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PREFACE 

The topic for this Thesis was suggested by the Head of the Thin Film Energy Materials 

Laboratory, Lead Researcher Ilona Oja Acik. This work was performed in the frame of 

current projects: Estonian Research Council (project PRG627), the Archimedes SA 

(Estonian Centre of Excellence Project TK141 (TAR16016EK), the European 

Commission’s H2020 programme under the ERA Chair (grant agreement No 952509). 

The research was conducted using the NAMUR+ core facility funded by the Estonian 

Research Council (TT 13). The practical research was conducted at the Laboratory of 

Thin Film Energy Materials at TalTech. Senior Researcher Tatjana Dedova and Senior 

Researcher Atanas Katerski provided guidance throughout experimental work and thesis 

writing. 

The objective of this thesis was to prepare and study the electron transport layer 

properties and suitability, TiO2, as a core component for a semi-transparent solar cell 

with configuration of glass/FTO/TiO2/Sb2S3/HTM/Au. We compared two different 

techniques of TiO2 preparation, ALD and USP and study the obtained solar cell 

performance.  The research was divided into sub sections: 

1. Deposition of TiO2 layers on glass substrates by ALD (different thicknesses of TiO2 

were produced) and USP methods 

2. Characterization of the TiO2 layers 

3. Preparation and study the performance of a semi-transparent solar cell with 

configuration of glass/FTO/TiO2/Sb2S3/HTM/Au incorporating of ALD and USP 

TiO2 ETL layers  

 

 

I express my gratitude to my supervisors, Senior Researcher Tatjana Dedova and Senior 

researcher Atanas Katerski for their guidance and support during experimental work 

and thesis writing process. I also express my gratitude to Dr. Marin Rusu for electrical 

measurements of solar cells and Dr. Olga Volobujeva for SEM images. I would like to 

share my special thanks to the head of the laboratory, Tenure Professor Ilona Oja Acik, 

for opening  me the opportunity to conduct this research in the Thin Films Energy Lab. I 

am sincerely grateful to my family, who kindly supported me on this journey. 

Key words: solar cell, electron transport layer, TiO2, ALD, USP, I-V, PYS 
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INTRODUCTION 
 

Solar cells have been one of the major devices for producing clean energy. Every year 173, 

000 TW (terawatts) of energy from the sun reaches the earth in form of solar radiation. This 

is about 10,000 times the global consumption of energy and this shows there is great 

potentials for solar energy to meet our growing energy demands [1]–[3]. In 2021, solar cells 

accounted for 5% of energy production globally. Solar cells work on the principle of 

photovoltaic effect discovered by Edmond Becquerel in 1839[4]–[6]. The photovoltaic effect 

is a phenomenon that occurs when sunlight strikes a semiconductor material and electrical 

current is produced[4], [7]. From the discovery of the photovoltaic effect, scientists and 

engineers have studied this phenomenon to develop better ways to harvest solar energy and 

improve photovoltaic material technology. 

Solar cells over the years have tremendously improved from the first crystalline silicon (c-Si) 

cells with 4.5% PCE [8] to current efficiency of single-junction monocrystalline silicon of 

26.7±0.5 %. In recent times the building integrated photovoltaic (BIPV), tandem solar cells 

and for indoor applications desired the use of thin films solar cells with bifaciality and 

semitransparent properties [9], [10].  Thin film solar cells which have been reported efficient 

have been the monofacial and opaque forms, this was because of the use of metallic contact 

for both the substrate and superstrate configuration as make for the solar cell. The limitation 

of this form of solar cells is that they are not semitransparent enough for use as BIPV windows 

[11]. Therefore, their capacity in term of performance in diffused incident light is limited [11], 

[12].  

It is significant to note that the transparency of crystals making up the thin film solar cells are 

important properties necessary for the expression of efficiency in functioning as a thin layer 

solar cell complementing the essence of a silicon solar cell. In a quest to cover for this 

limitation the Sb2(S, Se)3 for use as a photovoltaic material has shown potential in the 

absorption coefficient, bandgap control and its sustainability [13], [14]. The antimony 

chalcogenide [Sb2(S, Se)3] with this positive alternative prospect has recorded a 10.7% PCE 

recently in the literature [15]. Typical solar cells comprise of few components which are found 

between the electrode of the circuit system, they include; the electron transport layer (ETL), 

the hole transporting layer (HTL), the absorption layer usually (chalcogenide) [16]. The 

transport and the extraction of photogenerated electrons from the electron transport layer 

and the absorber interface to the electrode of the solar cells is done by the ETL [16]. Therefore, 

there is need for carefully select the material type for this layer meeting the conditions of 

thickness, structure, optical and electrical properties. The optimization of this component of 

the solar cell done theoretically and technologically improves it reproducibility efficiency and 

the efficacy of the photoconversion process, therefore providing a perfect alignment of the 
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interfacial energy levels and reducing the possibility of charges recombination [17]–[19]. In 

this work we study the solar cell with FTO/TiO2/Sb2S3/P3HT/Au heterojunction present based 

on ETL TiO2 layers, deposited by ultrasonic spray pyrolysis (USP), and atomic layer deposition 

(ALD), respectively. To understand the mechanism of FTO/TiO2/Sb2S3/P3HT/Au 

heterojunctions, the Kelvin probe (KP) and PYS (Photon Yield Spectroscopy) measurements 

were performed. 

Obtained TiO2 layers were characterized by SEM, XRD, and UV-VIS techniques.  

This work was initiated by Head of Laboratory (Prof. Ilona Oja Acik) and senior staff of a Thin 

Film Energy Materials Laboratory including Tenure Prof. Malle Krunks, Senior Research 

Scientist Atanas Katerski and a continuation of the study on semitransparent solar cells based 

on Sb2S3 absorber layers[20], [21]. 

The main hypothesis of the thesis is that TiO2 material synthesized by ALD and spray 

pyrolysis methods are suitable ETL layers owing a good electronic configuration match 

with Sb2S3 absorber layer. In order to prove the hypothesis, the solar cell with 

FTO/TiO2/Sb2S3/P3HT/Au heterojunction was prepared and analyzed, where TiO2 is grown 

by ALD and USP methods. Specifically, this work accomplishes three main tasks: 

 

1. To synthesize and characterize TiO2 films as electron transport layers (ETL) by ALD and 

USP methods as main components of Sb2S3 based solar cells 

 

2. To evaluate the performance of complete SC devices based on ALD and USP electron 

transport layers by I-V, Kelvin probe and PYS measurements 

 

3. To determine the best performing ETL TiO2 layer synthesis method and conditions. 

 

 

This thesis consists of three main sections: 

 

1. Literature review – this section provides an overview of the importance of 

semitransparent solar cell, advantage of Sb2S3 absorber based semitransparent 

solar cells, electron transport material functions and TiO2 electron transparent 

material as an appropriate choice, applied in this work technologies for the 

deposition of TiO2 ETM layers and description of characterization  

2. Methods – this section presents description of the methods of TiO2 as a main 

solar cell component and a whole solar cell structure. 

3. Results – This section includes the results, analyses and conclusions of the 

experimental study, and suggests future research directions. 
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1. LITERATURE REVIEW 

1.1 Building Integrated Photovoltaics. Semitransparent 
solar cells 

 

Building integrated photovoltaics has been one of the most promising applications of 

photovoltaics. This is different from building-attached PV where PV modules are attached to 

the body or roof of building systems. Over the years, several applications of BIPV’s have 

existed and are in development. These range from solar widows, glasses, roofs, facades and 

other building components. BIPV’s serve five main purposes; reducing carbon footprint, 

renewable energy generation, building energy efficiency improvement, effective space 

utilization, and enhancing aesthetic appeal.  

In the global scene and in the European Union (EU), there have been steady growth in the 

market for BIPV’s, with an annual growth rate of 18.7% in 2019[22].  This is driven by many 

factors including greater support for research and development in BIPVs, funding, and policy 

initiatives. In the EU specifically, the Energy Performance of Building Directive (EPBD) 

2010/31/EU[23] and the Energy Efficiency Directive 2012/27/EU[24] are the major drivers 

toward the growth of BIPVs as they can play a vital role in meeting the targets of Net-Zero 

energy buildings by 2030 through on-site renewable energy generation. Integrating BIPV’s 

could also reduce operational carbon emissions of buildings by up to 50%[25]. 

In recent years, there have been significant developments in BIPV materials, incorporating a 

wide range of highly efficient thin film transparent/semi-transparent photovoltaic materials 

due to their lightweight, high level of flexibility compared to crystalline silicon, superior thermal 

properties, and overall cost advantages. Common second-generation PV materials such as a-

Si, CdTe, CIGS, and CIS have been investigated and used in BIPV applications. Reports of 

CdTe and CIGSSe have been recorded to have 22.1 and 23.4 % power conversion efficiencies 

respectively [26], [27]. They are expensive and require the use of sophisticated vacuum-

based deposition methods for their fabrication, especially inorganic thin films. Methods such 

as vacuum vaporation and magnetron sputtering have been reported used [27]. Due to the 

expenses involved in it fabrication, the toxic nature of the metals (Cd and Se) and their 

scarcity, the use of Sb2Se3 has become prominent [28], [29]. 

 

1.2 Sb2S3 based Semitransparent Solar Cells 

The Sb2S3 material is an excellent material for the solar cell component due to its unique 

properties. Some of these properties include a high absorbance coefficient of 18 x 103 cm-1 

at 450nm, a band gap of 1.7 eV, stability in air and water, abundance in nature and a 

sustainable-green material [30]. The synthesis of this material is possible with high 
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crystallinity at low temperature, this is because of the low melting point exhibited by the Sb2S3. 

It also has a better electron collection efficiency, due to this diffusion length of 290-900nm. 

These properties are accountable for the materials excellence application as a solar cell 

component especially as an absorber layer. 

A solar cell with the Sb2S3 material as a component to make up a device is similar in some 

ways to a dye-sensitized solar cell. This device includes also an electron transport layer, hole 

transport materials, photon absorption layer and a back contact (Fig. 1). When photons are 

incident on the material surface, electrons in the valence band of the Sb2S3 material absorbs 

this energy and gets excited. These excited electrons get transported into the TiO2 layer [31]. 

Holes are then generated on the surface of the material and moves toward the p-type hole 

transport layer. These holes are then collected by the back contact of the solar cell. There 

exists an external connection between the photo-anode and the back contact of the cell. This 

connection leads to follow the electron rich photo-anode to the back contact through external 

load leading to the generation of electricity [32].  Commonly used electron transport material 

includes TiO2, ZnO, CdS, and SnO2 [33]. Commonly used hole transport materials include 

copper thiocyanate (CuSCN) , poly (3-hexylthiophene) (P3HT), spiro-OMeTAD, NiOx, V2O5, 

gel polymer electrolyte and liquid electrolyte. Finally, commonly used back contacts for solar 

cells include Au and Ag, including carbon which has recently been used both as the hole 

transport material and as a back contact in Sb2S3 solar cells [34]–[36]. So far the record 

efficiency for Sb2S3 solar cell is 7.5%  and theoretically can be largely improved by developing 

a perfectly matching p-n junction partner materials, such as electron transport material [37]. 

 

Figure 1. Schematic diagram of solid-state nanocrystalline Sb2S3 thin-film solar cells and the 

deposition methods; ETM, HTM refer the electron transport materials and hole transport 

materials, respectively [9]. 

https://www.sciencedirect.com/topics/materials-science/nanocrystalline
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As can be seen from the figure, various methods exist to obtain Sb2S3 material including 

physical and chemical ones. Compared to physical methods chemical methods, such as 

chemical bath deposition, hydrothermal growth, spray pyrolysis techniques are markedly cost-

effective (no need for costly vacuum), easy to operate and control the product properties 

through the technology [20], [21].  In this work spray pyrolysis have been chosen as simple, 

proven, reliable method to produce high quality Sb2S3 thin film absorber layers. 

 

1.3 Electron transport material 

In solar cells the most significant component is the ETL which has garnered attention recently 

in scientific literature in a quest to advance and develop it [29]. The properties of this layer 

chiefly dictate the performance of the designed solar cell. This component functions in the 

extraction of electrons from the absorber and the transport of the electrons to the contact 

electrodesThe ETL can also function as an energy blockage for hole transport. Finally, the EL 

serves as a nucleation center for the cell (perovskite) which has significant effect on the optical 

property of the optoelectronic performance via affect the growth of crystals [38], [39]  

In the selection of electron transport materials (ETMs) for the design of solar cells certain 

criteria must be met. These criteria include; the coverage of the electrode or absorber layer. 

This ensures the prevention of pinhole formation and shunting. The ETMs used must be both 

planar and mesoporous. This is to allow for high optical transmittance and high refractive 

index preventing optical losses. The ETMs must also align such that the conduction band 

minimum and both the CBM of the absorber for electron extraction and the work function of 

the electrode for ohmic contacting. Other criteria for ETMs are in its stability and fabrication 

conditions which should be kept in mild. For ETMs to function effectively there also must have 

great electron mobility for ease of electron transport. 

In literature so far, CdS materials stands out as the most common and classical ETL material 

for the design of antimony chalcogenide solar cells [40], [41]. With a low band gap of 2.4 eV, 

CdS leads to current loses in solar cell; this is caused by parasitic absorption of electrons and 

it tendency to diffuse into absorber leading to the formation of CdxSbySz. This phase formed 

by the CdS compound has been research as an alternative for ETL compounds in photovoltaic 

cells [40], [41].  In combat of Cd toxicity, TiO2 emerges as one of the promising non-toxic, 

stable and abundant ETL materials for the fabrication of solar cells. The properties of TiO2 that 

give it an edge include its proper optical transmittance, its alignment with light absorbers and 

the high electron mobility on this material surface [42], [43]. Therefore, TiO2 material has 

been chosen in this study as ETL layer partner for Sb2S3 absorber-based solar cell.  
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1.4 TiO2 thin films properties 

Titanium dioxide (TiO2) or titania is a highly promising material for semitransparent solar cell 

fabrication due to its superior structural, morphological and optoelectronic properties. TiO2 is 

an inorganic n-type semiconductor material which has shown great applicability in third 

generation photovoltaic cells. TiO2 crystal structure comes in mainly two polymorphs 

tetragonal anatase (space group I41/amd) and rutile (space group P42/mnm). TiO2 also comes 

in orthorhombic structure as brookite (space group Pbca). Anatase TiO2 has lattice parameters 

a = 0.54 nm and c = 0.95 nm. Rutile phase possesses lattice parameters a = 0.46 nm and c 

= 0.30 nm. The thermodynamically stable rutile phase is also obtained by annealing anatase 

TiO2 over 500-600°C[45]–[47]. The presence of TiO6 octahedra sharing edges and corners in 

typical for crystalline TiO2 mirostructures. For semitransparent solar cell applications, anatase 

TiO2 phase is generally more favourable due to its low surface energy and greater charge 

transport[48]. 

 

Figure 2. Crystal Structure of Anatase, Rutile, and Brookite TiO2 Polymorphs [46]. 

The bandgap of Rutile (110) and Anatase (101) TiO2 ranges from 3.0 – 3.2 eV. This is 

particularly important in nanostructure TiO2 with mixed anatase-rutile phases as it provides 

possibilities for developing devices with tuneable optoelectronic properties, optimum surface 

energy, and greater stability[49]. Based on the structure of titania, it is able to be prepared 

in planar, nanostructure, mesoporous forms, or as nanoparticles through a variety of 

deposition methods including Atomic Layer Deposition (ALD), Pulsed Layer Deposition (PLD), 

Chemical Vapour Deposition (CVD), Spray pyrolysis method and other solution-based 

methods[47], [48]. 

As TiO2 film have been deposited by ALD and spray pyrolysis method, the description of the 

methods will follow in next chapters. 
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1.5 Thin films deposition methods 

 
1.5.1 Atomic Layer Deposition (ALD) 

Atomic layer deposition (ALD) technique is form of chemical deposition requiring the use of 

cyclic gas-surface reaction to fabricate thin films, especially for it application in solar cells. This 

form of deposition allows the growth of the precursor vapor on a surface increasing in thickness 

over time. This advantage in the deposition process gives it an edge of control over the 

thickness of the film fabricated. This is an important aspect for the design of microelectronic 

devices a component usually in the nanoscale level. The surface grown using the ALD 

technique in a self-limiting surface reaction guarantee’s that the surface grows at the sub-

atomic level layer by layer giving a complete control over the thickness of film as this is just 

a function of time to build conformational deposited thin films [44]. 

ALD was developed in the 1970s (then called atomic layer epitaxy) and over the years, Atomic 

Layer Deposition has been utilized in various applications including electronic devices, solar 

cells, batteries, and energy storage, [45]. 

Atomic Layer Deposition relies on usually two complimentary self-limiting reactions that occurs 

on the surface of the substrate placed in a reaction chamber at special conditions, featuring 

alternate pulsing and purging of the precursors in the reactor, respectively. This results in 

(sub)monolayer growth of thin films on the substrate with nanometre precision and the cycle 

is repeated several times to obtain the desired thickness of the film[46]–[49]. ALD has proven 

over the years to produce larger-grained, conformal monolayer, high purity films with lower 

consumption of precursors compared to [50] although at the cost higher vacuum requirement 

and lower film growth rate per cycle (GPC). In light of the disadvantages of temporal or batch 

ALD, there has been more efforts to develop spatial ALD which is a continuous process and 

can be operated at atmospheric pressures [51]. Figure 3 below illustrates a typical ALD 

process. 
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Figure 3. Schematic Showing a Typical ALD Process [52] 

 

Atomic layer deposition process is characterized mainly by the Growth Per Cycle (GPC) in 

orders of 1 Å/cycle. Films quality is affected by several factors such as choice of precursors, 

deposition temperature, number of cycles, pulse & purge time, post deposition annealing 

temperature, etc [53].  

 

1.5.1.1 TiO2 thin films by ALD 

 
According to a high number of publications on TiO2 thin films deposited by ALD method, the 

ALD it could be concluded, that ALD is a one of the most widely used methods to produce TiO2 

thin films. The choice of precursors directly influences the surface chemistry of the ALD 

processes. Suitable precursors should be sufficiently volatile, possess suitable decomposition 

temperature, reactive to the other precursors. The compounds TiCl4, homoleptic halides, 

alkylamides and alkoxides have all been reported in literatures are precursor of Ti and water 

vapor and ozone or oxygen plasma as oxygen source. The most widely used precursors are 

TiCl4 as titania source and H2O vapor as oxygen source [54], [55]. The temperature of the 

process is a key variable in the optimization of the ALD process. Generally, amorphous films 

get fabricated at lower deposition temperatures which is different from the films with anatase 

structures which are reported with intermediate temperatures. The mix of the anatase and 

rutile phase or that of the pure TiO2 film requires high deposition temperatures for their 

fabrication within a very short period of time [55]. 

For the TiCl4/H2O process which was explored in this study reports the formation of anatase 

at the begin on the surface of an amorphous TiO2 material which has a temperature of 125°C 

– 165°C or above. The rutile form of the TiO2 crystals starts to form at a temperature of 350°C 

or above. The fabrication of thin films via the TiCl4/H2O route, the formation of rutile was not 

seen until temperature of 440°C. In the utilization of oxygen gas plasma as the source of 

oxygen for the deposition process, lower temperatures are required for crystallization, as 

anatase was seen by XRD at 135oC and  already by FTIR at 110oC [44]. 
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The pulse and purge time of the precursors also affect the ALD process. Lower pulse times 

may result to underexposure of precursor to active growth sites leading to nodule growth. 

Increasing the pulse times increases nucleation and growth of the film on active sites till 

saturation is achieved. At this point a steady growth rate can be achieved. Further increase of 

the pulse time may not increase the growth rate beyond surface-saturated threshold, but only 

increase process times and precursor consumption[53].  

 

Another great influence to the nature of the TiO2 thin films for optical application is the number 

of cycles. The morphology in terms of thickness of the film, crystallinity and the conformality 

of the fabricated film is influenced by the ALD cycles number which are tuned also by its 

adjustment [56], [57]. In Zhang et al., (2017) reports, the structure and crystallinity were 

impacted by the number of ALD deposition cycles [58]. The particle size of the TiO2 grains on 

the film significantly differ; films produced with 60 ALD cycle numbers had a size of 22.1 ± 

8.5 nm while that of the uncoated film had a particle size of 20.3 ± 7.7 nm [59]. 

In a recent work, the effect of ALD cycles on the film thickness of TiO2 films has been carried 

out [57].  

 

1.5.2 Ultrasonic Spray Pyrolysis (USP) 

 

Ultrasonic spray pyrolysis (USP) is another deposition technique for the fabrication of thin-

layered films [60], [61]. In the USP process, the material-solution to be fabricated in nano-

size or to make a thin layer is first atomized ultrasonically [62]. The ultrasonic mist droplets 

of very fine-sizes are then sprayed into a furnace or pre-heated substrate, where they are 

thermally decomposed and form a thin film [62, 63]. Figure 4. shows a typical illustration of 

the USP deposition process. 

Unlike the CVD technique which requires a vacuum system which might be expensive to 

maintain, the USP technique works efficiently under the atmospheric pressure [60], [64]. The 

USP technique also allows during fabrication for an all-round parameter control, hence 

enhancing the output material’s homogeneity [61], [65]. The controllable parameters in the 

USP synthesis process include flow rate, precursor’s solution viscosity, temperature of 

deposition, temperature of the substrate deposited upon, the amplitude of the ultrasound 

among many others [61].  

The advantages of this technique (USP) i.e., its operational low cost, tweakable parameters 

and the absence of a vacuum system has made it a useful concept in the study of photovoltaic 

cells, photocatalytic and di-electric materials [66]. The critical factors of concern for this 

process include the rate of spray, the temperature and exposure environment of the substrate 

for deposition, the transport rate of the gas and its direction [66, 67]. Other factors that do 

not fall within but are also significant includes the mist droplet size, the concentration of 
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precursor solution and the evaporation rate of the solvent affects the thickness and 

crystallinity of the output film [68], [69]. 

 

Figure 4. A Typical Ultrasonic Spray Pyrolysis (USP) Deposition Process [70]. 

 

1.5.2.1 TiO2 Thin Films Deposited by Ultrasonic Spray Pyrolysis (USP) 

 
It has been established in literature that the properties of TiO2 thin films fabricated utilizing 

the USP technique depends significantly on the process parameters such as; precursor solution 

concentration, the temperature of the substrate, the distance of the nozzle, the annealing 

treatment conditions and the spray rate [71]. Morphological properties of the TiO2 film could 

be altered by these parameters to give different crystalline phases such as the rutile, brookite 

and anatase phase, with the anatase phase been the most common with the USP technique 

[72], [73]. The anatase phase is considered stable thermodynamically at low temperatures 

(below 600oC) for bulk TiO2 while the rutile at temperatures above 600oC, therefore for desired 

crystallinity of the TiO2 the post-annealing temperature or the temperature of the substrate 

are tweaked. To achieve the metastable brookite crystalline phase, the precursor solution and 

its concentration together with the doping process of the TiO2 is manipulated [64], [74], [75]. 

The optical properties of TiO2 thin film fabricated adopting the USP techniques are also 

tuneable and controllable using variables such as TiO2 doping level, the crystalline phase of 

the film and the film’s thickness [76]–[78]. The band gap of the TiO2 thin film can be adjusted 

and manipulated by changing the material’s crystalline phase with rutile having a band gap of 

3.0 eV, anatase between 3.2 eV and 3.7 eV, and brookite between 3.0 eV and 3.6 [79]. 

The growth process of the TiO2 film from the USP deposition technique utilizes the precipitation 

process of a selected compound unto a desired substrate material to give uniform thickness, 

great adherence and a large surface area following the annealing step [70].  

The precursor solution concentration effect has been studies on the TiO2 transparent film 
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(Anatase-TiO2) for its applications, and has shown significant correlation with the optical 

performance and growth kinetics of film [80]. Other related studies of dependent on 

parameters of TiO2 films for application in solar cells utilizing the USP technique include a 

study by Arunachalam et al., (2015), where the TiO2 was deposited unto an ITO substrate 

using the spray pyrolysis technique. The effect of different substrate temperature was 

investigated, with 450oC favouring the formation of the TiO2 anatase phase and 475oC 

favouring the TiO2 rutile phase of crystallinity. Further results from this study reported a 

transmittance level above the 85% mark making it a viable material for solar cell application 

[81].  

 

2.  CHARACTERIZATION METHODS 

2.1 Thin Films Characterization Techniques 

 
2.1.1 Scanning Electron Microscope 

 

The scanning electron microscope is an imaging technique that uses to scan the surface of 

material and produce high-resolution (down  to 5 nm) images and detailed information about 

morphology and topography of the specimen. SEM can reveal the tiny features that are much 

smaller that those visible with optical microscopy [82]. 

Sometimes SEM can be utilized to estimate the thickness of the sample, through analyzing a 

cross section of the sample. The specimen is irradiated by high energy electron beam which 

interacts with the atoms in the sample, causing them emit different types signals, such as 

secondary electrons, and backscattered electrons. Emitted electrons represent a detailed 

visual image of a sample with high-quality and spatial resolution. Coupling the scanning 

electron microscopy with the energy dispersive x-ray (EDX) utilizing similar principles can 

additionally detect the elemental composition of material surfaces [83]. Figure (5) below 

depicts the schematic of the scanning electron microscope showing it make-up components; 
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Figure 5. Schematic figure, showing the components of a Scanning Electron Microscopy 

[84]. 

 

The schematic of the scanning electron microscope showing the different component of the 

imaging instrument contains primarily the electrons source, electromagnetic lenses, sample 

chamber, control unit and the detector for electrons [85], [86].  The production of electrons 

starts at the top of the column which is forced down and passed through magnifying lenses 

and different apertures aiding in the focusing of accelerated electrons to the specimen on the 

slide to be viewed.  The characterized sample is placed such that it is cantered to receive the 

accelerating electrons, this part is labelled the chamber area. The electron chamber is usually 

equipped with pumps to produce a high-pressured vacuum  [86]. The SEM and EDX techniques 

are primary methods to study solid state matter materials nowadays.  

 

2.1.2 UV-Vis Spectroscopy 

 

This technique for material characterization is measured either as transmittance or absorbance 

of photons (radiation energy) which is a unique property of all material at different wavelength 

of light [87]. There exists a relationship between the transmittance of a given material and its 

optical band gap in electron volts [88]. This technique is classified quantitative in nature since 

it effectively measured the absorbed or transmitted radiation energy of a given chemical 

species. It has shown its application in near all sample phases (solid, liquid and gas) and cover 

the measurement of the radiation form the ultraviolent region of the light spectrum (100 to 

400 nm) and the visible light region (400 to 800 nm). The principle of operation for this 

technique is in the measurement of intensity of light passing through a considered sample and 

its reference. Figure (6) gives an illustrative schematic showing the UV-Vis measurement 

process using integrated sphere models. The reading forms the UV-Vis spectrophotometer 
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such as the reflectance, absorbance and transmittance reading translates to the measurement 

of solar thin films thickness, band gap and other optical parameters that helps to effectively 

assess the optical parameters of the fabricated solar cell [87], [88]. 

 

Figure 6. UV-Vis spectrophotometry showing the different modes of measurement 

(Transmittance and Reflectance) [84]. 

To calculate the transmittance and reflectance value of a given material from the absorption 

of the material of the spectrum of light, the intensity of the radiation divides the measured 

transmitted or reflected radiation measured or gotten from the absorbance value [87]. The 

formula that carries the function obtains the absorption co-efficient (α) as expressed in 

equation (1); 

𝑇

100−𝑅
= 𝑒−𝑎𝑑          Eqn. 1 

Where; T is the transmittance, R is the reflectance, d is the thickness of the film. To further 

reveal more information from the UV-Vis spectroscopy, the optical band gap is also measured; 

this measurement is done using the Tauc equation relating the band gap and the absorption 

coefficient. This shown below as equation (2); 

(αhv)n =  A(hv −  Eg)                  Eqn. 2 

From equation (2), h is the Planck’s constant, v is frequency of irradiation absorbed, A is a 

constant and Eg is the optical band gap [89]. 

 

2.1.3 X-ray Diffraction 

The XRD technique provides information about crystallinity, phase, size, strain of molecules, 

surface texture, crystal defects and orientations [90]. The principle of operation for this 

technique is tied to the ability of light to diffract i.e., to elastically scatter on a surface with 

measurable angles. Photons from the x-ray source is scattered periodically according to the 

lattice arrangement of the solid surface which in turn forms a constructive interference 
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showing a pattern in the arrangement of atoms or crystal grains on the surface of the material 

[91]. 

 

Figure 7. Working Principle of the X-ray Diffraction Characterization Technique [92]. 

Figure 7 depicts the light scattering and constructive interference on the surface of the 

material from the monochromatic radiation source illustrates using a single crystal plane the 

Braggs law which is expressed is measurable quantity as equation (3) below [91]; 

nλ =  2d sin θ         Eqn. 3 

from the equation (3), θ is the angle measured in-between the incidence ray and the normal 

of the reflected ray on the crystal lattice plane, λ is the x-ray wavelength, d is the atomic 

spacing of the crystal grains while n is the order of reflection which are whole positive integer. 

Using the equation (3), the measurement of the angles between the incidence and reflected 

beams on the normal represented as θ, the distances between the atoms or grains that makes 

up the crystal individually is known as d. Therefore, once the distances of every phase of the 

crystal is known and measured the morphological pattern and arrangements is then revealed. 

A diffractometer is used in the measurement of the diffraction pattern on the surface of the 

solid-state material or with the help of a record photo-camera; it is from this device that a list 

of the diffraction line, their intensities, angles and the measured d-spacing are prepared. The 

prepared list is then compared with standard list of compounds in an archive known as the 

powder diffraction file (PDF). This database contains a number of different compounds and 

their diffraction patterns. The database is managed and reviewed annually by the international 

centre for diffraction data (ICDD).  
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2.2 Solar cells characterization techniques 

 
2.2.1 Current voltage characteristics 

The current-voltage (J-V) technique stands out the major and important technique in the 

characterization of solar cell performance. This technique capitalizes on the production of 

current by the solar cell under irradiation which is also term the photovoltaic effect acting 

similar properties as that of a diode [93]. The concept begins with the flow of electrons via 

the p-n junction which is classified as generation of electrical charges with a reduced 

electrostatic force on the surface of the material. The diode generated current flow opposite 

and parallel to the electron flow which also tagged a ‘reverse current’. The solar cell which 

biases itself makes both a positive and a negative bias (greater than or less than zero). Under 

positive bias the reverse current rises exponentially while under negative bias it is negligible 

for measurement [94]. Equation (4) shows an ideal model for the diode current measured as 

external photo- generated-current in short circuit systems; 

J(V)  =  J0 (𝑒
𝑞𝑉𝑏𝑖

𝑒𝑘𝐵𝑇− 1)  −  J𝑠𝑐          Eqn. 4 

 

 Where; KB= Boltzmann constant, J0= reverse saturation current, Vbi= applied bias in V, T= 

the temperature in kelvins, Jsc= a short circuit current density which is measured in mA/cm2 

[93], [95].  To calculate for the open-circuit voltage (Voc, V) it is important to note that it is 

generated at the maximum positive bias of the solar cell. This is recorded when the solar cell 

is under irradiation but not connected to an external circuit. Equation (5) shows the 

mathematical expression to calculate for this; 

Voc =  
kT

𝑞
 ln ( 

J𝑠𝑐 

𝐽0
 +  1)        Eqn. 5 

Where; K= Boltzmann constant, T= the temperature in kelvins, Jsc= the short circuit current 

density which is measured as mA/cm2, q= elemental charge in C and J0= the reverse 

saturation current [93]. Another parameter important in measuring the squareness of the 

solar device which impacts strongly the current density-voltage is the fill factor. The measure 

of the fill factor accounts for the series and shunt electrical resistance on the surface of the 

solar film which may impede current flow. A good result for the fill factor shows a low series 

resistance which infers the flow of charges on the material surface without much resistance; 

while the shunt resistance clearly reveals areas on the film surface that act parasitically on 

generated electron flow. An example of the shunt resistance is the connecting route of the 

surface of the material with front and back contacts. The fill factor ratio should be large enough 
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to accumulate higher photocurrent externally [93], [94]. This ratio is shown in equation (6); 

FF =
 J𝑚𝑝×V𝑚𝑝

𝐽𝑠𝑐 × 𝑉𝑜
         Eqn. 6 

Where; Vmp= the maximum point for voltage in V, Jmp= the maximum point for current density 

which is measured in mA/cm2, Voc= open-circuit voltage and Jsc= short circuit current density. 

The current density-voltage measure as shown on the plot in figure (8), which for individual 

solar devices are measured for under irradiation and in the dark holds information when bias 

is introduced. In ideal state without irradiation- dark phase (forward bias active) there is only 

the diode current. Under irradiation- illumination phase there exist the external photocurrent 

leaving the diode current with a negative value as shown in equation (7) calculating the power 

density of the solar device; where the maximum power points are tagged Vmp and Jmp on the 

current density-voltage curve (J-V curve). Additionally, to calculate for the photoconversion 

the equation (8) is applied denoted as PCE and as η. This parameter is held as the main feature 

under characterization of the solar cell. The PCE shares a relationship with the power density 

for the solar film as expressed in the equation (19), where Ps= the irradiance measured in 

W/m2 [93], [94]. 

P =  FF ×  J𝑆𝐶  ×  V𝑂𝐶  =  J𝑚𝑝  ×  V𝑚𝑝        Eqn. 7 

PCE =  
J𝑚𝑝×V𝑚𝑝

𝑃𝑠
          Eqn. 8 

 

Figure 8. Current density-voltage performance of a solar cell in the dark and under illumination 

[94], [96]. 

 

2.2.2 Kelvin Probe Spectroscopy (KPS) 

The Kelvin probe spectroscopy is a surface characterization technique which operates on the 

non-contact mode where work functions are assigned to both the sample surface and the 

instrument’s cantilever tip [97], [98]. The tip and the sample bear an electrical charge 
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relationship such that as they are brought close together, they generate a net electrical current 

which is measurable until alignment with the fermi levels. The conducting instrument’s tip 

height which bears a work function can then be compared with that of the work function of 

the sample surface. The difference in these work functions (between the tip and the sample) 

is described as the contact potential difference (CPD) which does well in giving describing the 

surface nature of the sample measured [99]. 

Other than the atomic force of attraction or repulsion that exist between the instrument’s tip 

and the sample surface, they also share electrostatic forces. It is the measure of the 

electrostatic force between them that accounts for the CPD of the surface material. To measure 

this, the cantilever if the instrument which holds a reference electrode which forms a capacitor 

with the material’s surface [100]. To take measure of the CPD of the sample surface, known 

voltage is passed through the established circuit of the tip and sample. This voltage passed 

consists of a direct current bias (VDC) and the AC voltage (VAC sin(ωt)) with a certain frequency 

(w). the detection of the electrostatic force between the tip and the sample is done by passing 

an alternating current voltage to the instrument’s tip and fixing in place a lock-in amplifier 

[100], [101]. To restrict mix signals (electrical and topographic), the AC voltage is set most 

often at the second resonant frequency or distant from the first resonant frequency. Equation 

9, further explains this mathematical relationship; 

𝑉 = (𝑉𝐷𝐶 + 𝑉𝐶𝑃𝐷) + 𝑉𝐴𝐶 sin(𝑤𝑡)       Eqn. 9 

Where, VCPD= contact potential difference. 

Furthermore, the electrostatic force is calculated by differentiating the energy function as 

shown in equation 10;  

𝐹 =  
1

2

𝑑𝐶

𝑑𝑧
𝑉2          Eqn. 10 

Where, C= Capacitance, z is the separation and V=Voltage, each of the parameter belong to 

the tip and each point of the sample surface. This setup is illustrated as figure 9. 
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Figure 9. Schematic illustration of the transport and Kelvin probe force microscopy (KPFM) 

measurement setup [102]. 

2.2.3 Photoemission Yield Spectroscopy (PYS) 

 

Photoemission Yield Spectroscopy (PYS) is a method used to characterize materials, 

particularly in the context of organic materials and thin films. It measures the number of 

photoelectrons as a function of incident photon energy [103]. In a vacuum system the PYS 

process consist of three basic steps, which induce; (a) the excitation of electrons optically, 

from a lower-ground state to higher energy state (b) the transport of these excited electrons 

to the surface of the material (c) the electron escapes from the material’s surface into the 

vacuum system [103]. There exists an inelastic scattering effect that occur during the 

transport of primary electron from the surface of the material to the vacuum, also, during this 

step the secondary electron at low energy states kinetically get excited [104]. 

The electrons which escape into the vacuum space are trapped a utilized by a created 

moderate electrical field; this done to avoid the creation of negatively charge space near the 

surface of the sample under analysis. Under ambient external parameters the electrical current 

is replace with an ionic one which is recorded [104], [105]. Additionally, in air electrons which 

escape from the surface of the material and possess a mean free path <1 µm gets attaches 

to the particulate and molecular constituent of air (Oxygen, nitrogen and water vapour), 

therefore chemically forming negatively charged ions [106]. This phenomenon leads to the 

production of anions with higher mean free path, which has more drift power than the primary 

electrons, thus finding it way through the medium to the positively charge electrode. This 

migration of charges is what accounts for the measure of photoelectron current [106], [107]. 
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The PYS technique for the characterization of metallic surfaces and the determination of their 

work function together with the ionization energy of semiconductor materials is centred around 

the accurate measure of the sample’s photoelectron yield. The photoelectron yield is defined 

as the count of photoemitted electrons from certain material surface per an incidence photon 

at a specific photon energy (hv). The photoelectron yield which is a function of photo energy 

has a relationship with the ionization energy as photoemission of electron is only possible 

when the photon energy is greater than the threshold ionization of the sample surface [108], 

[109]. Equation 11 below expresses this mathematically; 

𝑌 (ℎ𝑣) ∝ (ℎ𝑣 − 𝐸𝑖)𝑛 

Where, Y= photoelectron yield, Ei= the threshold ionization energy for the sample material 

and n= the power index. The variable n=2 is used for metal and semiconductors (degenerate), 

n=3 is for most inorganic semiconductor samples when considerations are made on the sample 

volume excitations, while n=1, 3/2, 5/2… are for semiconductor samples when considerations 

are made on the band state of the material or its surface imperfections [109]. n=3 power 

index is used by many organic semiconductors as it is also the case of all inorganic ones 

therefore, to determine the Ei value we check for the threshold on the hv-Yn plot. Other than 

the ionization energy information provided by the PYS spectra, information about the effective 

density of states from the fermi-level to hv -Փ below EF is revealed [108]–[110]. 
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3. RESULTS AND DISCUSSION 

3.1 Experimental 

 
Solar cells used for this study were fabricated with the configuration 

FTO/TiO2/Sb2S3/P3HT/Au as depicted in Figure 10 below. 

 

 

 

Figure 10. Solar Cell Structure Used in Study 

18 x 18mm Glass substrates coated with flourine-doped tin oxide (FTO) layer (Alfa Aesar) of 

300nm thickness and 7 /sq sheet resistance were used as substrates to grow TiO2 films. The 

substrate preparation includes cleaning with detergent solution and isopropanol, washing with 

double deionized water, and drying in air. The clean samples were also treated with UV-C light 

illumination for 30 minutes. 

3.1.1 Thin Film Deposition 

 

TiO2 ETL layers for this study were deposited by two techniques; atomic layer deposition (ALD 

TiO2) and ultrasonic spray pyrolysis (USP TiO2). 

ALD TiO2 thin films were deposited using model R-200, PICOSAN ALD machine. Precursors of 

TiCl4 and DE water were used for this deposition. The deposition occurred at 125°C. For the 

TiCl4, the volumetric flow rate was 150 sccm, 0.1 second pulsing and 3 seconds purging time. 

For DE water, volumetric flow rate was 200 sccm, with pulsing and purging time of 0.1 and 4 

seconds respectively.  As earlier established, ALD TiO2 film thickness is influenced by the 

number of cycles. This, in addition to SEM cross sectional images, was used as a control 
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parameter in adjusting for film thickness. 100, 200, 400, 800, and 1000 ALD cycles were used 

in this study, resulting to film thickness of 5, 15, 30, 60, and 75nm respectively. Post-

deposition annealing in air at 450°C for 30 minutes were performed on all samples. Prior to 

deposition, a 3 mm wide strip of heat resistant Kapton® tape was glued onto the FTO side to 

preserve access to the back contact. 

In order to deposit USP TiO2 films, precursors consisting of a solution of 0.1 mol/L titanium 

tetraisopropoxide (TTIP) and 0.4 mol/L acetylacetone (AcAc) dissolved in ethanol were 

sprayed on glass/FTO substrates maintained at 450°C in air. 

Sb2S3 absorber layer has been deposited by USP from mixture 0.1 mol/L SbCl3 and thiourea 

(molar ratio of 1:3) of thiourea at 200 °C with a nebulization frequency of 1.7 MHz and a 

power of 200 W. Polythiophene, P3HT, was used as a hole conductor material and was 

deposited by spin coating technique on a top of Sb2S3 layer. 

3.1.2 Thin film and SC Characterization 

 

A Zeiss HR FESEM was used to examine the surface and cross-sectional morphologies of the 

layers. The optical absorption and transmittance measurements were made using a Jasco V-

670 ultraviolet–visible spectrophotometer (UV–VIS) in the range of 300–1000 nm. Taucs 

model was used to determine the band gaps of TiO2. The phase composition and structure 

were characterized by X-ray diffraction (Rigaku Ultima IV, Si strip detector D/teX Ultra, 0-20, 

CuKα1, λ=1.5406 Å, 40 kV, 40 mA, 5° min-1, step 0,02°). A texture coefficient of the Sb2S3 

absorber layers were calculated in accordance with equation (12). 

 

𝐶ℎ𝑘𝑙 =
𝐼ℎ𝑘𝑙/Ʃ𝐼ℎ𝑘𝑙

𝐼ℎ𝑘𝑙,𝑟𝑒𝑓/Ʃ𝐼ℎ𝑘𝑙,𝑟𝑒𝑓
,   (12) 

Where Chkl is the texture coefficient, Ihkl the measured intensity from Sb2S3 XRD pattern, Ihkl, 

ref  the reference powdery Sb2S3 intensity of each detected crystallographic growth direction 

corresponding to the Miller indices [28].  

Work function (), ionization energy (Ei) and the energy difference between Fermi level (EF) 

and valence band maximum (EVBM) of the TiO2 films were measured by PYS and KP techniques 

on ambient-pressure KP Technology SKP5050-APS02 instrument. The current–voltage (I–V) 

characteristics of the fabricated solar cells were recorded using Wavelabs LS-2 LED solar 

simulator with an AM1.5G (100 mW cm–2) light source. 
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3.2 Results 

 
3.2.1 Structural and Optical Properties of ALD and USP TiO2 Layers 

 

To investigate the phase composition and structural property of the ETL layers of the fabricated 

TiO2; the thicker layers were deposited on Glass/FTO substrates. An annealing temperature of 

450°C was applied as condition for its synthesis. This approach made it similar to that of the 

synthesis conditions of the TiO2 thin films fabricated. Figure 11 represent the XRD pattern for 

the annealed TiO2 layer carried out using ALD and USP techniques. Reflection 2theta peaks at 

25.35 and 37.96 showed dominance while, those at 11°, 38.68°, 48.08°, 54.10°, 55.30 °and 

62.85° which corresponded with the crystal index (101), (004), (103), (112), (200), (105), 

(211) and (204) respectively- indicated an anatase TiO2 surface morphology [111]. There 

were no records the material crystal peaks revealing any other crystal structure types other 

than anatase [111], [112]. This reported result is similar to some previous investigation on 

thin film morphology, with the anatase phase appearing solely in the XRD patterns [111]–

[113]. 
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Figure 11. XRD pattern of USP and ALD TiO2 films annealed at T=450 °C. 

 

The Band gap (Eg) results for both USP and ALD deposited TiO2 film showed a slight difference 

when compared, with that of USP having 3.35eV and ALD having 3.30 eV. The Eg result from 

the study is also in line with previous work with Eg ranged from 3.25 to 3.35 eV [114]. 
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a)                                                                 b) 

Figure 12. HR- SEM cross-sectional images of FTO/TiO2/Sb2S3/ stack with a) USP 

TiO2 and b) ALD TiO2  

 

 

Figure 12, graphically shows the cross-sectional image (HR-SEM) of the fabricated thin layer 

film (FTO/TiO2/Sb2S3/ stack) deposited using the USP and ALD techniques. The TiO2 films 

formed appears to be uniform and dense, regardless of if ALD or USP techniques are employed. 

The range of this layer thickness differ slightly in both USP and ALD technique utilized. ALD-

TiO2 thickness was found to be 30 nm (from 400 cycles) while the USP-TiO2 layer was in the 

range of 35-40 nm. The SEM images also proved that the relationship between thickness of 

TiO2 film and the number of cycles is a direct one with except to the first 100 cycles which 

serves as an incubation period. The first 100 cycles produce a thickness of 5 nm, that of 200 

cycles produces 15 nm film, 400 cycles then produced 30 nm thickness of film. This theory is 

common in the investigation of thin films deposited and grown using the ALD Technique [115].  

 

To investigate the interference of the Sb2S3 absorber layer’s structural properties by the ETL 

layer of the TiO2 thin film, the XRD spectroscopy was utilized. The patterns of the XRD for the 

Sb2S3 absorber layer grown on TiO2 was investigated further to get their texture coefficients. 

Results from this investigation revealed the interference of the Sb2S3 layer by the growth 

method of the ETL on the TiO2 thin films. The XRD patterns studies is represent on figure 13b, 

showing the texture coefficients patterns, which shows a dependence corelation of the Sb2S3 

absorber layer growth to that of the ETL layer growth method on the film. The texture 

coefficient corresponding to the (130) plane when the USP deposition method was utilized has 

shown to be significantly more dominant ca. 5.5 folds (1.1 vs 0.2) than its counterpart texture 

coefficient deposited using the ALD technique. This finding is confirmed again the comparism 
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for the texture coefficient corresponding to the (211) plane which appears to be 2 folds larger 

(1.45 vs 0.7) in the Sb2S3 absorber layer USP method than that of ALD technique for the TiO2 

thin film. 

 

The orientation of the ETL layer has been reported to significantly alter the desired orientation 

of the Sb2S3 absorber layer in previous studies[116]. From this report, the orientation of the 

Sb2S3 absorber layer which was randomly deposited on the ZnO ETL (z-ZnO) gave the 

preferential orientation (221), this was not so with the orientation deposited on exhibited 

(001) oriented- ZnO ETL layer[116]. This study aligns with previous observations concerning 
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Figure 13. a) XRD patterns and b) texture coefficient values of Sb2S3 layers grown on USP 

and ALD TiO2 layers 
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solar cell performance. It highlights, in particular, the ideal absorber layer orientation for 

maximum effectiveness. Notably, the (120) orientation is identified as an inert plane with a 

low density of dangling bonds. This property greatly reduces interfacial energy, in contrast to 

Sb2Se3 films that are (221) orientated. Because of their large number of dangling bonds, the 

latter are considered thermodynamically unfavourable and exhibit poor adherence to ZnO 

surfaces[116]. This is consistent with recent research that found higher efficiency in Sb2S3-

based semi-transparent solar cells, approximately 6.6%. Sb2S3 thin films with higher ratios of 

(020) and (120) peak intensities were associated with these efficiencies[116], [117]. 

Examining the structural factors influencing performance, this research validates these 

conclusions. We discovered that the USP TiO2 ETL layer, which is distinguished by higher ratios 

of (120) and (130), provided superior solar cell performance compared to the ALD TiO2 films. 

The latter demonstrated dominance in the (211) and (221) indices, consistent with the studies 

previously referenced. 

 

3.2.2 SC Output Parameters  

 

In Figure 14, the performance of solar cells (SCs) with TiO2 layers is shown by the photovoltaic 

metrics (Voc, Jsc, FF, Efficiency, RSh, and Rs). These layers were created using the USP 

technique and ALD in different thicknesses. The data clearly shows that the thickness of the 

ALD TiO2 layer has a major effect on the output characteristics of solar cells. It turns out that 

the thickness of 100 cycles, or around 5 nm, is not enough to prevent charge carrier 

recombination. As a result, in comparison to thicker ALD films, output properties such as Voc, 

FF, and RSh are noticeably lower. 

Approximately 15–30 nm thick (200–400 cycles) thicker ALD films exhibit improvements in a 

number of characteristics, including greater Voc (650 mV), increased currents (about 12 

mA/cm2), FF of about 36%, and RSh ranging from 250–300 Ohm·cm2. As a result, efficiency 

levels are about 3%. In comparison to other thicknesses, the maximum solar cell performance 

(about 3.3% efficiency) is achieved at an ALD TiO2 thickness of around 30 nm (400 ALD 

deposition cycles), which is shown to be the ideal thickness for the highest output 

characteristics. However, there is a discernible decrease in the values of RSh, fill factor, and 

short-circuit current when the ALD TiO2 films are thicker (800 cycles and above, exceeding 60 

nm). As a result, solar cell efficiency is reduced to about 2-2.5 percent. 

USP-deposited TiO2 differs from ALD TiO2 in that the former has a denser structure as a result 

of the deposition process, and as a result, smaller currents because of higher resistance. 3 to 

4 % SC efficiencies are obtained with larger Voc, Jsc, and FF values. This result is in good 

agreement with a number of recent studies on ALD TiO2 in solar cells of the perovskite type 

[116], [118]. It shows that thickness is a key factor in affecting solar cell efficiency and 

emphasizes the need of adjusting TiO2 thickness for particular types of solar cells. When 



35  

compared to the best ALD deposited TiO2 SC sample, the performance of the SC based on USP 

deposited TiO2 ETL layer is marginally superior. 
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Figure 14. Output parameters of SC with ALD and UPS TiO2 a) VOC, b) Jsc, c) FF, d) Efficiency, 

e) RS, f) RSh 
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3.2.3 Electronic properties and band alignment of SC components in SC structure 

 

Kelvin probe (KP) and photon yield spectroscopy (PYS) techniques were used in the study to 

investigate the FTO/TiO2/Sb2S3/P3HT/Au heterojunctions. Figure 16 shows the surface 

photovoltaic (SPV) results, and Figure 15 shows the work function data. Particularly, it was 

discovered that under dark conditions, the work functions of TiO2 were 4.18 eV and 4.05 eV, 

respectively, meaning that the SPV values for USP and ALD TiO2 were -539 mV and -535 mV. 

No matter how TiO2 was prepared, the ionization energy (Ei) recorded by PYS was always 

4.84 eV. The valence band maximum (EVBM) in relation to the Fermi level (EF) was calculated 

by subtracting the ionization energy (Ei) from the work function (Φ) in order to build the band 

diagram of these heterojunctions [119]. Furthermore, the conduction band minimum (ECBM) 

was calculated using the bandgaps of USP-grown Sb2S3 and ALD-grown TiO2 (3.30 eV), as 

follows: ECBM = EVBM + Eg (3.35 eV). The energy band diagram for the 

FTO/TiO2/Sb2S3/P3HT/Au heterostructure, shown in Figure 17, was made possible by these 

computations. 
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Table 1. Summary table on electronic properties (Eg, SPV, , Ei, EF - EVBM and ECBM - EF) of 

SC component layers 

 
 

Sample Top 

layer 
Eg 

(eV) 

SPV 

( 3 

mV) 

 

( 0.04 

eV) 

Ei 

( 

0.03 

eV) 

EF - EVBM 

( 0.05 

eV) 

ECBM - EF 

( 0.05 

eV) 

dark light dark light dark   light 

FTO_lit. data   4.30       

ALD-TiO2/FTO/glass 3.30 0 4.05 4.05 6.86 -2.81 -2.81 0.39 0.39 

USP-TiO2/FTO/glass 3.35  4.18 4.18 6.86 -2.67 -2.67 0.68 0.68 

Sb2S3/ALD-

TiO2/FTO/glass 
1.70 -277* 4.79 4.51 5.43 -0.64 -0.91 1.07 0.79 

P3HT/Sb2S3/ALD-

TiO2/FTO/glass 
1.9 -535** 4.70 4.17 4.84 -0.14 -0.67 1.76 1.23 

Au/P3HT/Sb2S3/ALD-

TiO2/FTO/glass 
 -491** 4.74 4.25 4.74 0 -0.49 0 -0.49 
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Figure 17. SC band diagram with ALD (blue box) and USP (rose box) TiO2 ETLs. 

 

The conduction band minimum (CBM) of USP TiO2 is 0.39 eV greater than that of atomic layer 
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deposition (ALD) TiO2, according to the computed band diagram shown in Figure 17. 

Specifically, earlier studies [79] showed that the power conversion efficiency (PCE) of the solar 

cell (SC) can be increased to more than 20 percent with a variation of 0.50 eV above the CBM 

position of the electron transport layer (ETL). A known correlation suggests that more efficient 

separation of photogenerated electron-hole pairs and a significant decrease in charge carrier 

recombination occur when the ETL's CBM position is very near to or slightly higher than the 

absorber layer's, a phenomenon known as a "spike type offset" [120]. This ultimately results 

in higher open-circuit voltage (Voc), short-circuit current density (Jsc), and FF values (fill 

factor). 

Therefore, the more appropriate CBM band position of the former, which aligns closer to the 

CBM of the Sb2S3 absorber layer, is responsible for the greater SC output characteristics of 

the USP TiO2 ETL layer in the solar cell when compared to ALD TiO2. By facilitating improved 

electron-hole pair separation and reducing charge carrier recombination, this alignment raises 

the solar cell's overall efficiency. 

Research on titanium dioxide (TiO2) has yielded varying stated work function values. The value 

of 4.18 eV for USP TiO2 is in close agreement with the 2.23 and 4.20 eV values for spray 

pyrolyzed TiO2 that have been published by other researchers [79]. The conductivity of the 

semiconductor may be impacted by these differences in work function. Higher work function 

values, as observed in the layers of USP TiO2, for example, indicate a stronger inclination 

toward n-type conductivity. Observations has been made that this property promotes faster 

electron release to the interface and speeds up the development of p-n junctions. These 

characteristics have consequences for solar cell performance (SC). Improved SC output 

metrics like Fill Factor (FF) and Voc are correlated with higher work function values. Moreover, 

the higher work function in USP TiO2 indicates improved dielectric characteristics. This 

ultimately results in increased shunt resistance and more successful charge carrier 

recombination suppression at the interface, both of which are essential for solar cells to 

operate efficiently. 
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SUMMARY 
 

Recently, the demand for sustainable, fossil free energy sources has become one of the most 

challenging topics among the researchers worldwide. Photovoltaic (PV) energy conversion 

technology is the leading renewable energy resource toward a more sustainable future.  The 

building integrated photovoltaic (BIPV) technology, where solar cells are directly integrated 

into building elements, such as roofs, windows or roofs is a modern and promising PV 

technology branch. The semi-transparent solar cells enable simultaneous electricity generation 

and light transmission.  

Sb2(S,Se)3 has proven to be a promising photovoltaic material for semi-transparent solar cells 

due to its’ tunable bandgap, high absorption coefficient and nontoxic and earth-abundant 

constituents. However, material selection, fabrication, and device structure design, are 

standing challenges remaining to be addressed to improve the performance. One of the core 

components of solar cell structure is electron transport material which is primary responsible 

for achieving high-performance solar cells: it promotes the collection of photogenerated 

electrons from the absorber layer to the bottom electrode as well as suppresses charge carries 

recombination. Therefore, the properties and the thickness of ETL material, which largely 

depends on synthesis method and preparation technology is of highest importance. 

 The objective of this study was to manufacture and study the semitransparent solar cell core 

component, TiO2, electron transport layer and estimate its suitability for the semi transparent 

solar cell with FTO/TiO2/Sb2S3/P3HT/Au structure.  Two reliable synthesis techniques have been 

chosen to grow TiO2 – Atom Layer Deposition (ALD) and Ultrasonic Spray Pyrolysis (USP). This 

study demonstrates that the introduction of a electron conducting layer, TiO2 into the semi-

transparent solar cell device structure is an important step in solar cell technology in order to 

supress charge carries recombination and to improve overall efficiency of the device. Both 

methods chosen for this study for TiO2 ETL preparation, ALD and USP are reliable, robust and 

powerful techniques allowing to grow highly reproducible, uniform, pinhole-free TiO2 thin films 

with excellent thickness accuracy and conformity at low temperatures. Independent of the 

growth method, TiO2 belong to anatase, crystalline TiO2 phase. However, USP TiO2 has shown 

benefits over ALD TiO2 in terms of better band alignment of SC structure. The CBM band 

position of USP TiO2 is 0,39 eV closer to CBM of an Sb2S3 absorber compared to CBM of ALD 

TiO2, resulting in a more efficient photogenerated charge-carries separation and more efficient 

recombination rate suppression. As a result, SC output parameters are somewhat 15% above 

that those of ALD TiO2 record sample. The average values of Jsc are 14 mA, FF-40% and Eff. 

3,5 % of USP TiO2 SC vs. 12 mA, 35% and 3,0 %, for a record ALD TiO2 SC, respectively. The 

performance of SC based on ALD TiO2 ETL largely depends on a thickness of the later. Too thin 
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layer, 100 deposition cycles or 5 nm thick layer, is obviously not enough to supress 

recombination of carries and be an efficient transport material. The optimal ALD TiO2 thickness, 

resulted in highest output parameters corresponds to 400 ALD deposition cycles or 30 nm, 

resulting in the highest SC performance (max. eff. Ca. 3.3 %). Thicker ALD TiO2 films, starting 

from 800 cycles and above with thicknesses larger than 60 nm have reduced shunt resistance, 

fill factor and short circuit current values, therefore cutting off the solar cell efficiencies down 

to 2-2.5%. 

For semitransparent solar cell, where other components are synthesized by spray method as 

well, the USP method is obviously beneficial as it is cheaper, faster and can be produced 

sequentially on same deposition apparatus prior Sb2S3 absorber layer spraying process. 
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KOKKUVÕTE 

 
Viimasel ajal on nõudlus jätkusuutlike energiaallikate järele muutunud üheks kõige 

aktuaalsemaks probleemiks teadlaste seas üle maailma. Päikesekiirgust 

fotoelektrilise muundamise teel elektriks muundav tehnoloogia, fotovolttehnoloogia, on juhtiv 

taastuvenergia haru säästvama tuleviku suunas. Ehitisintegreeritud päikesepaneelide 

tehnoloogia, kus päikesepatareid on otseselt integreeritud ehituselementidesse, nagu katused, 

aknad või seinad, on kaasaegne ja paljutõotav päikesetehnoloogia osa.  

 Poolläbipaistvad päikesepatareid, suurem osa ehitisintegreeritud päikesetehnoloogiast, 

üheaegselt võimaldavad nii elektrit toota ja kui ka edastada valgust. Sb2(S,Se)3 on kujunenud 

uueks atraktiivseks poolläbipaistvaks fotovoltmaterjaliks oma kõrge neeldumisteguri, sobiliku 

keelutsoonilaiuse ning mittetoksilisuse ja laialdaselt levinud koostisosade poolest. 

Poolläbipaistvate päikesepatareide jõudluse suurendamiseks on siiski veel palju väljakutseid 

ees, sealhulgas õige materjali valik, materjalide kokku sobitamine, päikesepaneelide 

koostisosade  valmistamisprotsess, ja seadme struktuuri disain. 

Päikesepatareide struktuuri üks põhikomponentidest on elektrontranspordimaterjal, mis 

vastutab peamiselt suure kasuteguriga päikesepatareide saavutamise eest: see soodustab 

fotogenereeritud elektronide kogumist absorberikihist alumisse elektroodi ning pärsib 

laengukandjate rekombinatsiooni. Seetõttu on kõige olulisemad on elektronmaterjali 

omadused ja paksus, mis sõltuvad suuresti sünteesimeetodist ja valmistamistehnoloogiast. 

Antud uuringu eesmärk oli toota ja uurida poolläbipaistvat päikesepatarei põhikomponenti, 

TiO2, elektrontransportkihti ja hinnata selle sobivust FTO/TiO2/Sb2S3/P3HT/Au struktuuriga 

poolläbipaistvale päikesepatareile.  TiO2 kasvatamiseks on valitud kaks usaldusväärset 

sünteesimeetodit – aatomikihi sadestamine (ALD) ja ultraheli pihustuspürolüüs (USP). 

Teostatud uuring näitab, et elektronjuhtiva kihi, TiO2, inkorporeerumine poolläbipaistvasse 

päikesepatareide seadme struktuuri on oluline samm päikesepatareide tehnoloogias, et maha 

suruda laengukandjate rekombinatsiooni ja tõsta seadme kasutegurit. 

Mõlemad TiO2 ETL ettevalmistamiseks valitud meetodid, ALD ja USP on usaldusväärsed, 

töökindlad ja võimsad tehnikad, mis võimaldavad kasvatada väga reprodutseeritavaid, ühtlasi, 

augudeta TiO2 õhukesi kilesid madalatel temperatuuridel. Sõltumata kasvumeetodist kuuluvad 

saadud TiO2 kihid anataasi, kristalsesse TiO2 faasi. Kuid USP TiO2 on näidanud eeliseid ALD 

TiO2 ees SC struktuuri elektronkonfiguratsiooni positsiooni osas. USP TiO2 CBM-riba asend on 

0,39 eV lähemal Sb2S3 absorberi CBM-ile võrreldes ALD TiO2 CBM-iga, mille tulemuseks on 

tõhusam fotogenereeritud laengute eraldamine ja tõhusam rekombinatsioonikiiruse surumine. 

Selle tulemusena on SC väljundparameetrid mõnevõrra 15% kõrgemad kui ALD TiO2 kõrgeima 

kasuteguriga päikeseelemendil. Jsc keskmised väärtused on vastavalt 14 mA, FF-40% ja Eff. 

3,5 % USP TiO2 SC vs. 12 mA, 35% ja 3,0 %, rekordilise kasuteguriga ALD TiO2 SC puhul. 
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ALD TiO2 ETL-il põhineva SC kasutegur sõltub suuresti selle paksusest. Liiga õhuke kiht, 100 

sadestustsüklit või 5 nm paksune kiht ei ole küllaldaselt piisav, et pärssida kandjate 

rekombinatsiooni ja olla tõhus transpordimaterjal. Optimaalne ALD TiO2 paksus, mille 

tulemuseks on kõrgeimad väljundparameetrid, vastab 400 ALD sadestustsüklile või 30 nm-le, 

mille tulemuseks on kõrgeim SC kasutegur, 3.3 %. 

Paksemad ALD TiO2 kiled, mis algavad 800 tsüklist ja üle selle paksusega (üle 60 nm), on 

vähendanud šunditakistust, täitetegurit ja lühisvoolu väärtusi, vähendades seega 

päikesepatareide kasuteguri 2-2,5% -ni. 

Poolläbipaistva päikesepatareide puhul, kus pihustus pürolüüsimeetodiga sünteesitakse ka 

muid komponente, on USP-meetod ilmselgelt atraktiivsem, kuna see on odavam, kiirem ja 

päikeseelementi saab toota järjestikku samal sadestusseadmel. 
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