values are presented in Figure 5.4a. These spectra show that as-deposited and OP-treated 

films are amorphous in nature, having a broad peak at 2θ ~ 25.68° for all set of samples. This 

peak represents the formation of the most stable phase of molybdenum oxide i.e. orthorhombic 

(α-MoO3) and refers to (040) plane (JCPDS card no - 05-0508) [7]. Apart from this, two humps 

are observed in XRD spectra. To get more insight into it, the deconvolution of XRD data is 

done using three peaks to achieve an appropriate fit (R2 = 0.998). Deconvoluted XRD of as 

deposited and OP-treated films at 80 W are shown in Figure 5.5a and 5.5b respectively. As 

deposited as well as OP-treated MoO3-x films exhibit the XRD peaks for Mo9O26 at 2Ɵ = 33.29° 

and β-MoO3 at 2Ɵ = 51.25° [8, 9]. To figure out how the oxygen plasma treatment affects 

MoO3 phase, the intensity ratio is calculated for α-MoO3, β-MoO3 and Mo9O26 phases using 

the relation (
𝐼𝑝ℎ𝑎𝑠𝑒

𝐼𝛼+𝐼𝛽+𝐼𝑀𝑜9𝑂26
) and is displayed in Figure 5.6. The development of α- 
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Figure 5.4: XRD patterns of MoO3-x films treated (a) different rf-power values (OFR 10 SCCM, time 10 min), (b) 

different oxygen gas flow rates (OPT at 80 W for 10 min) (c) different OPT times (rf 80 W, OFR 30 SCCM) and 

(d) JCPDS data card- 05-0508.  

     

Figure 5.5: Deconvoluted XRD for (a) untreated MoO3-x film and (b) OP-treated film at 80 W. 

MoO3 phase and Mo9O26 phase after OPT displayed a linear relationship with rf power at the 

expense of the β-MoO3 phase. It is caused by increase in the active oxygen concentration at 

high rf power, which leads to the formation of stable phase of MoO3-x. XRD results are in good 

agreement with the outcomes of Raman results.  

Figure 5.4b displays the XRD pattern of films treated with various oxygen flow rates. Along 

with Mo9O26 and β-MoO3 phase, a broad peak corresponding to the α-MoO3 phase is seen for 
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Figure 5.6: Intensity ratio of different XRD peaks of MoO3-x films treated (a) different rf-power values, (b) 

different oxygen gas flow rates (c) different OPT times.  

this set of samples as well. The growth of different phases of MoO3 as displayed in Figure 5.6b 

has not been affected by an increase in OFR in any discernible ways.  

Figure 5.4c shows the XRD patterns of the samples treated for 10, 20 and 30 minutes. All 

samples exhibit a broad peak at 2Ɵ = 25.68°, indicative of the amorphous nature and formation 

of the orthorhombic phase of MoO3. Figure 5.6c shows that longer oxygen plasma treatment 

initiated the transformation of MoO3 from stable α-phase to metastable β-MoO3. This is 

probably due to the removal of light oxygen vacancies from the surface, which can lead to 

further structural changes. 

5.2.1.3 KPFM studies 

The effect of OPT on work function (Φ) is studied using KPFM. Since our objective is to use 

MoO3-x as hole selective layer with n-type c-Si (c-Si (n)) (the absorber layer) for solar cell 

fabrication, for these studies MoO3-x films for each conditions are prepared on (c-Si (n)) 

substrates (275-325 µm, 5-10 Ωcm). Work function is sensitive to the presence of contaminants 

on the surface of film, surface condition and reaction occurring at surface. Here, the local work 

function of OP-treated MoO3-x films is measured. The term local work function is used here 

because the measurements are carried out in ambient conditions near the tip position and any 
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 Figure 5.7: KPFM images of (a) as deposited MoO3-x films and OPT treated films at rf-power of (b) 20 W, (c) 60 

W, (d) 80 W and (e) work function variation respectively.  

absorbents on surface can alter Φ. Using KPFM, the contact potential difference (CPD) 

between MoO3-x and conducting tip is measured, which is then used to find the work function 

of MoO3-x films using Chapter 2, Equation 2.12 [10-12]. CPD mapping images of MoO3-x films, 

with and without oxygen plasma treatment, are shown in Figure 5.7. CPD images show that as 

deposited MoO3-x film (Figure 5.7a) has positive CPD values whereas for OP-treated films, 

(Figure 5.8b-d) CPD values are negative. An increase in CPD value is observed as rf power is 

increased from 20 W to 80 W.  The increase in CPD between the conducting tip and OP-treated 

MoO3-x indicates that the resistance of films has increased with rise in rf power, further 

suggesting that the stoichiometric ratio of O/Mo is shifting closer to 3 [13-15]. OPT performed 

at higher RF power has increased the concentration of active oxygen (O), which combines with 

molybdenum oxide to fill oxygen-vacant sites present in MoO3-x films. The dissociation of 

oxygen atoms and possible reactions between MoO3-x and O are shown in Equation (5.1), (5.2) 

and (5.3) respectively [16].  
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𝑂2 + 𝑒−  → 2𝑂 +  𝑒−                                                                     ------------------ (5. 1) 

𝑀𝑜𝑂3−𝑥 + 𝑂 → 𝑀𝑜𝑂3−𝑦 , 3 ≥ 𝑥 > 𝑦                                                ------------------ (5. 2) 

𝑀𝑜𝑂3−𝑥 +  𝑂2  →  𝑀𝑜𝑂3−𝑦 , 3 ≥ 𝑥 > 𝑦                                                ------------------ (5. 3) 

Figure 5.7e shows the work function values of as deposited and OP-treated MoO3-x films. The 

work function has increased from 4.91±0.01 eV for as deposited MoO3- x film to 5.05±0.01 eV 

for 20 W OP-treated film. The film that has undergone OPT at 80 W has the highest Φ value = 

5.16±0.02 eV. KPFM results suggest that oxygen plasma treatment has improved the work 

function of molybdenum oxide films. The literature reports that a material's work function is 

sensitive to its roughness [13, 17, 18]. Nevertheless, the surface roughness of MoO3-x films 

does not change noticeably after OPT. Hence, the work function increase is primarily caused 

by the filling of oxygen vacancies during OPT. 

 

Figure 5.8: CPD mapping of OP-treated films using (a) 15, (b) 20, (c) 25, (d) 30 SCCM oxygen flow rate (rf 80 

W and OPT time 10 minutes) and (e) work function variation of different OFRs.  

The CPD mapping and work function of MoO3-x films treated using different OFRs at 80 W  
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are presented in Figure 5.8. Initially a small decrease in CPD and Φ is observed when OFR is 

increased from 10 SCCM (Figure 5.7d) to 15 SCCM (Figure 5.8a). However, subsequent 

increase in OFR from 15 SCCM to 30 SCCM results in a linear increase in CPD and work 

function values as shown in Figure 5.8e. This trend is similar to the ratio of (
𝐼𝛼(820 𝑐𝑚−1)

𝐼𝛽(850 𝑐𝑚−1)
)  

observed in Raman studies suggesting that the work function decrease for 15 SCCM is due to 

the increased β-phase of molybdenum oxide at the expense of α-phase [13, 19]. The variation 

in Φ values depending on phases of MoO3 is also observed by Kodan et al. group [19]. By 

varying OFR during OPT, we have been able to increase the work function of MoO3-x films 

from 5.16±0.02 eV for 10 SCCM to 5.22±0.02 eV for 30 SCCM of OFR.  

 

Figure 5.9: CPD mapping of OP-treated MoO3-x films for (a) 10, (b) 20 and (c) 30 min (rf 80 W and OFR 30 

SCCM).  

 

Figure 5.10: Work function variation of MoO3-x films treated (a) using different oxygen flow rates and (b) for  

different OPT times.  

TH-3337_166151008



Oxygen Plasma Treatment on MoO3-x films deposited by thermal evaporation technique 

 

 

Page | 129 
 

Figure 5.9 shows CPD images of OPT carried out at different times. Work function values have 

remained almost the same for all cases as shown in Figure 5.10. Also, when the OPT time is 

increased from 10 to 30 minutes, no noticeable differences in the roughness of the MoO3-x films 

are observed. 

 

Figure 5.11: FESEM images of (a) as deposited MoO3-x film and (b) OP-treated film at rf-power of 80 W 

respectively.  

Table 5.1: Atomic percent of Oxygen (O), Molybdenum (Mo) and Silicon (Si) atoms in as deposited and MoO3-x 

films treated at different rf-powers.  

rF power (W) With substrate contribution No substrate contribution 

O  Mo Si O/Mo ratio O Mo O/Mo ratio 

No OPT 34.3 20.3 45.4 1.68 69.1 30.9 2.23 

20 W 37.2 19.8 43.1 1.87 71.0 29.0 2.44 

40 W 37.0 19.4 43.6 1.90 71.3 28.7 2.48 

60 W 36.0 18.5 47.3 1.94 72.0 28.0 2.57 

80 W 39.1 19.2 41.7 2.03 72.5 27.5 2.63 

 

5.2.1.4 FESEM + EDS studies 

To establish that the increase in work function of MoO3-x films after OPT is due to change in 

O/Mo stoichiometry ratio, EDS studies are performed. Presence of Si from substrate is detected 

along with the Mo and O. For all the films after OPT, Mo and Si atomic % is reduced, whereas 

O atomic % has increased. Compositional information for as deposited and OPT treated  
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molybdenum oxide films with and without substrate contribution is mentioned in Table 5.1. 

We have not taken into consideration the possibility of silicon oxide formation at the MoO3-

x/c-Si(n) interface while calculating the stoichiometric ratio. O/Mo ratio estimated from EDS 

data is found to be 2.33 for as deposited films and 2.63 for films treated at 80 W. The 

stoichiometric ratio has increased with increase in rf power confirming that OPT treatment has 

increased O atoms concentration inside MoO3-x films and improved the O/Mo ratio. This could 

be a reason for getting Mo9O26 and stable phase of MoO3 in XRD and Raman spectra. X. Liu 

has reported that OPT treated MoO3-x films can have thin layer of O2 absorbents on its surface 

[17]. So, it is possible that the surface oxygen atoms are also detected in EDS analysis. Since 

MoO3-x films deposited on Si substrates have a thickness of around 500 nm and EDS has a 

maximum penetration depth of 2 µm [20, 21], oxygen atoms can be collected from both the 

bulk and the surface. So, the increased oxygen atom concentration confirmed that OPT has 

filled the oxygen vacancies present throughout the bulk of OP-treated MoO3-x films and 

improved the stoichiometry. These findings also match the KPFM measurement results.  

 

Figure 5.12: FESEM images of films treated (a) using 30 SCCM OFR at 80 W and 10 min and (b) for 30 min at 

80 W and 30 SCCM OFR.  

Table 5.2 shows the compositional details of MoO3-x films treated using different O2 gas flow  

 rates. Increase in OFR resulted in an improvement in O/Mo ratio. An increase in oxygen atom  
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Table 5.2: Atomic percent of Oxygen (O), Molybdenum (Mo) and Silicon (Si) atoms in MoO3-x films treated using 

different OFRs.  

OFR (SCCM) With substrate contribution No substrate contribution 

O  Mo Si O/Mo ratio O Mo O/Mo ratio 

10 39.1 19.2 41.7 2.03 72.5 27.5 2.63 

15 54.9 21.6 23.5 2.54 74.0 26.0 2.84 

20 57.9 22.0 20.1 2.63 74.3 25.7 2.89 

25 59.8 20.8 19.4 2.87 75.9 24.1 3.14 

30 59.6 20.4 20.0 2.92 76.6 23.4 3.27 

 

Table 5.3: Atomic percent of Oxygen (O), Molybdenum (Mo) and Silicon (Si) atoms in MoO3-x films treated for 

different times.  

OPT Time 

(minutes) 

With substrate contribution No substrate contribution 

O  Mo Si O/Mo ratio O Mo O/Mo ratio 

10 59.6 20.4 20.0 2.92 76.6 23.4 3.27 

20 59.7 21.0 19.3 2.84 74.8 25.2 2.96 

30 55.4 17.4 27.1 3.18 78.2 21.8 3.58 

concentration inside the treatment chamber amplifies the reaction between oxygen and  

molybdenum atoms, forming MoO3-x closer to its stoichiometry.    

Atomic concentration of Mo, O and Si atoms for different OPT time are listed in Table 5.3. 

When plasma treatment time is varied keeping rf power = 80 W and OFR = 30 SCCM, no 

proper trend in stoichiometric ratio change is noticed. FESEM images confirmed that high rf 

power (80 W) (Figure 5.11b), high OFR (30 SCCM) (Figure 5.12a) and long OPT time (30 

minutes) (Figure 5.12b) have not damaged MoO3-x films surface.  

 

Figure 5.13: Energy band diagram between as deposited MoO3-x films and c-Si (n) (a) before contact and (b) 

after contact. The depicted interface layer is silicon oxide (SiOx) layer.  
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5.2.1.5 Charge carrier transfer mechanism 

Figure 5.13 shows the energy band diagram between as deposited MoO3-x and c-Si (n). Electron 

affinity (χc), band gap (Eg) and work function of silicon substrate is taken from literature and 

are 4.05 eV, 1.12 eV and 4.25 eV respectively [22]. The energy barrier faced by 

electrons (𝐸𝑏𝑛(𝑒𝑉) =  𝛷𝑀𝑜𝑂3−𝑥
− 𝜒𝑐−𝑆𝑖(𝑛)) and holes (𝐸𝑏𝑝(𝑒𝑉) = (𝐸𝑔 + 𝜒) 𝑐−𝑆𝑖(𝑛) −

𝛷𝑀𝑜𝑂3−𝑥
)  are calculated using the expression mentioned by H.  Mehmood et. al [22]. For as 

deposited MoO3-x, Ebp=0.26 eV < Ebn=0.86 eV (Figure 5.13b), so holes transfer from valence 

band (Ev) of c-Si (n) to conduction band (Ec) of MoO3-x is more probable as compared to 

transfer of electrons. Also, at MoO3-x/c-Si(n) interface, nature of n type c-Si has changed to p-

type (i.e. inversion layer formation) which further supports the flow of holes. Because the hole 

transport from Ev of c-Si (n) to Ec of MoO3-x, the charge transfer mechanism in MoO3-x/c-Si(n) 

devices is different. Literature reports that this material inherently has n-type nature due to 

oxygen vacancy. But it favors hole transfer because of high Φ and presence of deep trap states 

[23]. When MoO3-x is treated with oxygen plasma, Φ value has increased from 4.91±0.01 eV 

(for No OPT) to 5.05±0.01 eV and 5.16±0.02 eV, for 20 W and 80 W OPT treated films 

respectively. The Φ increment has increased Ebn from 1.00 eV for 20 W to 1.11 eV for 80 W 

and reduced Ebp from 0.12 eV for 20 W to 0.01 eV for 80 W. The low Ebp suggests that ohmic-

type hole transport is possible at Φ = 5.16±0.02 eV, however, electrons flow from c-Si (n) to 

MoO3-x layer is blocked by the high energy barrier. Figure 5.14b displays the energy band 

diagram for this case. These results suggest that OPT treatment have improved the hole 

selectivity of MoO3-x  films by improving Φ of MoO3-x, which is very important when MoO3-x 

is used as hole selective contact in silicon heterojunction solar cells or any organic solar cells. 

The Φ values and the respective Ebn and Ebp obtained at different rf powers and OFRs are listed 

in Table 5.4. The increase in plasma treatment time has resulted in Fermi level pinning due to 

easier transport of holes from c-Si (n) to MoO3-x side as the position of Fermi level in MoO3-x 
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Figure 5.14: Energy band diagram of c-Si (n) and MoO3-x films undergone OPT at (a) 20 W, (b) 80 W and (c) 

OFR 30 SCCM, OPT time 10 min and rf 80 W respectively. The depicted interface layer is SiOx layer. 

Table 5.4: Values of calculated Φ, Ebn and Ebp of as deposited and OP treated MoO3-x films.  

OPT RF power (W) Constant parameters Φ (eV) Ebn(eV)  Ebp(eV)  

No OPT  

OFR=10SCCM, 

Treatment time=10min 

4.91±0.01 0.86 0.26 

20 5.05±0.01 1.00 0.12 

40 5.07±0.02 1.02 0.10 

60 5.06±0.01 1.01 0.11 

80 5.16±0.02 1.11 0.01 

OFR (SCCM)     

10  

Rf power = 80W 

Treatment time = 10min 

5.16±0.01 1.11 0.01 

15 5.04±0.01 0.99 0.13 

20 5.10±0.01 1.05 0.07 

25 5.15±0.01 1.10 0.02 

30 5.22±0.02 1.17 -0.05 

 

lies at ~ 5.22 eV which is nearby the valence band of c-Si (n) [22].  This would form a strong 

p-type inversion layer across the interface and hinder electrons flow as shown in Figure 5.14c.   

5.2.2 OPT on thin MoO3-x films 

Solar cells require a thin hole selective layer, so thin films (14 nm & 23 nm) of MoO3-x are 

prepared on corning glass and c-Si (n) substrates at substrate temperature of 100 ℃ and also  
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Figure 5.15: FESEM images of untreated and oxygen plasma treated films of MoO3-x. 

Table 5.5: Atomic percent of O, Mo and Si atoms present in thin MoO3-x films.  

Sample name With substrate contribution 

O  Mo Si 

23 nm_No OPT 7.0 1.7 91.3 

23 nm_OPT 12.0 2.1 85.9 

 

treated with oxygen plasma to study its effect on work function of thin MoO3-x films. The OPT 

conditions used for these studies are: rf-power 80 W, OFR = 30 SCCM and time 5 minutes, 

which are chosen based on the previous studies on thick MoO3-x films.  

5.2.2.1 FESEM + EDS studies 

FESEM images of MoO3-x films prepared on silicon substrates, displayed in Figure 5.15, 

demonstrated that OPT has not caused any surface damage to thin films. However, a small 

increase in grain size is observed after OPT for both 23 nm and 14 nm thin MoO3-x films. EDS 

analysis shows an increase in O atom concentration after OPT (Table 5.5). Since, molybdenum 

oxide films are very thin, a considerable portion of Si atoms are yielded by the EDS 

measurements. 
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Figure 5.16: (a) Transmission spectra, (b) zoomed view of transmission (inset image) and (c) band gap values of 

untreated and oxygen plasma treated thin films of MoO3-x.      

5.2.2.2 UV-Vis studies 

Figure 5.16a shows the transmission spectra of untreated and oxygen plasma treated 23 nm and  

14 nm thin MoO3-x films deposited on corning glass substrates. Because of lower thickness, 

transmission of 14 nm film is higher as compared to 23 nm MoO3-x film. After OPT, both films 

show a slight increase in transmission (Figure 5.17b) and band gap (Figure 5.17c) due to the 

filling of oxygen vacancies by oxygen plasma treatment; this is further supported by EDS 

analysis (Table 5.5). 

5.2.2.3 KPFM studies 

Figure 5.17 shows the CPD mapping of untreated and OP-treated thin MoO3-x films deposited 

on c-Si (n) substrates. The average CPD value for both films changes from positive to negative 

after OPT, indicating that OPT has improved the work function of thin films. MoO3-x can react 

with oxygen atoms during plasma treatment, altering the surface dipole by filling oxygen 

vacancies within the material and subsequently altering the oxidation state of the Mo cations 

[17]. OPT also helps in removal of surface contaminants, which can also be one of the reasons 

for observed increment in work function. Work function is increased from 4.47±0.01 eV (No 
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Figure 5.17: CPD mapping of untreated (a) 23 nm and (c) 14 nm thin MoO3-x films and oxygen plasma treated 

(b) 23 nm and (d) 14 nm MoO3-x films and (e) work function of untreated and OP-treated thin MoO3-x films.  

Table 5.6:  Work function of MoO3-x films before and after OPT. 

Thickness 

(nm) 

Without OPT  With OPT  

Average CPD 

(mV) 

Φ (eV) Average CPD (mV) Φ (eV) 

23 nm 387 4.47±0.01 -139 4.99±0.01 

14 nm 276 4.58±0.02 -90 4.95±0.01 

OPT) to 4.99±0.01 eV (OPT) for 23 nm films whereas from 4.58±0.02 eV (No OPT) to 

4.95±0.01 eV (OPT) for 14 nm films. The Φ of thin films is smaller compared to that of thicker 

films, however, in both cases, OPT has improved the Φ significantly. The Φ increase is more 

for thin MoO3-x films. Table 5.6 shows the CPD and work function values of thin MoO3-x films 

before and after OPT. 

5.2.2.4 XPS studies 

The full XPS spectra of MoO3-x films prepared on c-Si (n) substrates, shown in Figure 5.18, 

affirm the presence of oxygen atoms (O 1s), molybdenum atoms (Mo 3s, Mo 3p doublet peaks, 

Mo 3d doublet peaks) and traces of carbon atoms (C 1s).  
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Figure 5.18: XPS spectra of untreated and OP-treated 14 nm MoO3-x films. 

 

Figure 5.19: High resolution Mo 3d XPS spectra of (a) untreated and (b) OP-treated 14 nm MoO3-x films.  

Figures 5.19a and 5.19b show the high resolution Mo 3d XPS spectra of as deposited and OP-

treated 14 nm MoO3-x films deposited on c-Si (n) substrates. It can be seen that XPS spectra of 

as deposited thin films are more asymmetric and centered towards lower binding energy 

compared to the oxygen plasma treated films; Mo6+, 3d3/2 peak shifts from 235.75 eV to 236.00 

eV, 3d5/2 peak shifts from 232.64 eV to 232.87 eV after OPT confirming the presence of Mo 

atoms in its higher oxidation states [23]. For as-deposited MoO3-x films, the Mo5+ and Mo4+ 

states are observed in addition to Mo6+ state (Figure 5.19a), whereas for films treated with OP, 

only the Mo5+ signature is observed in conjunction with Mo6+ state (Figure 5.19b) [24]. 

Asymmetry is also evident in the high-resolution O 1s XPS spectra displayed in Figure 5.20, 

which suggests the presence of Mo-O bonds (532.68 eV) and oxygen vacancies (Ov) (530.51  
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Figure 5.20: High resolution O1s XPS spectra of (a) untreated and (b) OP-treated 14 nm MoO3-x films. 

eV) in MoO3-x matrix. In as-deposited 14 nm film, the relative contribution of Ov is 71% (Figure 

5.20a); however, for OP-treated MoO3-x film, it drops to 35% (Figure 5.20b). This suggests that 

by filling oxygen vacancies with active oxygen atoms produced during the OPT process, OPT 

improves the stoichiometry and work function of MoO3-x films. These results provide 

additional evidence that treating molybdenum oxide with oxygen plasma is an effective way to 

enhance its work function.   

By optimizing the OP treatment conditions, the work function of thicker films improved by 

0.31 eV, whereas the work function of thinner films has improved by 0.40 eV to 0.50 eV. The 

reason for this improvement is filling of greater percentage of Ov in MoO3-x when thinner films 

are exposed to oxygen plasma, whereas thicker films can only allow filling of Ov from the 

surface up to a few nm. 

5.3 Conclusion 

In this chapter, oxygen plasma treatment of thermally evaporated molybdenum oxide films 

using the PECVD method is explored as an approach to tune the work function of MoO3-x. We 

are the first to study the OPT effect on structural, optical and electrical properties of MoO3-x 

films. OPT is done at different rf powers (20 W - 80 W) and it is observed that plasma treatment 
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at 80 W has improved the work function of MoO3-x films from 4.91 eV for as deposited  films 

to 5.16 eV. For further optimization of OPT conditions, oxygen flow rates and OPT durations 

are varied. EDS results confirmed that OPT have improved the stoichiometry ratio of O/Mo 

throughout the bulk resulting in an improvement of work function. Also, a significant 

improvement in hole selectivity of MoO3-x is inferred for the films treated at 80 W using 30 

SCCM oxygen gas for 10 minutes. The increase in OPT timing has caused Fermi level pinning 

in MoO3-x. As these studies are done on ~500 nm thick MoO3-x films, which are not suitable 

for its application in photovoltaic devices, thin films (23 nm and 14 nm) of this material are 

also prepared and treated with OP. Decrease in Ov and enhancement in Φ values by ~0.40 eV 

are observed when thin MoO3-x films are treated with OP. From these analysis, it is confirmed 

that oxygen plasma treatment by PECVD technique can be a suitable approach to tune the work 

function of molybdenum oxide films. As the work function of TMO is sensitive to air contact 

and synthesis process, this approach can also help to recover or improve the work function of 

MoO3-x compounds. For solar cells, work function is one of the key parameters which directly 

affects the device properties. Our studies suggest that oxygen plasma treatment of MoO3-x films 

will be helpful in improving the performance of c-Si/TMO heterojunction solar cells. 
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CHAPTER 6 

Role of deposition parameters on optoelectronic 

properties of ITO films 

Transparent conducting oxides (TCOs) are the semiconductor materials which are used 

in various optoelectronic applications such as transparent electrodes for photovoltaic cells [1-

3], light-emitting diodes [4], flat panel displays [5], window defrosters [6], etc. A TCO should 

be highly conductive, have good transmission in the visible range of solar spectrum, be stable, 

non-toxic and cost-effective [7]. TCOs are high band gap (>3 eV) oxides and are doped with 

different metal atoms to attain resistivity less than 10-4 Ω-cm [8]. Most frequently used TCOs 

are: Indium oxides or Tin (Sn) doped Indium oxide (ITO) [9-11]; Zinc oxides (ZnO) with 

different metal dopants like Al-doped ZnO (AZO)[12], boron-doped ZnO [13]; and tin oxides/ 

fluorine-doped tin oxide (FTO) [14], etc. ITO is the most widely used TCO in solar cells 

because of its low sheet resistance, high optical transmissivity  (>85 %), high optical band gap 

(3.5-4.3 eV), low resistivity (~10-4 Ω-cm) [15] and stability against chemical attacks and time 

[16]. A few of these properties of ITO thin films are however, influenced by the method of 

deposition and processing conditions which impact the performance of solar cells. This requires
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tuning of deposition conditions to get ITO films with most suitable properties. With this 

motivation, the deposition parameters are optimised in this chapter for producing good-quality 

ITO films for use as TCO in solar cells. This chapter investigates the effect of process pressure 

and substrate temperature on the optoelectronic properties of ITO films. 

6.1 Experimental Details 

Tin-doped indium oxide films were deposited on Corning 1737 glass substrate using rf-

sputtering. The influence of deposition parameters on the structural, optical, and electrical 

properties of ITO films were explored. ITO (In2O3:SnO2; 95:5wt%) target having purity of 

99.99% was used for the deposition. Argon gas is used during the deposition process and gas 

flow rate was controlled using a mass flow controller (MFC). Corning glass substrates were 

cleaned and dried before being inserted into the rf-sputtering chamber for deposition. Two 

series of ITO films were prepared by altering one parameter and keeping other parameters 

constant. In the first series, process pressure (PP) was varied; 9.3×10-3 mbar, 5.3 ×10-3 mbar 

and 3.8×10-3 mbar while other parameters were fixed at 7 SCCM of argon flow rate (AFR), 

150 °C of substrate temperature (Ts) and 30 minutes of deposition time (td). In second series, 

substrate temperature (Ts) was altered (130 °C, 150 °C, 170 °C and 200 °C) at process pressure 

of 3.8×10-3 mbar and rest parameters were kept same as the first series.  

6.2 Results and discussion 

6.2.1 XRD studies 

Figure 6.1. shows XRD patterns of ITO films prepared at different process pressures and 

substrate temperatures. From Figure 6.1a, it is observed that high-pressure films (9.3×10-3 mbar 

and 5.3×10-3 mbar) are crystalline in nature with a sharp peak at 2θ ~ 30° corresponding to 

(222) plane. In contrast, the low-pressure film (3.8×10-3 mbar) shows polycrystalline nature  

TH-3337_166151008



Role of deposition parameters on optoelectronic properties of ITO films 

 
  

Page | 145 
 

 

Figure 6.1: XRD patterns of ITO films on corning substrates prepared at different (a) process pressures and (b) 

substrate temperatures. 

Table 6.1: Crystallite sizes for different planes of ITO films at various process pressures. 

Process Pressure 

(mbar) 

Crystallite size (nm) 

For (222) 

plane 

For (400) 

plane 

For (440) 

plane 

9.3×10-3 20.28 16.85 17.02 

5.3×10-3 19.33 16.36 16.34 

3.8×10-3 15.59 18.14 11.76 

 

Table 6.2: Crystallite sizes for different planes of ITO films at various substrate temperatures.  

Substrate 

temperature 

(°C) 

Crystallite size (nm) 

For (222) 

plane 

For (400) 

plane 

For (440) 

plane 

130 11.96 17.83 12.32 

150 15.59 18.14 11.76 

170 14.49 19.24 14.08 

200 14.63 15.90 9.99 

 

with peaks at 2θ = 21.07°, 29.90, 34.98°, 37.13°, 44.98°, 50.18° and 59.91° corresponding to 

planes (211), (222), (400), (411), (431), (440), and (622) respectively and are found in good 

concurrence with cubic phase of ITO (JCPDS card no.: 06-0416) [17, 18]. All films exhibited 

an intense peak along the (222) plane, but when the PP is reduced to 3.8×10-3 mbar, intensity 

of the (400) peak has improved significantly. Table 6.1 shows crystallite sizes for dominant 

planes of ITO films prepared at different process pressures. There was no obvious difference 

in crystallite size along any of the planes when the pressure is decreased from 9.3×10 -3 mbar 

to 5.3×10-3 mbar. However, a considerable reduction in the sizes of (222) and (440) aligned 
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crystallites is due to the favoured growth of the (400) peak [19, 20]. Growth of ITO crystallites 

along [400] direction is influenced by the energy of sputtered particles striking the substrate 

surface, which is high at low pressure; so growth along [400] increases when PP is reduced 

[18, 21]. Furthermore, growing crystallites along the [400] direction can increase the deposition 

rate of ITO films because crystallites orientated along the [222] direction are more prone to re-

sputtering than crystallites developed along the [400] direction. This is consistent with UV-Vis 

findings, which revealed an increased deposition rate at low PP and will be discussed in the 

following section. The similar pattern has been reported for ITO films prepared using various 

methods [21].  

The XRD patterns displayed in Figure 6.1b for the substrate temperature variation series reveal 

that the ITO films have different preferential growth orientations for different substrate 

temperatures. Films prepared at Ts = 130 °C showed major grains growth for [400] direction. 

Increase in Ts to 150 °C and 170 °C resulted in the development of the (222) peak in addition 

to the preferential growth of (400) peak [22, 23].  Increase in substrate temperature increases 

the diffusivity of Ad-atoms on the substrate surface initiating preferred alignment along [400] 

direction [23]. At Ts = 200 °C, a decrease in oxygen vacancies within ITO films most likely 

initiated a shift in growth orientation from [400] to [222] [21, 23]. High substrate temperatures 

might provide oxygen atoms sufficient energy to get bonded in the ITO matrix and fill the 

oxygen vacancy. This could explain why, at Ts >130 °C, the peak intensity of the (222) plane 

increases at the expense of the intensity of the (400) plane [23]. Table 6.2 shows crystallite 

sizes for dominant planes of ITO films prepared at different substrate temperatures.  

6.2.2 FESEM studies 

FESEM images of ITO films deposited on corning glass substrates for different deposition 

parameters are shown in Figure 6.2. Figure 6.2a and 6.2c show FESEM images of films  
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Figure 6.2: FESEM micrograph for ITO films of (a,c) process pressure variation and (b,d) substrate temperature 

variation.  

deposited at 9.3×10-3 mbar and 3.8×10-3 mbar pressure respectively. The high pressure film 

consisted of more grain boundaries, whereas the grain boundaries decreased at low pressure, 

forming a compact film. All ITO films are observed to have pinhole-free surface. 

Figure 6.2b, 6.2c and 6.2d show the FESEM images of the ITO films deposited at different 

substrate temperatures (130 °C, 150 °C and 200 °C at 3.8 × 10-3 mbar PP). Films prepared at 

low temperature (130 °C) have small size grains, whereas at Ts = 150 °C, an increase in grain 

size is observed. A further increase in Ts to 200 °C resulted in a decrease in grain size and 

detoriated the film quality, as shown in Figure 6.2d. Films deposited at Ts = 130 ℃, 150 ℃ 

and 200 ℃ are compact yet have rough surface. 

6.2.3 AFM studies 

Figure 6.3 shows 3D AFM images of ITO films deposited at various process pressures and  
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Figure 6.3: AFM images of ITO films deposited at different (a) process pressure (Ts = 150 °C), and (b) substrate 

temperature (PP = 3.8×10-3 mbar). 

Table 6.3: rms roughness of ITO films prepared at different process pressures. 

Process Pressure (mbar) rms roughness (rrms) (nm) 

9.3×10-3 1.12 

5.3×10-3 1.15 

3.8×10-3 1.68 

Table 6.4: rms roughness of ITO films prepared at different substrate temperatures. 

Temperature (°C) rms roughness (rrms) (nm) 

130 1.38 

150 1.68 

170 1.45 

200 1.52 

 

substrate temperatures. AFM images (Figure 6.3a) show that, films prepared at high pressures  

 (9.3×10-3 mbar and 5.3×10-3 mbar) have uniformly distributed grains of ITO. However, low-

pressure films (3.8×10-3 mbar) are composed of different-sized ITO grains. The rms roughness 

of ITO films deposited at different PP are listed in Table 6.3. Films deposited at 3.8×10-3 mbar  

have higher rms roughness because of the existence of smaller and larger grains altogether for 

(222), (400) and (440) planes, as observed in XRD studies. This property is beneficial for TCO  

TH-3337_166151008



Role of deposition parameters on optoelectronic properties of ITO films 

 
  

Page | 149 
 

because it also functions as an antireflective layer in a solar cell, and a rougher surface can help  

in reducing the  reflection losses at the surface [18].  

Fig. 6.3b and Table 6.4 present AFM images and roughness of ITO films deposited at different 

Ts, respectively. The films deposited at Ts = 130 °C have the lowest surface roughness (1.38 

nm) and increasing Ts to 150 °C produced rougher ITO films with surface roughness of 1.68 

nm. Further increases in Ts above 150 °C results in decrease in surface roughness of ITO films.   

 
 

Figure 6.4: UV-Vis transmission spectra of ITO films deposited at different (a) process pressures and (b) 

substrate temperatures. 

 
Figure 6.5: (αhν)2 vs. hν plot for ITO film prepared at a process pressure of 3.8×10-3 mbar. 

6.2.4 UV-Vis studies 

Figure 6.4a shows the UV-Vis transmission spectra of ITO films prepared at different process 

pressures. All the films have interference fringes in the visible region with good transparency  
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Table 6.5: Thickness, deposition rate (rd), and optical band gap (Eg) for the ITO films prepared at varied process 

pressure estimated from UV-Vis transmission spectra along with thickness measured by surface profilometer. 

Process Pressure 

(mbar) 

Thickness from UV-Vis 

transmission spectra (nm) 

Thickness from profilometer 

(nm) 

Eg (eV) rd (Å/s) 

9.3×10-3 327 345±12 3.72±0.01 1.92±0.13 

5.3×10-3 555 538±15 3.75±0.01 3.00±0.17 

3.8×10-3 621 624±8 3.76±0.02 3.50±0.09 

Table 6.6: Thickness, deposition rate (rd), and optical band gap (Eg) for the ITO films prepared at varied substrate 

temperatures estimated from UV-Vis transmission spectra along with thickness measured by surface profilometer. 

Substrate 

temperature 

(°C) 

Thickness from UV-Vis 

transmission spectra (nm) 

Thickness from 

profilometer (nm) 

Eg (eV) rd (Å/s) 

130 560 592±10 3.73±0.01 3.30±0.11 

150 621 624±8 3.76±0.02 3.50±0.09 

170 643 630±12 3.68±0.02 3.50±0.13 

200 585 598±5 3.73±0.02 3.32±0.06 

~85% (maximum transmission ~91%). Film thicknesses calculated using the Swanepoel 

method and profilometer are listed in Table 6.5 [24]. The thicknesses determined by the 

profilometer and the Swanepoel method yielded closer values. Increase in deposition rate (rd) 

is observed from 1.9 Å/s to 3.5 Å/s when PP is lowered from 9.3×10-3 mbar to 3.8×10-3 mbar 

respectively. At high pressure, a large number of argon ions remain in the chamber, increasing 

the collision frequency and lowering the energy of the argon ions striking the ITO target. This 

reduces the number of sputtered atoms/molecules emitted from the ITO target, resulting in 

decreased deposition rate. On the other hand, because of the lower collision frequency at low 

pressure conditions, argon ions retain more energy. When these highly energetic ions collide 

with the ITO target, more ITO molecules sputter from the target and reach the substrate, 

increasing the deposition rate of ITO films [18, 25]. The optical band gap (Eg) of ITO films is 

calculated by plotting (αhν)2 vs. hν as shown in Figure 6.5 and listed in Table 6.5 [26]. Band 

gap is found to be nearly same (~3.74 eV) for all PP varied ITO films.               

Figure 6.4b shows the UV-Vis transmission spectra of ITO films deposited at different 

substrate temperatures. The transmission of each film is in the range of ~85% in the visisble 
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range with interference fringes. Table 6.6 shows the thickness, deposition rate and band gap of 

all substrate temperature-varied films. Not much variation is noticed in thickness, band gap, 

and deposition rate values with change in substrate temperature.  

    

Figure 6.6: The sheet resistance and figure of merit values for (a) different process pressures and (b) substrate 

temperature. 

6.2.5 Sheet Resistance Studies 

The sheet resistance (Rsheet) of ITO films deposited on corning glass is measured using four-

point probe method as described in Chapter 2, Equation 2.15 [27].  

When electrical sheet resistance and optical transmission properties are known, the 

performance of TCOs can be compared by calculating its figure of merit. Thus, to 

quantitatively evaluate the performance of ITO films deposited at different process pressures 

and substrate temperatures, figure of merit (𝛷TS) is calculated using the equation 6.1 [28] 

 Figure of Merit (𝛷TS) = 
𝑇10

𝑅𝑠ℎ𝑒𝑒𝑡
                                                                       ------------------ (6.1) 

where T is the transmittance of ITO film at 550 nm, and Rsheet is the sheet resistance.              

Figure 6.6 shows the sheet resistance and figure of merit values for different process pressures 

and susbtrate temperatures. Low PP films have lower sheet resistance value (Figure 6.6a) than 

high pressure films. ITO films having orientation along [222] and [400] directions exhibit high  
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Table 6.7: Sheet resistance and the figure of merit of ITO films prepared at different process pressures. 

Process pressure (mbar) Transmittance at 550 (nm) Sheet resistance (Ω/□) The figure of merit 

(𝛷TS) 

9.3×10-3 0.90 76 4.59×10-3 

5.3×10-3 0.77 23 3.19×10-3 

3.8×10-3 0.82 11 12.49×10-3 

 

Table 6.8: Sheet resistance and the figure of merit of ITO films prepared at different substrate temperatures. 

Substrate temperature 

(°C) 

Transmittance at 550 (nm) Sheet resistance (Ω/□) The figure of merit 

(𝛷TS) 

130 0.88 17 16.38×10-3 

150 0.82 11 12.49×10-3 

170 0.89 10 31.18×10-3 

200 0.87 15 16.56×10-3 

 

 

carrier mobility and high carrier density [29]. The conductivity of ITO is determined by the 

presence of Sn atoms and oxygen vacancies [29, 30]. As the (222) plane confirms the 

substiution of Indium (In3+) vacancy by Tin (Sn4+) in In2O3 and (400) refers to oxygen vacancy 

[20], presence of both the planes in adequate ratio is required to attain low resistivity and high 

transparency of ITO films finding its application in optoelectronic devices. In our case, ITO 

films prepared at low PP exhibited preferential peaks along both (222) and (400) planes as well 

as higher thickness, which explain the reason for getting lower sheet resistance at PP of 3.8×10-

3 mbar. Transmittance of ITO films at 550 nm, respective sheet resistance and 𝛷TS are 

mentioned in Table 6.7. The lowest sheet resistance of 11 Ω/□ and highest figure of merit of 

12.49×10-3 are observed for ITO films prepared at 3.8×10-3 mbar process pressure, which 

suggest that low process pressure is required to prepare good quality ITO films suitable for its 

use as TCO in solar cells.  

Table 6.8 shows the sheet resistance and the figure of merit values of ITO films prepared at 

various substrate temperatures. Sheet resistance is lowest for films deposited at 170 °C (10 

Ω/□) and 150 °C (11 Ω/□)  temperatures due to formation of thicker ITO  films. Films deposited 

at 170°C have highest figure of merit, primarily because these ITO films have lowest sheet 

resistance and highest transmittance. A plot of sheet resistance and figure of merit for various  
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Ts is shown in Figure 6.6b.  

6.3 Conclusion 

ITO films are deposited on corning glass substrates at different process pressures and substrate 

temperatures using rf-sputtering technique. In the first series, process pressure is varied from 

5.3×10-3 mbar to 3.8×10-3 mbar and its effect on structural, optical and electrical properties is 

studied. Low PP has resulted in the formation of polycrystalline ITO films with preferential 

peaks along (222) and (400) planes. ITO films depsoited at low PP exhibited highest deposition 

rate (3.50 Å/s) , lowest sheet resistance (11 Ω/□) and highest figure of merit (12.49×10-3). In 

the second series, the substrate temperature is varied from 130 °C to 200 °C at optimized PP 

of 3.8×10-3 mbar pressure. ITO films deposited at Ts = 150 °C and 170 °C are polycrystalline 

with intense peak along (400) and (222) planes. ITO films deposited at 170 °C have lowest 

sheet resistance (10 Ω/□) and highest figure of merit (31.18×10-3). These studies suggest that 

PP of 3.8×10-3 mbar and Ts = 150°C/170°C are ideal conditions to deposit ITO films suitable 

for their application in solar cells. 
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CHAPTER 7 

 

Fabrication and characterization of dopant free 

single sided MoO3-x/c-Si(n) heterojunction solar 

cells 

Sub-stoichiometric MoO3-x is widely used hole selective layer (HSL) in organic and 

inorganic semiconductor devices due to its wide band gap and high work function value [1-4]. 

The application of MoO3-x in silicon wafer-based heterojunction solar cells has accelerated due 

to the excellent results obtained by replacing p-doped amorphous silicon layers with MoO3-x 

[5-7]. Furthermore, the large band gap of MoO3-x reduces parasitic absorption losses, resulting 

in increased current density for MoO3-x /c-Si solar cells [8]. However, fill factor and open 

circuit voltage of dopant-free MoO3-x/c-Si(n) solar cells are being constrained by the MoO3-x 

material's temperature sensitivity. In this chapter, we have sequentially optimised the different 

layers’ deposition conditions to fabricate an efficient MoO3-x/c-Si(n) solar cells. Initially, 

devices with different back electrodes are fabricated and their effect on the performance of 

solar cells is studied. We have also explored the impact of the ITO's deposition conditions on 

the performance of dopant-free single-sided MoO3-x/c-Si (n) solar cells because MoO3-x films 
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also suffer sputtering damage during the deposition of transparent conducting oxide (TCO), 

i.e. indium tin Oxide (ITO). MoO3-x preparation temperature and its subsequent heat treatment 

during the fabrication of MoO3-x/c-Si (n) solar cell have also been tuned to achieve good device 

performance. FETEM, FESEM and UV-Vis spectroscopy are used to investigate the effect of 

various heat treatments on the properties of MoO3-x films.  

Using, MoO3-x as the HSL and ITO as TCO layer, solar cells with the configurations 

Ag/ITO/MoO3-x/c-Si(n)/Ag and Ag/ITO/MoO3-x/c-Si(n)/Al/Ag are fabricated. The specifications 

of c-Si (n) wafers (CZ) used for cell fabrication are: thickness ~ 275 -325 µm, resistivity ~ 5-

10 Ωcm. Prior to the deposition of different layers, silicon wafers are cleaned using RCA 1 and 

RCA 2 methods as described in Chapter 2 (section 2.3.1 & 2.3.2), to remove organic based 

contaminants and metal residues respectively [9] and subsequently dipped in hydrofluoric acid 

with 2% dilution to remove native silicon oxide layers formed on the surface of silicon wafers. 

Aluminium (Al) and silver (Ag) are used as back electrodes and deposited using thermal 

evaporation and rf-sputtering techniques respectively. MoO3-x films (about 22-26 nm) are 

deposited on double-side polished c-Si (n) wafers using thermal evaporation technique. 

Afterwards, ITO film (~80 nm) is deposited on top of MoO3-x layer using rf magnetron 

sputtering. Front metal grids are prepared using silver (Ag) paste (purity 99.99%) on top of 

ITO for better electrical contacts. Current density-voltage (J-V) measurements of fabricated 

dopant free solar cells are performed in dark and under AM 1.5 illumination at room 

temperature. 

7.1 Fabrication of device using different back electrodes 

combination 

MoO3-x/c-Si (n) solar cells are fabricated (i) with Ag as back electrode and (ii) with Aluminium  
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Figure 7.1: (a) MoO3-x/c-Si (n) device structure with Ag as back electrode and (b) steps for fabrication of 

respective device.  

 

Figure 7.2: (a) MoO3-x/c-Si (n) device structure with Ag/Al as back electrodes and (b) steps for fabrication of 

respective device.  

(Al) and Ag as back electrodes. Al electrode is deposited on rear side using thermal evaporation 

method and Ag is deposited on top of Al using rf magnetron sputtering as back electrode. 

Figures 7.1 and 7.2 illustrate device configurations with Ag and Ag/Al back electrodes, as well 

as the corresponding device fabrication steps.  

The current density and voltage (J-V) characteristic of Ag/ ITO/MoO3-x/c-Si(n)/Ag solar cell 

with Ag as back electrode is shown in Figure 7.3a. This device showed an open circuit voltage  
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Figure 7.3: J-V characteristics of fabricated solar cells (a) with Ag as back electrode and (b) Ag/Al as back 

electrodes.  

Table 7.1: Calculated solar cell parameters for MoO3-x/c-Si(n) solar cells.  

Cell Structure  Jsc (mA/cm2) Voc (mV) FF η (%) Rsh (Ω.cm2) Rs (Ω.cm2) 

Ag/ ITO/MoO3-x/c-Si(n)/Ag 28.44 391 0.40 4.44 155.40 8.75 

Ag/ ITO/MoO3-x/c-Si(n)/Al/Ag  
(Al annealed at 200 °C for 60 minutes) 

28.57 437 0.32 3.99 34.14 11.21 

Ag/ ITO/MoO3-x/c-Si(n)/ Al/Ag  

(Al annealed at 400 °C for 30 minutes) 

28.14 455 0.30 3.84 29.16 14.86 

(Voc) = 391 mV, current density (Jsc) = 28.44 mA/cm2, fill factor (FF) = 0.40 and device 

efficiency (η) = 4.44%. The Voc and FF values of this device are relatively low. To increase the 

device performance, the combination of Al and Ag are used as back electrodes for efficient 

extraction of photo-generated charge carriers. Al electrodes are deposited on the backside of c-

Si (n) wafer using thermal evaporation technique and diffused into the silicon wafer by 

annealing at 200 °C for 60 minutes for one device and at 400 °C for 30 minutes for the other 

one, followed by the deposition of HSL, ITO and Ag. Annealing process is carried out under 

high vacuum (5.5×10-5 mbar) condition. The J-V characteristics of these cells (Ag/ ITO/MoO3-

x/c-Si(n)/Al/Ag) are shown in Figure 7.3b. The use of Ag/Al back electrodes have improved Voc 

from 391 to 455 mV. It is because of improved back contact, which facilitates the extraction 

of majority carriers from c-Si (n) to metal contacts. However, FF decreased from 0.40 to 0.30. 

Combination of Ag and Al as back electrodes lowered shunt resistance (Rsh) while increasing 

series resistance (Rs). The repeated exposure of c-Si (n) wafers in the environment after 
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annealing can cause adsorption of moisture on surface of the fabricated devices. As MoO3-x is 

moisture sensitive, it may result in poor junction formation during MoO3-x deposition and a 

decrease in shunt resistance. No change is Jsc is observed for devices prepared using Ag/Al as 

back electrodes. These results are summarized in Table 7.1.  

 

Figure 7.4: Steps used for fabrication of MoO3-x/c-Si(n) with different ITO preparation conditions.  

7.2 Fabrication of device by varying the process pressure for 

depositing ITO, the TCO layer 

The optimised deposition conditions described in Chapter 6 are used to deposit ITO films with 

high transparency and low sheet resistance. Solar cells are fabricated using different process 

pressures for 80 nm ITO film deposition i.e., 5.3×10-3 mbar and 3.8×10-3 mbar. RCA cleaned 

c-Si (n) wafers are dried with nitrogen gas and immediately loaded in the thermal evaporation 

chamber to deposit Al (~200 nm) as back electrode followed by annealing at 400 °C for 1 hour 

under high vacuum conditions. After annealing, MoO3-x is deposited on front side using thermal 

evaporation at substrate temperature (Ts) of 100 °C. Afterwards, ITO layer is deposited on top 

of HSL using rf-sputtering at Ts = 150 °C. Ag (~150 nm) is deposited at 100 °C using rf-

sputtering as back electrode on top of diffused Al. Solar cell preparation steps are shown in 

Figure 7.4. Figure 7.5 shows solar cells' J-V characteristics for ITO layer deposited at different  
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Figure 7.5:  J-V characteristics of the fabricated devices with ITO layers deposited at different process pressure.  

Table 7.2: Calculated solar cell parameters for MoO3-x/c-Si(n) solar cells (Cell diameter = 3mm).  

ITO process pressure 

(mbar) 

Voc (mV) Jsc (mA/cm2) FF η (%) Rs 

(Ω.cm2) 

Rsh 

(Ω.cm2) 

5.3×10-3  391 45.71 0.48 8.58 3.99 54.25 

3.8×10-3  517 39.71 0.49 10.06 4.13 140.00 

process pressures. The solar cell parameters are shown in Table 7.2. The cell open circuit 

voltage increased from 391 mV to 517 mV and efficiency increased from 8.58% to 10.06% 

with a decrease in deposition pressure of ITO film from, 5.3×10-3 mbar to 3.8×10-3 mbar 

respectively. The improvement in Voc is due to the high Rsh value, suggesting the formation of 

a better ITO/MoO3-x interface at 3.8×10-3 mbar pressure. Because of the higher deposition rate 

(3.5 Å/s) at low deposition pressure (3.0 Å/s at 5.3×10-3 mbar pressure) (Chapter 6, section 

6.2.4), MoO3-x films are exposed to rf-plasma for a shorter duration [10]. This reduces sputter 

damage to the films and improves the junction between ITO and MoO3-x [11]. A decrease in 

current density (Jsc) and small increase in series resistance (Rs) (Table 8.2) are observed for 

solar cell in which ITO is prepared at 3.8×10-3 mbar. This difference could be due to the slight 

variation in thicknesses of MoO3-x films (22 nm for 5.3×10-3 mbar and 26 nm for 3.8×10-3 

mbar) as these devices are fabricated in different batches. 
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Figure 7.6: Steps used for fabrication of MoO3-x/c-Si (n) device by varying MoO3-x deposition temperature.  

      

Figure 7.7: J-V characteristics of fabricated solar cells (a) HSL deposited at different Ts and (b) ITO deposited 

at different Ts.  

7.3 Fabrication of devices by varying the deposition temperature 

of MoO3-x and ITO layers 

In this study, we have explored how the performance of solar cells is impacted by the deposition 

temperature of different layers. Deposition conditions of different layers of Ag/ITO/MoO3-x/c-

Si(n)/Al/Ag solar cells are specified in Figure 7.6. Keeping the device structure and fabrication 

steps same, devices are prepared in different conditions like preparation of MoO3-x and ITO 

layers at different deposition temperatures (Ts) and its effect on the device performance is 

studied. Figure 7.7a depicts the J-V characteristics of devices fabricated using MoO3-x as the  
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Figure 7.8:  Band diagram of MoO3-x /c-Si (n) solar cells. 

Table 7.3: Solar cell parameters for different deposition temperatures of MoO3-x and ITO. 

MoO3-x 

deposition 
temperature 

ITO deposition 

temperature 

Voc (mV) Jsc 

(mA/cm2) 

FF η (%) Rs 

(Ω.cm2) 

Rsh 

(Ω.cm2) 

100 ℃ 150 ℃ 517 39.71 0.49 10.06 4.13 140 

RT 150 ℃ 539 38.46 0.57 11.88 3.50 175 

RT 130 ℃ 482 37.71 0.53 9.63    4.27 140 

HSL, at two different deposition temperatures (RT and 100 °C). Devices with MoO3-x deposited 

at room temperature perform better than those with HSL deposited at 100 °C. Both open circuit 

voltage (Voc) and fill factor (FF) have improved when the MoO3-x deposition temperature is 

reduced. This can be related to the higher work function of MoO3-x as noticed in the earlier 

study Chapter 4, section 4.2.1, for RT film. Higher work function eases hole transport due to 

reduced hole energy barrier at the MoO3- x/c-Si (n) interface, as depicted in Figure 7.8 [13]. 

Hence, with reduced recombination at the interface, an efficient hole transport from silicon to 

the molybdenum oxide layer is possible resulting in better device performance, when MoO3-x 

is deposited at room temperature. These device results are closer to those obtained in simulation 

studies using thin SiOx layer with pin holes, which will be discussed in detail in Chapter 8. 

These results indicate that SiOx is unintentionally formed at the MoO3-x/c-Si(n) interface, 

enabling the transport of photogenerated carriers through pinholes and through SiOx layer. The 

probability of SiOx formation is higher for RT deposited MoO3-x films due to more oxygen 

atoms concentration inside the film, which is also confirmed by the higher work function  
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achieved for these films as described in Chapter 4, sections 4.2.1.3 & 4.2.1.4. 

Our previous study (Chapter 4, section 4.2.2.3) suggested that MoO3-x films annealed in 

vacuum at 130 °C have higher work function than the films annealed at 150 °C. So, in the next 

attempt to further enhance the device's performance, the ITO preparation temperature has been 

reduced to 130 °C. The J-V characteristic of a MoO3-x/c-Si (n) heterojunction solar cell with 

130 °C-deposited ITO is displayed in Figure 7.7b. When TCO layer is deposited at 130 °C, 

there is a considerable drop in Voc from 539 mV to 482 mV, which has further led to an overall 

decrease in efficiency (ƞ) to 9.63%. This degradation may be caused by changes to the structure 

and work function of MoO3-x films (described in Chapter 4) and increase in sheet resistance of 

ITO films (described in Chapter 6) [10]. Solar cell parameters for different deposition 

temperatures of MoO3-x and ITO are listed in Table 7.3.  

 

Figure 7.9: (a) SAED patterns of as deposited MoO3-x and (b), (c) SAED of subsequently two time heat treated 

MoO3-x films during device fabrication.  

7.3.1.1 Effect of two time heat treatments on properties of MoO3-x films 

During the fabrication of MoO3-x/c-Si (n) solar cells, MoO3-x is subjected to heat treatment 

twice; first during the deposition of ITO at 150°C/130°C and subsequently during the 

deposition of Ag at 100 °C. So, it is possible that multiple time heat treatment could alter the 

optoelectronic and structural properties of MoO3-x. To figure out the changes induced by two 
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time heat treatment (THT); FETEM and FESEM, UV-Vis spectroscopy are performed on 

MoO3-x films prepared on TEM grids and corning glass substrates respectively and 

simultaneously subjected to similar heat treatment conditions during device fabrication.  

 

Figure 7.10: (a) FESEM images of as deposited MoO3-x and (b), (c) FESEM images of subsequently two time heat 

treated MoO3-x films during device fabrication.  

       

Figure 7.11: (a) Transmission spectra and (b) its zoomed view of as deposited and two time heat treated MoO3-x 

films.  

It is evident from Figures 7.9a and 7.9b that SAED patterns have been disturbed by the THT 

of MoO3-x film at 150 °C and 100 °C. For MoO3-x subjected to THT at 130 °C and 100 °C, the 

discontinuous and diffused diffraction rings (Figure 7.9c) have formed, indicating the 

formation of irregularly aligned crystals and grains. However, no morphological changes 

(Figure 7.10) are noticed for two time heat treated MoO3-x films. Figure 7.11 shows THT 

has suppressed the transmission and also caused a red shift in the absorption edge. Since the 

thickness of MoO3-x is kept constant in all conditions, this decrease is mostly attributable to the 
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creation of oxygen vacancies, which increase the concentration of free electrons inside MoO3-

x, which behave like scattering centres and reduce the transmission as well as the band gap of 

molybdenum oxide films [14, 15].  These results indicate that THT at 130 °C and 100 °C has 

caused more structural disorder and also generated more oxygen vacancies than THT of MoO3- 

x film at 150 °C and 100 °C. The deterioration of performance of solar cells fabricated with 

ITO deposited at 130 °C is due to lower work function of MoO3-x films subjected to THT at 

130 °C and 100 °C, because of higher oxygen vacancies in this condition as discussed in 

Chapter 4. 

 

Figure 7.12: (a) Fabrication steps and (b) J-V characteristics of device in which MoO3-x layer is exposed to 150 

°C only (OHT). 

Table 7.4: Solar cell parameters for different treatment heat treatment conditions of MoO3-x. 

Heat treatment conditions 

of MoO3-x 

Voc (mV) Jsc (mA/cm2) FF η (%) Rs 

(Ω.cm2) 

Rsh 

(Ω.cm2) 

THT 539 38.46 0.57 11.88 3.50 175 

OHT 514 37.93 0.61 11.89       3.71 164 

 

7.3.1.2 Effect of one time heat treatment on the performance of 

MoO3-x/c-Si(n) solar cells  

As previous study has suggested that THT influences the structural and optical characteristics  

of HTL, so for the next device fabrication, two times heat treatment (THT) is reduced to one  
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time heat treatment (OHT). In OHT condition, prior to deposition of MoO3-x film, Ag is 

deposited at 100 °C on top of diffused Al on rear side of silicon wafer, followed by the 

deposition of MoO3-x layer on front side at room temperature and an ITO layer at 150 °C.  So, 

the MoO3-x layer is exposed to heat treatment only once during the deposition of ITO at 150 

°C. The fabrication steps are depicted in Figure 7.12a 

J-V characteristics of device fabricated in OHT condition is shown in Figure 7.12b. Solar cell 

fabricated in OHT condition has shown η of 11.89%, which is same as device prepared in THT 

condition (for ITO deposition at 150 °C); however, Voc has decreased by 25 mV and FF has 

improved from 0.57 (THT) to 0.61 in OHT condition (Table 7.4). As the OHT device has nearly 

the same FF and η, further optimisations for the OHT condition are required to improve the 

device results. The possible cause of Voc drop in OHT condition is decrease in Rsh because of 

exposure of silicon substrates to ambient many times prior to the deposition of MoO3-x, 

resulting in poor junction formation. The performance of dopant-free single-sided 

heterojunction MoO3-x/c-Si (n) solar cells can be enhanced by further optimisations for 

depositing MoO3-x layer and other processes, such as oxygen plasma treatment of HSL as 

discussed in Chapter 5. 

7.4 Conclusion 

The fabrication of MoO3-x/c-Si(n) solar cells, in which MoO3-x serves as a hole selective layer, 

is discussed in this chapter. The appropriate back electrode combinations are first selected, then 

different deposition conditions are employed to deposit ITO (the TCO layer), to find how it 

affects the device performance. After that, MoO3-x deposition temperature is varied and the 

effects of post-deposition heat-treatments on HSL properties and performance of prepared 

devices are studied. An increase in Voc is observed when Ag/Al back electrode is used for 

fabricating MoO3-x/c-Si(n) solar cell. This increase is due to the formation of good contact 
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between c-Si(n)/Al. Solar cell efficiency has increased from 8.58% to 10.06% with the decrease 

in process pressure from 5.3×10-3 mbar to 3.8×10-3 mbar for ITO films deposition. 

Enhancement in cell efficiency and photovoltaic parameters are due to the higher deposition 

rate of ITO film at low pressure, which reduces damage to the ITO/MoO3-x interface. Later, by 

changing the deposition temperature of MoO3-x, the HSL, MoO3-x/c-Si(n) solar cells with 

11.88% efficiency are fabricated. The increased work function of MoO3-x film accounts for 

improvements in Voc and FF for devices with MoO3-x films deposited at RT. To decrease the 

temperature at which the MoO3-x film is exposed during device fabrication, the ITO film is 

deposited at 130 °C, but in this case the device efficiency has dropped from 11.88% (for ITO 

film deposited at 150 °C) to 9.63%.  This is because of the optical and microstructural changes 

in MoO3-x induced due to THT at 130 °C for ITO preparation and 100 °C for silver electrode 

preparation on back side. FETEM and UV-Vis studies on two times heat treated MoO3-x films 

indicated that multiple heat treatments degrade the structural and optical characteristics of 

molybdenum oxide films. Therefore, it is inferred that the temperature at which MoO3-x is 

exposed during the fabrication of different layers in solar cells also has an impact on the 

performance of MoO3-x/c-Si (n) solar cells.  
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CHAPTER 8 

Simulation studies on MoO3-x/c-Si(n) hetero-

junction solar cells using AFORS-HET 

software 

 

  This chapter presents the simulation studies on MoO3-x/c-Si (n) 

silicon heterojunction solar cells performed using the AFORS-HET simulation tool. AFORS-

HET has been identified as a powerful simulation tool for heterojunction solar cell design [1-

5]. This software solves Poisson equation together with two continuity equations and gives 

thorough information on absorption qualities, band diagrams and electric field 

distribution across interfaces [2]. MoO3-x is an extensively utilised dopant free hole selective 

layer (HSL) in silicon heterojunction solar cells [6-8]. Despite being an n-type semiconductor, 

the high work function of MoO3-x makes it an appropriate HSL [9, 10]. In the previous Chapter, 

we observed that solar cells fabricated with MoO3-x deposited at room temperature have 

performed better as compared to devices fabricated with MoO3-x deposited at 100 °C. The 

improved performance is due to the higher work function achieved with MoO3-x films prepared 
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at room temperature. We performed simulations studies on MoO3-x/c-Si (n) heterojunction 

solar cells to better understand the impact of work function on solar cell performance as well 

as the probable transport mechanism occurring at the MoO3-x/c-Si (n) junction. 

8.1 Simulation details of MoO3-x/c-Si(n) heterojunction solar cells 

The simulation studies were carried out for device structure; Ag/ITO/MoO3-x/c-Si(n)/Ag. In this 

structure, MoO3-x was used as a hole selective layer and its work function was altered from 4.7 

to 5.2 eV. Table 8.1 lists the parameters that were used to conduct the simulation study [4]. 

After investigating the effect of work function on the performance of dopant-free MoO3-x/c-Si 

(n) solar cells, tunnelling through the insulator layer was introduced at the interface of MoO3-x 

and c-Si (n), and its impact on simulated device performance was explored. The standard 

illumination condition Air mass 1.5 (AM 1.5) at 300 K with a power density of 100 mW/cm2 

was used for simulated cells' current density and voltage (J-V) analysis.  

Table 8.1: The parameters used for MoO3-x/c-Si(n)  solar cell simulation. 

Parameters (units) c-Si(n) 

Thickness (μm) 300 

Dielectric constant  11.9 

Electron affinity (eV) 4.05 

Band gap(eV) 1.12 

Effective conduction band density (cm-3) 2.84×1019 

Effective valence band density (cm-3) 2.68×1019 

Electron mobility (cm2V -1s -1) 1107 

Hole mobility (cm2V -1s -1) 424.6 

Acceptor concentration (cm-3) 0 

Donor concentration (cm-3) 1.5×116 

Thermal velocity of electrons(cm.s-1) 107 

Thermal velocity of holes(cm.s-1) 107 

Layer density (g.cm-3) 2.328 

 

TH-3337_166151008



Simulation studies on MoO3-x/c-Si(n) heterojunction solar cells using AFORS-HET software 

 

Page | 175 
 

 

Figure 8.1: (a) J-V characteristics of MoO3-x/c-Si(n) solar cell and (b) solar cell  performance parameters (Voc, 

Jsc, FF and η) variations for different work function of MoO3-x.  

8.2 Results and discussion: 

8.2.1 Influence of work function on performance of MoO3-x/c-Si (n) solar 

cells 

The work function, Φ of molybdenum oxide (MoO3-x), which is crucial in controlling the 

contact resistance and charge transfer, has a major impact on the hetero-contact characteristic 

of the MoO3-x-based solar cells. Figure 8.1 depicts the effect of MoO3-x work function on the 

J-V characteristics and solar cell parameters of dopant-free devices with structure 

Ag/ITO/MoO3-x/c-Si(n)/Ag. The current density (Jsc) remains approximately same in all cases.  

However, there is an increase in the open circuit voltage (Voc) from 115.70 mV to 605.80 mV 

when work function (Φ) of MoO3-x is increased from 4.7 eV to 5.2 eV respectively. Also, the 

fill factor (FF) has shown a considerable increase from 0.52 to 0.82 with the increase of Φ 

from 4.7 eV to 5.2 eV respectively. Because of the pinning of the Fermi level (Ef) away from 

the valence band (Ev) of c-Si (n) at MoO3-x/c-Si(n) interface, as shown in Figure 8.2a, low work 

function does not enable the efficient transportation of holes from c-Si (n) to MoO3-x layer, 

hence for lower work function values lower Voc and FF values are observed. Figure 8.2a shows 

the band edge shifts in the energy band diagram induced by the increase in MoO3-x's work  
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Figure 8.2: (a) Energy band diagram and (b) values of energy barrier faced by electrons and holes for different 

work function of MoO3-x.  

Table 8.2: Solar cell parameters and energy barrier faced by electrons and holes for different work function of 

MoO3-x. 

Φ (eV) Ebn  (eV) Ebp  (eV) Voc (mV) Jsc (mA/cm2) FF η (%) 

  4.7 0.65 0.47 115.70 38.11 0.52 2.30 

4.8 0.75 0.37 215.40 38.14 0.65 5.37 

4.9 0.85 0.27 315.40 38.22 0.73 8.75 

5.0 0.95 0.17 415.20 38.14 0.77 12.25 

5.1 1.05 0.07 512.50 38.22 0.80 15.77 

5.2 1.15 -0.03 605.80 38.26 0.82 19.18 

function at the MoO3-x/c-Si(n) interface. The energy barrier faced by holes (Ebp) and electron 

(Ebn) are obtained using equation 8.1 and 8.2 respectively [11].  

𝐸𝑏𝑝 =  (𝐸𝑔 +  𝜒)𝑐−𝑆𝑖(𝑛) − 𝛷𝑀𝑜𝑂3−𝑥
                                                               ------------------ (8.1)  

𝐸𝑏𝑛 =  𝛷𝑀𝑜𝑂3−𝑥
−  𝜒𝑐−𝑆𝑖(𝑛)                                                                            ------------------ (8.2) 

where, Eg and χ are the band gap and electron affinity of c-Si (n) respectively. Φ is the work 

function of MoO3-x. 

Figure 8.2b shows the graphical representation of Ebp and Ebn values. Ebn is observed to increase 

with increase in Φ of MoO3-x, whereas Ebp is decreased. The lower Ebp allows easier 

transportation of holes from the Ev of c-Si (n) to the HSL side and reduced recombination for 

the photo-generated minority carriers at the interface due to the higher Ebn. These factors 
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account for the increase in Voc of MoO3-x/c-Si(n) solar cells with increasing MoO3-x work 

function [12, 13]. Similarly, the increased hole collecting efficiency provided by MoO3-x, 

boosts the fill factor of devices with a work function rise from 4.7 eV to 5.2 eV [11]. 

Enhancement in work function has improved the solar cell efficiency (η) from 2.30 % (Φ =  

4.7 eV) to 19.18% (Φ = 5.2 eV). Solar cell parameters and Ebn, Ebp values are listed in Table 

8.2. 

     

Figure 8.3: (a) J-V characteristics of MoO3-x/SiOx/c-Si(n) solar cell and (b) solar cell  performance parameters 

(Voc, Jsc, FF and η)  for different work function when tunnelling is introduced at MoO3-x and c-Si (n) interface.  

Table 8.3: Solar cell parameters of MoO3-x/SiOx/c-Si(n) solar cells when tunnelling is introduced at MoO3-x and 

c-Si (n) interface.  

Φ  (eV) Voc (mV) Jsc (mA/cm2) FF η (%) 

  4.7 463.30 38.26 0.71 12.69 

4.8 562.00 38.26 0.75 16.22 

4.9 641.90 38.26 0.79 19.51 

5.0 649.90 38.26 0.83 20.73 

5.1 650.00 38.27 0.83 20.79 

5.2 650.00 38.27 0.83 20.79 

 

8.2.2 Influence of tunneling through insulator layer on the performance of 

MoO3-x/ SiOx/c-Si(n) solar cells 

Assuming the formation of silicon oxide (SiOx), an insulating layer at the interface of 

molybdenum oxide and c-Si (n), tunnelling is introduced through SiOx layer and its influence 

on the performance of MoO3-x/c-Si(n) solar cell is studied. To perform this study, an insulating 
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layer of thickness 1 nm, electron affinity of 1 eV and band gap of 9 eV is used. These values 

are taken from the literature corresponding to SiOx layer [14-16]. The J-V characteristics of 

MoO3-x/SiOx/c-Si(n) solar cells are shown in Figure 8.3a. When tunnelling is introduced at 

MoO3-x and c-Si (n) junction, performance of the simulated devices improves significantly as 

compared to devices with no tunnelling defined. For work function of 4.7 eV, Voc and FF have 

improved from 115.70 mV, 0. 52 (for no tunnelling) to 463.30 mV, 0.71 (when tunnelling in 

introduced) respectively. The rise in Voc and FF has increased the device's efficiency from 

2.30% to 12.69%. Similarly, improvements in Voc, FF and η are also observed for work 

function values of 4.8 eV, 4.9 eV and 5.0 eV. However, no improvement in device performance 

is observed for subsequent increases in work function to 5.1 eV and 5.2 eV. Figure 8.3b and 

Table 8.3, depict graphical representations of solar parameters and their values respectively 

when tunnelling through the SiOx layer is included in MoO3-x/c-Si(n) dopant free solar cells. 

Improvement in Voc is because SiOx acts as passivation layer at MoO3-x and c-Si (n) interface 

and also reduce the minority carriers’ recombination at the interface by filling the dangling 

bonds on the surface of silicon wafer which act as recombination centres [17-19].  

8.2.3 Influence of thickness of SiOx, the interfacial layer on the performance 

of MoO3-x/SiOx/c-Si(n) solar cells 

Since an improvement in device performance was observed by introducing SiOx layer between 

MoO3-x and c-Si (n), the next step was to optimise the thickness of SiOx layer. For this, 

thickness of SiOx layer is varied from 0.8 nm to 1.7 nm keeping MoO3-x work function fixed at 

4.8 eV and its influence on the performance of MoO3-x/c-Si(n) solar cells are studied. 

Figure 8.4 show J-V curve and performance parameters of the simulated MoO3-x/SiOx/c-Si(n) 

solar cells for different SiOx layer thicknesses. An increase in open circuit voltage and a 

decrease in fill factor are observed when the thickness of SiOx layer is increased from 0.8 nm 

to 1.7 nm. The poor FF is caused by an increase in series resistance with the increase in SiOx 
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Figure 8.4: (a) J-V characteristics and (b) performance parameters of MoO3-x/SiOx/c-Si(n) solar cell for 

different SiOx layer thicknesses keeping MoO3-x work function fixed at 4.8 eV.  

Table 8.4: Performance parameters of MoO3-x/SiOx/n-Si(c) solar cells for different SiOx layer thicknesses. 

SiOx thickness                   
       (nm) 

Voc (mV) Jsc (mA/cm2) FF η (%) 

        0.8 530.60 38.26 0.80 16.43 

       1.0 562.00 38.26 0.75 16.21 

1.2 573.90 38.26 0.66 14.41 

1.4 588.40 38.26 0.52 11.63 

1.7   597.50 38.26 0.43 9.74 

 

layer thickness [16]. Table 8.4 lists the solar cell parameters obtained for various SiOx 

thicknesses. The study suggests that 1 nm SiOx layer thickness is preferable for fabricating a 

good device, because effective carrier transport at the MoO3-x/c-Si(n) interface requires low 

SiOx thickness [16]. When the thickness of SiOx exceeds than what is required, it has a negative 

influence on device performance as it obstructs photo-generated charge carriers’ transport [16, 

17]. The simulated device results for the 1.2 nm SiOx layer are found to be somewhat 

comparable to the experimental results obtained for MoO3-x/c-Si(n) solar cells fabricated with 

MoO3-x deposited at room temperature and ITO deposited at 150 °C (Chapter 7, section 7.3, 

Figure 7.7a). 
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Figure 8.5: (a) J-V characteristics and (b) solar cell performance parameters of MoO3-x/SiOx/c-Si(n) solar cell 

when transport through pin holes are introduced.  

Table 8.5: Performance parameters of MoO3-x/SiOx/c-Si(n) solar cell when transport through pin holes (Dph: 

fraction of pinholes) present at MoO3-x/c-Si(n) interface) are introduced.  

Dph Voc (mV) Jsc (mA/cm2) FF η (%) 

0 573.90 38.26 0.66 14.41 

10-7 560.70 38.26 0.67 14.43 

10-6 537.00 38.26 0.71 14.54 

10-4 480.70 38.26 0.79 14.63 

10-2 363.26 38.26 0.75 10.49 

100 246.50 38.23 0.68 6.42 

8.2.4 Influence of transport through pin holes on the performance of    

MoO3-x/SiOx/c-Si(n) solar cells 

Since, it is challenging to obtain a uniform SiOx layer at MoO3-x and c-Si (n) interface, we 

further investigated how the existence of pin holes in thin SiOx layer impacts the J-V 

characteristics of MoO3-x/c-Si(n) solar cells. The influence of pin holes on J-V characteristics 

and solar cell performance parameters are depicted in Figure 8.5. Introduction of transport 

through pin holes at the interface of MoO3-x and c-Si (n) has initially improved the nature of J-

V curve, fill factor and efficiency of MoO3-x/c-Si(n) solar cells. When pinholes are introduced, 

the carriers can pass through pinholes in addition to tunnel through SiOx at MoO3-x/c-

Si(n) interface, which reduces series resistance and enhances the FF and η till it reaches its 

maximum. Increasing the pinhole transport, on the other hand, adds a shunt path, lowering the 
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Voc of simulated solar cells. Furthermore, excessive pinholes may diminish passivation quality, 

increase interface recombination and degrade solar cell performance [16, 18]. So, a significant 

drop in device performance is observed for Dph(fraction of pinholes)>10-4. All the solar cell 

parameters for transport through pin holes are listed in Table 8.5. This study inferred that an 

ultrathin layer of SiOx along with some pin holes between MoO3-x and c-Si(n) in MoO3-x/c-

Si(n) solar cell, facilitates quantum tunnelling of photo-generated carriers combined with 

transport through pinholes. 

8.3 Conclusion 

MoO3-x's work function has a substantial impact on device performance when it is used as a 

hole selective layer in MoO3-x/c-Si(n) solar cells. With this motivation, we have varied the 

work function of MoO3-x and studied its influence on the performance of MoO3-x/c-Si(n) solar 

cells. As the performance of simulated MoO3-x/c-Si(n) solar cells are found to be very low than 

experimentally achieved device results, tunneling through the thin interfacial layer SiOx is 

introduced between MoO3-x and c-Si(n). Quantum tunneling through 1 nm SiOx layer has 

improved the device performance significantly. The experimental results (Voc = 539 mV, Jsc = 

38.46 mA/cm2, FF = 0.57 and η = 11.88%) as described in Chapter 7, Table 7.3 have matched 

well with the simulation results (Voc = 537 mV, Jsc = 38.26 mA/cm2, FF = 0.71 and η = 14.54%) 

when transport of carriers are supported by both quantum tunneling and pin holes transport 

through 1.2 nm thin SiOx and 10-6 pinholes fraction for 4.8 eV of MoO3-x work function. By 

correlating the simulation studies with experimental results, it is concluded that during the 

device fabrication process, ultrathin SiOx layer forms with some pin holes at the MoO3-x/c-

Si(n) interface, which acts as passivation layer and also help in the carriers’ transportation along 

with other transport mechanisms. 
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CHAPTER 9 

Summary, Conclusion and future Scope  

This chapter summarizes the work reported in the present thesis on the studies of 

properties of molybdenum oxide (MoO3-x) films and fabrication of dopant free single sided 

MoO3-x/c-Si(n) solar cells. MoO3-x and ITO thin films are fabricated using thermal evaporation 

and rf-sputtering techniques, respectively and MoO3-x/c-Si(n) solar cells are fabricated using 

the optimised deposition parameters. The motivation of the present thesis work is to optimize 

the deposition conditions and study the optoelectronic properties of MoO3-x films for its use as 

hole selective layer in Silicon based solar cells. To accomplish the targeted objective, MoO3-x 

films are deposited using rf-sputtering and thermal evaporation techniques and the effect of 

different deposition parameters such as substrate temperature, gaseous environment and post-

deposition annealing on structural, optical and electrical properties are investigated. Indium tin 

oxide (ITO) films are prepared using rf-sputtering technique and deposition parameters are 

optimised to fabricate ITO films with high transparency and low sheet resistance. The 

optimised deposition conditions for preparing MoO3-x and ITO films are then utilised to
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fabricate dopant free single-sided MoO3-x/c-Si(n) solar cells. In addition, we have also 

performed simulation studies on MoO3-x/c-Si(n) heterojunction solar cells using AFORS-HET 

software to understand the influence of work function of MoO3-x on the performance of MoO3-

x/c-Si(n) solar cells. The following section presents the overall conclusion of the thesis work as 

well as future research goals.  

9.1 Summary and Thesis conclusion 

 The structural, optical and electrical properties of MoO3-x films deposited by rf-

sputtering technique depend upon process conditions such as rf-powers and substrate 

temperatures (Ts). MoO3-x films deposited at low RF power (60 W) have higher band 

gap (3.12 eV) and lower conductivity (10-7 Ω-1cm-1), whereas films formed at high RF 

power (80 W) have lower band gap (2.94 eV) and higher conductivity (15.18 Ω-1cm-1). 

Films deposited at low Ts (100 ℃) have higher transmittance (0.60-0.65), higher band 

gap (2.99 eV) and lower conductivity (1.81×10-3 Ω-1cm-1) whereas high Ts (400 ℃) has 

formed deep blue colour MoO3-x films with lower band gap (2.82 eV) and higher 

conductivity (207.30 Ω-1cm-1). X-ray photoelectron spectroscopy (XPS) studies 

confirmed that the presence of higher oxygen vacancies (Ov) and Mo atoms in lower 

oxidation states (Mo5+) are the reasons for the formation of coloured and highly 

conducting MoO3-x films at higher Ts = 400 °C and higher rf power 80 W.   

 Transparent MoO3-x films with large band gap of 3.18 eV and low conductivity of order 

10-6 Ω-1cm-1 are formed when oxygen gas is present along with argon gas during 

deposition. Oxygen gas supplied during MoO3-x films deposition fills the Ov as 

confirmed by XPS, and forms transparent and highly resistive MoO3-x films. Optimised 

conditions for preparing conducting MoO3-x films are high Ts (400 °C), high rf power 

(80 W) and pure Argon atmosphere. However, transparent and resistive MoO3-x films 
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can be deposited at high Ts = 400 °C, by using oxygen gas during MoO3-x film 

deposition.  

 Properties of MoO3-x films deposited by thermal evaporation technique are significantly 

affected by the deposition temperature and post-deposition annealing. The transmission 

and band gap of MoO3-x films have decreased with the increase in the deposition and 

annealing temperatures. Increasing the deposition temperature from room temperature 

(RT) to 100 °C, reduced the work function (Φ) of thermally evaporated MoO3-x films 

from 4.75 eV to 4.47 eV respectively. Post-deposition vacuum annealing reduced the 

Φ value from 4.75 eV for as deposited MoO3-x film to 4.54 eV for MoO3-x film annealed 

at 150 °C. The main cause of the substantial decrease in work function value is:  

increase in oxygen vacancies and Mo5+ concentration in high temperature deposited and 

vacuum annealed MoO3-x films. 

  The oxygen plasma treatment of MoO3-x films by PECVD technique can be a suitable 

approach to improve or recover the work function of molybdenum oxide films. The 

work function of MoO3-x increased from 4.91 eV for as deposited films to 5.16 eV after 

OPT at 80 W. Work function is increased up to 5.22 eV by optimising the OPT 

conditions, such as rf power, oxygen flow rate, and treatment duration. For OP-treated 

MoO3-x films at 80 W using 30 SCCM oxygen gas for 10 min, significant improvements 

in hole selectivity of MoO3-x is observed.  

 OPT is established as an effective approach to tune the work function of both thick 

(~500 nm) as well thin (23 nm and 14 nm) MoO3-x films. An enhancement of ~0.40 eV 

in Φ values is observed for OP- treated thin MoO3-x films. This approach is useful in 

restoring or enhancing MoO3-x's work function, thereby making it appropriate for use 

as a hole selective layer (HSL) in solar cells. 

 The deposition parameters, such as process pressures (PP) and substrate temperatures,  
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have a significant impact on the optoelectronic characteristics of ITO films deposited 

by rf-sputtering. ITO films are observed to be polycrystalline and have the highest 

deposition rate of 3.50 Å/s, the lowest sheet resistance of 11 Ω/□ and highest figure of 

merit of 12.49×10-3 when deposited at low process pressure (3.8×10-3 mbar). Highly 

conducting ITO films with figure of merit of 31.18×10-3 have been formed when Ts is 

increased from 130 °C to 170 °C. Dopant free single sided MoO3-x/c-Si(n) solar cells 

are fabricated using the optimised conditions for depositing MoO3-x, the HSL and ITO, 

the transparent conducting oxide (TCO) layer.  

 Use of Ag/Al as back electrodes increased the open circuit voltage (Voc) of fabricated 

solar cells to 455 mV from 391 mV (for Ag as back electrode). The open circuit voltage 

(Voc) of solar cells with ITO films deposited at 3.8×10-3 mbar increased from 391 mV 

(for 5.3×10-3 mbar) to 516 mV, fill factor (FF) increased from 0.48 to 0.49 and 

efficiency (η) of MoO3-x/c-Si(n) solar cell (η) from 8.58% to 10.06%. The improvement 

in device performance is because of the higher deposition rate (3.5 Å/s) of ITO at 

3.8×10-3 mbar as compared to 5.3×10-3 mbar pressure (3.0 Å/s) which decreased the 

exposure time of MoO3-x to rf-plasma resulting in the formation of better ITO/MoO3-x 

interface and increased shunt resistance (Rsh) from 775 Ω (for 5.3×10-3 mbar) to 2000 

Ω.  

 Devices fabricated with MoO3-x film prepared at room temperature (RT) have shown 

better performance (11.88%) as compared to the solar cells with MoO3-x deposited at 

100 °C. The formation of SiOx at MoO3-x/c-Si(n) interface and higher work function of 

MoO3-x films are the probable reasons for the improved device performance when 

MoO3-x films are deposited at RT during solar cell fabrication. Layer by layer  

optimisations have improved the device performance from 4.44% to 11.88%. 

 The studies carried out on MoO3-x films exposed to two times heat treatment (THT) 
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corresponding to the deposition of ITO film at 150 °C/130 °C and Ag back electrode at 

100 °C, while fabricating MoO3-x/c-Si(n) solar cells, confirmed that multiple heat 

treatments degrade the structural and optical characteristics of molybdenum oxide 

films. This has a significant impact on the performance of MoO3-x/c-Si(n) solar cells. 

Thus, fabrication of efficient MoO3-x and silicon-based solar cells necessitates lower 

deposition temperature and fewer heat treatments of MoO3-x. 

 The simulation study confirmed that high work function of MoO3-x is required to 

fabricate an efficient MoO3-x/c-Si(n) solar cells. An increase in Φ from 4.7 eV to 5.2 eV 

has significantly increased Voc, FF and η of MoO3-x/c-Si(n) solar cells. Tunnelling 

through thin SiOx layer has considerably improved the performance of solar cells. 

 Increase in SiOx thickness from 1 nm to 1.7 nm at Φ = 4.8 eV has increased Voc from 

562 mV to 597 mV respectively. However, a drop in FF is observed because of the 

increase in series resistance as SiOx thickness increased. Simulation results obtained for 

Φ = 4.8 eV and tunnelling through 1.2 nm SiOx at the interface of MoO3-x/c-Si(n) are 

observed to be closer to the results obtained for experimentally fabricated MoO3-x /c-

Si(n) solar cells. 

 Decrease in Voc is observed as the pin holes increased at the MoO3-x and c-Si(n) 

interface. However, improvement in FF is noticed when pin hole coverage (Dph) is 

increased from 10-7 to 10-4 and further increase in Dph has initiated decrease in FF and 

efficiency.  

 By correlating the experimental results and simulation studies, it is inferred that an 

ultrathin SiOx layer develops at the MoO3-x/c-Si(n) interface during the fabrication of 

devices, which serves as a passivation layer and also help in the movement of carriers 

in addition to other transport mechanisms. 
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9.2  Scope for future work 

The present thesis mainly focuses on the optimisation of properties of different layers to 

fabricate an efficient dopant free single sided MoO3-x/c-Si(n) heterojunction solar cells. The 

present work can be extended in several ways, which are discussed below. 

 The process of fabrication affects the MoO3-x properties and thermal evaporation is the        

most commonly used method to deposit MoO3-x films for solar cells. The conditions 

optimised to fabricate transparent and stoichiometric MoO3-x films using rf- sputtering 

can be used to make a good MoO3-x/c-Si(n) solar cells.  

 As OPT has been developed as an effective way to improve the work function. It can 

be combined along with the optimised deposition conditions to deposit  high work 

function HSL to further enhance the performance of dopant free solar cells  

 A good passivation layer such as intrinsic amorphous silicon layer with optimised 

properties can be inserted between MoO3-x and c-Si (n) to achieve higher Voc and FF. 

 Using the simulation tool, a dopant free ESL on rear side and thin intrinsic amorphous 

silicon layer can be integrated between MoO3-x and c-Si (n) to achieve high-efficiency 

dopant free MoO3-x/c-Si(n) solar cells. 

 The optimum deposition conditions to fabricate HSL can also be used in organic solar 

cells and other optoelectronic devices to achieve better results.    

      

 

 

 

 

 

TH-3337_166151008



 

Page | 191 
 

List of publications 

Part of thesis:  

1. Juhi Kumari, Pilik Basumatary, Manvendra Singh Gangwar and Pratima Agarwal, 

“Molybdenum trioxide as an emitter layer in Silicon based heterojunction solar cells”, 

Material today proceedings, 39, Part 5, 1821-2056, 2021.  

2. Juhi Kumari, Rahul, and Pratima Agarwal, “Role of deposition parameters on 

optoelectronic properties of ITO films and its application in MoO3-x/c-Si(n) 

heterojunction solar cells”, J Mater Sci: Mater Electron, 2023, 34:1286. 

3. Juhi Kumari and Pratima Agarwal, “Optimization of deposition conditions to tune 

optoelectronic properties of MoO3-x films prepared by RF- sputtering Technique”, 

Vacuum 216 (2023) 112485.  

4. Juhi Kumari, Jai Shree Bhardwaj, Rahul and Pratima Agarwal, “Oxygen Plasma 

Treatment of thermally evaporated MoO3-x films: An Approach to tune the work 

function”, ACS Appl. Electron. Mater. 5 (2023) 4103−4113.  

5. Juhi Kumari, Rahul, Rohan and Pratima Agarwal, “Impact of heat treatment on 

molybdenum oxide properties and performance of MoO3-x silicon heterojunction solar 

cells”, (Submitted). 

6. Juhi Kumari, Anterdipan Singh, Rahul, Rohan and Pratima Agarwal, “Preparation of 

conducting as well resistive MoO3-x films at low substrate temperature”, (Prepared). 

7. Juhi Kumari, Anterdipan Singh and Pratima Agarwal, “Simulations studies on dopant 

free single side MoO3-x and silicon solar cells”, (Prepared). 

8. Juhi Kumari and Pratima Agarwal, “Carrier selective contacts in c-Si based 

heterojunction solar cell”, (Book Chapter, Under Preparation). 

Not a part of thesis:  

9. Ramakrishna Madaka, Juhi Kumari, Venkanna Kanneboina and Pratima Agarwal, 

“Hydrogenated amorphous silicon solar cells fabricated at low substrate temperature 

110ºC on flexible PET substrate”, AIP Conf. proc. 1953 (2018) 100040. 

10. Vivek Ghritlahre, Juhi Kumari and Pratima Agarwal, “Synthesis and study of 

molybdenum diselenide (MoSe2) by Solvo-thermal method”, AIP Conf. proc. 1953 

(2018) 050048. 

        

TH-3337_166151008



 

Page | 192 
 

 

11. Asha Yadav, Juhi Kumari and Pratima Agarwal, “Role of Interface States on Electron 

Transport in a-Si:H/nc-Si:H Multilayer Structures”, AIP Conf. proc. 1953 (2018) 

100045.  

12. Juhi Kumari, Vivek Ghritlahre, and Pratima Agarwal, “Fabrication of MoSe2 and ZnO: 

Al based heterojunction   structure”, AIP Conference Proceedings 2091 (2019) 020015.  

13. Ramakrishna Madaka, Juhi Kumari, Venkanna Kanneboina, Himanshu S. Jha, Pratima 

Agarwal, “Role of chamber pressure on crystallinity and composition of silicon films 

using silane and methane as precursors in hot-wire chemical vapour deposition 

technique”, Thin Solid Films 682 (2019) 126–130.  

14. Pilik Basumatary, Juhi Kumari and Pratima Agarwal, “Enhancing the performance and 

stability of MAPbI3 perovskite solar cells by inserting the ITO layer before the Ag 

electrode”, AIP Conference Proceedings 2369 (2021) 020022.  

15. Pilik Basumatary, Juhi Kumari and Pratima Agarwal, “Probing the defects states in 

MAPbI3 perovskite thin films through photoluminescence and photoluminescence 

excitation spectroscopy studies”, Optik 266 (2022) 169586. 

16. Juhi Kumari, Rahul and Pratima Agarwal, “Modelling of p-a-Si:H/i-a-Si:H/(n)c-

Si silicon solar cells by AFORS-HET software”, Book Chapter, NERC 

2022: Sustainable Energy Generation and Storage, Springer (2023) 127–133. 

  

TH-3337_166151008

https://aip.scitation.org/author/Basumatary%2C+Pilik
https://aip.scitation.org/author/Agarwal%2C+Pratima
https://aip.scitation.org/author/Agarwal%2C+Pratima
https://link.springer.com/book/10.1007/978-981-99-2088-4


 

Page | 193 
 

List of papers presented in conferences (National/International)  

1. Ramakrishna Madaka, Juhi Kumari, Venkanna Kanneboina and Pratima Agarwal, 

“Hydrogenated amorphous silicon solar cells fabricated at low substrate temperature 

110 ºC on flexible PET substrate”, International Conferences on Condensed Matter 

and Applied Physics’2017 (ICC 2017), Govt. Engineering College,  Bikaner, 

Rajasthan, 24th-25th November 2017. 

2. Asha Yadav, Juhi Kumari and Pratima Agarwal, “Role of Interface States on Electron 

Transport in a-Si:H/nc-Si:H Multilayer Structures”, International Conferences on 

Condensed Matter and Applied Physics’2017 (ICC 2017), Govt. Engineering College,  

Bikaner, Rajasthan, 24th-25th November 2017. 

3. Juhi Kumari, Vivek Ghritlahre, and Pratima Agarwal, “Fabrication of MoSe2 and 

ZnO: Al based heterojunction structure”, International Conference on Renewable and 

Alternated Energy’2018 (ICRAE 2018), Assam Science and Technology University 

(ASTU), Guwahati, 4th-6th December 2018. 

4. Juhi Kumari and Pratima Agarwal “Effect of post annealing on structural, optical and 

electrical properties of thermally evaporated WO3 films”, Research Conclave 2019, IIT 

Guwahati, Guwahati, 14th-17th March 2019. 

7. Juhi Kumari, Pilik Basumatary, Manvendra Singh Gangwar and Pratima Agarwal, 

“Molybdenum trioxide as an emitter layer in Silicon based heterojunction solar cells”, 

3rd International Conference on Solar Energy Photvoltaic’2019 (ICSEP 2019), KIIT 

Bhubaneswar, 19th-22nd  December 2019. 

8. 5th International Conference on Emerging Electronics (IEEE-ICEE 2020), Indian 

Institute of Technology Delhi, Delhi, 26th – 28th November 2020. 

9. Juhi Kumari, and Pratima Agarwal, “Role of MoOx work function on performance of 

MoOx/n-Si heterojunction solar cells”, 21st International Workshop on Physics of 

Semiconductor Devices (IWPSD 2021), Indian Institute of Technology Delhi, Delhi, 

14th -17th December 2021.  

10. Juhi Kumari, Rahul, Pratima Agarwal, “Fabrication and simulation studies of 

MoOx/n-Si heterojunction solar cells”; Recent Advances and Innovations in Solar 

Energy (RAiSE 2021), Indian Institute of Technology Madras, Madras, 2nd-4th 

December 2021.  

 

 

TH-3337_166151008



 

Page | 194 
 

11. Juhi Kumari, and Pratima Agarwal, “Effect of substrate temperature on thermally 

evaporated tungsten tri-oxide films”,  North East Research Conclave (NERC 2022), 

Indian Institute of Technology Guwahati, Guwahati, 20th -22nd May 2022. 

12. Juhi Kumari, Rahul and Pratima Agarwal, “Modelling of a-Si:H(p)/a-Si:H(i)/c-Si(n)  

heterojunction solar cells using AFORS-HET software”, North East Research 

Conclave (NERC 2022), Indian Institute of Technology Guwahati, Guwahati, 20th -22nd 

May 2022. 

13. Juhi Kumari, Rahul, and Pratima Agarwal, “Fabrication of an efficient single side 

MoO3-x/n-Si(c) heterojunction solar cells”, International Symposium on 

Semiconductor Materials and Devices (ISSMD-2022), KIIT (DU), Bhubaneswar, 16th-

18th December 2022. 

 

List of Webinars/workshop attended 

1. National Workshop on NEMS/MEMS & Theranostic Devices 2018, IIT Guwahati, 

Guwahati, 26th -28th February 2018.  

2. INUP Familiarization Workshop on “Nanofabrication Technologies”, National 

Institute of Technology Silchar, Assam, 28th -29th January 2019. 

3. Webinar on “Futuristic Thin films & Semiconductor Devices & Fabrication Process”, 

9th-10th September'21. 

 

  

TH-3337_166151008



 

 

 

  

TH-3337_166151008



 

 
 

 

 

 

 

 

 

 

 

TH-3337_166151008


