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Preface 

Today, the world is increasingly interested in clean alternate energy sources to produce 

electricity without environmental damage and carbon footprint, unlike traditional fossil fuels 

that cause severe environmental pollution, which has motivated researchers to explore 

alternative means for obtaining renewable energy from plentiful natural resources. Solar energy 

is the most abundant and prominent renewable source for environmentally clean energy which 

can be harnessed via different routes. A dye-sensitized solar cell (DSSC) is one such renewable 

energy device that can convert solar radiation into usable electrical energy. With the growing 

demand for clean and sustainable energy, DSSCs are extensively explored as potential 

alternatives to supplement the existing technology due to their captivating properties, such as 

cost-effectiveness, ease of fabrication, eco-friendliness, non-toxicity, light-weight, and good 

conversion efficiency even under cloudy and artificial light conditions. For the past two 

decades, DSSC devices have been explored using various photoanode materials, electrolytes, 

and sensitizers to improve their performance and long-term stability. To develop DSSCs with 

high efficiency, it is crucial to optimize the semiconducting material by tuning its optical 

properties, electrical properties, and morphology. The challenges associated with DSSCs are 

the choice of photoanode material, nano-structuring of the electrodes, photosensitizers, 

electrolytes, and device architecture, which are yet to be investigated in-depth to achieve high 

efficiency with good reproducibility. These aspects are the motivation for the present work on 

the investigation of alternative materials for achieving high efficiency and stability of DSSC 

devices. Based on this motivation, appropriate alternative materials for photoanode materials, 

transparent conducting electrodes (TCE), and natural dye are investigated in this thesis.  

In DSSCs, mesoporous TiO2 is widely used as photoanode material highly influencing 

the photovoltaic performance by playing a crucial role in transporting the photo-generated 
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electrons. However, the TiO2-based photoanode can cause photo-bleaching of dye molecules 

upon solar irradiation, particularly in the UV region, which is a significant drawback for 

practical applications. Alternatively, researchers have focused on ternary oxide semiconductors 

such as Zn2SnO4, SrSnO3, and BaSnO3 due to their favorable ionization potential, bandgap, and 

electron affinity that can be easily tuned by doping with appropriate impurities during the 

synthesis process. Among the ternary oxides, BaSnO3 is a promising n-type semiconductor with 

a perovskite structure possessing a wide bandgap of 3.2 eV and structural stability around     

1000 °C. It exhibits high carrier mobility, facilitating fast diffusion of electrons in the 

conduction band and faster dye adsorption ability compared to binary oxide photoanodes.  

Apart from photoanode materials, transparent conducting oxide (TCO) electrodes also 

play a crucial role in the performance of DSSCs by enhancing the electronic conductivity by 

functioning as a current collector supporting the semiconducting layer. The TCOs have two 

important features; one is high optical transparency which allows sunlight to enter into the 

device without much absorption, and secondly, low electrical resistivity to facilitate effective 

electron transfer to improve the conductivity. Alternative ‘Sb’ doped SnO2 thin film is 

optimized and explored to supplement the conventional fluorine doped SnO2 based TCO. 

Alternative dyes extracted from natural sources are also widely investigated as 

photosensitizers due to their eco-friendliness, cost-effectiveness, non-toxicity, and abundance. 

These natural dyes are capable of absorbing photons having wavelengths in the visible region 

of the solar spectrum. Overall, the major objective of DSSC research is to identify and optimize 

appropriate cost-effective and eco-friendly alternative material components by facile processes 

for achieving high efficiency and stability of the devices. 

In this thesis work, alternative photoanode materials La-doped BaSnO3 (LBSO) and Sb-

doped BaSnO3 (ABSO), alternative Sb-doped SnO2 (ATO) transparent conducting electrode, 

and alternative natural dye extracted from prickly pear fruit for use as a photosensitizer in 
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DSSCs are systematically investigated. The obtained results are analyzed and divided into eight 

chapters and the gist of which is briefly outlined as follows, 

Chapter-1:  This chapter gives an overview of the basics of solar energy and photovoltaic 

technology. The development of DSSCs, device architecture, working mechanism, and the 

materials involved are briefly outlined. A brief description of various material components 

employed as photoanodes and transparent conducting electrodes (TCE) is also given. Properties 

of various types of binary/ternary metal oxides, photosensitizers, and electrolytes are explained 

in sufficient detail. This chapter is concluded with the motivation, objectives, and scope of the 

thesis. 

Chapter-2:  This chapter depicts the principle behind various experimental methods and 

analytical instruments used in this thesis. Hydrothermal and facile peroxide routes for the 

synthesis of ternary oxides are described in detail. Deposition of TCE thin film by spray 

pyrolysis is given in detail and also outlines the importance of natural dyes and their extraction 

from prickly pear fruits for use as a photosensitizer in DSSCs. An overview of working 

principles of various characterization instruments along with specifications as well as complete 

steps of DSSC device fabrication processes and related characterization instrumentation details 

are also presented. 

Chapter-3:   This chapter elaborates the structural, morphological, optical, and electrical 

properties of the hydrothermally synthesized nanostructured La-doped BaSnO3 ternary oxides 

for use as photoanode in DSSCs. Upon increasing the dopant concentration of La, the 

morphology disintegrates and tends towards a mixed nanorod-nanoparticle feature for 0.03% 

La-doped BaSnO3 sample as confirmed from the SEM and TEM measurements. A significant 

variation in the bandgap is observed upon doping with ‘La’ into the BaSnO3 system. Among 

all the devices, highest power conversion efficiency of 1.23% is observed for the 0.03% La-

doped BaSnO3 sample. The efficiency is lower compared to standard TiO2 based devices due 
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to bigger-sized rod-like particles grown by hydrothermal method which may not lead to 

effective dye adsorption. 

Chapter-4: This chapter presents the results of ternary La-doped BaSnO3 nanoparticles 

synthesized using facile peroxide route to overcome the grain size issue encountered in chapter 

3. The synthesized samples are studied for their structural, optical, and morphological

characteristics, and also used as photoanodes in DSSCs. The pure and La-doped samples are 

confirmed with a single-phase cubic perovskite structure of BaSnO3. A mixed 

nanocuboids/nanoparticles morphology is observed for the LBSO3 sample. The absorption 

studies show a slight increase in optical bandgap upon doping with ‘La’. Dye loading 

measurements are also carried out to determine the effect of morphology on the dye adsorption 

capability of the pure (BSO) and La-doped (LBSO1, LBSO3, and LBSO5) photoanodes. The 

absorption of dye solution corresponding to post TiCl4 treated LBSO3 film shows higher dye 

loading than that of the BSO film within a mere 60 minutes. The post-treated DSSC exhibits 

improved efficiency of 5.96% for LBSO3 cell against 4.37% of the pre-treated LBSO3 cell. 

Additionally, the DSSC performance stability test carried out for 16 days shows retention of 

~ 80% of its initial PCE. 

Chapter-5: This chapter deals with ‘Sb’ doped BaSnO3 as photoanode explored for its 

performance in DSSCs. A facile-peroxide route was used to synthesize pure and Sb-doped 

perovskite BaSnO3 (ABSO) nanoparticles. The synthesized samples were characterized for 

their structural, morphological, and optical properties. The DSSCs fabricated using the 

synthesized BSO and ABSO samples as photoanodes show reasonably good photovoltaic 

performance with a maximum power conversion efficiency of 4.06% for 0.01% ‘Sb’ doped 

photoanode. 

Chapter-6: This chapter describes the details of Sb-doped SnO2 (ATO) transparent 

conducting thin films deposited over a 5x5 cm2 area of glass substrates using the facile spray 

pyrolysis technique. The ATO film deposited at 420 °C is found to possess good transmittance 
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with a wide bandgap and low sheet resistance compared to pure TO film. Further, it shows good 

electrical properties with high carrier concentration and mobility. The film exhibits thermal 

stability around 400 °C. The stabilized ATO film used as an alternative to FTO in DSSC 

exhibits an efficiency of 4.05%. 

Chapter-7: In this chapter, prickly pear fruit extract is explored as an alternative 

photosensitizer for use in DSSCs. The natural photosensitizer is isolated from prickly pear fruits 

by a facile extraction process and is studied for its structural, optical, chemical, and electronic 

properties. The UV-Vis DRS and FTIR spectra of the extract confirm the presence of 

betacyanin with high absorption around 534 nm in the visible region, and well-anchored 

hydroxyl groups onto the TiO2 surface are also confirmed from XPS analysis. The fabricated 

DSSC using prickly pear extract as photosensitizer exhibits conversion efficiency of 0.56 % 

with a high fill factor of 85%. 

Chapter-8: The final chapter presents the summary and conclusions drawn from the 

investigations carried out on photoanode materials, TCE, and natural photosensitizer when used 

in DSSCs. This chapter presents the comparison of performance parameters of DSSCs of all 

the optimized La- and Sb-doped BaSnO3 photoanodes, alternative ATO based TCE, and prickly 

pear fruit extract photosensitizer. This chapter is finally concluded with perspectives for future 

work. 

******* 
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Chapter: 1 

Overview of solar energy and photovoltaics 

1.1 Introduction to Renewable energy and its need  

 Today, our global society is galloping towards an acute energy crisis due to a shortage of 

fossil fuels from natural resources. Currently, the supply of energy sources widely relies on 

fossil fuels such as oil, coal, and natural gas which are depleting at a foreseeably rapid rate due 

to overuse [1]. Over the last two decades, a steep decline in fossil fuels as well as increasing 

environmental pollution due to the release of a large amount of various harmful pollutant gases 

such as SO2 and CO2, etc. as mentioned in Fig. 1.1 are the causes of the greenhouse effect. 

According to the USA energy information administration (EIA) 2019 reports, greenhouse gas 

emissions are equal to 6558 million metric tons[2]. Hence, non-renewable energy sources lead 

to severe environmental damage to the earth. To minimize these environmental issues, the 

search for alternative renewable energy sources has intensified. Renewable energy systems do 

not produce any air pollution or greenhouse gases. Using renewable energy (mainly solar 

energy) can have a positive effect on the environment when non-renewable energy is either 

replaced or supplemented or reduced by the use of other forms of renewable energy resources.  

          

 

 

 

 

 

 

Fig. 1.1. Greenhouse gas emissions and their percentage as per EIA 2019 reports. 
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Due to the rapid depletion of non-renewable energy resources causing dramatically increasing 

concerns about environmental issues, researchers worldwide are motivated to focus on 

sustainable and renewable energy resources needed for future generations in a global society. 

Currently, renewable energy sources are one of the most important requirements for the 

advancement of technologies of modern society. The wise use of sustainable and renewable 

energy sources as an alternative to fossil fuels is of great importance to our society and also for 

the protection of our planet. To transcend these issues, alternative renewable energy sources are 

considered to be the need of the hour. There are several primary renewable means of energy 

such as solar, hydroelectricity, wind, tidal energy, etc. [3] that are depicted in Fig. 1.2. Among 

these, solar energy is the most abundant (~ 11%) and clean renewable energy source available 

to us[4].   

A photovoltaic (PV) device can convert light energy from the Sun into electricity using the 

generated photoelectrons. In this regard, the Sun acts as a renewable and sustainable energy 

supply by providing an enormous, free, and inexhaustible energy source in the form of solar 

radiation. The total solar radiation per year is approximately 3 x 1024 J: and out of the 1.7 x105 

terawatts (TW) solar energy which strikes on the surface of the earth, the overall annual solar 

energy received by the earth's atmosphere is 342 Wm-2. Out of this, 30% of solar radiation is 

lost in the form of scattering or by reflection back to space. The remaining 70% (~ 239 Wm-2) 

of solar radiation is used as an energy source for converting into electricity [5], which is 

significantly huge energy obtained in one hour compared to the energy requirement of the entire 

world for one year. The energy consumption in the world is reported to be 18 TW per year 

which is estimated to increase to 27.6 TW in 2050 [6]. Based on these statistics, world energy 

consumption is continuously increasing with the population growth day by day, and utilization 

of renewable technology such as solar energy provides a clear vision of opportunities to meet 

the global energy demands for the present and future needs. 
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1.1.1 Background of photovoltaic technology  

 The mention of a photovoltaic cell can be traced back to nearly 150 years and was first 

introduced by French physicist Alexandre Edmond Becquerel in 1839 [7]. He observed that 

light incident on an electrode placed in an electrolyte solution resulted in a photo-voltage, and 

this phenomenon is called light energy conversion. Later, it was named as photovoltaic (PV) 

effect and this phenomenon could be understood more precisely based on the photoelectric 

effect which was theoretically explained by Albert Einstein in 1904. These photovoltaic devices 

were then assembled in Bell labs in 1954 with an efficiency of 4.5-6% (Si-based solar cell) [8].  

 Solar cells are divided into three generations. The first-generation solar cells are Silicon 

solar cells, second-generation solar cells are thin-film solar cells such as GaAs, CdTe, and 

Cu(In,Ga)(S,Se)2 CIGS. The third-generation solar cells constitute dye sensitized solar cells 

(DSSCs), quantum dot sensitized solar cells (QDSSCs), organic photovoltaics (OPVs), and 

perovskite solar cells (PSCs). All generations of solar cells are individually explained in the 

sections below.           

  

Fig. 1.2. Statistics of energy consumption from various sources in the U.S for the year 2020. 
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1.2 Overview of Solar Energy and Photovoltaic Technologies  

1.2.1 Solar energy spectrum   

The sun is a natural and perpetual energy source that emits electromagnetic radiation in 

the form of light. The main reason behind the sun’s radiation is the occurrence of nuclear fusion 

reactions in its core [9]. The maximum temperature at the surface of the Sun is nearly 5778 K. 

Sunlight (Solar spectrum) consists of 50 % infrared, 40 % visible, and 10 % ultra violet 

radiation. The amount of energy released from the sun will be measured in terms of the solar 

constant. The solar constant is the amount of solar radiation received per unit area per unit time 

by a surface normal to the Sun’s rays.  

 

 

The value of the solar constant is nearly equal to 1,353 W/m2 in space at a distance of one 

astronomical unit (AU) from the sun, but in the case of the earth’s surface, the light gets 

attenuated by the earth’s atmosphere, thereby reducing the solar constant value to nearly 1,000 

W/m2  in clear atmospheric conditions when the sun is near the zenith. The light intensity and 

spectral distribution of the radiation arriving at the earth’s surface depend on the composition 

Fig. 1.3. Solar radiation spectrum spanning from UV to IR region. 
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of the atmosphere, as well as the path length of the radiation traversing through the atmosphere. 

Air mass (AM) is described according to the path length through the atmosphere as shown in 

Fig. 1.3. The solar radiation spectrum shows the solar radiation outside the earth’s atmosphere 

denoted by AM 0 and at sea level denoted by AM 1.5.     

1.2.2 Air mass 

The solar irradiance on the earth’s surface is estimated by the sun’s position (Zenith 

angle) and the distance of the atmospheric layer that absorbs the solar radiation. The loss of 

incident radiation in the atmosphere due to differences in solar zenith angle is called as air mass 

(AM) coefficient. Here, solar radiation depends on the location of the incident light, 

atmospheric conditions, time, and the distance between the earth and the sun. When sunlight 

enters the earth's atmosphere, it experiences phenomena such as absorption, reflection, 

refraction, and scattering due to which light gets distorted and its intensity decreases when it 

reaches the earth's surface. The coefficient AM is defined by the quotient of the optical path 

length L of solar radiation traversing through the earth’s atmosphere and the path length L0 at 

the zenith (eq. 1.1). This parameter can be described by the solar cell efficiency under 

normalized conditions. The solar cells are tested under the standard spectral distribution of the 

incident light at AM 1.5G as shown in Fig. 1.4. The air mass is expressed by the following 

equation,

AM = L/L0 = 1/cos θZ (1.1) 

where θZ is the zenith angle. 

1.2.3 Solar tracking 

The concentrated solar thermal and solar photovoltaics have optics that directly receives the 

sunlight, and hence, the solar trackers should be angled precisely to gather the incident light 

energy. Every concentrated solar system has trackers; otherwise, they do not harvest energy 
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effectively unless directed properly towards the sun’s motion. Single-axis solar trackers move 

on an axis back and forth in only one direction. 

 

 

 

 

 

 

 

 

Various types of solar trackers like vertical, tilted, polar aligned, and horizontal, move as 

implied by their names. In any solar application, the efficiency is improved when the modules 

are continually aligned to the optimum angle as the sun traverses the sky. Improved efficiency 

means improved yield, and the use of trackers can make a significant difference to the revenue 

generated from a large solar plant. This is the reason why solar trackers are widely used in 

utility-scale solar installations.  

1.2.4 Generations of solar cells 

The solar cell is a device that converts the incident light directly into usable electrical 

energy based on the photovoltaic effect, which involves both physical and chemical 

phenomena. In 1839, French physicist Alexandre Edmond Becquerel demonstrated the 

photovoltaic effect. The first solar cell device was made by Charles Frits (1883) with 

compounds of selenium. Later, Bell laboratories developed traditional silicon solar cells in 

1954. Solar cells are classified into three generations based on their performance and design 

which are discussed in the following sections. 

Fig. 1.4. The air mass coefficient dependency and the zenith angle. 
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 1.2.4.1 First generation solar cells 

  First-generation (1st) solar cells are traditional solar cells. These are made using 

crystalline silicon wafers. These cells are presently the commercially dominant technology and 

occupy more than 86% of the solar cell production. Based on the level of crystallinity of silicon 

(Si), the 1st generation solar cells are classified into mono-crystalline, multi-crystalline, 

amorphous, and hybrid ‘Si’ solar cells. The highest efficiency of single crystalline solar cells 

has reached nearly 27 % which is close to the Shockley-Queisser limit for ‘Si’ based devices 

( 30 % under AM 1.5) [10]. They have a longer life than that of non-Si solar cells, and high 

power conversion efficiency compared to multi-crystalline solar cells. However, mono-

crystalline solar cells have limited applications due to their complex manufacturing process and 

very high production cost. The 1st generation solar cells have dominant rooftop applications, 

and due to their high performance as well as high stability, these 1st generation silicon solar 

cells are industrialized worldwide to cater to applications in various fields. Owing to their 

performance and robustness, the 1st generation ‘Si’ solar cells are dominating the market. 

However, owing to their rigidity and requirement of stringent production protocols, they have 

limitations for novel flexible applications. Additionally, their special requirements such as high 

manufacturing cost, and environmental hazards involved during the processing of silicon lead 

to the demand for a better alternative. Hence, to supplement silicon-based PV technology, 

researchers have alternatively developed second-generation solar cells.  

 1.2.4.2 Second-generation solar cells 

  Second-generation (2nd) solar cells are based on thin-film technology which uses thin 

layers of semiconductor materials. These thin-film solar cells were introduced in 1970 [11]. 

Examples of 2nd generation solar cells are GaAs [12], cadmium telluride (CdTe)/cadmium 

sulphide (CdS) solar cells[13] and copper indium gallium selenide (CIGS) solar cells[14]. Thin 
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film technology is a relatively easy technology for designing solar cells due to consumption of 

very less material, cost effectiveness, and high efficiency compared to the 1st generation solar 

cells. These 2nd generation solar cells exhibit an efficiency of about 10-15 %[15][16]. The main 

advantage of these solar cells is the growth of thin films on bendable substrates that can be 

easily incorporated into the device architecture. Moreover, they can be used in several advanced 

applications like self-powered smart windows in cars/buildings, textile products, foldable 

devices, etc. The main drawbacks of the 2nd generation solar cells are the need to be grown in 

high vacuum conditions, high temperature treatments, the environmental toxicity of cadmium, 

as well as the rarity and high cost of indium. Hence, to overcome these limitations, third-

generation (3rd) solar cells are developed by replacing CdTe and CIGS with facilely synthesized 

low-cost metal oxide semiconductors like TiO2, ZnO, SnO2, Nb2O5, etc.     

1.2.4.3 Third-generation solar cells     

The structure of the 3rd generation solar cells is very different from the commercially 

available 1st and 2nd generation solar cells since they use semiconductor nanomaterials as one 

of their main components. Several issues have been observed in 1st generation solar cells which 

are expensive and employ electronic grade silicon crystals at elevated temperatures for growth 

and processing of wafers, and technology incompatible with the environment. The 2nd 

generation solar cells are comparatively cheaper and present efficiency of only 10-15% which 

limits their marketing. To overcome these challenges, the 3rd generation solar cells are designed 

using organic and/or nanocrystalline materials. They are commercially not yet available and 

research on these solar cells is limited to laboratory scale and prototypes, and they still require 

elaborate exploration. The 3rd generation solar cells are mainly multi-junction or tandem solar 

cells, polymeric solar cells, dye-sensitized solar cells (DSSC)[17], quantum dot solar cells 

(QDSSCs)[18][19], organic solar cells (OSCs)[20] and perovskite solar cells (PSCs)[21]. 

Among these, multi-junction cells exhibit a maximum conversion efficiency of 40 %. Polymer-
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based solar cells have several advantages such as cost effectiveness, light weight, and suitability 

for mass production technology. Hence, the 3rd generation solar cells have many possibilities, 

and scope for improvement in efficiency and development of cost-effective devices for 

widespread use, eventually leading to commercialization. 

For the past two decades, research interest in DSSCs is enormous due to their cost effectiveness 

and facile fabrication procedures, environment-friendliness, and relatively low-cost production. 

The market has a high interest in 3rd generation systems mainly due to their applicability in 

portable devices like self-powered chargers, backpacks, key boards, etc. The DSSCs are 

suitable for roll-to-roll mass production technology on rigid or bendable substrates using 

polymers on a massive scale for the market. Fig. 1.5 shows the efficiency and cost per unit 

power of the 3rd generation cells. The aim of these PVs is to decrease the price below the $1/W 

level of the 2nd generation PVs to $0.50/W - $0.20/W or lower by considerably increasing their 

efficiencies, while retaining environmental and cost aspects of thin film technologies. To attain 

high efficiency, the Shockley-Queisser limit can be overcome using multiple energy thresholds 

and single bandgap devices. Increasing the efficiency strongly leverages lower costs because 

the area required for the desired power output is also reduced [22][23].  

As per the US-EIA reports, the global DSSC market size was estimated at USD 90.5 million in 

2019 and is expected to increase at a compound annual growth rate (CAGR) of 12.4% from the 

year 2020 to 2027 as shown in Fig. 1.6. The motive of DSSC technology is expected to address 

three main energy needs of the future, namely economic growth, energy security, and 

environmental safety. The highest efficiencies for various solar harvesting technologies across 

the globe are shown in Fig. 1.7. 
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The DSSC market is confined only to portable and disposable electronics, and it will take a 

huge leap in many other sectors. The dye-sensitized solar cell market is forecasted to grow by 

over $130 million by the year 2023. DSSCs are widely used in flexible optoelectronics, portable 

electronics, and solar jackets. The flexible DSSC can be utilized for decoration in colored smart 

windows to generate electricity due to its flexibility, variety of colors, and shapes. The high 

degree of transparency, lightweight, and plausibility for flexible devices make it suitable for 

designing self-powered integrated windows, walls, and roofs in buildings. 

1.3 Dye-sensitized solar cells 

1.3.1 A Brief history of DSSCs 

Solar energy can be harnessed via different routes, and for the last three decades, photovoltaic 

cells or solar cells have been developed to minimize the production cost and enhance device 

efficiency and stability. The DSSCs constitute a sub-category of these PV devices and have 

generated much interest due to steady improvements in their efficiency and stability. In 1870, 

Vogel et al. first developed the idea of DSSC, and they demonstrated that silver halide 

emulsions may be sensitized by adding a dye that extended the photoactivity to longer 

Fig. 1.5. Efficiency and cost for 1st, 2nd and 3rd generation photovoltaic technologies [22]. 
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wavelengths[24]. After several years, James Moser invented the idea of dye enhancement in 

applications ranging from photography to photoelectrochemical devices using the dye 

erythrosine on silver halide electrodes[25]. The same concept was implemented by Hishiki and 

Gerischer by introducing ZnO and dyes like rose Bengal and cyanine[26][27]. 

 

 

 

 

 

 

Daltrozzo and Tributsch introduced Rhodamine B as a new dye into the ZnO system, and 

subsequently, they observed electron transport to be the dominant mechanism for both 

photographic and photo-electrochemical sensitization phenomena[28]. In 1977, Spitler and 

Calvin replaced ZnO with TiO2 in the cells and were able to elucidate the results of current 

density which was reported to depend on two factors of the dye, namely, the quantity of dye 

adsorbed on the TiO2 surface and the pH of the dye solution [29]. From the late 1980s to the 

1990s, new research appeared in the field of solar cells initiated by Grätzel and his co-workers, 

reporting the use of synthetic dye series in the TiO2 system. The DSSC first designed by 

O’Regan and Gratzel in 1991 achieved 7.1 % energy conversion efficiency using TiO2 as a 

photoanode and ruthenium based synthetic dye. These solar cells were called Grätzel solar cells 

in honor of the inventor[30] [17]. Later in 2014, researchers improved the device efficiency of 

these synthetic dye-based solar cells from 7.1 % to 13% using porphyrin [17][31]. DSSCs are 

Fig. 1.6. Growth rate of various market sectors implementation in the U.S for DSSC based device 

applications predicted for the period 2016-2027 (USD in Millions) [US-EIA reports-2020]. 
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much easier to fabricate and are insensitive to environmental contaminants. They are also 

processable under ambient atmospheric conditions. Recently, the efficiency of DSSCs was 

enhanced to values exceeding 14% using Triarylamine (TAA) based dyes as sensitizers [32].    

1.3.2 Device structure of DSSC  

The schematic of the basic device structure of nanocrystalline-TiO2-based DSSC is 

shown in Fig. 1.8. The DSSC device mainly consists of five components; (i) transparent 

conducting oxide (TCO) electrode which is generally fluorine (F) doped tin oxide (FTO) glass 

substrate, (ii) Nano crystalline wide bandgap semiconductor electron transporting layer (ETL) 

coated onto FTO which serves as working electrode (WE), (iii) a dye as photosensitizer 

anchored onto the surface of TiO2 nanoparticles, (iv) redox mediator containing iodine/triiodide 

(I3
-/I-) redox couple as electrolyte and (v) platinum (Pt) coated FTO glass substrate as a counter 

electrode (CE).  

The working electrode plays an important role in the functioning of DSSC for light absorption. 

It is made up of TiO2 nanoparticles (10-20 nm) coated onto the FTO glass substrate. The TiO2 

porous nanocrystalline particle-coated FTO glass substrates are then immersed in a dye solution 

for a particular duration to facilitate dye absorption onto the surface of the TiO2 particles. Here, 

the TiO2 surface anchored with the photosensitizer dye plays an important role in the generation 

of photo-excited electrons which are injected into the conduction band of the TiO2 layer, leading 

to better functioning of the DSSC. The platinum-coated FTO glass substrate acts as a cathode 

in the DSSC and is referred to as a counter electrode. Usually, the electrolyte solution 

containing an I3‾/I‾ redox couple acts as a mediator between the two electrodes and is 

responsible for the dye regeneration. 
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Fig. 1.7. The chart showing various photovoltaic technologies around the globe and their best                

efficiencies from 1975 to 2020 [National renewable energy laboratory (NREL), USA]. 
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1.3.3 Working principle of the DSSC 

The DSSC device has multi-components as shown in Fig. 1.8. The working principle of 

DSSC involves multistep processes as represented in Fig. 1.9. When sunlight illuminates the 

working electrode side, the dye adsorbed TiO2 photoanode generates photocurrent in the circuit 

which is described using different steps as follows: 

 

 

 

 

 

 

 

Fig. 1.8. Schematic representation of the basic DSSC device structure with its components. 

Fig. 1.9. Working principle of the DSSC device. 
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(1) The dye-photosensitizer (S) absorbs a photon that promotes electrons, leading to the excited 

state (S*) (eq. 1.2).  

(2) The excited electrons are then injected from the excited sensitizer into the conduction band 

of the semiconducting nanoparticles according to eq. 1.3.  

(3) The injected electrons percolate through the mesoporous semiconductor TiO2 nanoparticles 

and are collected at the counter electrode, and subsequently transported to the external 

circuit. 

(4) Through the external circuit, the electrons reach the counter-electrode and interact with the 

redox mediator, turning it to its reduced form.  

(5) The resulting oxidized dye is eventually restored to the initial neutral state of the redox 

mediator by receiving electrons from the iodide (I-) ions in the redox mediator, generating 

I3
−, and this process is represented in eq. 1.4 which is known as the dye regeneration 

process.  

In order to complete the circuit at the counter electrode side, electrons are donated to I3‾ and it 

regenerates into I− as indicated by eq. 1.5.  

S + hν → S*           (Light absorption)     (1.2) 

S* → S+ + e-      (Electron injection)                             (1.3) 

2S+ (on TiO2) + 3I− → 2S (on TiO2) + I3
−                                (1.4) 

I3
− + 2e− (Pt) → 3I−   (Redox mediator reduction)      (1.5) 

S+ (on TiO2) + (TiO2)    → e− (on TiO2)                       (1.6) 

I3‾    +2e− (TiO2) → 3I−                  (1.7) 

S* → S (On TiO2)                             (1.8) 
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(6) However, when the solar cell is functioning (i.e., during the electron flow cycle), undesirable 

side processes such as the recombination of injected carriers either with the oxidized dye or 

with I3‾ at the TiO2 surface simultaneously take place as per eq. 1.6 and eq. 1.7, respectively.  

(7) Non-radiation relaxation of photo-excited dye deteriorating the DSSC device performance 

is represented by eq. 1.8.  

Finally, the overall performance of DSSC can be measured based on sunlight-to-electric power 

conversion efficiency (η). 

𝜂 =
𝑉𝑂𝐶 

𝐽𝑆𝐶 𝐹𝐹

𝑃𝑖𝑛
 × 100%    (1.9) 

where VOC is the open-circuit voltage, JSC is the photocurrent density, FF is the fill factor and 

Pin is the power of incident photons. 

The open-circuit voltage (VOC) is measured from the potential difference between the fermi-

level of the electrons in the semiconducting layer and the redox potential of the electrolyte. 

Similarly, the short circuit current density (JSC), based on the incident light harvesting efficiency 

(LHE), is determined from the carrier injection and extraction efficiencies. The fill factor is 

calculated as the highest power output divided by the product of JSC and VOC. The overall 

conversion efficiency of a DSSC is tested under standard irradiation conditions (100 mW/cm2, 

AM 1.5). 

1.4 Components of DSSC 

The DSSCs containing several components have scope for exploration by altering the 

dye/photoanode/electrolyte/counter-electrode combinations. It is quite challenging to fine-tune 

the properties of each component in a DSSC towards ideal conditions to increase the overall 

performance of the assembled device. The issues with PV stability and performance are the 
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main shortcomings in the commercialization of DSSCs. Hence, research is focused on the 

development of alternative components for more stable, flexible, environment-resistant, cost-

effective, and highly efficient DSSCs. Intense exploration is ongoing for the development of 

alternative components to identify promising semiconducting photoanode materials, dyes, 

electrolytes, counter electrodes as well as their integration to improve the photovoltaic 

performance and durability of the assembled DSSCs. 

1.4.1 Semiconductor photoanode 

In general, the photoanode is a few micron (10-20 μm) thick film with a mesoporous 

layer consisting of arrays of semiconductor nanoparticles of size ranging between 10-20 nm 

with high surface area for efficient dye absorption. The highly porous feature is effective for 

mass transport through diffusion. Bandgap alignment with the sensitizer helps effective electron 

injection and rapid charge transport with high mobility. Here, the electronic properties are 

mostly dependent on the bandgap of the semiconductor nanoparticles which influences the 

electron transfer and performance of the device. Moreover, the electron transport rate in the 

semiconductor film is mostly influenced by the crystallinity, morphology, and surface area of 

the material. All these factors with combined improvements contribute to a higher charge 

collection efficiency[33][34]. In DSSCs, several wide bandgap metal oxide semiconductors like 

TiO2 [35], ZnO [36], SnO2 [37], niobium oxide (Nb2O5) [38][39] and zinc stannate 

(Zn2SnO4)[40] have been used as photoanode materials. Among them, TiO2 is a stable 

photoelectrode material with good electrochemical properties, abundance, excellent dye 

loading, high chemical stability, non-toxicity, mesoporous nature, wide bandgap, and high 

surface area. The TiO2 nanoparticles-based photoanode gives a higher efficiency compared to 

that of ZnO, SnO2, and Nb2O5 semiconducting oxides [35][37][38]. In 1991, Grätzel and his 

co-workers confirmed that TiO2 is an ideal semiconductor for DSSC applications [17]. 
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The composition of metal oxide semiconductors, bandgap, morphology, and thickness of the 

semiconducting layer influence the charge gathering, electron transport, and light-harvesting 

aspects. In DSSCs, an effective electron transport layer should have a high surface area to 

enhance dye adsorption for efficient photon-harvesting, and it should be transparent to visible 

light, thereby reducing the loss of incident photons [41][42]. The conduction band energy 

should be lower than the lowest unoccupied molecular orbital (LUMO) level of the dye for 

sufficient injection of photo-excited electrons. High mobility is preferred to reduce the electron 

recombination rate in the redox electrolyte system. In addition, semiconducting materials 

containing hydroxyl groups are beneficial for the effective attachment of dye onto their surface 

[43][44].   

1.4.2 Photosensitizer 

The dye (Photosensitizer) has a crucial role in absorbing and converting Sun’s energy 

into electrical energy. In DSSC, the photosensitizer is chemically attached to the surface of 

semiconductor nanoparticles. Here, the photosensitizer acts as an electron pump by absorbing 

the solar radiation (visible region) and pumping electrons from the excited dye molecule into 

the conduction band of the semiconductor. The dye molecules regenerate the electron from the 

electrolyte (charge mediator) and this cycle is repeated [17]. To fulfill such needs, the dye must 

have the following aspects: 

1) An efficient photosensitizer should absorb a wide range of wavelengths from visible to near 

IR-region of the solar spectrum.  

2) It should adsorb or be anchored strongly on the surface of the semiconductor nanoparticles. 

3) It should possess a high molar extinction coefficient (ε, M-1, cm-1) to enable efficient light 

harvesting. 
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4) The lowest unoccupied molecular orbital (LUMO) [45] level of the dye must remain higher 

than the conduction band edge of the semiconductor while the highest occupied molecular 

orbital (HOMO) [45] level of the dye should be lower than the energy level of the redox 

mediator to permit efficient regeneration of the oxidized dye [46][47] (see Fig. 1.9). 

5) The performance of DSSCs also depends on the molecular structure of the synthetic 

photosensitizer [48]. 

6) Photosensitizers are preferred to have enough stability for carrying out several cycles of 

power conversion and performance for many years without any significant degradation[34].  

The sensitizing dyes are categorized into three groups, depending on their compositions:  

1) Metal complex sensitizers using metals such as ruthenium [49], Osmium [50], cobalt [51], 

iron [52], copper [53] and rhenium [54].  

2) Metal-free organic sensitizers such as coumarin [55], triarylamine [56], indoline [57], etc.  

3) Natural dyes such as Chlorophylls [58], Flavonoids [59] and betalains [60]. 

1.4.2.1 Metal-based complex sensitizers 

Metal complex-based dyes are composed of chromophores of Ruthenium complex and 

are frequently used because they are the most effective photo sensitizers having both anchoring 

and ancillary ligands. The capability of dye absorption onto TiO2 depends on the anchoring 

ligands, and at the same time, ancillary ligands make up for the overall properties of the 

sensitizer. By modifying these two ligands, one can improve the efficiency of solar cells [34]. 

The history of these complexes dates back to the 1970s when tris(2,2’-bipyridyl)Ru(II) was 

investigated as a redox sensitizer [61]. Since 1993, N3 dye (cis-RuL2-(NCS)2) is the standard 

compared to other Ru(II) complexes for efficient charge transfer. Nazeeruddin and his co-

workers proposed several superior Ruthenium dye-based complexes as charge-transfer 

sensitizers on TiO2 nanoparticles. Using these Ruthenium dye complexes, they reported that 
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the conversion efficiency of solar energy to electricity is  11% under simulated AM 1.5 

conditions [62]. The metal complex dyes are effective sensitizers due to their high efficiency, 

excellent chemical stability, favorable photoelectrochemical properties, and strong absorption 

over the range of visible spectrum [63][64].   

 

 

Table 1.1 Photovoltaic performances (at 1 sun irradiation) of the most popular dyes based on      

ruthenium(II)-complex photosensitizers 

 

         

 

 

 

 

 

Dye Jsc (mA cm−2) Voc (V) FF η (%) Reference 

N3 18.20 0.720 73 10 [65] 

N749 20.53 0.720 70 10.4 [49] 

N719 17.73 0.846 75 11.2 [66] 

Ru(dcphn)2(SCN)2 12.50 0.740 71 6.6 [67] 

N945 19.0 0.728 71 10.8 [68] 

C101 R=C6H13 17.94 0.778 79 11.0 [69] 

C106 R = –S–C6H13 18.28 0.749 77 11.3 [70] 

K19 14.61 0.711 67 7.0 [71] 

Z910 17.20 0.777 76 10.2 [72] 

YE05 17.0 0.800 74 10.1 [73] 

DX1 21.4 0.664 70 10 [74] 

Fig. 1.10 General molecular structures of Ru-based N3, N749 (Black dye)  and N719 dyes. 
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The same group has developed two other dyes, namely tris(isothiocyanato)-2,20, 2”-terpyridyl-

4,40, 4”-tricarboxylate)Ru(II) complex, that is denoted as N749 (Fig.1.10b) [65][49][75] and 

Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato 

ruthenium(II), called as N719 dye (Fig.1.10c) [76]. Currently, these three are the most efficient 

ruthenium-based organometallic sensitizers that are used in DSSCs, which have shown a power 

conversion efficiency of close to 12%. Fig. 1.10 shows the molecular structures of N3, N719, 

and N749 dyes. Even though the ruthenium (II) based sensitizers show relatively higher 

efficiency and stability, there are many drawbacks associated with these dyes, for example; the 

ruthenium complex contains an expensive heavy metal and is also harmful to the environment. 

Moreover, its production cost is high due to the complexity of the synthesis process, and it also 

tends to deteriorate in the presence of water [77][78]. 

1.4.2.2 Metal free-organic sensitizers 

Metal-free organic sensitizers gained interest since the year 2000. Currently, metal-free 

organic sensitizer-based DSSCs have improved the electrical conversion efficiency from 4% to 

9%. The main advantages of these sensitizers are cost-effectiveness, ease of synthesis process, 

structural simplicity, tunability, environment-friendliness, and higher absorption coefficient 

compared to the ruthenium complex-based sensitizers. However, compared to metal-based 

sensitizers, the efficiency is low for metal-free organic sensitizers. 

Generally, the design of metal-free organic sensitizers has a donor and acceptor incorporated 

π-conjugated bridge (D-π-A) as shown in Fig. 1.11. The characteristics of a metal-free organic 

sensitizer are dependent on the carrier donating/accepting ability and the electronic properties 

of the π bridge [79]. Presently, most of the organic sensitizers are π- bridge conjugated based 

dyes like oligothiophene, coumarin, phenoxazine, fluorine, and oligoene. In the case of organic 

sensitizers, the donor is synthesized with dialkyl amine and the acceptor is synthesized with 
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carboxylic acid and cyanoacrylic acid [79][80] . Fig. 1.11 shows a sensitizer anchored onto 

TiO2 nanoparticles through the acceptor part of the dye molecule. Recently, a DSSC fabricated 

using porphyrin dyes having donor-π-bridge-acceptor structure has shown a conversion 

efficiency of 13% with [Co(bpy)3]
2+/3+ redox couple under simulated 1.5 AM solar 

illumination[31]. However, the metal-free organic dyes also have some drawbacks like low 

absorption bands compared to the metal-based sensitizers, leading to a reduction in photon 

harvesting ability. The other disadvantages include significant low stability, tedious purification 

steps, and toxicity of the dyes or their by-products which act as pollutants [80]. The natural 

dyes are discussed later in detail under section 1.5.4.  

         

 

 

 

1.4.3 Electrolyte 

Generally, the electrolyte plays an essential role in a DSSC for the regeneration of the 

dye after injection of a carrier into the TiO2 band. Simultaneously, the electrolyte works as a 

conducting medium that transports the electronic charge between the working and counter 

electrodes. The properties of the electrolyte are extremely important for maintaining the long-

term stability of DSSCs. Electrolytes should have high ionic conductivity, good interfacial 

contact with semiconductor nanoparticles, transparency to visible light, non-corrosiveness to 

the counter electrode, and should not affect the stability of dye molecule upon contact. In 

Fig. 1.11. Design of metal-free organic dye sensitizer showing the donor-π-bridge- 

                acceptor structure. 
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DSSCs, electrolytes are classified into three types, namely liquid electrolyte, solid-state 

electrolyte, and quasi-solid electrolyte [81][82], and are discussed in the following sections.  

1.4.3.1 Liquid electrolytes 

Liquid electrolytes are generally sub-classified into two types, depending on their 

composition as organic electrolyte and ionic liquid electrolyte. Usually, the organic electrolyte 

consists of a redox couple, solvent, and additives. As demonstrated over several years, iodine-

triiodide (I‾/I3‾) redox couple has been recognized as the most popular electrolyte due to its 

high solubility, rapid dye regeneration process, low light absorption in the visible region, 

appropriate redox potential, and very slow recombination rate between the injected electrons 

into TiO2 band and triiodide (I3‾) [83]. However, few undesirable intrinsic properties also exist 

for liquid electrolytes, such as absorption of a specific wavelength (430 nm) in the visible 

region, corrosion of noble metals on the counter electrodes (Pt, Au), and an upper limit on open-

circuit voltage (VOC) of 0.9 V. These factors significantly limit the further improvement of a 

DSSC using liquid electrolyte system. However, there are several alternative redox couples 

such as Br‾/ Br3‾, SCN‾/(SCN)2, SeCN‾/(SeCN)2, etc. that have been used as a supplement 

[84][85]. The next type is the ionic electrolyte which contains cations with a group of organic 

salts (e.g., pyridinium, imidazolium) and anions from halides or pseudo-halide family 

[34][86][87]. The main advantages of these are high ionic conductivity, higher chemical and 

thermal stability, and minimal vapor pressure which are beneficial for high-efficiency DSSCs. 

The main drawback of liquid electrolytes is the evaporation of volatile iodine ions that decreases 

the charge carrier concentration and creates sealing problems, leading to degradation of cell 

performance and long-term stability issues [34]. Therefore, efforts have been directed towards 

development of an alternative solid-state electrolyte.   
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1.4.3.2 Solid-state electrolyte 

The stability of a DSSC is influenced by electrolyte volatility and leakage of liquid 

electrolytes. To minimize these drawbacks, solid-state electrolytes can be optimized for further 

research and commercialization. Several inorganic electrolytes are investigated with p-type 

materials such as CuI, CuBr, CuSCN and organic polymers; for example; PEDOT (poly (3, 4-

ethylene dioxythiophene), spiro-MeOTAD (2, 20, 7, 70-tetrakis (N, N-di- 4-

methoxyphenylamino)-9,90-spirobifluorene), and P3HT (poly(3-hexylthiophene)) have been 

successfully used in solid-state DSSCs (SS-DSSC) [88][89]. In SS-DSSCs, a higher charge 

recombination rate is observed due to poor electrical contact between the photoanode and HTM, 

which is the main factor leading to low efficiency (~3.8%) of DSSCs using solid-state 

electrolytes [90][85]. 

1.4.3.3 Quasi solid-state electrolytes 

A quasi solid-state electrolyte is a blend of polymer and a liquid electrolyte that can 

easily establish good contact with the photoanode. Polymer electrolytes such as poly(ethylene 

oxide), poly(vinylidine fluoride), and polyvinyl acetates contain redox couples that are 

generally employed as quasi solid-state electrolytes to minimize volatilization and leakage 

issues of liquid electrolytes [92][90]. Interestingly, quasi solid-state electrolytes have better 

stability, good electrical conductivity, and better interfacial contact compared to other types of 

electrolytes. However, these electrolytes have a specific disadvantage since they highly depend 

on the service temperature of the device, and high temperature causes phase changes from a gel 

state to a solution state [93][94]. 
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1.4.4 Counter electrodes 

To obtain fast reaction kinetics for the redox couple, the electro-catalytic reduction 

reaction at the counter electrode side is very important to result in good performance of the 

DSSCs. The role of the redox couple is to act as a mediator for the regeneration of dye 

molecules[95]. The dye molecules are regenerated into triiodide and reduced to iodine ions at 

the counter electrode side. Hence, the counter electrode should be a good conductor and must 

possess a lower voltage for the reduction of the redox mediator [96]. Moreover, the counter 

electrode materials should have high exchange current densities and minimal charge transfer 

resistance. Usually, the counter electrode is deposited with a ‘Pt’ catalyst onto the conductive 

FTO substrate for efficient transfer of electrons from the external circuit back to the electrolyte, 

and reduce oxidation from the redox couple to carry the photocurrent of a DSSC [48][97]. To 

date, platinum (Pt) is the standard photo catalyst for the counter electrode because it has very 

good catalytic activity and stability for I3‾ reduction in electrolytes [98][48]. The thickness of 

the Pt counter electrode is  200 nm and it can be deposited by various methods such as 

sputtering, spray pyrolysis, electrodeposition, and vapor deposition of H2PtCl6 solution onto 

TCO substrates [99][100][101]. The Pt electrode has higher conductivity, stability, and catalytic 

activity. However, Pt is scarce, and hence, its cost is high due to which it is not suitable for 

large-scale commercial production of DSSCs, and it also has durability issues [102]. Therefore, 

stabilization of carbon nanotubes, graphene, conductive polymers, etc. which are alternatives 

to Pt has been given importance by researchers [103][104]. Hsu et al. found that CoS is a cost-

effective alternative material to supplement Pt-based electrode for DSSC applications. The 

roughness factor and high surface area of CoS make it an efficient material to supplement Pt-

based DSSCs. A highly efficient CoS cathode material which yields a power conversion 

efficiency of  8.1 % has been reported in literature [105]. 
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1.5 Alternative materials for DSSCs  

In this thesis work, the focus is on the stabilization of alternative photoanodes by 

exploring suitable ETL materials, TCO substrates, and natural dye extracts for DSSC 

applications. In DSSCs, the semiconductor nanoparticle layer leads the main role in the 

functioning of the device. For the last two decades, several materials have been tested as 

photoanodes in DSSCs; for example, binary (TiO2, SnO2, ZnO, and Nb2O5, etc.) and ternary 

metal oxides (Zn2SnO4, BaTiO3, CdSnO3, BaSnO3, SrTiO3, etc.) have been investigated 

extensively.        

1.5.1 Binary oxide photoanodes 

In DSSCs, several binary metal oxides like TiO2[17], ZnO[106], SnO2[107], and 

Nb2O5[108] have been tested as ETLs. These binary oxides have an energy bandgap varying 

between 3 eV and 3.2 eV. The most commonly used wide bandgap semiconductor as 

photoanode material in DSSCs is mesoporous TiO2 (3.2 eV) due to its excellent properties like 

high conduction band edge, surface area, electron affinity, and dye adhering aspects. With these 

properties, TiO2 nanoparticles exhibit the highest efficiency of 13% among all the materials 

that are investigated [31]. Moreover, TiO2 is a cost-effective, non-toxic, bio-compatible 

material with good stability. ZnO is another wide bandgap semiconductor considered as 

photoanode in DSSCs due to similar bandgap value and work function as that of TiO2. ZnO has 

higher carrier mobility (1-5 cm2 V-1 s-1) [109] compared to that of TiO2 (0.1–1 cm2 V-1 s-1
 ) 

[110] [111]. Maximum efficiency of 7.5% has been achieved for ZnO nanoparticle aggregates 

[112]. Niobium pentoxide (Nb2O5) is an n-type material with a bandgap value between 3.2 eV 

and 4.0 eV, and it has so far shown an efficiency of 6% when used in the form of nanorods 

[108]. The photovoltaic performance of selected binary oxides is shown in Table 1.2. 
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Tin oxide (SnO2) shows properties suitable for use in DSSC as photoanode and it has higher 

electron mobility (100-200 cm2 V-1 s-1) [113] and a larger energy bandgap (3.8 eV) than that of 

TiO2. SnO2 also shows transparency greater than 80% in the visible region. The highest 

conversion efficiency of 6.8% for the hierarchical SnO2 octahedra photoanode has been 

reported [107]. Few other nano dimensional binary metal oxides like Al2O3, V2O5, ZrO2, and 

Fe2O3 are also used as photoanodes in DSSCs [114][115]. In comparison to simple binary 

oxides, multi-cation ternary oxides present additional possibilities to modify the material's 

physico-chemical properties by tuning the composition and nano-dimensional features like size, 

porosity, etc. 

Table 1.2 Photovoltaic parameters of various dye sensitized binary photoanode materials 

 

 

Photoanode Dye 
JSC 

(mAcm−2) 

VOC 

(V) 
FF 

η 

(%) 
Ref. No 

TiO2 nanoparticles N3 17.77 0.79 0.748 10.6 [95] 

TiO2 nanoparticles  
ADEKA-1  

+ LEG4 
18.36 1.01 0.77 14.3* [116]* 

TiO2 nanoparticles SM 315 18.1 0.91 0.78 13 [31] 

TiO2 nanorods N719 16.52 0.772 0.746 9.5 [117] 

TiO2 nanochains N719 15.95 0.75 0.61 7.46 [118] 

ZnO nanoparticles N719 18.11 0.62 0.585 6.58 [119] 

ZnO nanowires SK1 12.04 0.71 0.64 5.7 [120] 

ZnO hierarchical 

aggregates 
N719 19.8 0.64 0.59 7.5 [106] 

ZnO  nanorods N719 10.7 0.71 0.62 4.7 [121] 

Nb2O5 nanorods N719 11.2 0.74 0.66 6.03 [122] 

Nb2O5 nanopores N3 10 0.7 0.58 4.1 [123] 

Nb2O5 nanochannels N3 17.6 0.639 0.39 4.48 [124] 

* Champion efficiency 
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1.5.2 Ternary oxide photoanodes 

There is enormous scope to introduce various types of oxides as photoanodes in DSSC. One 

can modify the composition or employ doping and study the physical, chemical, and optical 

properties of complex ternary oxide systems. Generally, alkaline earth stannates ASnO3             

(A = Zn, Ca, Sr, and Ba, etc.,) are the most frequently explored materials, mainly due to the 

ease of tuning their electronic properties by substitution of donor/acceptor cation (sometimes 

anion). These ternary oxides are also quite stable at high temperatures (around 1000 ˚C). To 

overcome certain limitations (low electron transport and diminished lifetime) of binary oxides 

[125], efforts have been made to replace/supplement the binary oxides with ternary oxides such 

as Zn2SnO4, SrTiO3, BaTiO3, BaSnO3, CdSnO3, and BiFeO3 for fabrication of photoanodes in 

the recent years [126][127][128][129][130] and the efficiencies are shown in table 1.3.  

Table 1.3. Photovoltaic parameters of various ternary photoanode materials 

 

Among these, Zn2SnO4, SrTiO3, and BaSnO3 are the widely studied photoanode materials. One 

of the many advantages of these ternary oxides is the viability to easily modify their energy 

bandgap, work function, and electrical properties by changing the dopant element and its 

concentration. Due to the availability of a large range of multi-cation oxides and the feasibility 

of tuning them, it is exciting to explore their applicability in DSSCs. Strontium titanium oxide 

(SrTiO3) has a similar band-gap and structure as that of TiO2 (3.2 eV), but its conduction band 

S.No Photoanodes VOC 

(V) 

JSC 

(mA/cm2) 

FF Efficiency 

(%) 

Ref. 

1. Zn2SnO4   0.63 9.1 0.65 3.7 [126] 

2. SrTiO3  0.78 3.0 0.70 1.8 [129] 

3. BaTiO3 0.53 10.65 0.33 1.93 [129] 

4. CdSnO3 0.43 7.43 0.45 1.42 [128] 

5. BiFeO3 0.75 7.0 0.58 3.02 [130] 

6. BaSnO3 0.78 16.68 0.44 5.68 [131] 
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(CB) is positioned at a relatively higher level than that of TiO2, causing a higher open-circuit 

voltage (VOC) and a fairly low conversion efficiency due to the specific surface area of the 

material [132].  

1.5.2.1 Zinc stannate 

Zinc stannate (Zn2SnO4) is a direct wide bandgap material with values between 3.3 eV 

and      3.8 eV which makes it appealing for DSSC applications. It has an inverse spinel structure 

of octahedrally coordinated Sn4+ atoms. In this material, half of the Zn2+ atoms in the structure 

of Zn2SnO4 are in the tetrahedral site, while other half are in the octahedral site. It can improve 

the efficiency depending on the orientations of ZnO and SnO2 sub lattice in the Zn2SnO4 

structure [126]. The position of its conduction band is slightly higher than that of anatase TiO2, 

and this metal oxide has a significantly better conduction property compared to TiO2. Another 

advantage of Zn2SnO4 is its stability and higher corrosion resistance compared to ZnO due to 

its larger pH stability range [133]. The studies have shown that Zn2SnO4 based photoanode 

materials tolerate the stability problems associated with  ZnO ETL against acidic dyes [126]. 

In this sense, the ternary Zn2SnO4 is more attractive than its binary oxide compounds such as 

SnO2 and ZnO. Among these ternary oxide materials, the recently reported BaSnO3 perovskite 

material has shown promising photoanode properties for use in DSSC and is explored and 

discussed in sufficient detail in the following sections of this thesis.  

1.5.2.2 Barium stannate 

Barium stannate (BaSnO3) belongs to the family of alkaline earth stannates, and is an important 

n-type semiconductor with a perovskite structure (energy bandgap   3.2 eV) exhibiting higher 

electron mobility (~320 cm2 V-1 s-1) facilitating fast diffusion of electrons in the conduction 

band.  This compound has stability up to 1000 °C and  rapid dye adsorption ability than that of 

the binary oxides [134][135]. The pure BaSnO3 crystal system has an ideal cubic perovskite 
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structure with a space group of Pm3̄m. In perovskite structure, the Sn4+ and Ba2+ cations/atoms 

occupy the corner and middle of the cube, respectively, and Sn4+ is coordinated to six O2- 

anions, forming a perfect octahedron. Subsequently, each oxygen atom occupies the middle of 

the cube edge and is coordinated with two Sn atoms. This periodic arrangement of atoms in 

BaSnO3 results in a perovskite structure [136]. It is found that distortion of SnO6 octahedron 

leads to a reduction in the conductivity of BaSnO3. The BaSnO3 has received increased attention 

in the past decade for its superior optical and electrical properties in various applications 

including capacitors, high dielectric ceramics, sensors, dye-sensitized solar cells, etc. 

[137][138][139][127]. BaSnO3 plays an important role as an electron transport layer 

(photoanode) in DSSCs. Recently, there have been many reports on BaSnO3 based photoanodes 

for DSSCs with an overall conversion efficiency ranging from 1.1 to 6.86% [127][140]. Zhang 

et al. reported that dye-sensitized BaSnO3 could be used as a photoanode in DSSCs owing to 

its fast dye adsorption capability than the conventional binary oxide materials [135]. Guo et al. 

reported BaSnO3 nanoparticles used as photoanode which, exhibited a power conversion 

efficiency (PCE) of 1.1% [141]. Recently, Rajamanikam et al. reported PCE of 0.71% without 

surface treatment and scattering layer [131]. In 2018, the same group reported surface treatment 

on the BaSnO3 layer resulting in enhanced efficiency of 5.64% for 5% Sr doped BSO. 

Moreover, as in perovskite solar cells (PSCs), the mesoporous BaSnO3 layer shows better 

performance as well as excellent photo stability compared to that of TiO2 [142]. The material 

properties can be tuned by doping, where the dopants may donate carriers and/or create defect 

levels in the band which may play a significant role in improving the optical as well as electrical 

properties, thereby improving the overall performance of the device in which it is employed. It 

is quite easy to modify the optical and electronic properties of BaSnO3 by manipulating the 

composition and/or by doping with transition and rare earth impurity ions [143][144] to 

improve the performance and stability of the photoanodes in DSSCs.  
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1.5.3 Transparent conducting oxides in DSSCs 

Apart from the semiconducting oxides that are used as photoanodes, transparent 

conducting oxide (TCO) substrates also play a crucial role in increasing the performance of 

DSSCs due to their effective electronic conductivity. A thin layer of TCO can act as a current 

collector and supports the photoanode (semiconducting oxide) in DSSCs. The TCOs have two 

key aspects; one is high optical transparency that allows Sun’s light to enter into the device 

without much absorption of the incident radiation, and secondly, low sheet resistance to 

facilitate the effective charge transfer process which improves the performance. The indium tin 

oxide (ITO, 90% In2O3: 10% Sn) film exhibits high transparency over 85 % and a resistivity 

value of about 10-4 Ω cm. ITO has been widely used as a transparent conducting electrode in 

optoelectronic devices, liquid crystal displays, and solar energy conversion device applications. 

Moreover, the optical and electrical properties of ITO films depend on the deposition method 

[145][146]. However, the low resistivity property of ITO films changes to high resistivity with 

increasing calcination temperature when used in DSSC device fabrication. Particularly, in 

DSSC fabrication, the photoanode material involves coating and sintering of TiO2 paste on 

conducting substrates at high temperature ( 450 ˚C) to improve the electrical contact, but the 

sheet resistance of ITO increases drastically at high temperature (> 300 ˚C), leading to a 

decrease in power conversion efficiency [17]. Apart from ITO, SnO2 and ZnO doped with donor 

elements are also frequently used as TCOs. However, these well-known semiconducting 

materials have some limitations such as instability of oxygen content, variations in surface work 

function, fatigue, and degradation [147][148]. In general, pure SnO2, ZnO, and In2O3 materials 

do not possess the desired TCO properties. These desired optical and electrical properties are 

obtained by suitably doping impurities such as pentavalent (n-type) and trivalent (p-type) 

elements. Most importantly, the selection of dopant materials depends on their valency, charge 

state, effective mass, ionic radii, cost-effectiveness, and natural abundance.  
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Here, Table 1.4 shows some of the host and doping elements for designing TCO materials with 

desirable properties. Fluorine-doped tin oxide (FTO) has properties similar to that of ITO which 

makes it viable for use in DSSCs. The FTO substrates have 70-80% transparency in the visible 

range, which is roughly 10% lesser than that of the ITO electrodes. The sheet resistance of FTO 

( 12 Ω/□) is comparable to that of ITO glass substrate and it has good resistance stability with 

temperature. Compared to the ITO substrates, FTO has comparably low transparency, similar 

conductivity, and cost effectiveness [149]. The comparison of DSSC properties using ITO and 

FTO conducting glass substrates was reported by Sima et al., where the sheet resistance of ITO 

increases from the initial 18 Ω/□ to 52 Ω/□ upon annealing at 450 ˚C, whereas the sheet 

resistance of FTO is nearly invariant (18 Ω/□). The cell efficiency of the ITO based DSSC was 

reported to be 2.24%, and for an identical cell using FTO, it was 9.6% [150]. The availability 

of raw materials and the applicability of facile and cost-effective deposition techniques are 

some of the key factors for choosing binary TCOs. Other than the electrical properties and 

efficiency, some of the limitations of traditional ITO based transparent conducting oxides are 

limited availability and the high cost of indium. ITO substrates are sensitive to thermal 

treatment (beyond a temperature limit, around 325 C), possess limited transparency in the near 

IR region, and are brittle in nature [151]. 

The FTO is widely used as an alternative electrode for ITO in several optoelectronic devices, 

and specifically in DSSC due to its high conductivity and excellent thermal stability of sheet 

resistance (up to 450° C) which is better than that of ITO [152]. However, there are certain 

limitations for FTO when compared to ITO which are transparency, difficulty in doping of 

fluorine into the anionic sites of the host SnO2 lattice, and high surface roughness, resulting in 

leakage current [153].  
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Table 1.4. Parameters relevant to the host and dopant materials for making effective TCOs 

 

 

Hence, researchers are interested in finding suitable supplementary material for ITO and FTO 

electrodes. In this scenario, SnO2 is identified as one of the promising alternative host materials, 

which by doping with suitable dopant elements can be tuned for better optical and electrical 

properties (i.e., transparency and conductivity). In general, FTO electrodes are deposited over 

thick glass substrates (usually 2.2 mm thick) to withstand the high temperature involved during 

the deposition of the electrode. This thickness of the glass substrate significantly affects the 

transparency and haze of the finished electrode. In this thesis, as an alternative, Sb doped into 

the SnO2 (with Sb in 5+ charge state) yielding free carriers to the lattice increasing the 

conductivity of the film are explored for their applicability in DSSCs as a transparent 

conducting electrode.  

 

 

Group Element Oxidational 

state 

Ionic radius (Aͦ) Co-ordination 

Number 

 

Host lattice 

SnO2/ZnO 

O -2 1.35/1.36/1.38/1.41/1.42 2/3/4/6/8 

Sn +4 0.69/0.76/0.83/0.89/0.95 4/5/6/7/8 

Zn +2 0.6/0.68/0.74/0.9 4/5/6/8 

 

Donor/Acceptor 

elements  

F -1 1.28/1.3/1.31 2/3/4 

Al +3 0.39/0.48/0.54 4/5/6 

In +3 0.62/0.8/0.92 4/6/8 

Sb +3 0.76/0.8/0.76 4/5/6 

  +5 0.6 6 



ChAPTER 1      

 

National Institute of Technology Warangal-506004, TS, India.                        Page | 34 

1.5.4 Natural dyes  

Natural photosensitizers are alternatives to expensive synthetic dyes which are cost-

effective on a large scale when extracted from natural plant sources such as colorful flowers, 

fruits, leaves, etc. Natural dyes are used as a photosensitizer in DSSCs since natural pigments 

have several beneficial features like facile preparation methods, abundance, high absorbance, 

easy extraction and processing, cost effectiveness, environment friendly nature, and most 

essentially, elimination of the use of noble metals [154][155]. In DSCCs, the dye sensitizer has 

the most basic role of primary charge separation by photo-excitation of electrons. The excited 

electrons must have the ability to get injected into the conduction band of the semiconducting 

material (Electron transport material). Here, natural photosensitizers are classified into 

carotenoids, flavonoids, or chlorophylls, and betalains as shown in Table 1.5.  

1.5.4.1 Carotenoids 

Carotenoid structures allow a short wavelength absorption in the visible region [156]. 

These pigments are found in several flowers, fruits, and also in some microorganisms. They 

exhibit bright orange, red, and yellow colors. Carotenoids have two major sub-categories 

known as xanthophylls that contain oxygen molecules and carotenes which contain purely 

hydrocarbons[157]. The carotenoids have been successfully used in DSSCs as a photosensitizer 

and show conversion efficiency of 2.6% [158]. Meanwhile, co-sensitizing them with 

carotenoids and chlorophyll derivatives has been shown to improve the efficiency to 4.2%[159]. 

1.5.4.2 Chlorophyll 

Chlorophyll is a green pigment present in the leaves of green plants, algae, and also in 

cyanobacteria. Chlorophyll absorbs light photons having red, blue, and violet wavelengths, and 

it derives color by reflecting green wavelength. Firstly, Kay and Grätzel reported 
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chlorophyllderivatives for sensitization on nanoporous TiO2[58]. After this report, several 

research groups demonstrated chlorophyll as a photosensitizer in DSSCs [160][161]. 

Chlorophyll is mainly derived from chlorophyllides (Chl-a and Chl-b) and pheophytins. 

Interestingly, the most efficient photosensitizer chlorophyll ‘a’ derivative is methyl trans-32-

carboxy-phyropheophorbide. Chlorophyll ‘a’ can bind with TiO2 and ZnO semiconductor 

nanoparticles through bidentate chelating and monodentate modes. The chemical structures of 

chlorophyll are shown in Fig. 1.12. 

1.5.4.3 Flavonoids 

Flavonoids are the important active group of natural pigments that are associated with 

angiosperms, contributing color to the flowers by absorbing almost all the colors in the visible 

region. Flavonoids are described as a network of natural pigments that includes the structure of 

a C6-C3-C6 carbon framework with two phenyl rings linked by three carbon rings that 

specifically form a phenyl benzopyran functionality[59]. Flavonoids include subclasses like 

anthocyanins, aurones, chalcones, flavones and flavonols. Among these, anthocyanin is the 

most efficient photosensitizer for use in DSSCs compared to other chlorophyll sub-classes. In 

the case of flavonoids, the charged electrons transfer from HOMO to LUMO levels at lower 

energy. The pigment molecule is energized by a broad absorption peak in the visible 

region[162]. These flavonoids are highly adsorbed to the surface of TiO2 by replacing OH‾ 

counter ions from the Ti sites that combine with a proton donated by the flavonoid 

structure[163]. The basic chemical structures of flavonoids are presented in Fig. 1.12. 
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Table 1.5 Photovoltaic parameters of dyes extracted from various natural sources. 

 

 

Plant sourc/Flowers  

 

Structural class 

JSC 

(mA cm−2) 

VOC 

(V) 

FF 

(%) 

η 

(%) 
Extraction Solvent  Ref. 

Flowers 

Ixora sp. (Rubiaceae) Anthocyanins 6.26 0.35 47 0.96 Ethanol [164] 

Rhododendron Anthocyanins 1.61 0.58 61 0.57 Ethanol [165] 

Erythrina variegata 
Carotenoid, 

Chlorophyll 
0.78 0.48 55 n.a. Fractionated extract [63] 

Red Bougainvillea 

glabra 
Betacyanin 2.34 0.26 74 0.45 Acidic H2O [166] 

Red Bougainvillea 

spectabilis 
Betalain 2.29 0.28 76 0.48 Acidic  H2O [166] 

Hibiscus rosa-sinensis Anthocyanin 3.31 0.145 55 1.08 Ethanol [167] 

Fruits 

Blueberry Anthocyanins 4.1 0.30 55 0.69 Ethanol [168] 

Kuduk-kuduk 

(Melastoma 

malabathricum L.) 

Anthocyanins 3.18 0.45 52 0.83 Ethanol [169] 

Fructus lycii Carotene 0.53 0.68 46 0.17 Ethanol [165] 

Capsicum Carotenoid 0.23 0.41 63 n.a. Fractionated extract [165] 

Wild Sicilian Prickly 

Pear 
Betalain 8.2 0.38 38 1.19 Aqueous acid [170] 

Mulberry fruit Anthocyanins 1.89 0.56 49 0.55 Ethanol [171] 

Canarium 

odontophyllm 
Anthocyanins 2.45 0.39 62 0.59 Ethanol [164] 

Blackberry n.a. 5.85 0.32 57 1.07 Aqueous acid [172] 

Leaves 

Codiaeum variegatum Anthocyanins 4.03 0.44 55 1.08 Ethanol [167] 

Ipomoea Chlorophyll 0.91 0.54 56 0.28 H2O [173] 

Punica granatum 

(Pomegranate) 
Chlorophyll 2.05 0.56 52 0.59 - [171] 

Ficus reusa 
Chlorophyll, 

carotenoids 
7.85 0.52 29 1.18 H2O [174] 

Rhoeo spathacea 
Chlorophyll, 

carotenoids 
10.9 0.5 27 1.49 H2O [174] 

Garcinia subelliptica 
Chlorophyll, 

carotenoids  
6.48 0.32 33 0.69 H2O [174] 

Red cabbage Anthocyanins 2.25 0.62 70 0.97 Aqueous extract [175] 

Pandan leaves Chlorophyll 1.91 0.48 56 0.51 Ethanol [176] 

Seeds 

Coffee n.a. 0.85 0.55 69 0.33 H2O [165] 

Black Rice Anthocyanins 2.09 0.47 57 0.56 Ethanol [176] 

Lawsonia inermis seed Lawsone 2.99 0.50 70 1.47 H2O [177] 
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1.5.4.4 Betalains 

Betalains constitute another set of water-soluble nitrogen-containing vegetable pigments and 

are potential absorbers of visible light for DSSC applications. Betalain dyes are extracted from 

colored plants, flowers, fruits, and some vegetative tissues of plants belonging to 

Caryophyllales and Basidiomycota families [178][60]. In general, these dyes have orange and 

red colors which are due to red-violet betacyanin and yellow betaxanthin. For example, prickly 

pear fruit extract contains dyes of betanin and indicaxanthin as well. Red beetroot has betanin 

and vulgaxanthin, showing a deep red coloration. However, betalains are further categorized as 

betacyanins and betaxanthins whose molecular structures are shown in Fig. 1.13 (a and b).  

 

 

 

 

 

 

 

Fig. 1.12. Basic chemical structures of (a) anthocyanin, (b) flavonoid, (c) carotenoid and (d) 

chlorophyll. 

Both these dyes were first extracted from beetroot and named ‘Betalains’ by Mabry and 

Dreiding in 1968 [179][155]. Significant exploration has been done for the last fifteen years on 

betalains dyes that are extracted from the leaf and grain of amaranth[180], prickly pear 

fruit[181], beetroot[182], and bougainvillea[183]. In particular, betalains show strong 

absorption in the visible range of the electromagnetic spectrum and have been considered as a 

d 
c 
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good candidate for DSSCs due to their capability as electron donors [155]. In 2002, the first 

report on betalains extract used as a photosensitizer in DSSCs with an efficiency of 0.44% and 

0.014% for TiO2 and ZnO, respectively, was published[184]. From these results, the observed 

low efficiency is attributed to the fewer injected electrons from the excited dye molecule to the 

conduction band of ZnO compared to the TiO2 based DSSC[184]. The second report was 

published in 2008 by McHale and his co-workers where they extracted betalains from red 

beetroot, and also derived betalains sensitizers like betanin, betanidin, betaxanthin, and 

melanin. They have reported a maximum efficiency of 0.67% in DSSC sensitized with the 

derivative betanin[182]. Therefore, considering these results, the extracted betalains dyes from 

natural pigments such as fruits and roots act as alternative photosensitizers for use in DSSC. In 

this work, considering the beneficial features of natural dyes, the focus is on the dye-extraction 

from the less-explored prickly pear fruits (Cactus) to be used as a photosensitizer for DSSCs 

[185]. Cactus (Opuntia ficus-indica) generally known as prickly pear belongs to a family of 

Cactaceae. This plant yields sweet, nutritionally rich edible fruits, and its tender cladodes are 

also used for making a salad. 

 

 

 

 

 

 

Fig. 1.13. Chemical structure of (a) betacyanins and (b) betaxanthins derivative compounds 
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1.5.4.5 Description of Cactus (Opuntia ficus-Indica) 

Opuntia ficus-Indica is a shrub containing about 130 genera and about 1500 species that 

are well-adapted to arid lands throughout the globe in countries like South Africa, Middle East, 

the Mediterranean basin, Australia, and India [186]. The cladodes (large pads) are green to blue-

green, containing few spines up to 2.5 cm or they may be spineless. Prickly pear grows with 

flat and rounded cladodes as well as smooth and fixed spines. The cactus flowers are typically 

large with yellow color and its fruits are deep red with arillate seeds. The Opuntia ficus-Indica 

plants grow in areas with weather conditions having an extended dry spell followed by hot 

summer and occasional rainy seasons with low humidity.  Prickly pear is a rich source of 

betalains and has deep red-purple color due to the presence of betacyanin in the extract. 

Complete details of the prickly pear fruit extraction and properties of the dye are discussed in 

chapters 2 and 7, respectively. 

1.5.5 Figures of Merit of DSSCs 

The performance of a dye-sensitized solar cell is generally determined from the 

parameters of the J-V characteristic curves which include,  

(1) Short circuit current density (JSC, mA/cm2) 

(2) Open-circuit voltage (VOC, V)  

(3) Fill factor (FF) and  

(4) Conversion efficiency (η, %).  

Current from a solar cell is generally determined from the equation given below, 

                        𝐼 = 𝐼𝑆𝐶 −  𝐼0 (𝑒
𝑞𝑣

𝑘𝑇 − 1)     (1.10) 
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where ISC is the short circuit current, I0 is the reverse saturation current, q is the electron charge, 

k is the Boltzmann constant and T is the temperature in kelvin [187].   

1.5.5.1 Short circuit current 

Short circuit current (ISC) is determined under one sunlight radiation and indicates the 

photocurrent per unit area (mA/cm2) of the cell. Generally, ISC is defined as the ratio of 

maximum output current to the cell area. The ISC depends on many factors including the area 

of the solar cell, the total amount of photons absorbed, the wavelength of the incident solar 

radiation, charge collection ability of the solar cell, and finally operational conditions and 

material properties. 

1.5.5.2 Open circuit voltage 

Open circuit voltage (VOC) is the highest voltage that a solar cell can yield from the 

external circuit and corresponds to the quasi-fermi level (determined from the separation of the 

hole and electron quasi-fermi level (EF, -0.5 V to -0.4 eV vs. normal hydrogen electrode (NHE), 

for TiO2) of the semiconductor and redox potential of the charge mediator (-0.4 eV vs. NHE, 

for I3‾/I ‾ redox couple) [188]. The maximum open circuit voltage can be measured when ISC 

equals zero. The VOC is indicated on the I-V curve in Fig. 1.14 and is not dependent on the cell 

area. The VOC is invariable under constant illumination and temperature conditions. The 

maximum ISC is found when the device is short-circuited, while under open-circuit conditions, 

no current can pass through. At this condition, the voltage is highest and VOC is expressed as: 

                                      𝑉𝑂𝐶 = 𝑉𝑇 −  𝐼0 (1 +  
𝐼𝑂𝐶

𝐼0
)    (1.11) 

where VT is the thermal voltage, and Io is the reverse saturation current density. 
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1.5.5.3 Fill factor 

Fill factor (FF) is determined from the ratio of the highest power output from a solar cell to the 

product of short-circuit current and open-circuit voltage. The fill factor can be defined as,  

                                              𝐹𝐹 =  
𝑃𝑚𝑎𝑥

𝐽𝑆𝐶 .  𝑉𝑂𝐶
     (1.12) 

where Pmax is the maximum output power of the cell per unit area (Pmax = Imax x Vmax). In an        

I-V curve, the fill factor is described by the product of JSC and VOC which is a rectangle with 

maximum area as shown in Fig. 1.14.  

1.5.5.4 Power conversion efficiency 

Power conversion efficiency (η) of a solar cell is defined as the ratio between the highest 

electrical output power and energy of the incident power (Pin). The incident power equals to the 

irradiance of the AM 1.5 normalized to 1000 W/m2 at room temperature. The total power 

conversion efficiency of a DSSC is determined from JSC, VOC, FF, and Pin. The power 

conversion efficiency can be calculated using the relation, 

Fig. 1.14. The I-V characteristic curve of a solar cell with key parameters indicated [187]. 
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               𝜂 =  
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=  

𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶 ∙ 𝐹𝐹

𝑃𝑖𝑛
 × 100 %    (1.13) 

Here, Pin is determined by the aspects of the light spectrum that is incident upon the device.  

1.5.5.5 Incident photon to current conversion efficiency 

Incident photon to current conversion efficiency (IPCE) or external quantum efficiency 

(EQE) of the solar cell is measured from the ratio of the number of generated photoelectrons 

(Nelectrons) that flow in the external circuit to the number of photons incident on the active surface 

area under monochromatic light irradiation with a given wavelength (λ): 

                                                     𝐼𝑃𝐶𝐸 (λ) =  
𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠
    (1.14)  

The IPCE can be expressed in another form which is the product of the photon-harvesting 

efficiency [LHE(λ)] for a wavelength λ, the quantum yield of electron injection (Φinj) from the 

excited state of the dye to the conduction band of the semiconductor, and collection efficiency 

(Φcoll) of the injected electron at the front electrode [187]: 

                                    𝐼𝑃𝐶𝐸 = 𝐿𝐻𝐸(𝜆)𝛷𝑖𝑛𝑗𝛷𝑐𝑜𝑙𝑙    (1.15) 

where the LHE(λ) is defined as ,       𝐿𝐻𝐸(𝜆) = 1 − 10−𝐴    (1.16) 

Here, exponent A represents the dye absorbance (also referred to as optical density). The values 

of IPCE mainly depend on the absorption properties, the quantity of sensitizer that is adsorbed 

on the surface of the semiconductor as well as on the Φinj and Φcoll. 

1.6 Current status and future prospects of DSSC 

Over the past two decades, DSSCs have proven their potential in becoming one of the 

essential means of future energy due to their cost-effectiveness, ease of fabrication, long-term 

stability, and as well as steadily improving conversion efficiency levels. The DSSCs perform 
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better in diffuse light and elevated-temperature environments compared to other types of PV 

technologies. There can be several challenges for the implementation of large-scale production 

and industrial applications of DSSCs such as low power conversion efficiency compared to the 

1st and 2nd generation solar cells, and low stability which need to be overcome. The maximum 

power conversion efficiency achieved for DSSC is 13% (without any co-sensitization) [31]. 

However, for full commercialization, efficiency levels need to be improved to more than 20% 

to compete with the existing technologies. Apart from efficiency, some of the other challenges 

are improvement of DSSC device stability as well as reduction of material and manufacturing 

costs mainly due to expensive ruthenium-based dyes. The power conversion efficiency of 

DSSCs strongly depends on the sensitizers, photoanode material, and light absorption ability. 

However, for the past 20 years, considerable work has been executed to develop panchromatic 

dye sensitizers that are expected to be a breakthrough in cost and performance compared to 

synthetic Ru-based dyes. In 2009, Kojima et al. first proposed the use of inorganic-organic 

hybrid halogen perovskite CH3NH3PbI3 nanocrystals as sensitizers in DSSCs, owing to their 

high absorption coefficient, instead of conventional synthetic ruthenium-based N719 dye [189]. 

However, the efficiency was not very high ( 4%) due to the rapid dissolution of the perovskite 

compound in liquid electrolyte. Subsequently, in heterojunction solar cell devices, Etgar et al. 

demonstrated that CH3NH3PbI3 acts as a sensitizer as well as a hole transport material. For the 

last six years, the efficiency of solid-state perovskite solar cells (PSCs) has reached from 3% to 

22% [190], which has opened up a new era of solar cell technology with immense scope. 

Besides high efficiency, improving stability is another important issue in PSCs which needs to 

be addressed. Though the efficiency of perovskite solar cells is promising, their stability issues 

and the toxicity of lead are serious concerns.  

In DSSCs, instability is mainly due to the leakage of liquid electrolyte and few other reasons 

such as dye desorption, changes in the structure of dye in the presence of iodine (liquid 
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electrolyte) as well as the influence of the working electrode and degradation of Pt catalyst 

(counter electrode). To prevent electrolyte leakage, it is beneficial to replace the liquid 

electrolyte with solid-state electrolyte (hole transport material, HTM), and Pt catalyst can be 

supplemented with graphene-based carbonaceous materials which possess high electrochemical 

stability under prolonged potential cycling [191]. Upon solving these issues, Grätzel has 

estimated the lifetime of optimized DSSC modules to about 20 years [192]. 

Apart from improving the performance, it is also essential to minimize the material and 

production costs. In DSSCs, the most expensive component is the noble metal based synthetic 

dye which also uses toxic precursors involving tedious preparation steps. To minimize these 

costs and issues related to the synthesis of dye, alternative dyes are extracted from natural 

resources. Generally, compared to synthetic dyes, natural dyes are widely available, easy to 

extract, non-toxic, environment-friendly, cost-effective, and also completely bio-degradable 

[193]. For several natural dyes, the efficiency can be further improved by choosing a suitable 

co-sensitizer and stabilizer. In a DSSC, the second most expensive material is the transparent 

conducting substrate [194]. As an alternative to FTO, graphene-based transparent conducting 

electrodes (TCEs) are found to be effective with a low sheet resistance (30 Ω/□) and high 

transmittance (> 90%) [195]. Graphene-based materials can play a double role as conducting 

substrate and catalyst in DSSC, almost reducing the cost by four times [196]. However, it is a 

challenge to optimize the layers of graphene over a large area, and hence, researchers are 

exploring alternative oxide based transparent conducting electrodes like SnO2 and ZnO doped 

with appropriate donor elements as already discussed in section 1.5.3. It is expected that the 

DSSC technology will be promising to supplement the future energy requirements, considering 

the economic factor and environmental protection.  

 



ChAPTER 1      

 

National Institute of Technology Warangal-506004, TS, India.                        Page | 45 

1.7 Scope and objectives of the thesis 

High efficiency, non-toxicity, good stability, and cost-effective production are the desired 

features of a solar cell. Existing commercial solar cells are expensive due to raw materials and 

manufacturing costs. The cost per watt can be justified either by lowering the manufacturing 

cost or by increasing efficiency. Hence, it is necessary to enhance the efficiency and long-term 

stability by altering various components of DSSCs. The efficiency of a DSSC depends on the 

major components like photoanode material, dye-sensitizer, electrolyte, and transparent 

conducting electrodes. The main focus of this thesis is on exploring alternative materials which 

can serve as photoanode compared to the existing conventional ETL materials, as well as 

transparent conducting oxide (TCO) electrode to supplement FTO, and natural dyes instead of 

expensive synthetic dyes in DSSCs by using relatively simple and cost-effective synthesis 

techniques.  

The objectives of the thesis based on these alternative materials are listed below: 

➢ To investigate the status of alternative photoanodes based on ternary oxides/ transparent 

conducting electrodes / natural dye-sensitizers through extensive literature survey, and 

selection of suitable materials and synthesis methods which can contribute to new 

knowledge in the area of DSSCs. 

➢ To synthesize nanostructured ternary BaSnO3 and La/Sb doped BaSnO3 particles for 

varying their composition using two different techniques, namely hydrothermal method, 

and facile peroxide co-precipitation method to achieve high surface area and nano-

dimensional features.  

➢ To characterize the optimized nanostructured ternary BaSnO3 and La/Sb doped BaSnO3 

particles for their structural, optical, and morphological properties using appropriate 

techniques.  
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➢ To fabricate DSSC devices based on the optimized ternary BaSnO3 compounds doped with 

La/Sb and to assess the impact of dopants on the charge transfer properties and power 

conversion efficiency.   

➢ To deposit a large area (5x5 cm2) Sb doped SnO2 thin film onto glass substrates by spray 

pyrolysis and to characterize them for their optical and electrical properties to serve as an 

alternative transparent conducting oxide electrode in DSSCs.    

➢ To extract and stabilize natural dye-sensitizer from prickly pear fruit and to investigate its 

optical properties to use it as a photosensitizer in DSCCs.  
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CHAPTER: 2 
Experimental methods and instrumentation techniques  

2. Introduction   

  This chapter gives a detailed description of various synthesis methods used for the 

preparation of nanostructured particles of ternary oxide materials, as well as spray-coated 

conductive electrodes for use in dye-sensitized solar cells. The natural dye extraction for use 

in dye-sensitized solar cells (DSSCs) is also elaborated along with instrumentation details that 

are employed for material characterization throughout the thesis work. 

This chapter is divided into four major sections, the first section gives a general introduction 

to synthesis methods of nanoparticles. The second section describes thin film growth related 

to spray pyrolysis and its mechanism. In addition, the custom-built spray pyrolysis unit used 

in the present work for film deposition is also described. The third section deals with the 

importance of natural dyes and the extraction of natural dyes from natural sources for use in 

DSSCs. The fourth section deals with the description of the instrumentation of techniques such 

as XRD, FE-SEM, TEM, XPS, FTIR, Hall effect, etc. used in this thesis work. This section 

also describes the fabrication of the DSSC device along with the instrumentation used for their 

characterization.  

2.1 Nanomaterials for energy conversion  

 Recent technological advancements show that nanomaterials and nanostructures play 

a crucial role in several domains, particularly energy conversion applications. Nanomaterials 

offer new possibilities and also introduce new challenges since they are different from micro-

sized and bulk counterparts dimensionally as well as in their physical and chemical properties. 

In the last few decades, research has been focused on the synthesis of novel nanomaterials with 

improved properties using cost-effective synthesis approaches. The synthesis method-
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dependent material properties have been well documented in the literature. However, in this 

thesis, the focus is only on specific methods employed to control the particle size and 

nanostructures for use as photoanode in DSSCs. These methods include hydrothermal 

synthesis and facile peroxide-precipitate technique to achieve the size-controlled synthesis of 

nanoparticles.  

The choice of the synthesis method can be a key factor in determining the effectiveness of the 

electron transport layer. The preparation methods of ternary oxides and their physical 

properties are the most important aspects to be considered for the enhancement of device 

efficiency. However, nanoparticle synthesis methods employing environment-friendly 

economical processes should have greater control over particle size distribution, morphology, 

purity of the sample, quantity, and quality, which has always been a challenge for researchers. 

In this thesis, two different synthesis methods are followed to prepare ternary oxides of pure 

and doped BaSnO3 nanostructured particles towards development of dye-sensitized solar cells 

with high efficiency. 

2.2 Synthesis methods for preparing nanostructured oxide materials 

2.2.1 Hydrothermal method  

 The hydrothermal method is one of the most widely used and important techniques for 

advanced material processing, particularly for the synthesis of nanostructured materials 

towards a variety of technological applications, such as ceramics, electronics, optoelectronics, 

photovoltaics, biomedical, magnetic data storage, etc. The term ‘hydrothermal’ comes from 

the earth sciences. Typical processing conditions of the hydrothermal method require high 

temperatures and a high-pressure apparatus called ‘autoclave’ [1–4]. The general hydrothermal 

operating condition is that the range of boiling point of water should be from 100 °C to 374 

°C. The hydrothermal method is very useful when there is difficulty in dissolving precursor 
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solutions at low temperatures, and it also enables the growth of nanostructures at high vapor 

pressure near their melting point at normal conditions. The size of the particle and morphology 

of the samples prepared by using this technique can be controlled by altering variables, such 

as concentrations of reactant solution, temperature, pressure, choice of additives/solvents, and 

aging period. Hydrothermally synthesized materials can be anhydrous, crystalline, or 

amorphous, depending on the processing conditions maintained during synthesis. The 

advantage of this technique is that particle size and shape can be controlled simultaneously by 

varying the chemical compositions, stoichiometry, etc. The powders synthesized using this 

method have a crystalline structure in most of the cases and do not require calcination 

processes (or very low temperature) and milling treatment, and large-scale production of nano 

and micro-sized particles is also possible. However, the main drawback of the hydrothermal 

technique is the difficulty in controlling the nanoparticle growth processes. One more 

drawback is the requirement of a long-time duration to raise the temperatures of the solution 

in an autoclave setup.     

2.2.2 Facile peroxide precipitation method 

 The peroxide precipitate route is a facile technique where one can use a variety of 

solvents including hydrogen peroxide. The facile peroxide precipitation route is an important 

technique for the synthesis of oxide nanomaterials. This technique involves precipitation 

reactions and simultaneous occurrence of nucleation, growth, and agglomeration processes as 

shown in the schematic representation in Fig. 2.1. Typically, a controlled release of cations 

and anions assist in regulating the nucleation and growth kinetics, which helps in the 

preparation of monodispersed nanoparticles [5]. The products synthesized from the facile 

peroxide route are insoluble species and are generally formed under conditions of high super-

saturation. During the nucleation process, numerous smaller particles are formed; whereas, in 

secondary processes, the Ostwald ripening and aggregation formed affects the size, 
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morphology and properties of the product phase. One of the main characteristics of this 

technique is the formation of oxides from an aqueous solution as well as a non-aqueous 

solution with possibilities to modify the surface states of the products homogeneously. The 

precipitation is followed by filtering, drying, and calcination steps. This technique is a simple 

and fast preparation method with easier control of particle size and composition. The average 

particle size can be controlled by varying parameters such as reaction period in an aqueous 

medium, pH of the medium, reaction temperature, and molar ratio/or concentration of the salts. 

Moreover, this synthesis process does not involve any expensive organic solvents.   

 

 

 

 

 

 

 

 

 

 

2.3 Chemical spray deposition of transparent conductive substrates  

Chamberlin and Skarman in 1966 developed solar cells by depositing cadmium sulfide 

films using chemical spray pyrolysis method [6]. Due to the simplicity of this method and its 

suitability for large-scale production, it has attracted many researchers to develop thin films of 

Fig. 2.1. Schematics of the facile peroxide synthesis route. 
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transparent conducting oxides (TCO) on suitable substrates. In the spray deposition process, a 

precursor solution employing a pressurized neutral gas arrives at the substrate in the form of 

very fine droplets. The deposition parameters can be varied to result in thin films with controlled 

porosity, desired refractive index, and stoichiometry. The chemical spray pyrolysis unit mainly 

consists of a spray nozzle, precursor stock solution, hot plate with a controller, and air 

compressor or gas propellant. Airblast is usually used to deposit large-area films, and generally, 

a stepper motor is used to move the spray nozzle or substrate for depositing uniform thin films 

[7]. However, in the present work, the spray nozzle is kept static (Fig. 2.3(a)). The quality and 

properties of the films depend largely on the preparation conditions such as substrate 

temperature, spray rate, the concentration of the solution, etc. [8]. Spray pyrolysis has been 

utilized not only for depositing thin films of simple binary and ternary oxides but also to obtain 

films of complex metallic spinel oxides, and multi-component transparent conducting oxides 

(TCOs) for use as electrodes and conducting substrates in various applications [9,10].   

2.3.1 Mechanism of spray deposition and film formation 

Thin-film deposition by using the spray pyrolysis technique can be divided into three 

major steps:  

1) Atomization of the precursor solution, 2) transportation of the resultant aerosol, and                  

3) controlled decomposition of the precursor aerosol on the surface of the substrate [11]. During 

atomization, a custom-made atomizer with a fine nozzle ( 0.3 mm) was used to spray the 

precursor solution [8]. In an aerosol, the droplet is transported onto the surface of the heated 

substrate and it eventually evaporates. In the spray pyrolysis method, it is desired that a 

maximum number of droplets strike the substrate. The precursor to a solvent concentration 

should be optimal and not exceed the solubility limit of the solute. This should be maintained 

since it may lead to porous and hollow particle formation which is not desired since it might 

increase the film roughness and deteriorate the physical properties of the film.  



ChAPTER 2      

 

National Institute of Technology Warangal-506004, TS, India.                        Page | 65 

During decomposition, many processes such as spreading of the droplet, evaporation of the 

residual solvent, and decomposition of the precursor occur simultaneously when an aerosol 

droplet hits the substrate’s surface. With an increase in the substrate temperature, some of the 

following processes occur which are proposed by Viguie and Spitz [12]. 

  

 

 

 

 

 

1. In-process A: In the low substrate temperature regime, the aerosol droplet strikes onto 

the substrate and does not decompose fully due to insufficient temperature.  

2. In process B: At intermediate substrate temperature, the solvent evaporates fully during 

the flight of the droplet itself, and only dry precipitates hit the substrate, resulting in 

incomplete decomposition.  

3. In process C: At the intermediate to higher temperatures, the solvent evaporates just 

before the aerosol droplet reaches the substrate and results in subsequent 

decomposition/oxidation of the solute on the surface of the substrate, resulting in 

a true CVD-like process. 

4. Process D: The precursor vaporizes before it hits the substrate, and eventually, solid 

particles are formed upon reaction in the vapor phase itself.  

Fig. 2.2 shows various stages of the Viguie and Spitz process which gives complete information 

on the aerosol dynamics. The film formation also depends on the process of droplet landing, 

Fig. 2.2. Viguie and Spitz mechanism of spray deposition processes. 
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reaction, and evaporation of the solvent, which are related to droplet size and its momentum. 

Lampkin [13] showed that for fixed gas pressure and nozzle to substrate distance, depending 

on flow direction and velocity of the droplet, a droplet may flatten, slide along the surface, or 

hover motionless. An ideal deposition condition is the arrival of the droplet onto the substrate’s 

surface just as the solvent is completely removed. In this thesis work, thin films are deposited 

over glass substrates using a static single nozzle spray technique. The main advantages of the 

spray technique are cost-effectiveness and easy control of the deposition parameters. Moreover, 

it does not require vacuum and high-quality targets for deposition. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3. (a) Schematics of chemical spray pyrolysis unit and (b) photograph of the 

custom-made instrument. 

(a) 
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The main drawback of this technique is the time-consuming process and relative difficulty in 

controlling thickness and roughness, unlike PVD methods. In this thesis work, a chemical spray 

pyrolysis instrument shown in Fig. 2.3 (b) is used for the deposition of an antimony doped tin 

oxide (Sb-doped SnO2) thin film as a transparent conducting oxide (TCO) which is an 

alternative to Fluorine doped tin oxide (FTO). 

2.4 Extraction of dye from prickly pear fruit  

Natural dyes are used as a photosensitizer in DSSCs since natural pigments have 

abundant sources, high availability, high absorbance, easy extraction, and are also environment 

friendly [14,15]. In this thesis work, considering the advantages and beneficial features of 

natural dyes, the focus is on the extraction of natural dyes from natural pigments of the fruits 

and roots of prickly pear (Cactus) to be used as a photosensitizer for DSSCs [16,17]. 

 

 

 

 

 

 

 

 

 

 
Fig. 2.4. Dye extraction process from the prickly pear fruit of cactus (Opuntia ficus   

Indica) plant. 
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2.4.1 Preparation of natural dye solution 

Fully ripened prickly pear fruit pulp approximately around 50 g was taken and 50 ml of 

ethanol was added to it. This mixture was stirred for 2 h to extract a red-colored solution at 

room temperature. The red-colored extract was then filtered and centrifuged at 7000 rpm for 15 

min at room temperature. This was followed by decanting to separate it from a suspension of 

insoluble particles like fibers and pulp. The extract was then carefully transferred into air-tight 

containers and externally covered with aluminum foil to protect it from light and then preserved 

in a refrigerator at 3 °C for further use. This process is schematically represented in Fig. 2.4. 

2.5 Characterization techniques 

2.5.1 X-Ray diffraction 

X-ray diffraction (XRD) is the most efficient and commonly used technique to study 

the crystallographic structure of samples. It is a powerful non-destructive analytical technique 

that is commonly employed to determine the crystal structure, quality of the sample, phase 

purity, chemical composition, grain size, and strain in the material [18]. The schematic 

representation of the basic principle of X-ray diffraction is illustrated in Fig. 2.5. Diffraction 

occurs when a collimated monochromatic X-ray beam is incident on the sample. When an          

X-ray beam is incident on the sample, elastic scattering of the electron cloud of individual atoms 

takes place and spots are generated on a recording media. These spots depend on the size, shape, 

and symmetry position of the unit cell of the sample under study. Constructive interference 

occurs only for specific angles (θ) correlating with those planes (hkl) where the path difference 

is the integral multiple (n) of wavelength. Based on this, Bragg’s law of X-ray diffraction is 

given by,  

                2𝑑 𝑠𝑖𝑛𝜃 = 𝑛𝜆     (2.1) 



ChAPTER 2      

 

National Institute of Technology Warangal-506004, TS, India.                        Page | 69 

where λ is the incident wavelength of X-ray, dhkl is the interplanar spacing between the 

respective hkl planes, ‘θ’ is the scattering angle, and ‘n’ is an integer known as diffraction order. 

To satisfy Bragg’s condition, X-rays are diffracted at a particular angle by the oriented 

crystallites. Knowing the λ of the incident radiation and the angle θ, the interatomic spacing can 

be determined using this law. The peaks in the diffraction pattern acquire a nonzero width due 

to various factors such as instrumental resolution, finite grain size, and random strain [19]. The 

scan mode angle varies from θ-2θ where the incident X-ray beam makes an angle of θ with the 

surface of the sample. The movement of the detector is coupled to the X-ray source such that 

an angle 2θ is made with the incident direction of the X-ray beam. The resulting spectrum is 

plotted between the recorded intensity and 2θ. The reflection by the incident X-ray beam may 

occur in several directions but the measurement is taken only at one location that requires the 

condition where the angle of incidence (θi) equals the angle of reflectance (θr). When this 

condition is satisfied, the measurement of reflected X-ray intensity is possible. 

Smaller-sized crystallites and significant strain are present in nanomaterials due to dimensional 

effects which cause peak broadening and shift in peak position compared to standard data. The 

change in d-spacing can be measured from the shift in peak position and it can give the variation 

in lattice constant under strain. The crystallite size (D) is calculated using Scherrer’s formula. 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠 𝜃
     (2.2) 

where K is the shape factor (  0.9 for non-spherical particles),  is the wavelength of incident 

radiation for Cu K, β is the full-width at half maxima of the diffraction lines. In this thesis 

work, characterization of the synthesized nanopowders and films is carried out at room 

temperature using X’pert High Scorer-Panalytical Diffractometer with a Cu Kα target of 

radiation; λ=1.5406 Å (Model: XPERT-PRO). The X-ray diffraction spectrum is input to an 
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advanced program such as Rietveld refinement and the data is compared with the Joint 

committee on powder X-ray diffraction standards (JCPDS) PCPDFwin database.  

2.5.2 Field emission scanning electron microscopy  

Field emission scanning electron microscopy (FESEM) is a tool of choice for 

researchers and industries due to its scope to image the structure of materials at submicron 

resolutions, and is a type of electron microscope capable of producing high-resolution images 

of a sample’s surface. The FESEM gives an ultra-high magnification of the specimen at a very 

fine scale of 100-nanometer range. It is the most useful instrument to analyze the topography, 

morphology, and chemical composition of materials with a high resolution and depth focus 

[20]. A schematic representation of FESEM is depicted in Fig. 2.6.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.5. (a) Schematic representation of Bragg’s law, (b) geometry of powder X-ray 

diffractometer and (c) the photograph of XRD instrument. 

 

 

(c) 
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Fig. 2.6. Schematics of FESEM with core components showing the working principle [21]. 

 

In a typical FESEM, thermionic electrons are emitted from a tungsten filament cathode electron 

gun. The electron gun having an energy ranging from 0.2 keV to 0.4 keV is focused with spot 

condenser lenses of diameter 0.4 nm to 5 nm. These highly accelerated electrons interact with 

the surface of the sample in two ways; one is by elastic scattering and the other by inelastic 

scattering. Elastic scattering happens when the energy exchange between the electron beam and 

the sample results in the reflection of high-energy electrons called primary electrons. Inelastic 

scattering is a result of the emission of secondary electrons from each spot on the sample. The 

velocity and angle of the secondary electrons relate to the structure of the sample. The 

secondary electrons are observed through a detector that produces an electric signal. This 

electric signal is amplified and transformed to be displayed as variations in the brightness of 

the image on the monitor or stored as a digital image.  
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Energy dispersive X-ray (EDX) is an analytical technique that is widely used for chemical 

analysis as well as qualitative elemental information and composition of the sample. For this 

thesis work, the surface morphology and chemical composition of the synthesized samples were 

analyzed using JEOL – JAPAN JSM 840-A and HITACHI, S-4300SE instruments. 

2.5.3 Transmission electron microscopy  

The transmission electron microscopy (TEM) technique is a suitable choice for the 

analysis of the structure and composition of the nanostructured specimen. The TEM consists of 

an electron gun, electrostatic lenses to focus electrons (both above and below the specimen), 

and a transmitted electron detection system. The transmission electron microscopy is the most 

powerful imaging technique wherein high-energy electrons are transmitted through the 

specimen and are focused by the post specimen lenses to result in an image. The photons are 

detected using a charged coupled device (CCD) and the image recorded by the parallel 

recording device can be viewed on a phosphor screen. The basic principle of TEM operation is 

the use of electron beam instead of light photons. A typical schematic of a TEM is shown in 

Fig. 2.7[21]. TEM contains a higher number of electromagnetic lenses than SEM. The 

electromagnetic lenses are arranged sequentially along the electron beam direction as an 

electron column. The column constitutes tungsten filament for thermionic emission of 

electrons, electrodes for the acceleration of electrons, electromagnetic lenses, sample holder, 

and CCD camera. Using electron energy, the condenser lenses present above the specimen 

focus the electrons into a beam of controlled diameter and convergence. The objective lens 

aligns the transmitted electrons to form the diffraction pattern and first image. Projection lenses 

magnify the images/diffraction pattern into the detection system of the CCD array and detect 

the image using a computer monitor. The atomic resolution becomes feasible in TEM because 

the wavelength of electrons is much smaller than that of the photons (2.5 pm at 200 keV). Most 

effectively, TEM is useful for the determination of particle size, shape, and to study their 
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arrangements in the sample [22]. Moreover, the d-spacing between lattice planes can be 

determined using the selected area electron diffraction pattern (SAED) technique in TEM using 

the relation: 

                               𝑑𝑟 =  𝜆𝐿      (2.3) 

Where L is the distance between the sample and photographic plate, Lλ is known as the camera 

constant and r is the radius of the diffraction ring. In the present work, TEM measurements 

were performed using TALOS - F200S G2 instrument operating at 200 KV with a CMOS 

camera (4k x 4k) as an EDS detector.  

 

 

 

 

 

 

 

 

 

2.5.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is an important technique used to 

quantitatively measure the charge state, elemental composition variation, and also to determine 

the binding energy of the elements present in a given sample. The XPS utilizes energy-

dispersive analysis and photo-ionization of the emitted photoelectrons to explore the 

Fig. 2.7. Schematics of core components of the TEM 
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composition and electronic state of the surface of the sample. The XPS is based on the 

photoelectric effect, where X-rays are continuously incident on the surface of the sample and 

atoms absorb the X-ray photon energy (hν), leading to ejection of electrons from a core level 

with maximum kinetic energy. The kinetic energy of each of the emitted electrons can be 

determined using a photoelectric equation given by 

                             Ek = hν – Eg – eΦ     (2.4) 

where Ek is the kinetic energy of the electron, Eg is the binding energy of the electron measured 

relative to the chemical potential, hν is the photo energy, and Φ is the work function for a 

specific surface of the material. The eq. 2.4 gives the minimum energy to remove an electron 

from the surface of the material [23]. The ejected electrons are a function of their binding 

energies which are characteristic of their constituent elements. For each element, there is 

characteristic binding energy associated with each core atomic orbital, i.e., each element will 

give rise to a characteristic set of peaks in the XPS spectrum with respective binding energies. 

The intensity of the peaks indicates the presence of elements and concentration in specific 

charge states with respective binding energies. XPS is a surface sensitive technique due to the 

detection of generated Auger electrons that escape from the surface. The photoelectrons have 

less kinetic energy due to their inelastic mean free path in the sample. Due to inelastic collisions 

with the surface of the sample, the photoelectrons originating more than 20 Å to 50 Å beneath 

the surface cannot escape with sufficient energy to be detected. The schematics of working 

principle of X-ray photoelectron microscope (XPS) is shown in Fig. 2.8. In this thesis, samples 

are characterized using Theta probe angle-resolved X-ray photoelectron spectrometer (ARXPS) 

with 180° double-focusing hemispherical analyzer and PARXPS detector; a monochromatic X-

ray source is used with micro-focused Al Kα and the X-ray spot size is 15 to 400 µm.  
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2.5.5 UV-Visible-diffuse reflectance spectroscopy  

Ultraviolet-visible spectroscopy (UV-Vis) is a widely used technique to study the 

optical properties such as absorption, transmittance, and reflectance of the samples (liquids, 

solids, thin films, and powders). UV-Vis spectroscopy deals with the recorded absorption 

signals due to electronic transitions in the material. In semiconductors, when the energy of 

incident photons exceeds the bandgap, absorption takes place and the spectrometer records a 

corresponding signal; whereas, on the metal surface, free electrons vibrate coherently with the 

incident frequency, leading to resonant absorption. The two different operation modes of UV-

Vis spectroscopy are, (1) Transmission mode and (2) reflection mode. Usually, in transmission 

mode, thin films and colloidal nanoparticles which are well dispersed in solvents are used. 

Optical measurements can be characterized by diffuse reflectance spectroscopy (DRS) mode 

for opaque thin films and those nanoparticles which are not dispersible in solvents. The optical 

phenomenon is known as diffuse reflectance and is commonly used in the UV-Visible region 

to obtain molecular spectroscopic information. The spectrum information is obtained by the 

Fig. 2.8. Schematics of X-ray photoelectron spectrometer. 
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collection and analysis of surface reflected electromagnetic radiation as a function of 

wavelength (λ). The basic principle of a UV-Visible instrument is the alternative separation of 

a source light beam into two by a chopper; where one of the beams is passed through the sample 

and another beam through the reference sample. The detector, usually a photodiode alternates 

between measuring the sample and reference beams. The sample absorbs energy from a beam 

of radiation and the amount of energy absorbed depends on the number of samples. The amount 

of radiation absorbed at each wavelength is measured to get the spectrum. Here, the quantity 

and concentration of the sample are deciding factors for absorption. Using the Beer-Lambert 

law, one can determine the concentration of the absorbing species. 

                  A = log10 (I0/I) = εcl     (2.5) 

 

 

 

where A is the measured absorbance, I0 is the intensity of the incident light, I is the transmitted 

intensity, L is the path length through the sample, c is the concentration of the absorbing species 

and ε is the extinction coefficient. The bandgap is estimated using the Tauc relation [24]. The 

basic working mechanism, schematic diagram, and photograph of the UV-Visible spectrometer 

are shown in Fig. 2.9. In this thesis, UV-VIS DRS spectrometer measurements are carried out 

Fig. 2.9. (a) Schematic representation of basic working principle of UV-Visible spectroscopy 

and (b) photograph of an UV-Vis DRS spectrometer. 
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using Analytik Jena SPECORD 210 PLUS double-beam spectrometer in the wavelength range 

from 185 to 1200 nm with five variable slit widths.    

2.5.6 Fourier transform infrared spectroscopy analysis 

Fourier transform infrared spectroscopy (FTIR) is a useful traditional method to identify 

the presence of typical functional groups in a molecule of either organic or inorganic 

compounds. The principle of FTIR is based on vibrations of the atoms within a molecule of a 

compound which leads to the identification of the types of chemical bonds in the molecule [25]. 

This technique is useful to quantify some components of the unknown mixture and for the 

analysis of solids, liquids, and gases. The infrared absorption spectrum represents a molecular 

fingerprint (Stretching and bending modes). IR spectrometer involves different modes such as 

twisting, bending, rotation, and vibrational motions of atoms in a molecule. The sample 

interacts with IR radiations and the incident radiation is absorbed at particular wavelengths 

where the simultaneous occurrence of the multiplicity of vibrations takes place, leading to 

transmission of all other frequencies. The resulting absorbed energy and frequencies give the 

IR spectrum. The FTIR measurements in this thesis are carried out in the IR frequency range 

from 4000 to 400 cm-1. Fig. 2.10 shows the schematics of the components and photograph of 

an FTIR spectrometer. Typical FTIR spectrometer components are IR source, sample cell, beam 

splitter, amplifier, A/D converter, and detector. The electromagnetic radiation from a 

monochromatic source is passed through an interferometer to the sample before reaching the 

detector. The interferometer has a beam splitter which is used to split the light source into two 

arms. Each of those light beams is reflected back to the beam splitter. The interferogram 

receives the resulting signals with all the frequencies simultaneously. The individual vibrational 

frequencies can be decoded by the Fourier transformations which provide information about 

the spectrum analysis using a computer. In this thesis work, the functional groups present in the 
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dye extracted from prickly pear fruit are analyzed using PerkinElmer Spectrum - 100 (4000-

400 cm-1 range) FTIR spectrometer. 

 

 

 

 

 

 

 

 

 

 

2.5.7 Atomic force microscopy 

The Atomic Force Microscopy (AFM) is a type of cantilever-based instrument with a 

high resolution developed by Binnig and Rohrer [26]. An AFM can generally measure vertical 

and horizontal deflections of a cantilever with Pico meter resolution. To achieve high-resolution 

imaging measurements, optical cantilevers are mostly used in atomic force microscopes 

comparable to an interferometer. The optical lever functions by reflecting off a laser beam from 

the back of the cantilever. The basic working principle and block diagram of AFM are shown 

in Fig. 2.11. The AFM mainly consists of a laser source, cantilever, and detector. The impact 

of the attractive or repulsive force between the tip and the sample is recorded as an AFM image. 

Here, the forces are not measured directly but estimated using Hooke’s law by measuring the 

deflection of the lever by knowing the stiffness of the cantilever [27].  

Fig. 2.10. (a) Schematic representation of working principle of FTIR spectroscopy and 

(b) photograph of an FTIR spectrometer. 

(b) 
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The cantilever deflections emerge due to the electrostatic force between the tip and the sample, 

and also due to the attraction of Vander Waals forces between the inter-atomic species. 

Therefore, the atomic force microscope measures contours of constant attractive or repulsive 

forces. If the tip is scanned over the surface of the sample, then the deflection of the cantilever 

can be recorded as an image that represents the topology of the sample’s surface (deflection 

image). The detection is made so sensitive that the forces can be detected as small as a few 

pico-newton. In the present work, the surface topology of the thin films is characterized using 

NT-MDT Solver Pro microscope in the semi-contact mode and Nova software is used to 

analyze the imaged data. 

 

 

 

 

 

2.5.8 Thickness measurement by stylus profilometer 

Thickness is the most important parameter for thin films. A profilometer is a basic tool that 

quickly measures the physical thickness of films, provided a sharp edge of the film is available. 

Various methods are adapted for measuring the film thickness. Some of the thickness 

measurement methods available are ellipsometry, multiple beam interferometry, 

spectrophotometry, and stylus profilometry. Among these, the stylus profilometer is an accurate 

and reliable technique.  

Fig. 2.11. (a) Schematics of operation of optical lever by reflecting a laser beam from the back 

of cantilever (b) block diagram of the entire unit. 

 

Cantilever and 

tip 

Laser source 
Photo detector 

(a) (b) 
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A stylus profilometer drags a diamond tip on the film surface with very feeble pressure to 

generate information about the surface topography [28]. The motion of the tip actuates a Linear 

Variable Differential Transducer (LVDT) that converts movement into an equivalent electrical 

signal. LVDT is a highly sensitive transducer but the tip of the profiler is conical and has a 

finite round shape that interacts with the surface of the sample being scanned. The vertical 

sensitivity is in the nanometer range but steep edge profiles are distorted due to the shape of the 

tip (Fig. 2.12). This technique also measures the profile along a line on the sample surface, and 

many such lines must be scanned to map the entire surface. The involvement of contact with 

the surface is the major drawback of this technique since it either alters the surface or damages 

the probe tip. The measurements in this thesis are carried out using DektakXT, Bruker. 

2.5.9. Hall effect and linear four-probe 

Hall effect is an important measurement to determine the electrical properties of thin 

films for transparent conducting electrodes (TCE) applications. The electrical transport 

properties of thin films depend on their thickness as well as structural and surface properties. 

The electrical transport properties can be estimated from Hall effect measurement using van 

der-Pauw geometry and one can also distinguish the type of conduction (n-type or p-type), 

Fig. 2.12. (a) Schematics of stylus profiler tip over the surface of sample and 

(b) depiction of the entire unit. 

(a) (b) 
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measure the carrier concentration, mobility, and conductivity of the semiconducting materials. 

The basic working principle of the Hall effect and photograph of the instrument are shown in 

Figs. 2.13 a and b. The Hall effect states that when a current-carrying conductor (IH) or 

semiconductor is placed in a perpendicular magnetic field (B), a voltage can be measured at a 

right angle to the current path. This effect of obtaining measurable voltage difference (VH) is 

the so-called Hall effect [27]. In this work, Hall measurements are carried out using the Ecopia 

instrument (Model: HMS 3000, Resistivity range 10-4 to 107 Ω cm). To determine the sheet 

resistance and resistivity of thin films, a homemade four-probe setup is used along with the 

Keithley multimeter 2010. The sheet resistance of the film is calculated using the relation,  

                                                 RSheet = F x (V/I) (/)    (2.6) 

where F (4.532) is the correction factor for the probe configuration used, I is the current applied, 

and V is the voltage drop measured. The photograph of the homemade four-probe unit is shown 

in Fig. 2.13c.  

 

 

 

 

 

 

Fig. 2.13. (a) Schematics of working principle of Hall effect, (b) photographs of Hall effect 

instrument and (c) homemade linear four probe unit.  
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2.5.10 Contact angle measurement 

The contact angle (CA) measurement is a tool used to understand the surface 

characteristics of the film or any solid surface when it comes into contact with a liquid droplet, 

and is a key parameter in surface science. The shape of a liquid droplet on the solid’s surface 

reveals the aspects of surface wettability. It mainly depends on the interaction between the 

liquid and solid at the interface (or point of contact). Wettability provides a simple and reliable 

means for surface engineering. Surface wettability research can be used as a diagnostic method 

to evaluate beforehand the quality/performance of coated thin films when used as photoanode 

in DSSCs. This helps to understand indirectly the dye loading capacity [29,30] or the electrolyte 

infiltration behavior of a photoanode film without actual device fabrication [31]. The surface 

tension of droplets reflects the surface energy which is directly related to the surface properties. 

From the theoretical point of view, Young’s equation remains the fundamental equation in the 

science of surface wetting [32]. Assuming an ideal solid surface, it relates the contact angle of 

a drop on a surface to the specific energies of the solid–vapor (γsv), the liquid-vapor (γlv), and 

solid-liquid (γsl) interfaces. 

             𝛾𝑙𝑣 cos 𝜃𝑌 =  𝛾𝑠𝑣 − 𝛾𝑠𝑙     (2.7) 

Several parameters can affect the contact angle value; those are surface roughness, functional 

groups present on the surface, porosity, surface energy, and impurities or cleanliness. Among 

these, surface roughness is considered to be a parameter controlling the surface contact angles. 

Based on the surface roughness values, the Wenzel and Cassie models are generally used to 

explain the contact angle [33]. The schematics of the contact angle instrument with the 

necessary components is shown in Fig. 2.14. 
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The Wenzel equation is given as follows [34],  

𝑐𝑜𝑠𝜃𝑊 = 𝑟𝑊𝑐𝑜𝑠𝜃𝑌    (2.8) 

where θW and θY are Wenzel’s contact angle (measured) and Young’s contact angle (for ideal 

surface), respectively. rW is Wenzel’s roughness factor defined as the ratio of the actual area of 

a rough surface to the geometric projected area. 

2.6 Fabrication and characterization of Dye sensitized solar cells  

2.6.1 Device fabrication  

2.6.1.1 Substrate cleaning 

Transparent conducting Fluorine doped tin oxide (FTO) glass substrates were purchased 

from Greatcell Solar Materials Pvt. Ltd. (sheet resistance 7 Ω/, Australia). For the DSSC 

device fabrication process, FTO glass substrates were cut into pieces of size 1.6 cm x 1.2 cm 

using a diamond cutter. The FTO substrates were ultrasonically cleaned following a standard 

procedure in a sequence with soap solution, de-ionized water, acetone, isopropyl alcohol (IPA), 

and finally rinsed with ethanol and dried with nitrogen gas. The ultrasonically cleaned FTO 

Fig. 2.14. Schematics of the experimental set up used to measure the contact angle.   
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glass substrates were placed in a UV-Ozone cleaner equipped with high intensity Ozone UV 

lamp (Holmarc Tabletop UV-Ozone cleaner, Model: HO-TH-UVT250) to effectively oxidize 

residuals from the substrate surface. These UV-Ozone treated FTO glass substrates were used 

for the DSSC fabrication process.   

2.6.1.2 Preparation of semiconductor nanoparticle paste for DSSC device fabrication 

The cleaned FTO glass substrates were surface-treated with 0.05 M of TiCl4 aqueous 

solution pre-treated for 30 min at 80 ºC and then rinsed with double deionized (DI) water 

followed by annealing at 500 ºC for 30 min. Then, a fine homogeneous paste was prepared 

using a mixture of nanopowders, 10 wt.% of ethylcellulose, 5 wt.% of α-terpineol (Sigma 

Aldrich), and ethanol using a homogenizer and gradually mixed to get a viscous paste. This 

viscous paste was continuously ground using pestle and mortar for 30 min to form a 

homogeneous paste. The prepared nanostructured paste was coated onto FTO glass substrates 

by doctor-blade method with a cell area of 0.25 cm2 with subsequent annealing at 500 °C for 

30 min under ambient atmosphere.    

 

 

 

 

 

 

 

Fig. 2.15. Schematics of DSSC device fabrication steps using the synthesized 

semiconductor nanoparticles. 
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2.6.1.3 Assembling of DSSC device    

For dye adsorption, the annealed films were soaked in 0.5 mmol of N719 dye 

(Greatcellsolar, Australia) solution dissolved in absolute ethanol under ambient conditions. To 

exclude the loosely adsorbed dye molecules on the surface, the films were thoroughly rinsed 

with ethanol. To prepare the counter electrodes, FTO substrates were first drilled using a 

diamond drill bit (model DREMEL 240) of diameter 0.7 mm for injecting the electrolyte into 

the DSSC cell. The platinum counter electrodes were prepared by drop-casting 5 mM 

chloroplatinic acid hexahydrate (H2PtCl6) dissolved in isopropyl alcohol on ultrasonically 

cleaned FTO substrates which were subsequently treated at 500 °C for 30 min under ambient 

atmosphere. Finally, both the photoanode and platinized counter electrodes were sandwiched 

using hot melt film (55 µm, Surlyn, Greatcellsolar) between them. For the electrolyte 

preparation, 0.5 M of 1-butyl-3 methylimidazolium iodide (BMII), 0.06 M of iodine (I2), 0.1 M 

of LiI, 0.5 M of tert-butyl pyridine (tBP) were mixed in acetonitrile solvent and the entire 

mixture was stirred for 5 h. All these chemicals were procured from Alfa aesar and made use 

of without additional purification. After sandwiching both electrodes, the prepared Iˉ/I3ˉ liquid 

electrolyte was infiltered through the drilled holes from the counter electrode side of the 

fabricated DSSC cell, and the drilled holes were covered with a thin glass coverslip at the rear 

side of the DSSC device.   

2.6.2 I-V Characterization 

A solar simulator is a device that can provide illumination approximate to natural 

sunlight for the measurement of current-voltage (I-V) characteristics of the fabricated DSSC 

devices. The simulator constitutes a Xenon lamp arc with an output power of 300 W and an 

illumination area around 2 x 2 inches. The standard condition of illumination at AM 1.5 

spectrum with incident power 100 mW/cm2 at room temperature 298 K is used for 

measurements. The Sun (source) is at an oblique angle of 48.2° which leads to a longer optical 
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path length through the Earth’s atmosphere. I-V measurement is the most important tool to 

measure the photoconversion efficiency and figure of merit in solar cell devices. The I-V 

measurements yield parameters such as short circuit current (ISC), current density (JSC), open-

circuit voltage (VOC), fill factor (FF), maximum output power (Pmax), maximum current (Imax), 

maximum voltage (Vmax) and efficiency (η). All these parameters are already elaborated in 

section 1.5.5. These parameters are compared with that of a reference cell to determine the 

spectral mismatch factors for different devices. The solar simulator is optimized using Newport 

standard silicon reference cell. In this thesis, I-V measurements of the fabricated DSSC devices 

were performed using Oriel class AAA solar simulator (Model: 94023A, Class AAA, 

IEC/JIS/ASTM, Xenon lamp with 450 W power, illumination area is 2 x 2 inch). The 

photograph of the solar simulator is shown in Fig. 2.16. 

      

 

 

 

 

 

2.6.3 External Quantum efficiency 

The basic idea in an external quantum efficiency experiment is to know the ratio between the 

number of photogenerated carriers per incident photons, as a function of the wavelength λ, 

under short circuit conditions,  

                                       𝐸𝑄𝐸(𝜆) =  
𝑛𝑒(𝜆)

𝑛𝑝ℎ(𝜆)
                                              (2.9) 

Fig. 2.16. Photograph of the solar simulator with I-V measurement set up. 
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This ratio is by definition taken when no voltage is applied to the solar cell. It is then possible 

to obtain the Jsc created by the solar cell under any wavelength, by integrating both quantities 

such as the short circuit current density under standard test conditions can be derived from EQE 

as follows, 

                                   𝐽𝑠𝑐 = 𝑞 ∫ 𝛷(𝜆)𝐸𝑄𝐸(𝜆) 𝑑𝜆
∞

0
                                         (2.10) 

In this equation, q is the electron charge and Φ(λ) is the photon flux corresponding to the AM1.5 

spectrum. 

2.6.4 Electrochemical impedance spectroscopy analysis 

Electrochemical impedance spectroscopy (EIS) is an important technique to study electron 

transport kinetics and charge recombination processes in semiconducting metal oxides. To 

explore the charge transport kinetics of the fabricated DSSC devices, a frequency range from 

10-1 to 106 Hz was chosen with an arc amplitude of 10 mV for measurements of Nyquist and 

Bode plots. The Nyquist plot consists of three semicircles attributed to the impedances at 

various interfaces of the device. The first semicircle is the charge resistance (Z2) between 

Pt/electrolyte interfaces at the high-frequency region, the second semicircle corresponds to the 

resistance (Z3) at the interface of photoanode/Dye/electrolyte at the mid-frequency region and 

the third semicircle accounts for the diffusion of I3- Z1 in the electrolyte as shown in Fig. 2.17b. 

The series resistance (Z1) is determined at a high-frequency range over 1 MHz and influences 

the resistance between the FTO and electron transport layer (nanoparticle-film interface). Based 

on Ohm’s law, the complex impedance can be expressed as 

                                             𝑍 (ω) =
𝑉(𝑡)

𝐼(𝑡)
            (2.12) 

where V(t) is the voltage, I(t) is the AC current and ω is the frequency of the AC signal.   
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For a sinusoidal system, the impedance of the resistor (ZR) can be expressed as ZR = R and the 

capacitive reactance or impedance (ZC) can be expressed as 𝑍𝑐 =
1

𝑖ωc
. In cartesian coordinates, 

the complex impedance of an electrochemical system can be expressed as, 

  𝑍(ω) = 𝑍′ + 𝑖𝑍′′                        (2.13) 

where 𝑍′  and 𝑍′′ are the real and imaginary parts of Z, respectively. The photograph of the EIS 

instrument and model diagram of the Nyquist plot are shown in Fig. 2.17 (a and b). In this 

thesis, EIS analysis of the fabricated DSSC devices was carried out using PARSTAT MC 

(Model: PMC–200) multichannel potentiostat instrument, and data analysis was done using 

ZSimpwin software.     

 

 

 

 

 

 

 

 

Fig. 2.17. (a) Photograph of EIS instrument and (b) model diagram of typical Nyquist plot.  
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CHAPTER: 3 
Hydrothermally grown nanostructured La-doped BaSnO3 

as photoanodes in DSSC 

 

This chapter deals with the structural, morphological, optical, and electrical properties 

of the hydrothermally synthesized nanostructured La-doped BaSnO3 ternary oxides for use as 

photoanode in DSSCs. The hydrothermal method with optimal pressure and temperature 

components yields interesting morphological nanostructures with high crystallinity and low 

agglomeration. Attempts are made to dope the Ba sites in BaSnO3 with La ions by hydrothermal 

method. After characterizing the samples, the optimal nanostructured La-doped BaSnO3 

samples were also tested as alternative photoanodes in DSSCs. The effect of grain morphology 

and shape of the nanostructured La doped BaSnO3 on the performance of DSSC are elaborated 

in this chapter. 

3.1. Introduction 

Dye-sensitized solar cells (DSSCs) are the third-generation solar cells that have received 

increased attention due to their low cost, environmentally-friendly nature, ease of fabrication, 

and high power conversion efficiency (PCE) as reported by Grätzel’s group in 1991 using 

mesoporous TiO2 [1,2]. The most widely used photoanode in DSSC is TiO2 which is a wide-

band-gap electron transport material suitable for photon harvesting. Other than TiO2, binary 

oxide materials like ZnO, SnO2, and Nb2O5 have also been investigated as electron transport 

materials in DSSCs [3–8]. Recently, researchers are focusing their attention on the ternary metal 

oxide materials based on their relevant valence orbital and electronic properties. Alkaline earth 

stannate materials with the general formula RSnO3 (R = Ba, Sr and Ca) are studied by several 

researchers due to their vast technological applicability in areas like dielectrics, sensors, 

photocatalytic activity, and optoelectronics, etc. [9–14]. To overcome limitations of existing 
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binary photoanode oxides such as TiO2 and ZnO, efforts have been made to explore the ternary 

metal oxide semiconductors such as Zn2SnO4, BaTiO3, SrTiO3, and BaSnO3 (BSO) due to their 

ionization potential and electron affinity that can be easily modified by changing the atomic 

component by adopting appropriate synthesis strategy [15–20]. Perovskite BaSnO3 is an n-type 

semiconducting material having wide band-gap energy of 3.2 eV suitable for band-gap tuning 

for photovoltaic and optoelectronic applications by doping with appropriate dopant elements 

[21,22]. The detailed structural aspects of this compound are as discussed previously in 

Chapter-1, Section 1.5.2.1. The perovskite structure offers the advantage of two different cation 

sites, one at the Ba2+ site and the other at Sn2+ site. In this way, the band structure and electronic 

properties of BSO can be tuned by substitution at the metallic lattice sites to enhance the 

properties for DSSC applications.    

Presently, researchers adopt various methods such as solid-state reaction, co-precipitation, sol-

gel, and other wet-chemical routes to prepare nanostructured BaSnO3 materials. In all these 

reported methods, it has been observed that various parameters, synthesis process, reaction 

time, controlled reaction temperature, etc. influence the properties of nanostructured material. 

The prepared nanocrystalline BaSnO3 powder should be of high phase purity, better 

crystallinity, a large surface area, and low agglomeration. To achieve these aspects, in this 

chapter, we have optimized conditions to obtain single-phase nanostructured pure and La-doped 

BaSnO3 (La-BSO) material via hydrothermal method. The hydrothermal method with optimal 

pressure and temperature components yields interesting morphological nanostructures with 

high crystallinity and low agglomeration. An attempt is made to dope the Ba sites of BaSnO3 

with La by hydrothermal method and explored for the structural, morphological, and optical 

properties and are also tested as a photoanode in DSSCs.     
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3.2. Experimental methods  

3.2.1 Materials  

Barium chloride di-hydrate (BaCl2.2H2O) from Himedia, stannic chloride pentahydrate 

(SnCl4.5H2O, Sigma Aldrich), lanthanum (III) chloride heptahydrate (LaCl3.7H2O) from 

Himedia, and NaOH from Finar were used as precursors for preparing the pure and La-doped 

BSO compounds. The Ru complex-based dye molecules (N719, Dyesol), α-terpineol, and 

chloroplatinic acid were procured from Sigma Aldrich. A 0.5 M of 1-butyl-3 

methylimidazolium iodide (BMII), 0.06 M of iodine (I2), 0.1 M of LiI, 0.5 M of tert-butyl 

pyridine (tBP) were prepared in acetonitrile solvent to serve as an electrolyte. All the procured 

chemicals were used as such without any further purification. Deionized water was used as the 

main solvent for the synthesis of the samples. 

3.2.2 Synthesis of nanostructured BSO and La-BSO 

To synthesize BSO and La-BSO samples, appropriate amounts of the starting materials 

BaCl2.2H2O and SnCl4.5H2O were separately dissolved in 50 ml of deionized water and then 

mixed together. After continuous stirring for 1 h, aqueous NaOH was added until precipitates 

were formed and the suspension was continuously stirred further for 1h. The resultant slurry 

was transferred into a teflon-lined stainless-steel autoclave and heated at 180 C for 24 h in an 

oven. Afterward, the precipitates from the autoclave were washed several times with deionized 

water to remove the byproducts until pH  7 was attained. The precipitates were then dried at 

80 C overnight. To dope La ions at the Ba sites of BaSnO3, LaCl2. 6H2O precursor was added 

into the above solution depending on ‘x’ (x = 0, 0.01%, 0.03%, and 0.05%) to result in a           

Ba1-xLaxSnO3 compound. These ‘as-prepared’ samples were annealed at 1000 C for 2 h in air 

and are referred to as BSO and La-BSO.   
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3.2.3 Synthesis of BSO and La-BSO paste 

The binder was prepared with 95 wt % (19 g) of α-terpineol and 5 wt % (1 g) of ethyl 

cellulose by stirring overnight. 500 mg of La-BSO nanoparticles were weighed and ground for 

30 min for de-agglomeration. Then, the La-BSO nanoparticles along with a stock binder 

solution in the ratio of 1 mg: 0.875 mg were ground for 15 min. Later, this mixture was added 

with pristine α-terpineol in the ratio of 1 mg: 1.25 mg and continuously ground using mortar 

and pestle until a smooth, homogenous paste was obtained.  A similar procedure was followed 

for preparing the paste of all the prepared samples.  

3.2.4 Photoanode preparation: 

The prepared BSO and La-BSO paste was coated onto cleaned FTO glass substrates by 

marking an area of 0.25 cm2 by doctor blading technique followed by annealing at 500 C for 

30 min. These annealed BSO and La-BSO films were treated in 0.04 M TiCl4 aqueous solution 

at 100 C for 1 h. The TiCl4 treated electrodes were then rinsed in ethanol and DI water followed 

by annealing at 500 C for 30 min in an ambient atmosphere.   

3.2.5 Assembling of DSSC   

 After TiCl4 treatment, the BSO and La-BSO films were soaked in a dye solution (0.3 

mM  of N719 dye prepared in absolute ethanol) at room temperature for 12 h. After the dye 

adsorption, the films were thoroughly washed with ethanol to remove the physically adsorbed 

dye molecules. The counter electrodes were drilled with fine holes to fill the electrolyte 

solution. The thin platinum layer was then coated onto the counter electrodes with 

chloroplatinic acid (10 mM in IPA) by spreading manually using a micro-pipette. After coating, 

the platinum films were then annealed at 500 C for 30 min in air. Sandwich-type DSSCs were 

then assembled using the dye adsorbed films and platinum-coated FTO substrates with a hot-

melted film (~60 µm, Surlyn spacer) between them at 130 C using a hot plate. Finally, the 
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prepared iodide-based liquid electrolyte was infiltrated into the cell through the hole from the 

counter electrode side and sealed using coverslip glass and surlyn spacer.  

3.3. Results and Discussion  

3.3.1 Crystal structure analysis 

The Rietveld refined (FullProf.2k, Version 7.00) XRD patterns of the hydrothermally 

synthesized nanostructured BSO and La-BSO samples obtained after annealing the powders at 

1000 C for 2h are shown in Fig. 3.1 (a-d). The Rietveld refinement of XRD data confirms the 

formation of single-phase samples with space group Pm-3m having cubic symmetry. The pure 

BSO and La-BSO crystal structures are shown in Fig. 3.1 (e) and (f). The refined lattice 

parameters and cell volume of all the samples are listed in Table 3.1. The observed marginal 

decrease in lattice constant implies contraction of the lattice which might be due to the smaller 

ionic radius of La3+ (1.36 Å) when compared to that of Ba2+ (1.61 Å) [23,24]. The crystallite 

size obtained using the Scherrer formula (eq. 2.2) for the strongest (110) reflection peaks are 

39 nm, 35 nm, 26 nm, and 34 nm for BSO, 0.01%, 0.03%, and 0.05% La-BSO samples, 

respectively. When La ion content increases from 0 to 0.05% in the BSO system at the Ba sites, 

a reduction in crystallite size is observed up to 0.03%, and an increase in size is observed for 

0.05% La concentration. It is observed that the (110) diffraction peak slightly shifts to a lower 

angle upon doping of La3+ ions as shown in Fig. 3.1(g). This subtle shift in the peak position of 

(110) major plane upon substitution of La compared to undoped BSO implies the substitution 

of La into the Ba sites in BaSnO3 perovskite structure. 
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Fig. 3.1. Rietveld refinement of the XRD patterns of (a) pure BSO, (b) 0.01%, (c) 0.03% and 

(d) 0.05% La-BSO samples. Representative crystal structure images of (e) pure 

BSO and (f) La-BSO sample. (g) XRD patterns of La-doped BSO samples after 

annealing at 1000 C/2h in air and expanded view of (110) plane indicates the peak 

shift as a function of La doping. 

(g) 
(e) 

(f) 
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Table 3.1. Structural parameters and elemental composition of pure BSO and La-BSO samples. 

Parameter BSO 0.01% La-BSO 0.03% La-BSO 0.05% La-BSO 

Lattice constants 

a = b = c (Å) 
4.1191(2) 4.1189(1) 4.1187(2) 4.1191(2) 

Cell volume 69.89 69.88 69.87 69.89 

Chi2 2.51 1.35 2.60 1.69 

Elemental composition from EDX (Wt %) 

Ba 43.19 49.29 39.40 39.83 

Sn 35.73 36.38 49.68 45.48 

O 21.08 20.85 9.19 11.27 

La - 0.18 1.73 3.42 

 

3.3.2 Scanning electron microscopy analysis 

Morphological features of the hydrothermally prepared pure and La-BSO powders 

characterized by scanning electron microscopy (SEM) are shown in Fig. 3.2 (a-d). Here, it is 

observed that the pure BSO sample to has thicker rod-like features as shown in Fig. 3.2(a). 

Upon introducing 0.01% La ions, the morphology slightly changes from nanorods to a mixed 

morphology with coexisting particulate-like features as seen in Fig. 3.2(b). At 0.03 % of La 

doping, it is seen that this mixed morphology feature increases in number as shown in Fig. 

3.2(c). Finally, for 0.05% La doping concentration, the agglomeration of nanoparticles has 

increases, thereby reducing the rod-like structures which are vividly seen in Fig. 3.2(d). The 

presence of Ba, Sn, O, and La elements are confirmed from the energy-dispersive X-ray (EDX) 

analysis shown in Fig. 3.2 (e-h). The elemental composition of hydrothermally synthesized 

BSO and La-BSO samples measured from energy-dispersive X-ray (EDX) analysis presented 

in Table 3.1 indicates near-stoichiometry with only a nominal deviation from the desired 

composition. The SEM images indicate the formation of mixed nanorods-particles morphology 

as a function of La doping which is graphically represented in Fig. 3.3(i). 
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3.3.3 Transmission electron microscopy analysis 

Figure 3.3 (a-f) shows the transmission electron microscopy (TEM), high-resolution TEM, 

(HR-TEM), and selected area electron diffraction (SAED) patterns of the nanostructured BSO 

and 0.03 % La-BSO samples. The TEM image of the BSO sample indicates the presence of 

rod-like features with length around 200 – 460 nm and diameter around 50 – 90 nm (Fig. 3.3a), 

confirming the features observed in the SEM images (Fig. 3.2a). The d-spacing value of lattice 

fringes estimated from the HR-TEM image of BSO is 0.278 nm corresponding to the (110) 

crystallographic plane of the cubic BSO system (Fig. 3.3b). The SAED pattern of BSO            

(Fig. 3.3c) shows crystallographic reflections corresponding to (110), (111), (200), and (211) 

planes that match with the cubic phase of BSO, which also corroborates with the XRD analysis 

shown in Fig. 3.1. Figure 3.3(d) confirms the mixed nanorod-nanoparticle morphology for 

0.03% La-BSO as evidenced in the SEM image Fig. 3.2c. The length and width of the nanorods 

are in the range 90 nm -115 nm and around 19 nm, respectively. The size of the nanoparticles 

in the 0.03% La-BSO with mixed morphology is in the range 13 nm - 26 nm. Upon doping La 

into the BSO system, the rod-like morphology disintegrates and tends towards a mixed rod-

particle nanostructure. This distinct changeover to mixed nanorod-nanoparticle morphology 

results in the La-doped BSO samples prepared by the hydrothermal method. This observation 

indicates that the hydrothermal method along with La concentration yield control over the 

morphology of the La-BSO system. From Fig. 3.3(e), the measured d-spacing values of 0.272 

nm belong to the (110) crystallographic plane. The SAED pattern shown in Fig. 3.3(f) shows a 

clear signature of polycrystalline nature with rings corresponding to the (110), (111), and (200) 

planes of the BSO system [25]. The SAED pattern of pure BSO indicate distinct spots             

(Fig. 3.3c) implying high crystallinity. Upon doping with La, the crystallinity reduces 

significantly due to the changeover in morphology, leading to a ring pattern (Fig. 3.3f), 

implying polycrystalline nature. 
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Fig. 3.2. SEM images as a function of La doping (a) Pure BSO (b) 0.01% La-BSO,           

(c) 0.03% La-BSO and (d) 0.05% La-BSO. The composition of samples from 

EDX analysis is shown in (e-h) and (i) graphical representation of formation of 

mixed nanorods-particles morphology as a function of La doping. 
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3.3.4 X-ray photoelectron spectroscopy analysis 

The X-ray photoelectron spectroscopy (XPS) analysis is carried out to perceive the 

chemical state and binding energy of the elemental composition present in the BSO and La-

BSO samples. The core levels of Ba-3d, Sn-3d, O-1s, and La-3d obtained from the XPS 

measurement of BSO and 0.01%, 0.03%, 0.05% La-BSO are shown in Fig. 3.4(a-d). The Ba 3d 

state’s binding energy is found to show a small shift upon doping La into the Ba sites with a 

significant reduction in intensity. The Ba 3d5/2 peak is observed at 779.58 eV, 780.08 eV and 

780.10 eV, 780.28 eV for BSO, 0.01%, 0.03% and 0.05% La-BSO samples, respectively, 

indicating systematic variation in binding energy. Moreover, the Ba 3d3/2 state peak at 794.98 

eV, 795.38 eV, 795.42 eV and 795.48 eV corresponding to pure BSO, 0.01%, 0.03% and 0.05% 

La-BSO samples, respectively, are also shifted systematically. These shifts compared to BSO 

are due to the La3+ ions being incorporated into the Ba lattice sites of the perovskite structure.  

Fig. 3.3. The TEM, HR-TEM and SAED patterns of pure BSO (a-c) and 0.03% La-BSO 

(d-f) indicating nanorods-nanoparticles mixed morphologies. 
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Subsequently, Fig. 3.4b shows the double spectral peaks of BSO and La-BSO samples 

corresponding to the Sn 3d3/2 and Sn 3d5/2 states with binding energy peaks appearing at 494.78 

eV and 486.38 eV, respectively, matching with the reported values [26]. Figure 3.4c exhibits a 

symmetric O1s peak centered around 531.18 eV without a significant shift for the pure BSO 

and all the La-BSO samples. The O1s peaks are nearly symmetric and characteristic of O2- ions 

that form the Ba-O-Sn lattice [27]. Upon doping with La, the intensity of O1s peaks also 

decreases significantly. Figure 3.4d shows the Gaussian function fitted doublet peaks of 0.01%, 

0.03%, and 0.05% La-BSO samples. The broad overlapping peaks are fitted to obtain the exact 

peak position values. The characteristic peaks of La 3d5/2 and La 3d3/2 are identified at the 

binding energies 834.3 eV and 851.7 eV, respectively, for the La-BSO samples. Satellite peaks 

Fig. 3.4. The XPS spectra showing the comparison of core levels (a) Ba-3d, (b) Sn-3d, 

(c) O-1s and (d) fitted La-3d states of the La-BSO samples. 
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of La 3d5/2 and La 3d3/2 are also observed at binding energy values 838.4 eV and 854.7 eV, 

respectively [28]. These doublet peaks of La 3d5/2 and La 3d3/2 are due to the bonding and anti-

bonding states between the 3d9 4f0 of 3d9 4f1L configuration [29,30]. 

3.3.5 Optical properties   

The diffuse reflectance spectra (DRS) of BSO and La (0.01%, 0.03%, and 0.05%) doped 

BSO nanostructured powders measured in the range 350 nm to 800 nm and the estimation of 

band-gap are shown in Fig. 3.5. A significant reduction in the reflectance intensity upon doping 

with ‘La’ compared to the BSO sample implies that the sample absorbs photons of the 

corresponding wavelengths effectively (Fig.  3.5a). The band-gap of powder materials can be 

estimated from the onset of the linear region of the diffuse reflectance spectra. The sharp rise 

in percent reflectance constitutes the linear region with the greatest slope that is attributed to an 

exponential drop in the absorption coefficient. The onset of this linear region is a universal 

method of determining absorption edges from which the band-gap can be deduced without 

estimating the absorption coefficient by extrapolating the linear fit to R=0 [31] as shown in Fig.  

3.5b. The linear fit intercept of the DRS spectra at R=0 of the BSO sample yields a band-gap 

value of 3.40 eV.  

 

Fig. 3.5. Diffuse reflectance spectra of (a) BSO and 0.01%, 0.03% and 0.05% La-BSO 

powders and (b) Intercept of the linear fit of the DRS spectra yielding the band-gap. 
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No systematic trend in the variation of the bandgap is observed with La doping. Upon 

doping 0.01 %, 0.03% and 0.05% of La into the BSO system, the band-gap value slightly 

decreases to 3.37 eV for 0.01% La-doped sample and slightly increases to 3.41 eV for 0.03% 

La doping and then significantly decreases to 3.38 eV for 0.05% La doping. Among the doped 

samples, 0.03% La-BSO has a higher value of bandgap. The observed distinct changeover in 

the morphology of the La-BSO samples prepared by hydrothermal method leading to mixed 

nanorods-nanoparticles might be the reason for the 0.03% La doped BSO to have a slightly 

higher value of bandgap which may be beneficial for photon harvesting. The possibility of 

band-gap alteration by way of doping and/or synthesis by hydrothermal method indicates the 

suitability of the material for further exploration towards band-gap engineering and tuning its 

property for photovoltaic applications.  

3.3.6 Photovoltaic performance of fabricated DSSCs 

The comparison of the J-V characteristics of the DSSCs fabricated using the BSO and 

La- (0.01%, 0.03%, and 0.05%) BSO samples as photoanodes is shown in Fig. 3.6. The 

photovoltaic parameters of the devices are summarized in Table 3.2. The fill factor (FF) and 

power conversion efficiency (η) are calculated according to eq. 1.12 & eq. 1.13. A reasonable 

conversion efficiency of 1.23% is observed with a higher JSC of 2.57 mA/cm2 for the 0.03% La-

BSO photoanode possessing the mixed nanorod-nanoparticle morphology. These values are 

significantly higher compared to that of BSO based photoanode. From Table 3.2, it is obvious 

that the efficiency increases while increasing the La doping content from pure BSO to 0.03 % 

La doping. The current density (JSC) is significantly raised to an extent of 2.57 mA/cm2 for 

0.03% La-BSO which is due to the mixed morphology, leading to an appreciable increase in 

the surface to volume ratio. To confirm the PCEs and their corresponding JSC, the external 

quantum efficiencies (EQEs) of devices fabricated using BSO and 0.03% La-BSO are measured  
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Table 3.2. Current density-voltage (J-V) parameters of BSO and 0.01%, 0.03% and 0.05%      

La-BSO based DSSC devices. 

 

 

 

and compared (Fig. 3.6b). The PCE was gradually increases with La concentration and among 

all the DSSC devices, the 0.03% La-BSO sample has a higher conversion efficiency of 1.23%. 

(Shown in Table 3.2). With further increase in the La concentration to 0.05% La, the PCE 

decreases considerably. Here, it is noticed that the VOC varies a little for all the devices. It is 

also evident that the variation of current density (JSC) is follows the trend of conversion 

efficiency with a maximum value of 2.57 mA/cm2. The external quantum efficiency spectrum 

of selected BSO and 0.03% La-BSO is measured in the wavelength range from 300-800 nm. 

The EQE value of BSO is around 7% and it increases upon doping with La. A maximum 

external quantum efficiency value of 14% is obtained at 530 nm for the 0.03% La-BSO devices 

Device ID VOC (V) JSC (mA/cm2) FF η (%) 

BSO 0.54 1.10 0.51 0.31 

0.01% La-BSO 0.59 1.18 0.59 0.42 

0.03% La-BSO 0.62 3.05 0.65 1.23 

0.05% La-BSO 0.60 1.87 0.62 0.68 

Fig. 3.6. (a) Photovoltaic performance of the BaSnO3 and La-doped BaSnO3 photoanode 

based DSSCs, and (b) External quantum efficiency (EQE) of BSO and 0.03% 

La-BSO devices measured under AM 1.5G, 100 mW/cm2. 
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as shown in Fig. 3.6b, implying better light-harvesting efficiency than that of the BSO device 

in the entire wavelength range from 300-800 nm. 

3.3.7 Electrochemical studies 

Considering the above results, to elucidate the plausible reason for the increase in the 

performance of LBSO, the devices are characterized by electrochemical impedance 

spectroscopy (EIS) to investigate the interfacial charge transport and recombination properties. 

Nyquist plot and the equivalent circuit diagram (inset of Fig. 3.7) of the DSSCs fabricated using 

BSO and 0.03% La-BSO samples are measured from 0.01 Hz to 1 MHz as shown in Fig. 3.7. 

Usually, in the EIS study of DSSC devices, at higher frequency, the intercept on the real axis is 

the series resistance (RS) which includes the contact resistance, resistance of FTO glass 

substrate, and bulk resistance of CE material. The RS value of the DSSC devices is nearly the 

same due to the use of the same electrolyte (Iˉ/I3ˉ) and counter electrodes (Pt). At the high-

frequency region, the BSO and 0.03% La-BSO devices show similar semicircle behavior and 

charge-transfer resistance (RCE) at the CE side. Here, the interest is on the charge-transfer 

resistance (RCT) at the interfaces of La-BSO/dye/electrolyte in the high-frequency region. The 

DSSC device fabricated using 0.03% La-BSO exhibits a lower RCT value of 8.40 Ω compared 

to a value of 9.26 Ω for the device made using the BSO sample. The lower value of RCT of 

0.03% La-BSO indicates a better charge carrier transportation compared to BSO. The 0.03% 

La-doped BaSnO3 sample having mixed nanorods-nanoparticles morphology facilitates more 

dye adsorption, leading to a lesser value of RCT which may reduce the charge recombination, 

leading to a better value of JSC. The FF and JSC are higher when the RS is smaller, which is also 

consistent with the results of photovoltaic performance [27]. The electronic properties of LBSO 

facilitate efficient charge transport due to the mixed morphology induced by La doping and 

imply the ternary BaSnO3 to be a potential system for tuning as an efficient photoanode for 

application in DSSCs. 
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3.4. Conclusions 

In summary, the La impurity ions are successfully doped at the Ba sites of the perovskite 

ternary BaSnO3 and stabilized as a single-phase compound. Doping of La in BaSnO3 by 

hydrothermal method plays a significant role in inducing a changeover to mixed nanorod-

nanoparticle morphology. Band-gap alteration by doping with La is promising for fine-tuning 

the properties of perovskite BaSnO3 material as per the requirement. Among the doped samples, 

the high conversion efficiency of 1.23 % with a higher short circuit current density of 2.57 

mA/cm2 is obtained for the DSSC fabricated using 0.03% La-BSO. Although the results are 

interesting, the observed efficiency is comparatively lesser (compared to standard TiO2 based 

devices) due to bigger-sized rod-like particles grown by the hydrothermal method which might 

not have led to effective dye adsorption. Hence, it was opted for preparing the same composition 

by a facile peroxide route envisaging to achieve fine grain size with a larger surface area, which 

is dealt in the following chapter.   

 

 

 

Fig. 3.7. Nyquist plot of DSSC devices fabricated using BSO and 0.03% La-BSO 

photoanodes and the inset is the equivalent circuit diagram. 
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CHAPTER: 4 
Facile peroxide route synthesized La-doped BaSnO3 

nanoparticles as photoanodes for enhanced      

performance of DSSCs 

This chapter presents the results of the ternary La-doped BaSnO3 nanoparticles 

synthesized using the facile peroxide route to overcome the particle size issue encountered in 

sample preparation by the hydrothermal method in the previous chapter. The La-doped 

BaSnO3 samples optimized using the facile peroxide route are studied for their structural, 

morphological, and optical properties for use as photoanodes in DSSCs. A strategy of double 

surface treatment of photoanodes is adapted to enhance the dye loading ability and is 

confirmed by dye loading measurements. The 0.03% La doped BaSnO3 sample with mixed 

morphology (nanocuboid-nanoparticles) is found to be effective for the dye adsorption 

property. Additionally, the DSSC performance stability test is performed for 16 days, and it 

shows that ~ 80% of the initial PCE is retained. These results show that doping BSO with La 

by facile peroxide route is beneficial for designing high-performance and long stability 

DSSCs. The experimental results obtained are presented and discussed in sufficient detail in 

the following sections.    

4.1 Introduction 

The captivating properties of dye-sensitized solar cells (DSSCs), such as cost-

effectiveness, ease of fabrication, eco-friendliness, non-toxicity, lightweight, good performance 

in diverse light conditions, and promising conversion efficiency always attracts researchers to 

explore more in this field[1–3]. For the past two decades, the DSSC devices have been explored 

by using various photoanode materials, electrolytes, and sensitizers to improve photovoltaic 

performance and long-term stability. In DSSCs, the promising photoanode material is 
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mesoporous TiO2. It acts as an electron transport layer (ETL), which has a significant influence 

on the photovoltaic performance of the device.  Despite high efficiencies reported for a couple 

of decades using the mesoporous TiO2 material, there is also a significant number of reports 

with lower efficiency [4–8]. Even though several binary semiconducting oxides such as ZnO, 

SnO2, and Nb2O5 have been reported as alternative ETLs in DSSCs [9–15], none exhibit better 

performance than the conventional mesoporous TiO2 based ETL. Among these, TiO2 has been 

mainly investigated as an efficient binary oxide material for DSSCs, owing to their higher 

power conversion efficiency, ease of preparation, low preparation costs, etc. [16,17]. However, 

the binary TiO2 oxide-based photoanode can cause photobleaching of dye molecules under solar 

irradiation, mainly in the ultraviolet region, which is a significant drawback for their long-term 

stability in practical applications [18,19]. 

To surmount the drawbacks in binary oxides, intense exploration is undertaken on 

ternary oxide semiconductors such as Zn2SnO4, SrTiO3, BaTiO3, SrSnO3, and BaSnO3 (BSO) 

[20–28]. Ternary metal oxides have been chosen since their ionization potential and electron 

affinity can be easily tuned by adding or doping impurities to modify the valence electron's 

ionic or covalent bond energy via altering their atomic composition during the synthesis process 

[27,29]. Among all of these, BaSnO3 is one of the promising n-type semiconducting oxides with 

a perovskite structure having a wide bandgap of 3.2 eV exhibiting higher electron mobility        

(~ 320 cm2 V-1 s-1) which facilitates fast diffusion of the electrons in the conduction band [27], 

expeditious electron transport [28], and structural stability up to 1000 °C, and rapid dye 

adsorption ability compared to binary oxides TiO2 and ZnO [30,31]. BaSnO3 has several 

applications due to which its optical and electrical properties can be easily tuned by modifying 

atomic composition, appropriate doping, and grain size [32]. Owing to these properties, BSO 

is also employed as transparent conducting electrodes (TCEs) [33] and gas sensors [34] apart 

from DSSC applications [35]. Recently, few reports have been published on the photovoltaic 
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performance of BaSnO3 in DSSCs. Zhang et al. reported that dye-sensitized BaSnO3 could be 

used as a photoanode in DSSCs, owing to its fast dye adsorption capability than that of the 

conventional binary oxide materials [36]. Guo et al. reported DSSCs using BaSnO3 

nanoparticles used as photoanode, which exhibit a power conversion efficiency (PCE) of 1.1% 

[35]. Recently, Rajamanikam et al. reported PCE of 0.71% without surface treatment and 

scattering layer [37]. In 2018, the same group reported surface treatment on the BaSnO3 layer, 

resulting in enhanced efficiency of 5.64% for  Sr (5%) doped BSO [38]. Moreover, the BSO 

has been used as an ETL in perovskite solar cells which exhibit enhanced conversion efficiency 

of around 21% by doping with La and excellent photostability compared to mesoporous TiO2 

[39]. We have recently reported efficiency of 1.56% using nanostructured La-doped 

BaSnO3samples synthesized by the hydrothermal method [40] which is discussed in chapter 3.  

From the literature reports, one can note that the La-doped BaSnO3 (LBSO) is a 

potential candidate to enhance the photovoltaic performance by using it as an ETL. Various 

methods have been adapted in literature to synthesize doped BSO materials; such as sol-gel, 

co-precipitation, hydrothermal, solid-state, and oxalate chemical routes. A novel facile peroxide 

precipitate route has been adopted to synthesize nanostructured BSO and LBSO particles to 

enhance the dye adsorption capacity and DSSC device performance with high efficiency. Until 

now, fewer reports exist on LBSO being explored as an electron transport material in DSSCs. 

However, the optimization of electron transport materials significantly impacts the photovoltaic 

performance of DSSCs. In this chapter, the successful synthesis and characterization of 

nanostructured BSO and LBSO particles with high crystallinity by the facile peroxide-

precipitate route are presented. The prepared BSO and LBSO nanoparticles investigated using 

several characterization techniques are explained in detail for their structural, optical, and 

electronic properties. These optimized nanoparticles are also used as an ETL in DSSCs. The 

electron lifetime and charge transferability are also analyzed using electrochemical impedance 
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spectroscopy (EIS) to realize the difference in the photocurrent density and photovoltaic 

performance of the DSSCs. 

4.2. Experimental section 

4.2.1 Synthesis and characterization of Ba1-x LaxSnO3 nanoparticles  

All the chemicals were of reagent grade used without any further purification and 

all the reactions were performed in ambient conditions. The BaSnO3 nanoparticles were 

prepared from a solution made using SnCl4.5H2O and BaCl2.2H2O dissolved in an 

aqueous hydrogen peroxide solution (170 ml, 30%, OCI). For doping of La at the Ba 

sites of BaSnO3, La (NO3)3. 6H2O solution (appropriate amount separately dissolved in 

hydrogen peroxide) was added into the above precursor solution depending on                 

‘x’ (x = 0, 0.01, 0.03, and 0.05) to result in a Ba1-xLaxSnO3 compound. While stirring, 

to suppress the agglomeration of the particles, 5 mmol. (0.96 g) of citric acid (C6H8O7) 

was added to the above solution. To induce precipitation, ammonia solution was added 

slowly to the above precursor mixture, until it reaches a pH value of 10 with constant 

stirring. After adding the ammonia solution, the transparent solution turned to milky 

white color and gradually became particulate in nature due to the completion of the 

precipitation process. The resultant precipitated mixture was continuously stirred 

maintaining the temperature in-between 40 °C to 60 °C in a water bath for 12 h to obtain 

crystalline precipitates. After 12 h of reaction, white precipitates were formed which 

were thoroughly washed with distilled water and centrifuged in ethanol. The obtained 

product was vacuum dried at room temperature and then annealed at 900 °C for 2 h in 

an air atmosphere to result in nanocrystalline BaSnO3 and La-doped BaSnO3 particles. 

The nanocrystalline Ba1-xLaxSnO3 (x = 0, 0.01, 0.03, and 0.05) samples are coded as 

BSO, LBSO1, LBSO3 and LBSO5 where, 1, 3 and 5 indicate x = 0.01, 0.03 and 0.05 of 
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La atomic percentage, respectively. For the sake of convenience, the La doped BSO 

samples are collectively referred to as LBSO in this chapter.  

4.2.2 Preparation of BSO and LBSO Electrode 

Pastes of nanocrystalline BSO and LBSO samples were made using the 

synthesized particles and were coated onto ultrasonically cleaned and ozone treated 

fluorine-doped tin oxide (FTO) glass substrates by the doctor-blade method. Firstly, a 

fine homogeneous paste was prepared with a mixture of BSO (or LBSO) nanopowders, 

10 wt% of ethyl cellulose, and 5 wt% of α-terpineol (Sigma Aldrich) and ethanol by 

gradually mixing to result in a viscous mixture. This was continuously ground using 

pestle and mortar for 30 min to form a homogeneous viscous paste. Here, the double 

surface treatment with TiCl4 strategy is adapted. Firstly, for the pre-treatment step, the 

cleaned FTO glass substrates were surface treated with 0.05 M of TiCl4 aqueous solution 

pre-treated for 30 min at 80 ˚C and then rinsed with double deionized water followed by 

annealing at 500 ˚C for 30 min. The prepared BSO and LBSO pastes were coated onto 

TiCl4 pre-treated FTO glass substrates by doctor-blade method for a cell area of 0.25 

cm2 which was then annealed at 500 °C for 30 min in air atmosphere and these electrodes 

are named as TCL/BSO and TCL/LBSO, respectively. For the post-treatment step, 

another set of pre-surface-treated TCL/BSO and TCL/LBSO films were treated once 

again with 0.05 M of TiCl4 aqueous solution at 80 °C for 30 min and then annealed at 

500 °C for 30 min, which are named as TCL/BSO/TCL and TCL/LBSO/TCL 

respectively.  

4.2.3 Fabrication of DSSC   

For the dye adsorption, the pre-and post-surface-treated BSO and LBSO films 

were soaked in 0.5 mmol of N719 dye (Greatcellsolar, Australia) solution prepared in 

absolute ethanol by stirring at room temperature merely for 1 h. Here, it is to be noted 
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that the dye adsorption duration is much shorter than that for traditional electron 

transport materials, e.g., 12 h for TiO2, 12 h for Zn2SnO4, 120 h for BiFeO3, etc. [41–

43]. After the dye adsorption, the films were thoroughly rinsed with ethanol to remove 

the physically adsorbed dye molecules on the surface of the films. The platinum counter 

electrodes were coated by drop-casting using 5 mM chloroplatinic acid hexahydrate 

(H2PtCl6, Sigma Aldrich) dissolved in isopropyl alcohol over cleaned FTO substrates 

and were subsequently annealed at 500 °C for 30 min under an ambient atmosphere. The 

sandwich-type DSSC was assembled using dye adsorbed BSO/LBSO photoanodes and 

platinum-coated counter electrodes. The photoanode and platinized counter electrodes 

were sandwiched using hot melt film (55 µm, Surlyn, Greatcellsolar, Australia). The 

electrolyte was prepared with 0.5 M of 1-butyl-3 methylimidazolium iodide (BMII), 

0.06 M of iodine (I2), 0.1 M of LiI, and 0.5 M of tert-butyl pyridine (tBP), all mixed in 

acetonitrile solvent. All the chemicals were purchased from Alfa aesar and used without 

further purification. After sandwiching both the electrodes, the prepared Iˉ/I3ˉ liquid 

electrolyte was infiltrated through the pre-drilled holes from the rear side of the counter 

electrode. 

4.3. Results and discussion 

4.3.1 Structural and morphological analysis 

The synthesized BSO and LBSO nanocrystalline powders annealed at 900 °C for 

2 h in an air atmosphere are characterized by XRD analysis. Fig. 4.1(a) shows the 

schematic crystal structure of the perovskite Ba1-xLaxSnO3 compound.  The sample's 

purity and phase structure are carefully examined using the XRD patterns shown in Fig. 

4.1b. The ideal cubic perovskite structure is evident for both the pure and La doped 

BaSnO3 samples with the space group Pm3m as shown in Fig. 4.1(a). The obtained 

diffraction results match well to the JCPDS card no. 74-0780, indicating phase purity of 



ChAPTER 4      

 

National Institute of Technology Warangal-506004, TS, India.                        Page | 115 

the cubic perovskite structure reported with a lattice parameter of a = 0.4117 nm for 

BaSnO3 compound. The obtained XRD patterns of all the samples confirm the formation 

of a single-phase without any impurities like lanthanum oxides (La2O3, La2Sn2O7). Good 

crystallinity and purity for the BSO and LBSO nanoparticles are ensured. One cannot 

observe any significant difference between the XRD patterns of BSO and LBSO samples 

(Fig. 4.1b). Thus, it can be confirmed that La ions are doped into the Ba sites of the BSO 

crystal lattice system. 

 

Table 4.1: Rietveld refinement parameters of Ba1-xLaxSnO3 (x = 0, 0.01, 0.03, and 0.05) 

nanoparticles. 

Sample 

code 

a = b = c (Å) Volume 

(Å3) 

Rp Rwp Re Chi2 

BSO 4.1186(3) 69.8649 17.2 17.3 12.7 1.85 

LBSO1 4.1185(2) 69.8600 21.4 19.8 12.3 2.34 

LBSO3 4.1170(2) 69.7854 17.4 19.1 11.9 2.58 

LBSO5 4.1168(2) 69.7759 21.0 20.3 12.8 2.52 

 

The crystal structure analysis of all the samples is also performed with Rietveld 

refinement based on the XRD data as shown in Fig. 4.2 (a-d) and the obtained lattice 

refinement parameters are given in Table 4.1. Upon increasing the concentration of La3+ 

(radius = 1.36 Å) ions into the Ba (Ba2+ radius = 1.61 Å) sites from x = 0 to 0.05, all the 

samples show the same cubic structure with the space group of Pm3m. From Table 4.1, 

we can see that the lattice parameters and unit cell volumes decrease monotonically due 

to the smaller ionic radius of the La3+ ions[44]. Additionally, the crystallite size is also 

calculated using the Scherrer equation (eq. 2.2). 
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Fig. 4.1. (a) Perovskite crystal structure of La-doped BaSnO3 compound and 

(b) The X-ray diffraction patterns of BSO and LBSO nanoparticles. 

Fig. 4.2. The Rietveld refinement of X-ray diffraction patterns of (a) BSO,                     

(b) LBSO1, (c) LBSO3 and (d) LBSO5 samples. 
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The calculated crystallite size using the FWHM of the strongest (110) crystallographic 

plane is found to be 12.4 nm, 12.6 nm, 11.09 nm, and 10.10 nm for BSO, LBSO1, 

LBSO3, and LBSO5, respectively. 

The surface morphological features of the synthesized nanostructured BSO and LBSO 

particles are obtained by controlled experimental parameters. The FE-SEM images of 

nanostructured BSO and LBSO samples are shown in Fig. 4.3 (a-d). The average particle 

size of La-doped samples is found to be in the range ~20 to 30 nm. The cross-sectional 

FE-SEM image of the coated photoanode layer is shown in the inset of Fig. 4.3a and c 

for BSO and LBSO3 films, respectively. 

In general, the crystallinity of the synthesized nanostructured particles is crucial in improving 

the charge transport characteristics in the ETLs. Therefore, the crystallinity and morphological 

features of the BSO and LBSO3 samples are further explored by TEM measurements which are 

shown in Fig. 4.4 (a-g). The TEM images of BSO (Fig. 4.4a) show irregular nanosized particles 

and the LBSO3 exhibit mixed nanocuboids/nanoparticles as shown in Fig. 4.4 (d & e). Hence, 

when doped with La, a mixed morphology is observed with vivid nanocuboids/nanoparticles 

(see Fig. 4.4d). The calculated width and breadth of the LBSO3 nanocuboids are in the range 

~18–24 nm and ~20–26 nm, respectively. The average particle size is also determined as 18 nm 

and 15 nm for the BSO and LBSO3 samples, respectively. High-resolution transmission 

electron microscopy (HR-TEM) images at 10 nm scale (nanocuboids for LBSO3, see Fig. 4.4d) 

are shown in Fig. 4.4(b) and Fig. 4.4(f) for BSO and LBSO3, respectively. 

The HR-TEM images reveal that the bulk of the nanostructured particles are nearly defect-free, 

as evident from the lattice fringes. The lattice fringes of d-spacing (inset of Fig. 4.4(b & f) are 

determined to be around 2.92 Å and 2.98 Å for BSO and LBSO3, respectively, which 

corresponds to the (110) diffraction plane of the cubic structure of the BSO system. 
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The SAED patterns of BSO and LBSO3 are shown in Fig. 4.4c and Fig. 4.4g, 

respectively. The pattern shows that the synthesized nanostructured particles of BSO and 

LBSO3 samples exhibit a highly crystalline nature with single-phase crystal structure, 

which also corroborates with the XRD patterns. The energy-dispersive X-ray 

spectroscopy (EDS) analysis for elemental composition confirms the presence of La in 

BSO nanoparticles and the results are shown in Fig. 4.4(h). It is confirmed that Ba, Sn, 

and O elements are present in the sample in the desired composition without any other 

impurities from the EDS data. The inset of Fig. 4.4(h) is the EDS data for the BSO 

sample. In Fig. 4.4(h), the major peaks at 0.85 KeV, 4.12 KeV, and 4.51 KeV belong to 

La, confirming its presence in the LBSO system.  

Fig. 4.3. FE-SEM images showing the surface morphologies of (a) BSO, (b) LBSO1,                

(c) LBSO3 and (d) LBSO5 nanoparticles. Insets of (a) and (c) are the cross-sectional 

images of BSO and LBSO3 photoanodes. 
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4.3.2 Optical properties 

Fig. 4.5(a) shows the UV-Visible absorption spectra (UV-Vis DRS) of BSO, LBSO1, 

LBSO3, and LBSO5 samples recorded from 200-900 nm at room temperature. The absorption 

of all the samples is higher in the visible region and it is notably higher for the LBSO3 sample 

(Fig. 4.5 a). The energy bandgap calculated from well-known 'Tauc' plots for the single-phase 

nanostructured BSO, LBSO1, LBSO3, and LBSO5 samples are 3.23 eV, 3.24 eV, 3.25 eV, and 

3.29 eV, respectively (Inset of Figs. 4.5 a). The incorporation of La dopant ions is supported by 

the respective changes in the percentage of diffuse reflectance spectra of the synthesized 

samples (Fig. 4.5 b). The change in energy bandgap with increasing La content is possibly 

caused by the Sn-O bond hybridization. 

The electronic energy band diagram of perovskite BaSnO3 is schematically shown in 

Fig. 4.5c. Usually, the perovskite ternary oxide's energy band is influenced by the Sn-O bond 

hybridization. Here, the La dopant significantly changes the conduction band minimum (CBM) 

Fig. 4.4. The TEM, HR-TEM, and SAED pattern of (a-c) BSO and (e-g) LBSO3, respectively, 

(d) Mixed nanocuboid/nanoparticle morphology of LBSO3 at a higher magnification 

of 10 nm scale, and (h) EDS analysis of LBSO3 (inset is for BSO) nanostructured 

samples. The HR-TEM images in the insets of (b) BSO and (f) LBSO3 are the lattice 

fringe images. 
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state by orbital hybridization. The perovskite BaSnO3 energy band comprises CBM and valence 

band maximum (VBM) by Sn 5s/5p and O 2p orbitals, respectively. Here, the VBM is 

dominated by the O 2p orbitals, and at the same time, CBM is dominated by the Sn 5s/5p 

orbitals. Upon increasing the La3+ ions at the Ba2+ sites, the unit cell volume decreases, and the 

average bond length also reduces due to the decrease in the unit cell volume. The increasing 

strength of Sn-O bond hybridization causes large crystal field splitting, resulting in the upward 

shift of CBM and an increase in the bandgap of LBSO samples [45–48]; this is the so-called 

Burstein-Mass shift which indicates a large conduction band (CB) dispersion [46]. This 

indicates that the La substitution effectively changes the band position and bandgap of the 

perovskite BaSnO3 compound, thereby enabling optimization of band offset between the 

sensitized dye and the ETL in DSSCs. 

  

Fig. 4.5. (a) UV-Vis absorption spectra (inset is the Tauc plot), (b) diffuse reflectance 

spectra, (c) Schematic representation of the energy band diagram and (d) 

Absorption spectra of 0.5 mM of N719 dye loaded onto BSO and LBSO 

photoanodes. 
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Dye loading measurements were carried out to determine the effect of mixed 

(nanocuboids/nanoparticles) morphology on the dye adsorption capability of the BSO, LBSO1, 

LBSO3, and LBSO5 films. The dye loading capacity is evaluated by measuring the amount of 

N719 dye desorbed from the photoanode into the solvent, as shown in Fig. 4.5(d). The 

absorption of dye solution corresponding to the surface treated LBSO3 film is higher than that 

of the BSO film. For the pre- and post-surface treated LBSO films, the amount of dye loading 

increases with La content and it reaches the maximum absorption intensity up to x = 0.03 and 

decreases afterward for x = 0.05. The higher dye adsorption for LBSO3 may be due to the 

composite nanocuboids/nanoparticles morphology.   

4.3.3 X-ray photoelectron spectroscopy analysis  

The X-ray photoelectron spectroscopy measurement was performed, and the 

results are shown in Fig. 4.6 (a to b). From Fig. 4.6(a), the characteristic doublet peaks 

of Ba are observed at binding energies of 779.2 eV and 794.70 eV ascribed to Ba 3d5/2 

and Ba 3d3/2 for BSO and LBSO3 samples, respectively. The peaks both have 

symmetrical shapes, indicating that the La-doped BSO nanoparticles have a highly 

crystalline nature [27]. Fig. 4.6(b) shows the doublet peaks at 485.78 eV and 494.26 eV 

corresponding to Sn 3d5/2 and Sn 3d3/2, respectively, and no shift is observed in the Sn 

3d spectra. The symmetric peak at 530.18 eV is attributed to O 1s spectra and is shown 

in Fig. 4.6(c). It is the characteristic O2- ion peak in the BSO metal oxide lattice 

framework. From Fig. 4.6(d), the La 3d spectra of LBSO3 exhibit two prominent peaks 

at 833.50 eV and 851.34 eV corresponding to La 3d5/2 and La 3d3/2, levels respectively. 

The XPS data ensures the presence of La dopant ions in the BSO nanoparticles in the 

most stable valence states of +II, +IV, ˗II, and +III for Ba, Sn, O, and La elements, 

respectively, in the cubic perovskite BaSnO3 compound.   
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4.3.4 Performance of pre and post surface treated photoanode based DSSCs   

To demonstrate the potential use of La substituted BaSnO3 perovskite material as an ETL in 

photovoltaics, DSSCs are fabricated using pre-and post-surface-treated BSO and LBSO 

photoanodes and tested for their photocurrent density-voltage (J-V) characteristics. The amount 

of dye loading on the surface of photoanodes strongly affects the photocurrent density, thereby 

the overall DSSC device performance is also influenced. The optimized DSSC devices are 

measured under simulated solar illumination of 100 mW cm-2.  Briefly, for the pre-treatment, 

the cleaned FTO substrates were immersed in 0.05 M of TiCl4 aqueous solution at 80 °C for 1h 

and used to deposit the BSO and LBSO nanostructured particles, and are referred to as 

TCL/BSO and TCL/LBSO in this chapter. The pre-treated BSO and LBSO photoanode 

(TCL/BSO and TCL/LBSO) based device J-V curves are shown in Fig. 4.7(a) and also the J-V 

parameters are listed in Table 4.2. Among these pre-treated cells, a maximum current density 

Fig. 4.6. The XPS spectra showing the core levels of (a) Ba 3d, (b) Sn 3d, (c) O1s, 

and (d) La 3d of BSO and LBSO3 samples. 
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of 8.95 mA/cm2 and conversion efficiency of 4.37% is achieved for the LBSO3 cell, and also 

the maximum external quantum efficiency (EQE) ~42% is observed for the LBSO3 device 

(shown in Fig. 4.7b). 

 

 

 

 

 

 

 

 

 

Table 4.2. The current density-voltage (J-V) parameters of pre-surface treated nanostructured 

BSO and LBSO photoanodes. 

 

Another set of pre-surface treated BSO and LBSO photoanodes were further treated with TiCl4 

solution and are referred to as TCL/BSO/TCL and TCL/LBSO/TCL (refers to post-surface 

treatment devices). It has been reported that there is a possibility of enhancing the cell efficiency 

due to pre-surface treatment with TiCl4 on the FTO substrate [49].  Here, TiCl4 forms a very 

Device code VOC (V) JSC (mA/cm2) FF (%) η (%) 

TCL/BSO 0.737 6.50 67.42 3.23 

TCL/LBSO1 0.738 7.33 64.23 3.48 

TCL/LBSO3 0.742 8.95 65.73 4.37 

TCL/LBSO5 0.739 7.79 65.36 3.76 

Fig. 4.7. (a) Pre-surface treated photocurrent density-voltage (J-V) curves of DSSCs 

fabricated with BSO and LBSO photoanodes, (b) External quantum efficiency 

(EQE) measurements of pre-surface treated BSO and LBSO photoanodes. 

 

(b) 
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thin layer of TiO2 on FTO and improves the bonding strength between FTO and the TiO2 layer 

so that it increases the conductivity at the interface between the thin layer of TiO2 and FTO 

when BSO or LBSO layer is coated over it. Moreover, it also reduces recombination between 

electrons within the electrolyte that contains the electron-hole pairs; these processes can 

enhance the current density, and subsequently, improve the power conversion efficiency of the 

DSSCs [34,49,50]. Therefore, by performing the post surface treatments on photoanodes, dye 

loading increases (see Fig. 4.5d), thereby increasing the photon absorption and leading to an 

increase in current as well as power conversion efficiency of the devices. The J-V curves are 

shown in Fig. 4.8a and the parameters are listed in Table 4.3 for the post-surface-treated BSO 

and LBSO photoanode based devices. The post-treated DSSC device exhibits best power 

conversion efficiency (η) of 5.96% with a current density (Jsc) of 14.37 mA cm-2, open-circuit 

voltage (Voc) of 0.722 V, and fill factor (FF) of 57.56 % for the LBSO3 sample. Upon further 

increasing the La substitution (x = 0.05), it results in decreased power conversion efficiency to 

4.21%. This decrease may be caused by the reduced injection efficiency from dye to ETL due 

to the higher CBM of the ETL for x = 0.05 La substitution as discussed in section 4.3.2. (i.e., 

higher bandgap value of 3.29 eV). Among all the tested devices, the TCL/LBSO3/TCL 

photoanode based device shows highest performance which is mainly attributed to the high VOC 

and JSC values. Moreover, higher electron density and efficient electron injection created by 

doping with La into the BSO system may induce the built-in potential between the dye and 

semiconducting layer [51], which may be the reason for the increased VOC and JSC for LBSO3 

nanostructured particles. Finally, the power conversion efficiency is enhanced remarkably with 

pre/post-surface treated La-doped BSO electrodes. These results imply very promising 

performance in photovoltaics by doping La3+ cations into the BSO lattice. 



ChAPTER 4      

 

National Institute of Technology Warangal-506004, TS, India.                        Page | 125 

 

Table 4.3. Photocurrent density-voltage (J-V) parameters of the post TiCl4-treated BSO 

and LBSO photoanode based DSSC devices. 

Device code VOC (V) JSC (mA/cm2) FF (%) η (%) 

TCL/BSO/TCL 0.701 8.11 66.51 3.71 

TCL/LBSO1/TCL 0.722 11.94 57.58 4.97 

TCL/LBSO3/TCL 0.722 14.37 57.56 5.96 

TCL/LBSO5/TCL 0.724 7.88 73.86 4.21 

 

Figure 4.8b shows the incident photon to current conversion efficiency spectra of the 

post-treated BSO and LBSO based DSSCs. The measured IPCE spectra indicate that all 

the fabricated DSSCs show broad spectra over the 300-800 nm wavelength range with a 

maximum efficiency of  45% peaking around 520 nm. Figure 4.8b represents that the 

intensity of the IPCE increases while increasing the incorporation of La3+ ions into BSO 

from x= 0 to 0.03 and then decreases for 0.05 La-doped BSO; the same trend is observed 

Fig. 4.8. The characteristics of (a) photocurrent density-voltage (J-V) curves and (b) 

external quantum efficiency (EQE) measurements of DSSCs fabricated 

using post-treated BSO and LBSO as photoanodes. 
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in JSC (Fig. 4.8a). The EQE is also measured for the TiCl4 pre-treated BSO and LBSO 

photoanode based cells and the spectra are shown in Fig. 4.7(b) for comparison.  

4.3.5 Electrochemical impedance spectroscopy analysis  

Electrochemical impedance spectroscopy (EIS) is measured to investigate the 

interfacial reactions of photoexcited electrons and electron transport kinetics within the 

fabricated DSSC devices. The Nyquist (including equivalent circuit) and Bode plots of 

post-treated BSO and LBSO based DSSC devices measured from 0.1 Hz to 106 Hz are 

shown in Fig. 4.9 (a & b). According to the equivalent circuit model fitting, the series 

resistance (Rs) values can be recognized as the resistance at the interface of FTO and 

photoanode material and the values are shown in Table 4.4. The RS values of the DSSCs 

based on BSO, LBSO1, LBSO3, and LBSO5 determined according to the equivalent 

circuit are 17.90 Ω, 18.39 Ω, 19.40 Ω, and 18.02 Ω, respectively. All the devices show 

nearly identical charge transfer resistance in the high-frequency region, which is mainly 

due to the similar electrolyte (Iˉ/I3ˉ) and counter electrodes (Pt) used for all the DSSCs.  

The mid-frequency region shows a bigger semicircle in Nyquist plots corresponding to 

charge transfer resistance (RCT2) of oxide/dye/electrolyte interfaces, which strongly 

depends on the band-bending due to heterostructured photoanodes [38]. Here, the 

interest is on the RCT2 at the device’s oxide/dye/electrolyte interface. From Fig. 4.9(a), 

it is clear that the radius or size of the semicircle decreases while increasing the La 

doping content in the BSO system (up to x = 0.03). The observed resistance values at the 

oxide/dye/electrolyte interface are 16.80 Ω, 14.76 Ω, 12.84 Ω, and 15.71 Ω for pure 

BSO, LBSO1, LBSO3, and LBSO5 devices, respectively.  The lower RCT2 value for the 

device with LBSO3 leads to an efficient charge carrier transportation, demonstrating 

lesser electron transport resistance and fewer electrons going back to the redox mediator 

at the oxide/dye/electrolyte interface. Hence, the change in the current density is 
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attributed to the difference in the charge transferability. To show the variation in charge 

transfer resistances of pre-and post-treated devices, the EIS data of best-performing 

LBSO3 based DSSCs are shown for comparison in Fig. 4.10. Among these, the post-

treated LBSO3 photoanode based cell exhibits lowest series resistance (RS) of 19.20 Ω 

compared to the 22.01 Ω of the pre-treated device (calculated from Fig. 4.10). Similarly, 

the charge transfer resistance (RCT2) value are 13.47 Ω and 12.84 Ω for pre and post 

treated LBSO3 devices, respectively. These results imply better charge transfer and 

enhanced performance of the LBSO3 photoanode-based DSSC device after the TiCl4 

post-treatment. Additionally, the electron lifetime (τe) values are evaluated from the 

Bode plot (Fig. 4.9(b)) as a function of frequency using EIS model relation τe ≈ 1/ωmax, 

where ωmax is the maximum peak frequency at the RCT2 region. The analysis shows 

noticeable differences  in the electron lifetime values in the order of LBSO3 (6.96 ms) 

> LBSO1 (6.26 ms) > BSO (5.84 ms) > LBSO5 (5.74 ms). Here, lower RCT2 and longer 

electron lifetime facilitate faster electron transport to ETL, resulting in slower electron 

recombination and increase in the electron capture ability [52–54]. The electron lifetime 

for the DSSC using post-treated LBSO3 is longer than those using the other pure BSO 

and LBSO photoanodes due to the proper substitution of La ions into the Ba sites of the 

BSO lattice, which act as charge trapping sites. 

 

Table 4.4. Electrochemical impedance parameters of post TiCl4 treated BSO and LBSO 

photoanode based DSSC devices. 

 Device Name RS (Ω) RCT2 (Ω) τe (ms) 

TCL/BSO/TCL 17.90 16.80 5.84 

TCL/LBSO1/TCL 18.39 14.76 6.26 

TCL/LBSO3/TCL 19.20 12.84 6.96 

TCL/LBSO5/TCL 18.02 15.71 5.74 
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Fig. 4.9. The EIS spectra of DSSC devices fabricated using post-treated BSO and LBSO 

photoanodes, (a) Nyquist plot and the inset is the equivalent circuit diagram,       

(b) Bode plots. (c) The stability test of N719 dye-sensitized BSO and LBSO 

photoanode based devices stored for 16 days in air under ambient conditions. 

Fig. 4.10. Comparison of Nyquist plot of fabricated DSSC devices using pre and post 

treated LBSO3 (TCL/LBSO3 and TCL/LBSO3/TCL) photoanode based 

devices. 
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4.3.6 Effect of surface treatments  

It is well known that apart from JSC and VOC, fill factor (FF) is another critical 

parameter in evaluating the performance of DSSC devices. Significantly, series 

resistance, built-in voltage, and fabrication conditions of devices affect the FF and JSC of 

the DSSCs [55,56]. Here, it is believed that the attenuation of FF of post-treated cells is 

due to an increment in series resistance for LBSO devices over BSO device. Also, it is 

observed that the charge transfer resistance RCT2 reduces with La concentration doped 

into the BSO system. Therefore, this implies that post-surface treatment results in an 

unprecedented escalation in the dye molecule adsorption, as shown in Fig. 4.5(d). These 

results may convey that the pre- and post-treatment of BSO, LBSO1, LBSO3, and 

LBSO5 surfaces provide more specific binding states. Potentially, the pre- and post-

treatments of the surface may diminish the fraction of the TiO2 surface area that may be 

inaccessible for the dye due to steric constraints [30]. These results clearly show that the 

La-doped BSO photoanodes are beneficial to increase the electron conduction for the 

efficient performance of the DSSC devices. 

4.3.7 Long term stability test 

The stability test of the fabricated DSSC devices using post treated BSO, LBSO1, 

LBSO3, and LBSO5 photoanodes was carried out and the results are shown in Fig. 4.9c. The 

devices stored in ambient conditions for 16 days were measured daily for their performance. 

The obtained performance parameters such as VOC, JSC, FF, and η are plotted against the number 

of days. During this 16-day test, the photovoltaic performance was remarkably stable, with only 

a moderate decrease in the value of performance parameters as seen in Fig. 4.9c. Interestingly, 

the nanostructured BSO and LBSO photoanode based DSSC devices still retained ~80% of 

their initial PCE at the end of 16 days stability test.  Thus, the long-term stability for La-doped 

BSO-based DSSCs elucidates its potential use in future solar cells. 
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4.4 Conclusions 

In summary, crystalline La-doped BaSnO3 nanostructured particles were 

successfully synthesized via a facile peroxide-chemical route and coated as ETLs in 

DSSCs.  Here, La is doped in the BSO system for varying concentration and is studied 

for their structural and optical properties to perceive their favorable interactions in the 

photoanode interface of DSSCs. A specific quantity of x = 0.03 La content leads to the 

formation of BaSnO3 samples with vivid nanocuboid/nanoparticle composite 

morphologies, which is very effective in exhibiting expeditious dye adsorption 

compared to pristine BSO photoanode (within a short duration of 60 min). The pre-

treated LBSO3 based cell shows a maximum power conversion efficiency of 4.37%.      

A typical post-TiCl4 treatment of photoanode further enhances the conversion efficiency 

to 5.96% for LBSO3 cells, which is attributed to the increased electron lifetime and 

charge transferability as confirmed from the EIS analysis. This is one of the highest 

efficiencies without using any scattering layer over the nanostructured La-doped 

BaSnO3, which shows great potential for its use as photoanode in DSSCs. Based on these 

results, it is believed that further exploration of La doping into BSO will provide a 

valuable perception for designing the high-performance and long-term stability of 

DSSCs. 
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CHAPTER: 5 
Synthesis and characterization of the Sb-doped BaSnO3 

nanoparticles for use as photoanodes in DSSCs 

This chapter describes the results obtained on facile peroxide precipitate-route 

synthesized Sb doped BaSnO3 compound (BaSnxSb1-xO3, where x= 0, 0.01, 0.03). The focus is 

on structural, morphological, optical, and electrical properties of donor element Sb doped 

BaSnO3 for use as photoanode material to explore its performance in DSSC. The obtained 

results on the characterization of the nanocrystalline samples and also the  DSSC device 

performance are discussed in sufficient detail in this chapter.         

5.1 Introduction  

The DSSCs constitute a unique category of 3rd generation photovoltaics with certain 

distinct advantages over their 1st and 2nd generation counterparts. Their ease of fabrication, cost-

effectiveness, robustness, low-light and relatively high temperature performance, versatile 

design, use of eco-friendly and stable materials, etc. [1–4] are some of the major factors which 

continue to attract researchers towards developing novel materials and device design strategies 

to improve their efficiency. Certain limitations of the prominently used TiO2 metal oxide 

photoanodes in DSSCs have motivated researchers to explore alternate materials [4–6]. Among 

the various ternary metal oxides, alkaline earth stannates with standard formula RSnO3 (R = Ba, 

Sr, Ca, etc.) have promising technological applicability due to their electron affinity, ionization 

potential, and band-gap which can be conveniently modified by varying the synthesis strategy 

[7–10]. In particular, BaSnO3 has an ideal perovskite structure and behaves as a wide-bandgap 

(3.1-3.4 eV depending on the dopant) n-type semiconductor with structural stability up to 1000 

°C [11–13]. Moreover, its constituents Ba2+, Sn4+, and O2- have well-matching ionic radii with 

several dopants and host materials. The smaller Sn4+ ions in perovskite BaSnO3 are octahedrally 

coordinated to the oxygen atoms. In oxides, Sb typically adopts either 3+ (4d105s2 5p0) or 5+ 
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(4d105s05p0) oxidation state [14]. Oxygen vacancies are formed if Sb3+ substitutes at the Sn4+ 

sites, leading to charge compensation. Conversely, compensation due to cation vacancies takes 

place in the case of Sb5+ substitution [14]. 

Antimony doped stannates in the nanostructured form are hardly reported, especially 

for energy related applications. The facile peroxide-precipitate route does not require expensive 

instrumentation and is suitable for tuning the microstructure, particle size, doping 

concentration, and surface area of nanocrystalline BaSnO3 [15]. The proposed work intends to 

explore the development and applicability of the less explored nanocrystalline undoped and Sb-

doped BaSnO3 perovskites as alternative photoanodes in DSSCs. Since BaSnO3 is a ternary 

compound, the solubility of the incorporated Sb dopant is limited and high doping concentration 

leads to the formation of secondary phases [14]. Hence, in the present work, the Sb dopant 

concentration in BaSn(1-x)SbxO3 is limited to x = 0.01 and 0.03. The solute (dopant) ions Sb5+ 

(0.60 Å) and/or Sb3+ (0.76 Å) fulfill Hume-Rothery rules for incorporation at the host ionic sites 

Sn4+ (0.69 Å), hence, stoichiometric calculations for substitution of ‘Sb’ ions at the ‘Sn’ sites 

are made[14]. The facile peroxide-precipitate synthesis of Sb-doped BaSnO3 nanoparticles has 

been little explored which may prove to be fruitful in generating new insights for its 

applicability as photoanode material in DSSCs.   

5.2 Experimental methods  

In this chapter, we have followed the facile peroxide precipitate route to synthesize 

BaSnO3 and Sb doped BaSnO3 compound. To dope antimony (Sb) at the Sn sites, SbCl3 

precursor solution is used. Undoped and Sb doped BaSn(1-x)SbxO3 (x = 0, 0.01 and 0.03) 

nanocrystalline samples (Hereafter referred to as BSO, ABSO1, and ABSO3, respectively) 

were synthesized using the facile peroxide-precipitate route as depicted in Fig. 5.1 which is 

already described in Chapter 4, section 4.2.1. The Sb doped BaSnO3 samples are collectively 

referred to as ABSO.  
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5.2.1 DSSC fabrication and characterization 

The annealed nanocrystalline BSO and ABSO samples were coated over the 

ultrasonically cleaned FTO substrates using the doctor blade technique. These electrodes were 

then treated with 40 mM TiCl4 solution at 100 C for 1h followed by annealing at 500 C for 

30 min. The annealed electrodes were then soaked in 0.3 mM of N719 dye dissolved in absolute 

ethanol at room temperature for 12h. The electrodes were thoroughly rinsed with a mild stream 

of ethanol to remove physically adsorbed dye molecules on the surface. The counter electrodes 

were prepared by coating thin platinum (Pt) layer on the FTO substrate followed by annealing 

at 450 C for 30 min in air. Sandwich-type DSSCs were then fabricated using the prepared 

photoanodes and counter electrodes by sealing them at 130 C using surlyn spacer over a hot 

plate. The iodine redox couple (I-/I3
-) electrolyte was injected into the sealed device through a 

Fig. 5.1. Schematics of facile peroxide synthesis route of pure and Sb doped BaSnO3 

nanoparticles. 
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fine hole drilled from the rear side of the counter electrode. The active area of the fabricated 

device was 0.25 cm2. The current density-voltage (J-V) characteristics of the photovoltaic 

devices were evaluated at room temperature in ambient conditions using Keithley 2400 source 

meter under AM 1.5 G solar irradiation of 100 mW cm-2 obtained from a 300 W Oriel solar 

simulator which was calibrated using a mono-Si reference cell with a KG5 filter. The DSSC 

devices fabricated by using the paste of the stabilized powders serving as photoanode materials 

are referred to as DBSO, DABSO1, and DABSO3 hereafter. 

  

5.3 Results and discussions 

5.3.1 X-ray diffraction analysis 

The XRD patterns of the stabilized BSO and ABSO nanoparticles are shown in             

Fig. 5.2(a). Formation of single-phase compound with space group Pm-3m and cubic symmetry 

is confirmed from Rietveld refinement of the XRD data obtained using FullProf.2 k, Version 

7.00 are shown in Fig. 5.2 (b-d). From Table 5.1, a marginal decrease is observed in the lattice 

constant which implies lattice contraction, possibly due to the substitution of a smaller ionic 

radius of Sb5+ (0.60 Å) compared to that of Sn4+ (0.69 Å). The crystallite size is estimated using 

the Scherrer formula for the highest intensity (110) peak for BSO, ABSO1, and ABSO3 

samples, and no significant variation in crystallite size was inferred (Table. 5.1).  

5.3.2 Surface morphological studies 

Morphological features of the synthesized BSO and ABSO photoanodes with considerable 

aggregate of fine particles characterized using FE-SEM (Hitachi, S-4300SE) are shown in      

Fig. 5.3 (a-c). Energy-dispersive X-ray (EDX) analysis confirms the presence of Ba, Sn, O, and 

Sb elements in the samples in the desired composition with only a nominal deviation as shown 

in the inset of Fig. 5.3(d-e). 
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Table 5.1. Refined structural parameters and optical bandgaps of BSO and ABSO samples. 

 

 

  

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 

code 

Crystallite size 

(nm) 

a = b = c 

(Å) 

Volume 

(Å
3
) 

Chi2 Bandgap 

(eV) 

BSO 11.03 4.1184(2) 69.8530 1.51 3.48 

ABSO1 11.59 4.1182(2) 69.8429 1.48 3.44 

ABSO3 11.59 4.1176(1) 69.8123 1.74 3.43 

Fig. 5.2. (a) XRD patterns of BSO and ABSO samples. Rietveld refinement of XRD 

patterns of (b) BSO, (c) ABSO1 and (d) ABSO3 samples.   

(b) 

(c) (d) 
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The transmission electron microscopy (TEM) images, HR-TEM, and selected area electron 

diffraction (SAED) patterns (Model: Talos F200S-G2, Thermofisher) of nanocrystalline BSO 

and ABSO1 samples are shown in Fig. 5.4(a-d). From Fig. 5.4(a and b), the average crystallite 

sizes determined for BSO and ABSO1 are 16 nm and 17 nm, respectively. From the HR-TEM 

images, the d-spacing is determined to be around 0.27 nm and 0.33 nm for BSO and ABSO1 

samples, respectively (Fig. 5.4 b & d) corresponding to the (110) and (211) diffraction planes 

of the cubic perovskite structure. The inset of Fig. 5.4 (b and d) shows a clear signature of 

polycrystalline nature which is observed from the SAED pattern with diffuse diffraction rings 

corresponding to (110), (211), and (200) planes of the perovskite BSO structure.  

Fig. 5.3. FE-SEM images (a-c) and the EDX spectra (d-f) of undoped BSO, ABSO1 and 

ABSO3 samples, respectively. 

(f) (d) (e) 
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5.3.3 Optical properties   

The diffuse reflectance spectra of the nanocrystalline samples show a linear region 

corresponding to the band edge absorption in the range of 350 nm to 450 nm. For the BSO 

sample, a vivid absorption edge around 400 nm is seen and the reflectance percentage after 450 

nm is nearly flat in the entire visible region as shown in Fig. 5.5(a). Upon increasing Sb 

concentration, the percentage of reflectance is significantly declined to imply strong absorbance 

of the incident radiation in the visible region, and a subtle redshift in bandgap is observed with 

increasing Sb content (Table 5.1). 

Fig. 5.4. The TEM, HR-TEM pattern images of (a-b) BSO and (c-d) ABSO1 

sample. The inset images (b) and (d) show the SAED patterns of BSO 

and ABSO1 samples. 
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Optical band-gap values (Fig. 5.5 b) of the BSO and ABSO samples are estimated from the 

onset of linear fit of the diffuse reflectance spectra (DRS). A significant decrease in reflectance 

intensity is observed upon Sb-doping. This indicates effective photon absorption by the doped 

samples in the visible region of the electromagnetic spectrum [14]. The linear region in the DRS 

with highest slope and sharp increase in percentage reflectance is commonly attributed to an 

exponential decrease in absorption coefficient. The band-gap value for undoped BSO sample 

is obtained to be 3.48 eV and it decreases slightly with Sb-doping (3.44 eV and 3.43 eV for 

ABSO1 and ABSO3, respectively). The possibility of bandgap tuning with Sb-doping using 

facile peroxide-precipitate synthesis method indicates its suitability in photovoltaic 

applications.  

 

 

 

 

 

 

 

5.3.4 X-ray photoelectron spectroscopy analysis 

The X-ray photoelectron spectroscopy (XPS) measurement was performed over a wide 

range (200-900 eV) to study the oxidation states of the elements present in the BSO and ABSO1 

sample to understand the basic charge transport mechanism and also to confirm the presence of 

Sb in the doped sample. Fig. 5.6(a) is the survey scan spectra of the samples showing the 

presence of Ba, Sn, O, and Sb elements and it has been identified that the Sb peak has relatively 

low intensity due to low dopant concentration (x= 0.01) in the samples. 

Fig. 5.5. (a) Diffuse reflectance spectra and (b) optical band-gap estimation of 

nanocrystalline BSO and ABSO samples.  
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Figure 5.6(b) represents the narrow scan spectra of Ba for BSO and ABSO1 samples. The 

characteristic doublet peaks of Ba are observed at binding energy values of 780.1 eV and 795.3 

Fig. 5.6. The XPS (a) full survey spectrum and narrow scan spectra of (b) Ba 3d, (c) Sn 3d, 

(d) O1s and (e) Sb 3d of BSO and ABSO1 samples.  

(b) 

(d) 

(c) 

(e) 

(a) 
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eV ascribed to Ba 3d5/2 and Ba 3d3/2 for both BSO and ABSO1 samples, respectively. The Sn 

spectra corresponding to Sn 3d5/2 and Sn3d3/2 binding energy peaks of  BSO and ABSO1 

samples are shown in Fig. 5.6(c). The Sn doublets at 486.3 eV and 494.8 eV binding energies 

correspond to 3d5/2 and 3d3/2 levels of the BSO sample (Fig. 5.6c). Upon doping Sb at the Sn 

sites, the doublet peaks corresponding to Sn3d5/2 (486.5 eV) and Sn3d3/2 (495.1eV) are shifted 

to a higher binding energy side by 0.2 eV and 0.3 eV, respectively, for the ABSO1 sample      

(Fig. 5.6c). The Sn binding energy reveals that the Sn ions exist in a 4+ charge state [16]. The 

bonding states of O1s spectra centered at 530.9 eV (O II) for BSO and ABSO1 samples are 

shown in Fig. 5.6(d). It is the characteristic O2- ions peak in the BSO metal oxide lattice 

framework. Figure 5.6(e) shows the narrow scan spectra of Sb3d3/2 and Sb3d5/2 oxidization 

states with binding energy at 540.2 eV and 530.7 eV, respectively [17]. The Sb binding energy 

reveals that Sb exists in the Sb5+ charge state. The effectiveness of Sb doping may lead to 

improved electrical properties of ABSO1 based DSSC. It has been reported that the doping of 

Sb in the Sn lattice sites may increase the free carrier concentration [18]. 

5.3.5 Photovoltaic and electrochemical impedance analysis of the fabricated DSSCs  

Current density-voltage (J-V) characteristics and the corresponding semi-log plots 

under AM 1.5 G solar illumination for the DSSCs fabricated using the BSO, ABSO1, and 

ABSO3 photoanodes are shown in Figs. 5.7(a) and (b). Photovoltaic parameters like short 

circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF), and power conversion 

efficiency (η) determined from Fig. 5.7(a) are given in Table 5.2. Device DABSO1 fabricated 

using ABSO1 as photoanode exhibits high η of 4.06 % and JSC of 9.97 mA/cm2 which implies 

significant improvement in the photovoltaic performance upon Sb-doping with x = 0.01 in 

BaSn(1-x)SbxO3. However, with a further increase in Sb-doping for x = 0.03, there is a slight 

decrement in the DABSO3 parameters (although higher than that of DBSO) which may be due to 

the self-compensation effect [14]. From the semi-log plot (Fig. 5.7b), it should be noted that 
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DABSO3 exhibits a slightly higher forward photocurrent compared to other devices, whereas VOC 

is found to be almost constant. Reverse leakage current in a solar cell is usually independent of 

light intensity. However, at constant illumination, the variation in reverse leakage current      

(Fig. 5.7b) can be attributed to an increase in oxygen vacancy defects due to the incorporation 

of Sb dopant ions in the BaSnO3 lattice [14,19].  

Table 5.2. Photovoltaic and electrochemical impedance parameters of the DSSC devices using 

the BSO and ABSO photoanodes. 

 

Device 

ID 

VOC  

(V) 

JSC 

(mAcm-2) 

FF  

(%) 

PCE 

 (%) 

RS  

(Ω) 

RCT1 

(Ω) 

RCT2  

(Ω) 

DBSO 0.73 6.50 67.42 3.23 23.95 11.34 3.25 

DABSO1 0.74  9.97  55.14  4.06   21.74 9.70 2.98 

DABSO3 0.73 7.79 65.36 3.76 19.01 8.08 3.45 

 

The interfacial charge transport and recombination properties of the DSSCs are investigated 

from electrochemical impedance spectroscopy (EIS) (Solartron SI 1260). Fig. 5.7(c) shows the 

Nyquist plots and equivalent circuit diagram in the frequency range 0.01 Hz-1 MHz. The two 

semicircles correspond to charge-transfer resistance (RCT1) at the Pt counter 

electrode/electrolyte interface with I−/I3
− redox reaction, and internal charge transfer resistance 

(RCT2) at the ABSO/dye/electrolyte interfaces related to electron recombination [20]. Several 

factors like interfacial and electrode surface roughness, film inhomogeneities, thickness 

variation, and non-uniform distribution of current density cause the devices to behave as 

imperfect capacitors in the equivalent circuit [21]. 
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The high frequency intercept with the real axis represents the series resistance (Rs) comprising 

contact resistance, FTO glass substrate resistance, and bulk resistance of the counter electrode 

[9]. The values of RS, RCT1 and RCT2 (Table 5.2) are obtained from the fit to the equivalent 

circuit. The value of RCT1 is lowest for DABSO3, whereas DABSO1 exhibits the lowest RCT2 value 

of 2.98 Ω compared to other devices. The reduction in RCT2 for the DABSO1 device indicates 

improved charge transport at the ABSO/dye/electrolyte interfaces compared to that of the DBSO 

device. It also implies reduced charge recombination, leading to an improved value of JSC, 

thereby corroborating with the photovoltaic performance. 

Fig. 5.7. (a) J-V characteristics, (b) Semi-log plots, and (c) Nyquist plots with 

equivalent circuit of the DSSCs fabricated using BSO and ABSO based 

photoanodes. 
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5.4 Conclusions 

A facile peroxide-precipitate route is adapted to successfully synthesize undoped and 

Sb-doped perovskite BaSnO3 nanoparticles. Formation of single-phase compound with Sb 

dopant ions incorporated at the Sn sites of BaSnO3 is confirmed from Rietveld refinement of 

the XRD data and also from TEM measurements. Band-gap tuning with Sb-doping is a 

promising approach to tailor the properties of BaSnO3 as per application requirements. The 

DSSCs fabricated using the synthesized undoped and Sb-doped BaSnO3 samples used as 

photoanodes show reasonably good photovoltaic performance. The device DABSO1 exhibits the 

highest power conversion efficiency of 4.06 % with a short circuit current density of 9.97 

mA/cm2. The power conversion efficiency can be further improved by optimizing the Sb dopant 

concentration and also by varying other preparation parameters for comprehensive analysis. 

These results imply that incorporation of Sb dopant in BaSnO3 yields interesting data that may 

also be favorable for further exploration of its applicability in several other optoelectronic 

devices.  
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CHAPTER: 6 
Alternative transparent conducting ‘Sb’ doped SnO2 thin 

film electrode for dye-sensitized solar cell 

This chapter presents the results of antimony (Sb) doped tin oxide (SnO2) (ATO) thin film as 

an alternative transparent conducting electrode (TCE) deposited by cost-effective spray 

pyrolysis technique. The ATO thin film is a well-known n-type TCO material explored by 

several research reports but not yet commercialized due to its moderate optical and electrical 

properties. The 5×5 cm2 area deposited ATO thin film is explored for its structural, optical, and 

electrical properties. More importantly, the thermal stability of electrical properties of ATO 

films is studied to elucidate its applicability as TCE in DSSC. Finally, the deposited ATO film 

is used as an alternative photoanode in DSSC and its performance is demonstrated. 

6.1. Introduction  

Transparent conducting oxides (TCOs) constitute a class of most significant components 

in solar cells [1], display devices [2], smart windows [3], sensors [4,5], electrochromic [3], etc. 

The optical transparency and electrical conductivity properties of these TCOs are crucial for 

their use as transparent conducting electrodes in various optoelectronic devices, depending on 

the range of sheet resistance values. However, it is challenging to stabilize both the optical 

transparency and electrical conductivity in the same host material, and there exists a trade-off 

between these two properties. For example, glass is transparent but insulating in nature, whereas 

metals are conductive but opaque. Nevertheless, by changing the dimension of a material from 

bulk to nanoscale, and also by incorporating suitable dopants, one can successfully obtain 

efficient transparent conducting properties in the same host material. In 1907, Karl Baedeker 

[6] identified the first TCO material by annealing sputtered Cd film in air, where incomplete 

oxidation of Cd turned it into non-stoichiometric CdO, leading to increase in transparency and 
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electrical conductivity due to creation of oxygen vacancies. Although the performance was not 

optimal, subsequent investigations have yielded metal-like behaviour in CdO [6]. However, the 

extreme toxicity of Cd has been a major obstacle towards its commercialization for widespread 

use. Later, Corning laboratories identified tin-doped indium oxide (90%)In2O3:Sn(10%) (ITO) 

as a potential TCO material in 1930 [7]. In 1947, Harold McMaster [8] patented a chemically 

deposited SnO2 thin film as TCO material with optical transmittance and sheet resistance 

around 92 % and 200 /□, respectively [9]. The ITO, a binary TCO material, was 

commercialized by Rupprecht in 1954 [8]. Till date, this material is widely used as transparent 

conducting electrode in a variety of optoelectronic devices. Recently, due to intense scarcity of 

indium metal and a surge in market demand for ITO, researchers began to focus on alternative 

TCO materials which can supplement ITO. Presently, intense research work is being carried 

out in search of alternative TCO materials with excellent optical and electrical properties on par 

with that of ITO.  

Optical transparency and electrical conductivity of SnO2 can be increased by doping it with 

suitable dopants such as In [8], Li [10], F [11], Al [12], Mo [13], Mn [14], Co [15], Ta [16], W 

[17], Nb [18], and Sb [19]. Among all these dopants, Sb-doped SnO2 (ATO) is identified as one 

of the most promising alternative TCO materials. However, its electrical conductivity and 

optical transparency are still lower compared to that of ITO. Since the deposition method 

significantly influences the thin film properties, researchers have explored various techniques 

such as sputtering [20–25], PLD [26], CVD [27,28], hydrolysis [29], wet chemical deposition 

[30], sol-gel method [31], hydrothermal method [32–34], and spray pyrolysis [35–42] for the 

deposition of Sb-doped SnO2 films. Even though there are several reports on ATO thin films, 

the size of the film deposited using spray pyrolysis is generally limited to a small area. 

Moreover, there is hardly any report on dye-sensitized solar cells (DSSCs) fabricated using 

spray-pyrolyzed ATO films as electrodes. In the present study, 5 wt. % Sb-doped SnO2 thin 
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film of 5x5 cm2 area is deposited using optimized spray pyrolysis conditions [43]. The 

deposited ATO film exhibits reasonably good electrical and optical properties compared to 

undoped SnO2 (TO) film, and is demonstrated as an efficient transparent conducting electrode 

(photoanode)/counter electrode component in DSSCs with reasonably good power conversion 

efficiency.  

6.2. Materials and methods 

6.2.1   Materials used 

Analytical grade reagents and chemicals such as SnCl2.2H2O, SbCl5, HCl, and ethylene 

glycol were used as received. Glass substrates were purchased from Zhuhai Kaivo 

Optoelectronic Technology Co. Ltd. and cleaned ultrasonically using IPA, ethanol, acetone, 

and deionized water in a sequence. For DSSC fabrication, standard TiO2 paste was used as 

active material. Acetonitrile, Iodine, 4-tert-butyl pyridine, and 1-butyl-3 methylimidazolium 

iodide purchased from Sigma Aldrich were used without any further purification as redox 

couple for photoelectrochemical studies. Chloroplatinic acid (5 mM) was used to prepare the 

counter electrode. Surlyn spacer (SX1170-60, 60 µm thick from Solaronix) was used for sealing 

the DSSC device. The ATO thin film deposited using spray pyrolysis was used as a 

photoanode/counter electrode in the fabricated DSSC device. A reference device was also 

fabricated with standard fluorine-doped tin oxide (FTO, sheet resistance 10 Ω/□) coated glass 

substrate as photoanode/counter electrode. 

6.2.2   Thin film deposition 

A 200 ml solution of 0.5 M concentration was prepared by weighing the necessary 

quantities of precursors. SnCl2.2H2O and SbCl2.2H2O were weighed and transferred into two 

separate beakers filled with 16 mL of double-distilled water and were stirred for 30 min each. 

Few drops of HCl were introduced into the above mixture for better solubility as well as to 

obtain a transparent solution in each beaker. These two transparent solutions were then mixed 
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together and 150 mL of ethylene glycol was added and stirred for 3 h to result in a final solution. 

Undoped SnO2 solution was also prepared similarly without the addition of dopant precursor. 

After 3 h of stirring, the final solution was loaded into the spray instrument. Glass substrates of 

area 5×5 cm2 were cleaned ultrasonically using standard cleaning process for removal of fine 

dust, grease or oil traces clinging to the surface. These cleaned glass substrates were then blow-

dried with nitrogen gas. High energy plasma cleaner (Harrick Plasma, Model PDC-002) was 

used to neutralize the ionic charge contaminants on the substrate’s surface. Finally, the cleaned 

glass substrates were loaded into the spray chamber. The substrate temperature was ramped up 

to 420 °C in 90 min. The distance between the substrate holder and spray gun was kept at            

35 cm. The pressure of compressed air was maintained at 30 kg/cm2, and the spray duration 

was 0.5 sec with an interval of 30 sec. A double walled glass spray gun with a tapered inner 

nozzle of diameter 0.3 mm was used to spray the solution, and a total of 650 sprays were 

performed for both the films using 200 mL of the pure and doped precursor solutions. The pure 

SnO2 and Sb-doped SnO2 thin films are named as TO and ATO, respectively, in this chapter. 

6.2.3   Dye-sensitized solar cell fabrication 

The DSSC devices were fabricated in standard architecture using the TO and ATO thin 

films as electrodes. A reference device with a commercially available FTO electrode was also 

fabricated to compare the performance of the devices. The standard device architectures are, 

TO/TiO2/N719 dye/electrolyte/Pt/TO, ATO/TiO2/N719 dye/electrolyte/Pt/ATO and 

FTO/TiO2/N719 dye/electrolyte/Pt/FTO. The transparent conductive substrates were cleaned 

once again using the previously described procedure, and additionally, they were blow-dried 

and then pre-treated with UV-O3. 

Commercially available TiO2 paste was coated onto the TO and ATO conductive substrates as 

well as on FTO using doctor-blade technique [44], and then sintered at 450 °C for 30 min. After 

the preparation of the TiO2 electrode, the TO, ATO, and FTO substrates were treated with 0.04 
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M of TiCl4 for 30 min at 80 °C. Then, the treated glasses were rinsed with deionized water and 

calcined at 450 °C for 30 min. After cooling to room temperature, the TiO2 films were immersed 

into 0.5 mM N719 dye solution and sensitized for 6 h. To load the electrolyte solution, two fine 

holes were drilled from the rear side of the counter electrode. The drilled electrodes were coated 

with 5 mM of chloroplatinic acid using the drop-casting method [45]. The coated films were 

calcinated at 450 °C for 30 min in air. The photoanode and Pt-coated counter electrode were 

sandwiched using a Surlyn (55 μm, Greatcellsolar, Australia) polymer spacer as a hot melt 

sealing foil. The iodide-based liquid electrolyte was injected from the counter electrode side 

through the drilled holes using a micropipette. After filling the electrolyte, the holes on the 

counter electrode side were sealed using a Surlyn spacer and a piece of thin coverslip glass. 

6.2.4   Characterization 

The structural properties were analyzed using Rigaku SmartLab automated multipurpose 

X-ray diffractometer with Cu Kα radiation of λ = 1.5406 Å. The oxidation states of the 

deposited thin films were confirmed using X-ray photoelectron spectroscopy (XPS) (Model: 

ESCA 3400, Make: Kratos/Shimadzu Amicus). Optical properties were studied using a UV-

visible spectrometer (Analytik Jena, SPECORD 210 PLUS). Surface morphology and topology 

of the thin films were characterized from field emission scanning electron microscopy 

(FESEM) with energy dispersive X-ray spectroscopy (EDX) (Hitachi, S-4300SE), and atomic 

force microscopy (AFM) measurements using Park Scientific Instrument (Model: Park NX10). 

Thickness measurements were performed using a stylus profilometer (Model: DektakXT, 

Bruker). Photoluminescence emission spectra were analyzed using a Horiba Jobin Yvon 

Flourolog-3-21 spectrofluorometer (450 W xenon arc lamp) with an excitation wavelength of 

325 nm at room temperature. Contact angle measurements were performed using DSA25 Drop 

Shape Analyzer with a temperature-controlled chamber (KRUSS, Germany). Electrical 

properties were measured using linear four-probe and Hall effect (Ecopia, HMS 3000) 
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techniques. The J-V characteristics of the fabricated DSSCs were measured under one sun 

illumination at AM 1.5G standards (Class AAA simulator, Oriel Instruments).                               

The photoelectrochemical impedance measurements were performed in the frequency range 

100 mHz - 100 kHz using a Solartron SI- 1260 impedance analyzer. 

6.3. Results and discussion 

6.3.1 Structural and elemental analysis 

Fig. 6.1 shows the X-ray diffraction (XRD) patterns of undoped SnO2 (TO) and              

Sb-doped SnO2 (ATO) thin films deposited onto glass substrates at 420 °C. The XRD patterns 

of TO and ATO films show high crystallinity with peaks corresponding to tetragonal crystal 

structure. The peaks of TO and ATO thin films are well-matched with JCPDS file: 41-1445. 

There are no other peaks related to Sb2O3, Sb2O5, SnO, or SnO3, which is evidence for the 

successful incorporation of Sb dopant as a substitutional impurity into the SnO2 host lattice. 

The lattice constants of the TO and ATO film are estimated using eq. 6.1. The estimated values 

are found to be a = b = 4.738 Å and c = 3.185 Å for TO; and a = b = 4.741 Å and c = 3.185 Å 

for ATO. These values are nearly matching to those given in standard JCPDS file No.: 41-1445 

(a = b = 4.738 Å and c = 3.187 Å) of SnO2. The minor variation in the lattice parameters of 

ATO film is related to the difference in ionic radii of Sn4+ (69 pm) and Sb5+ (60 pm). The 

average crystallite size values of the TO and ATO films are calculated using eq. 2.2 and are 

found to be 58.25 and 37.48 nm, respectively. The main peaks in SnO2 JCPDS file No:              

41-1445 with higher intensities are (110), (101), and (211). In the spray-deposited TO and ATO 

films, the (110) peak is observed to be dominant, whereas the (101) and (211) peaks are 

suppressed. Notably, the (200) peak is observed to possess significant intensity. It is observed 

from Fig. 6.1 that the growth of TO and ATO films is preferred along the (110) and (200) 

planes. The texture coefficient TChkl represents the texture of a particular plane, and its deviation 

from unity implies preferred growth. 



ChAPTER 6      

 

National Institute of Technology Warangal-506004, TS, India.                        Page | 156 

 

 

TChkl is calculated using eq. 6.2, where Ihkl is the measured intensity of X-ray reflection, I0hkl is 

the standard intensity of the same reflection and N is the total number of reflections observed 

in the XRD patterns of the films. The estimated TChkl values corresponding to (110) and (200) 

planes are found to be 2.69 and 1.54 for the ATO film; and 2.09 and 2.02 for the TO film, 

respectively. The textured growth results from reorientation effects induced by Sb ions being 

incorporated into the Sn lattice sites, and also due to subtle variation in spray dynamics.   

1

𝑑2
=

ℎ2+𝑘2

𝑎2
+

𝑙2

𝑐2
    (6.1) 

where a,b, and c are lattice parameters, (hkl) are Miller indices and d is the interplanar spacing 

𝑇𝐶ℎ𝑘𝑙 =
𝐼ℎ𝑘𝑙 𝐼0ℎ𝑘𝑙⁄

1
𝑁⁄ ∑ 𝐼ℎ𝑘𝑙 𝐼0ℎ𝑘𝑙⁄𝑁

𝑁=1
    (6.2) 

 

Fig. 6.1 XRD patterns of the spray-deposited TO and ATO thin films.  
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where TChkl is texture co-efficient, Ihkl is diffraction intensity obtained from the XRD, and Iohkl 

is the intensity of the diffraction plane from the standard JCPDS file. 

 

Fig. 6.2 (a) shows the X-ray photoelectron spectroscopy (XPS) survey spectrum of the ATO 

thin film. The full scan indicates the presence of constituent elements Sn, Sb, and O, in addition 

to a carbon contamination peak at 285 eV due to exposure to ambient air [46]. In Fig. 6.2 (b), 

the main characteristic binding energy of oxygen O1s is 530.73 eV which is shifted slightly 

towards higher energy of 531.5 eV. From Fig. 6.2 (c), it is observed that the binding energy 

peaks located around 540.5 eV and 531.5 eV belong to Sb 3d3/2 and Sb 3d5/2 oxidation states, 

respectively, confirming the existence of Sb in the +5 charge state. This is also implied from 

the significant improvement in free carrier concentration with Sb dopant content (explained 

Fig. 6.2 XPS analysis of ATO film: (a) survey scan spectrum, and close scan of peaks 

related to (b) Sb, (c) Sn and (d) O atoms. 
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later). The peaks at 495.2 eV and 486.7 eV in Fig. 6.2 (d) correspond to Sn 3d3/2 and Sn 3d5/2 

oxidation states of Sn atoms, respectively, indicating the Sn atoms to be in a +4 charge state. 

The difference in the binding energy between these two oxidation states is 8.5 eV which is 

consistent with the values reported in the literature [16,46–48]. The +4 valence state of ‘Sn’ 

covalently bonds with the pentavalent Sb donor atom, yielding a free electron to the lattice. The 

XPS results of the present study match with the data available in the literature [46,47]. 

6.3.2 Optical properties  

Fig. 6.3 (a) and (b) show the absorbance and transmittance spectra of the TO and ATO 

thin films, respectively. The bandgap estimation of the films from the Tauc plots is shown in 

Fig. 6.3 (c). Higher absorption of light and lower transmittance (80% at 550 nm) is observed 

upon Sb doping into the SnO2 lattice. The reason for the decreased transmittance with Sb doping 

is mainly due to the grey tinge of Sb existing in the +5 charge state, apart from increased surface 

roughness, variation in film thickness, and also due to subtle deviation in the growth pattern of 

the film. The thickness of the ATO film (500 nm) is higher than that of the TO film (300 nm) 

(Table 6.1). In the case of undoped TO film, there are no dopants involved; but in the case of 

ATO film, the dopant Sb acting as substitutional point defect leads to the formation of a grey 

tinge (due to +5 charge state of Sb), resulting in reduced transparency. Doping with Sb also 

causes a decrease in the optical band gap (Eg) from 3.86 eV to 3.77 eV (Fig. 6.3 c). The decrease 

in the bandgap is related to an increase in charge carriers, thereby lowering the Fermi level in 

the doped ATO film. Similar results have been reported in spray-deposited SnOx, SnOx:F, and 

SnOx:Sb films [41,49]. 
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6.3.3 Surface morphology and compositional analysis 

Fig. 6.4 (a) and 6.4 (b) show the field emission scanning electron microscopy (FE-SEM) 

images of TO and ATO thin films, respectively. The inset of Fig. 6.4 (b) clearly shows 

tetragonal morphology with nearly uniform-sized particles. Fig. 6.4 (c) shows the energy 

dispersive X-ray (EDX) analysis and chemical composition of ATO thin film, indicating the 

presence of constituent elements in the desired percentage with only a nominal variation. This 

confirms the successful substitution of Sb in the SnO2 host lattice.  

Fig. 6.5 (a) and 6.5 (b) depict the two-dimensional (2D) and three-dimensional (3D) AFM 

images of the TO thin film, respectively. Fig. 6.5 (c) and (d) are the 2D and 3D images of the 

ATO thin film, respectively. The surface morphologies of both films appear to be dense, 

Fig. 6.3. (a) Absorption spectra, (b) Transmittance spectra, and (c) Band gap estimation 

from the Tauc plots of the spray-deposited TO and ATO thin films. 
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indicating the films to be of good quality. The RMS surface roughness values of the TO and 

ATO films are found to be 18 nm and 45 nm, respectively (Table 6.1). 

 

The increase in surface roughness reveals that the growth of grains is suppressed by the addition 

of the Sb element, and more grain boundaries might exist upon doping with ‘Sb’ donor atoms 

in the SnO2 lattice [50]. Grain boundaries are known to play a critical role in carrier mobility 

which would significantly influence the electrical resistance of thin films [51]. The increase in 

RMS surface roughness with an increase in doping concentration is reported in the literature 

[52–54]. A rough surface enhances the reflection of incident photons back into the electrode, 

ensuring a decrease in the loss of photons, thereby improving the light gathering ability [15,55].  

Fig. 6.4 FE-SEM images of (a) TO and (b) ATO films (inset is the high magnification 

image), and (c) EDX spectrum of ATO film showing the presence of 

constituent elements.  
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Table 6.1. Structural and optical parameters of spray-deposited TO and ATO thin films 

Sample 

code 

Crystallite 

size D (nm) 

Thickness  

(nm) 

Transmittance  

(T) (%) 

Bandgap 

Eg (eV) 

Roughnes

s (nm) 

Average 

RS (Ω/□) 

TO 58.25 300 91 3.86 18 255.48 

ATO 37.48 500 80 3.77 45 12.18 

 

6.3.4 Photoluminescence studies 

Fig. 6.6 shows the photoluminescence (PL) emission spectra of the spray-deposited TO 

and ATO thin films. The excitation wavelength for both the thin films is 330 nm. From              

Fig. 6.6, it is observed that the peak corresponding to ultraviolet emission is located around    

393 nm, and upon deconvolution of this broad peak, two additional sub-bands are located at 

368 nm and 454 nm within the envelope are evident. The peak at 393 nm represents the near-

band-edge (NBE) emission of electrons from the bottom of the conduction band to the top of 

Fig. 6.5. The 2D and 3D AFM images of spray-deposited (a-b) TO and (c-d) ATO thin films. 
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the valence band [56]. The two other minor emission peaks located at 546 nm and 634 nm also 

arise due to oxygen vacancy defects present in the films [57–59]. The most common defects in 

metal oxides are oxygen vacancies (VO) which act as luminescent centers. VO
0, VO

+, and VO
2+ 

are the well-known oxygen vacancy states [60], where Vo0 is a shallow donor which exists near 

the conduction band. Most of the common oxygen vacancies are likely to exist in the VO
+ charge 

state, and on recombining with a hole, they change to VO
2+ state, corresponding to blue and 

green emission [61].  

 

The substitution of Sb into the interstitial sites of SnO
2
 lattice forms defect energy levels near 

the conduction band, and these defects play a vital role in creating luminescent centers. The 

oxygen vacancy point defect density can be calculated from Smakula’s formula [62], 

                      𝑁 = 1.29𝑥1017
𝑛

𝑓(𝑛2+2)2
𝛼𝑊1

2⁄
                (6.3) 

where  n = 2 is the refractive index of SnO2, F = 1 is the oscillator strength of optical 

transmission, and αW1⁄2 is the Gaussian area of the PL emission peak. The calculated oxygen 

vacancy point-defect density of 1.57 x 1023 cm-3 for the ATO film is one order higher than that 

Fig. 6.6. Photoluminescence emission spectra of the spray-deposited TO and ATO thin films.  
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of the undoped TO film, which is 2.7 x 1022 cm-3. This increase in oxygen vacancies is induced 

by Sb-doping. 

6.3.5 Contact angle measurement 

To investigate the surface wettability of the TO and ATO thin films, the contact angle 

of a water droplet on their surfaces was measured as shown in Fig. 6.7 (a) and (b), respectively. 

It is observed that the contact angle of the ATO film (89.6) decreases in comparison with the 

undoped TO film (94.0), indicating improvement in hydrophilicity of the film with Sb-doping. 

This behavior substantiates the Wenzel equation given as follows[63] 

    𝑐𝑜𝑠𝜃𝑊 = 𝑟𝑊𝑐𝑜𝑠𝜃𝑌                       (6.4) 

where θW and θY are Wenzel’s contact angle (measured) and Young’s contact angle (for ideal 

surface), respectively. rW is Wenzel’s roughness factor defined as the ratio of the actual area 

of a rough surface to the geometric projected area. 

 

As observed in the AFM images in section 6.3.3, the surface roughness of the ATO thin film is 

higher than that of the undoped TO film. As per the Wenzel equation, the higher surface 

roughness of the hydrophilic ATO film decreases its contact angle [64]. 

Fig. 6.7. Contact angle measurement of water droplet on the surface of spray-deposited 

(a) TO and (b) ATO thin films.  
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6.3.6 Electrical transport properties and thermal stability of sheet resistance 

The electrical transport properties of the deposited TO and ATO thin films were 

measured using the Hall effect at room temperature. Both the films are found to possess n-type 

electrical conductivity. The carrier concentration (nc), resistivity () and mobility (e) values 

are given in Table 6.2. The ATO film shows low resistivity (6.09 x 10-4  cm) compared to that 

of TO film (4.66 x 10-3  cm). The dopant Sb has a +5 charge state where four electrons form 

bonds with oxygen molecules and the remaining electron is donated as a free carrier to the 

lattice, thereby contributing to the increase in free charge carrier concentration. In the case of 

undoped SnO2, there are limited free charge carriers (due to relatively lesser defects) since Sn 

has a +4 charge state and it will form bonds with two oxygen atoms, leading to very high 

resistivity compared to that of Sb-doped SnO2 thin film. The increase in electrical conductivity 

of the ATO film is mainly due to the increase in free carriers through Sb-doping and the 

presence of oxygen vacancies, which is evident from the increase in its carrier concentration 

(6.20 x 1020 cm-3) and defect density (1.57 x 1023 cm-3). However, the reduction in mobility may 

be due to inter-carrier collisions, owing to the presence of excess charge carriers and also due 

to scattering by defects. 

Fig. 6.8 (a-b) shows the 3D contour mapping of sheet resistance (RSheet) of the deposited TO 

and ATO thin films over a 5x5 cm2 area. The observed variation in sheet resistance is because 

of the variation in spray dynamics which depends on several parameters like spray flow rate, 

the pressure of the gas, concentration of the solution, distance from the spray nozzle to the 

substrate, and substrate temperature. The pressure of the spray solution varies from the center 

of the film to its edges due to the use of a single nozzle spray gun. As a result, the central portion 

of the film presents low sheet resistance (violet color) when compared to that at the edges (red 

color). From Fig. 6.8 a and b, one can observe that the average RSheet value (light blue color) of 

the undoped TO film is very high (255.48 Ω/□), whereas the ATO film shows a significantly 
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lower average RS value of 12.18 Ω/□. The reduced sheet resistance is attributed to the increase 

in charge carrier concentration upon doping with Sb5+ into the SnO2 lattice.  

 

 

Thermal stability of sheet resistance is a crucial parameter for analyzing the suitability of the 

TO and ATO thin films in various device applications. Ideally, sheet resistance must be 

consistent even at high processing temperatures. The thermal stability of sheet resistance of the 

TO and ATO films is investigated by varying the annealing temperature (150 °C to 500 °C in 

steps of 50 °C) and the resulting change in RSheet is measured using a linear four-probe setup.  

Fig. 6.9 (a-b) shows the variation in RSheet values of the TO and ATO films as a function 

of annealing temperature from 150 °C to 500 °C with a step of 50 °C for 30 min annealing 

duration. For the TO film, RSheet is nearly stable (277- 331 Ω/□) up to 350 °C without significant 

Fig. 6.8. The 3D contour plot of sheet resistance mapping and the photographs of the spray-

deposited (a) TO and (b) ATO thin films. 
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increase. At 400 °C, RSheet increases to three times its initial value (i.e., to 877 Ω/□). Above      

400 °C, there is a rapid increase in Rsheet for 450 °C and 500 °C and reaches a value by an eight-

fold increase (2369 Ω/□) compared to its initial value. In the case of ATO film, RSheet is stable 

up to 350 °C without much variation ( 12 to 14 Ω/□). For 400 °C, the value of RSheet doubles, 

and for 500 °C, there is a significant five-fold increase compared to the initial Rsheet value. 

 

 

The overall comparison indicates that the ATO film has good resistance stability with 

temperature than the TO film without drastic changes up to 400 °C. Whereas, in the case of TO 

film, the RSheet value increases drastically from 350 °C to 500 °C (eightfold increase), which 

decreases upon doping with Sb; and the thermal stability of RSheet is enhanced up to 400 °C, 

with only a fivefold increase in its initial value. Compared to TO film, the ATO film has a 

relatively lower increase in RSheet value which may be due to the following factors: (a) thermally 

activated free carriers may lead to the attainment of optimal carrier concentration that helps to 

maintain the stability of sheet resistance up to 400 °C and (b) free charge carriers get scattered 

by oxygen vacancy defects and grain boundaries [65,66]. This study indicates improvement in 

the thermal stability and electrical conductivity of the ATO film due to Sb-doping. 

Fig. 6.9. Variation in sheet resistance of (a) TO and (b) ATO thin films as a function of 

annealing temperature for 30 min duration (Actual sheet resistance value in / is 

indicated against each temperature).  
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The figure of merit (FoM) values relating to the optical transmittance and sheet resistance are 

estimated from the Haacke formula [67] for the TO and ATO films and the values are given in 

Table 6.2. The ATO film shows a slight improvement in the FoM value (8.23 x 10-3 Ω-1) when 

compared to that of the TO film (1.52 x 10-3 -1), which is mainly due to a significant decrease 

in sheet resistance. 

Table 6.2. Electrical transport parameters of the spray-deposited TO and ATO thin films 

Sample 

code 

Carrier concentration  

nc (cm-3) 

Resistivity  

ρ (Ω cm) 

Mobility  

μe (cmV-1s-1) 

Fig. of merit 

FoM (Ω-1) 

TO 5.68 x 1019 4.66 x 10-3 23.54 1.52 x 10-3 

ATO 6.20 x 1020 6.09 x 10-4 16.49 8.23 x 10-3 

 

6.3.7 Dye-sensitized solar cells and electrochemical impedance spectroscopy 

Dye-sensitized solar cells (DSSCs) were fabricated employing the spray-pyrolyzed TO, 

ATO electrodes as well as commercially available FTO electrode, and the respective device 

architectures are (i) ATO (or TO)/TiO2/N719 dye/electrolyte/Pt/ATO (or TO) and (ii) 

FTO/TiO2/N719 dye/electrolyte/Pt/FTO. The DSSC device fabricated using an undoped TO 

electrode (denoted as DTO) exhibits poor performance (inset of Fig. 6.10 a). Hence, only the    

J–V curves (under AM 1.5 G solar illumination) for the DSSCs fabricated using the ATO and 

FTO electrodes (DATO and DFTO, respectively) are compared as shown in Fig. 6.10 (a). Their 

corresponding photovoltaic parameters such as VOC, JSC, FF, and  are given in Table 6.3.  

For device DATO, the VOC is 0.69 V and JSC is 9.16 mA cm−2 with  of 4.05%. However, for the 

standard device DFTO, VOC and JSC show a significant increase to 0.77 V and 12.38 mA cm-2, 

respectively, with an efficiency of 7.22%. As evident from the previous sections, the optical 

and electrical parameters of the deposited ATO thin film are slightly lower than that of 

commercial FTO. The sheet resistance of commercially available FTO is around 10-13 Ω/□ and 
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the optical transmittance is around 85 % at 550 nm, whereas the deposited ATO thin film has 

an average sheet resistance of 12.18 Ω/□ and a transmittance of 80 % at 550 nm. This may be 

the reason for the observed lower photocurrent density and power conversion efficiency of the 

device DATO compared to that of DFTO. The semi-log plots corresponding to the J-V 

characteristics are shown in Fig. 6.10 (b). A substantial reduction in the forward bias 

photocurrent is observed for device DATO when compared to DFTO. However, the reduction in 

the reverse leakage current is not that drastic.  

Fig. 6.10 (c) shows the external quantum efficiency (EQE) of DATO and DFTO devices, where a 

higher EQE (60%) is observed for DFTO compared to that of DATO (35%). However, to achieve 

higher power conversion efficiency for the DSSC device fabricated using ATO electrode, the 

sheet resistance, optical transmittance, and the surface work function of ATO thin films are to 

be improved by varying the deposition parameters and/or by altering the composition of dopant 

element. Though the efficiency of DATO is lower than that of DFTO, for an alternative electrode, 

the performance is very promising.  

To gain information about the frequency-dependent photoelectrochemical mechanism of the 

device DATO, its charge transport properties are investigated using electrochemical impedance 

spectroscopy (EIS). The depiction of real (Zre) and imaginary (Zim) parts of the complex 

impedance of devices DATO and DFTO (for comparison) as a function of frequency is presented 

in Fig. 6.11 (a) (Nyquist plot). The equivalent circuit is shown in the inset of Fig. 6.11 (a) and 

the corresponding parameters (shown in Table 6.3) are obtained from the Nyquist plot. The 

high-frequency intercept on the real axis of the Nyquist plot represents the series resistance 

(Rseries) of the respective electrodes, Rct1 is the interfacial charge carrier transfer resistance 

between the photoanode and electrolyte, and Rct2 is the interfacial charge carrier transfer 

resistance between the counter electrode and electrolyte for I−/I3
− redox reaction. 
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The series resistance RSeries of the device DATO (60.93 Ω) is higher than that of the reference 

device DFTO (17.91 Ω) which affects the collection of charge carriers, leading to relatively lower 

photocurrent density in DATO. Both the DATO and DFTO devices exhibit two semicircles as 

indicated in Fig. 6.11 (a) (inset is the equivalent circuit and enlarged images of the smaller 

semicircles of DFTO and DATO). For device DFTO, the semicircle in the low-frequency region 

(0.1–100 Hz) indicates charge carrier transport resistance (Rct1 = 15.11 Ω) at the photoanode-

electrolyte interface. In the higher frequency region (100 kHz to 1 MHz), the relatively larger 

semicircle indicates charge transfer resistance (Rct2 = 2.3 Ω) at the electrolyte-counter electrode 

interface. For the device DATO, the semicircle in the low frequency region corresponds to high 

electrical resistance (Rct1 = 23.61 Ω) which may justify its slightly lower power conversion 

Fig. 6.10 (a) J-V curves (Inset is for TO electrode), (b) Semi-log plots and (c) External 

quantum efficiency of DSSCs fabricated using ATO and FTO as conductive 

electrodes. 
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efficiency. The charge transfer resistance (Rct2 = 7.17 Ω) at the counter electrode/electrolyte 

interface (counter electrode/redox I−/ I3
− couple) is depicted by a larger semicircle in the higher 

frequency region, and this may influence the charge carrier collection ability of the counter 

electrode[68]. The electron lifetime (τe) corresponds to the relaxation processes influenced by 

the electrical conduction mechanism in the devices. The τe values determined from the Bode 

plot (Fig. 6.11 b) are 39.97 s for device DATO and 25.22 s for device DFTO.  

 

 

Table 6.3. The photovoltaic and EIS parameters of DSSC devices based on ATO and FTO 

conductive electrodes. 

 

Device 

code 

Voc (V) Jsc 

(mAcm-2) 

FF 

(%) 

ɳ 

(%) 

Rseries 

(Ω) 

Rct1 

(Ω) 

Rct2 

(Ω) 

τe  

(μs) 

DATO 0.69 9.16 64.03 4.05 60.93 23.61 7.17 39.97 

DFTO 0.777 12.38 74.98 7.22 17.91 15.11 2.30 25.22 

 

 

 

Fig. 6.11. The EIS measurement showing the (a) Nyquist plot (inset is the equivalent circuit 

and enlarged images of the smaller semicircles of DFTO and DATO) and (b) Bode 

plot for DSSCs fabricated using the ATO and FTO conductive substrates. 
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6.4. Conclusions 

The deposition of 5 wt.% Sb-doped SnO2 thin film as an alternative transparent 

conducting electrode was carried out using the facile spray pyrolysis method. The successful 

doping of Sb into the SnO2 lattice is confirmed by its unaltered structural properties. The XPS 

spectra reveal the existence of Sb and Sn in +5 and +4 charge states, respectively. The SEM 

micrographs show tetragonal morphology with twisted metal sheet-like features. In 

corroboration with the surface roughness of the ATO film, the contact angle measurements 

indicate that its surface is hydrophilic in nature. The optical transmittance of the as-deposited 

ATO film (80 % at 550 nm) is lower than that of the undoped TO film (91 % at 550 nm). 

However, it possesses low average sheet resistance of 12.18 Ω/□ and a high carrier 

concentration of 6.20 x 1020 cm-3 compared to the undoped SnO2 film. A higher oxygen defect 

density of 1.57 x 1023 cm-3 is observed for the ATO film compared to the undoped TO                

(2.7 x 1022 cm-3) film due to Sb-doping. The ATO film exhibits thermal stability of sheet 

resistance up to 400 °C. In the present study, the deposited ATO thin film shows a high figure 

of merit of 8.23 x 10-3 -1 due to the low sheet resistance value compared to that of TO film. 

The performance of the DSSC device fabricated using the deposited ATO electrode is compared 

with that of a reference device fabricated using commercially available FTO. Although the 

FTO-based DSSC shows higher efficiency of 7.22 % compared to the spray-deposited ATO-

based DSSC, the efficiency obtained from this device is reasonably good (4.05 %) and has wide 

scope for improvement. The present study indicates that the Sb-doped SnO2 electrode is a 

reliable and promising candidate showing reasonably good properties for its use as an 

alternative TCO in optoelectronic applications. The performance can be improved by further 

exploration and comprehensive analysis, either by varying the deposition parameters/dopant 

concentration and/or by performing certain post annealing treatments in specific non-ambient 

conditions. 
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CHAPTER: 7 
Prickly pear fruit extract as photosensitizer in                    

dye-sensitized solar cell 

In this chapter, the focus is on the natural dye extraction from prickly pear fruit to 

explore as an alternative photosensitizer in DSSCs. The natural photosensitizer is extracted 

from prickly pear fruits by a facile extraction process. This chapter presents the studies of 

structural, optical, chemical, and electronic properties of prickly pear fruit extract adhered to 

the surface of TiO2 serving as a photoanode. The prickly pear fruit extract is also tested as a 

photoanode in DSSCs and the performance of the device is discussed in sufficient detail in this 

chapter.   

7.1 Introduction 

A dye-sensitized solar cell (DSSC) is a renewable energy device, which can convert 

solar radiation into usable electrical energy. DSSCs are easy to fabricate, lower in cost, 

environment-friendly, and compatible for mass production [1]. The DSSC first developed by 

O’Regan and Gratzel in 1991 achieved 7 % energy conversion efficiency using TiO2 as a 

photoanode [2]. The DSSC is made up of a nanocrystalline wide bandgap semiconductor layer 

coated onto fluorine-doped tin oxide (FTO) as working electrode (WE), ruthenium-based dye 

as a photosensitizer, iodine (I3
-/I-) redox couple as a liquid electrolyte, and platinum (Pt) coated 

FTO as a counter electrode (CE) [3,4]. Usually, the WE made up of TiO2 anchored with a 

ruthenium complex based photosensitizer dye plays a critical role in the generation of photo-

excited electrons to inject them into the conduction band of the TiO2 layer towards better 

performance of the DSSC. Ruthenium based photosensitizer along with iodine (I3
-/I-) liquid 

electrolyte has successfully achieved the highest conversion efficiency of 11-12 % using nano-

porous semiconducting TiO2 electrodes [5–8]. The common synthetic dyes are ruthenium, 
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polypyridine metal complexes, phthalocyanine, and porphyrin dyes [9,10]. However, metal-

organic complex based dyes are very expensive, difficult to synthesize, complex in design, feign 

high environmental and health risks due to their toxic nature [11]. As an alternative, researchers 

nowadays focus on dyes extracted from natural sources as a photosensitizer to convert solar 

energy into electricity. The natural dyes are eco-friendly, cost-effective, non-toxic, and 

abundant [12–14]. Natural dye pigments containing anthocyanin, betalains (betacyanin), 

chlorophyll, flavonoids, and carotenoids have been greatly investigated as photosensitizers in 

DSSCs [15–21]. These natural photosensitizers are extracted from commonly available fruits, 

leaves, roots, and flowers which are capable to absorb light photons having wavelengths in the 

visible region of the solar spectrum [22–24].  

Natural dye sources from commonly available fruits, leaves, and roots have been 

investigated recently for being used as photo-sensitizer in DSSC [14,16,25–33]. Betalains 

containing natural pigments extracted from red beetroot having absorption maxima in the red-

violet color range have been widely used as a photosensitizer in DSSCs and reported to have 

an efficiency in the range from 0.44% to 0.67% [25,34]. In this chapter, prickly pear fruit extract 

(Cactus) belonging to the Cactaceae family containing natural betacyanin which appears deep 

red is extracted for investigation. The cactus plants grow in several tropical regions all over the 

world, like South Africa, the Mediterranean basin, Middle East, Australia, and India [35]. 

Prickly pear fruits are relatively less explored compared to other natural sources and are worth 

exploring since they have carboxylic groups with oxidation potential similar to that of 

ruthenium polypyridyl complexes [36]. Few reports exist in the literature reporting the extract 

of prickly pear fruit used as a photosensitizer in DSSC, among them G. Calogero et al., have 

shown an improved efficiency of 2.06% for Sicilian prickly pear fruits [36]. However, they 

obtained a slightly low fill factor (0.60) and open-circuit voltage (389 mV). In general, the 

variation in performance of DSSCs depends on fabrication steps adopted, like the procedure 
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used for extracting and purifying the extract of cactus fruit, etc. It is also to be noted that the 

mineral content and the concentration/ratio of the natural dye components present in the cactus 

fruits highly depend on the geographical location where they are grown.  

In this chapter, the natural dye extracted from the common prickly pear fruit belonging 

to the Cactaceae family, Opuntia genus, and ficus-Indica species grown in the Western Ghats 

mountain range located in the southern part of Tamilnadu, India is considered for exploration. 

The prickly pear extract is first characterized for its optical properties using UV-Vis and FTIR 

to confirm the presence of betacyanin. Later, the prickly pear extract is made to adsorb on the 

surface of nanocrystalline TiO2 and characterized for its structural and optical properties using 

XRD, SEM, XPS, and UV-Vis-DRS. A DSSC fabricated using the prickly pear extract as 

sensitizer measured for its I-V characteristics and electrochemical impedance is found to 

present interesting results which are elaborated in the following sections.  

7.2 Materials and experimental methods 

7.2.1 Materials 

Fully ripened prickly pear fruits (Collected from the western Ghats mountain range 

located in the southern part of Tamilnadu, India) without stain or bumps were taken for 

extracting the pulp after carefully removing the thorns and seeds. Ethanol (99.9% A.R grade), 

P25 (TiO2) powder (Degussa Germany), Ethylcellulose, α- Terpineol (90% analytical grade) 

were procured from Sigma Aldrich. Fluorine doped tin oxide (FTO, sheet resistance 10 Ω/) 

glass substrates are used as conducting electrodes. TiCl4 (TCI chemicals, 99.99%) was used for 

post-treatment on the surface of the TiO2 electrode. Acetonitrile, Iodine, 4-tert-butyl pyridine, 

1-butyl-3 methylimidazolium iodide purchased from sigma Aldrich were used without any 

further purification as the redox couple for photo-electrochemical studies. Platinum paste 
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purchased from Solaronix, Switzerland, were used for making counter electrode. Surlyn spacer 

(SX1170-60, 60 µm thick from Solaronix) was used for sealing of DSSC device.        

7.2.2 Preparation of dye solution  

Approximately 50 g of fully ripened prickly pear fruits pulp was taken and added with 

50 ml of ethanol, stirred for 2h to extract the red colored solution at room temperature. The red 

coloured extract was then filtered, centrifuged at 10000 rpm for 15 min at room temperature, 

and decanted to separate it from a suspension of insoluble solid particles like fibers. This extract 

was then carefully transferred into air-tight containers and covered with aluminum foil for light 

protection and stored in the refrigerator at 3 °C for further use.  

7.2.3 Preparation of photoanode and fabrication of DSSC device  

The electrode preparation and device fabrication were done as reported in the literature 

[37]. Mesoporous TiO2 paste was coated onto FTO substrates marking an active area of           

0.25 cm2 and annealed at 500 °C for 30 min. The films were further treated with 40 mM of 

TiCl4 at 100 °C for 1 h and then sintered at 500 °C for 30 min in air. The TiCl4 treated TiO2 

electrodes were then soaked in the prickly pear dye (prepared in absolute ethanol) at room 

temperature for 12 h. The dye adsorbed electrodes were thoroughly washed in a mild stream of 

ethanol to remove the weakly adsorbed prickly pear dye molecules onto the surface of the TiO2 

film. The FTO substrates were drilled with two fine holes to fill the electrolyte solution.           

The cleaned substrates were coated with a thin layer of platinum paste by doctor blade method 

and sintered at 500 °C for 30 min to serve as the counter-electrode. The photoanode and counter 

electrodes were then sandwiched with the help of surlyn polymer. The iodide-based liquid 

electrolyte was injected into the cell through the hole from the counter electrode side. After 

filling the electrolyte, the holes were sealed using surlyn and coverslip glass.  
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7.3 Results and discussion 

7.3.1 X-Ray diffraction  

  

 

 

 

 

 

 

The X-ray diffraction (XRD) spectra of pure TiO2 and dye adsorbed TiO2 are shown in Fig. 7.1. 

The prickly pear extract though centrifuged and filtered, may contain fibers and sugar in it apart 

from the coloring compound of the dye. The presence of these may induce significant 

amorphization upon adsorption to the TiO2 surface; and to ensure this, we have performed the 

XRD analysis to check for the crystallinity. Fig. 7.1 shows that the major peaks belonging to 

the anatase phase of TiO2 (JCPDS No. # 73-1764) are present without significant modification 

in crystallinity even after adsorption of the natural dye. 

7.3.2 Morphological studies of dye adsorbed TiO2 electrode 

The surface morphology of pure and prickly pear extract adsorbed TiO2 nanoparticles 

coated onto an FTO substrate is shown in Fig. 7.2 (a and b). The nanoparticles are observed to 

Fig. 7.1. XRD pattern of pure and prickly pear extract adsorbed TiO2 nanoparticles. 
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be porous in the SEM image for pure TiO2 (Fig. 7.2a).  There are no morphological changes 

observed after dye adsorption onto the TiO2 film (Fig. 7.2b), however, it reveals that the smooth 

dye aggregation onto the surface of TiO2 nanoparticles make the electrode much more compact 

compared to the uncoated one. 

7.3.3 UV-Visible DRS studies 

The absorption spectra of prickly pear fruit extract solution shown in Fig. 7.3 exhibit an 

intense broad absorption band in the visible region of the solar spectrum between 400 nm to 

600 nm with a peak at 534 nm. This peak is envisaged to occur due to the presence of betacyanin 

which acts as a natural photosensitizer in the dye [14]. The prickly pear dye solution is deep 

red-purple (Inset of Fig. 7.3) due to the electronic transition occurring between π-π* of 

betacyanin present in the extract [14]. The basic structure of betacyanin is shown in Fig. 7.4 

and this compound has been reported to absorb in the blue to the green region and reflect the 

red wavelength. The diffuse reflectance spectra (DRS) of pure and prickly pear extract adsorbed 

TiO2 are shown in Fig. 7.5. The bandgap of semiconductors in thin-film form is usually 

estimated from Tauc relation by estimating the absorption coefficient ‘α’, which is dependent 

Fig. 7.2. The SEM images of (a) pure and (b) prickly pear fruit extract adsorbed 

TiO2 electrodes. 
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on film thickness. However, for opaque/coloured powder samples, estimation of thickness and 

the subsequent calculation of ‘α’ is cumbersome. In such case, DRS is a suitable method for the 

estimation of absorption edges of coloured powdered materials. Sufficient quantity of powder 

sample was used to prevent loss by partial transmission, if any, during the DRS measurement. 

The bandgap of the powder material is calculated from the onset of the linear increase of the 

diffuse reflectivity spectrum [38,39]. The sharply increasing percent reflectance constitutes the 

linear region with the highest slope, indicating an exponential drop in the absorption coefficient. 

The bandgap can be deduced without estimating the absorption coefficient by extrapolating the 

linear fit to R=0 [39]. The diffuse reflectance spectrum of pure TiO2 shows a single linear region 

corresponding to the band edge absorption in the range of 350 nm to 400 nm.  The percent 

reflectance after 400 nm is nearly flat in the entire visible region. The intercept of the linear fit 

to R=0 yields the direct bandgap value of pure TiO2 to be 3.44 eV (Fig. 7.5). Upon adsorbing 

with the natural dye, the percentage of reflectance is significantly decreased, indicating strong 

absorbance of the incident radiation in the visible region. Interestingly, the reflectance spectra 

of prickly pear extract adsorbed TiO2 show two absorption edges, one corresponding to the 

band edge of TiO2 and the other one significantly red-shifted towards 600 nm in the visible 

region (Fig. 7.5).  

 

 

 

 

 

Fig. 7.3. UV-Vis absorption spectra of the prickly pear fruit extract dissolved in ethanol. 

Inset is the photograph of the extract in ethanol. 
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The observed redshift is due to the chelation of betacyanin with Ti (IV) ions through the 

hydroxyl (OH) groups. According to Yoon et al., the chelation of organic ligands with Ti (IV) 

ions can lead to strong dye-TiO2 charge transfer (DTCT) bands in the visible region [40,41]. 

The direct bandgap values of prickly pear extract adsorbed TiO2 are found to be 3.63 eV and 

2.47 eV, respectively in the lower and higher wavelength regions. The appearance of the second 

reflectance region indicates that the natural dye has been adsorbed effectively onto the surface 

Fig. 7.5. UV-Vis diffuse reflectance spectra of pure and prickly pear fruit extract 

adsorbed TiO2 nanoparticles. 

Fig. 7.4. Chemical structure of betacyanin present in the extract of prickly pear fruit. 
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of TiO2. The onset of the second linear region starts around 540 nm which is in the same region 

as that of the absorption peak of the prickly pear extract solution (Fig. 7.3). This matching of 

wavelength indicates that the dye adsorbed onto the TiO2 surface effectively absorbs the 

incident photons. 

7.3.4 Fourier transform infrared analysis   

 The chemically active functional groups of prickly pear fruit dye extracted using 

ethanol as a solvent and identified by Fourier transform infra-red (FTIR) spectroscopy are 

shown in Fig. 7.6. The presence of functional groups in the betacyanin such as hydroxyl, 

carbonyl, methyl and ethers are shown in the chemical structure (Fig. 7.4). The FTIR spectrum 

shows the presence of hydroxyl (O-H) and amine (N-H) groups as a strong broadband stretching 

mode appearing between 3200 cm-1 - 3600 cm-1. Also, the presence of broadband stretching 

mode of hydroxyl group, carboxylic acid, phenolic O-H, and N-H around 3367 cm-1 is 

confirmed. 

 

 

 

 

 

 

 

 

 

Fig. 7.6. The FTIR spectra of prickly pear fruit extract showing the presence of 

functional groups and its variation when adsorbed over the surface of 

TiO2 nanoparticles.  
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In the aliphatic CH2 and CH functional groups, a small peak at 2925 cm-1 is associated with the 

symmetric C-H (alkane) stretching vibrational mode. The small shoulder peak around             

1722 cm-1 is due to the stretching mode of C=O (carbonyl). The conjugated C=C stretching 

vibration is also observed at 1625 cm-1. The aromatic C=C stretching vibrational band confirms 

the peak at 1405 cm-1. The C-N bending vibrational band is found to be present at 1240 cm-1. 

The functional group of ethers and esters of C-O stretching vibrations is further confirmed at 

1057 cm-1. The broad peak observed around 722 cm-1 corresponds to the aromatic C-H bending 

vibration. Upon the natural dye adsorption, the transmittance peak intensity decreases slightly, 

indicating absorption by the dye. In general, the pure anatase TiO2 compound has the O-Ti-O 

bonding around 720 cm-1. The broadened peaks around 1060 cm-1 and 790 cm-1 indicate the 

effective anchoring of the dye molecules onto the surface of TiO2 [42,43]. 

7.3.5 X-ray photoelectron spectroscopy 

 The X-ray photoelectron spectroscopy (XPS) measurements were performed to 

further analyze the chemical composition and binding energies of TiO2 before and after prickly 

pear fruit extracted dye adsorption. The narrow scan spectra of Ti 2p levels are well resolved 

into doublets of Ti 2p3/2 and Ti 2p1/2 components corresponding to binding energies 458.41 eV 

and 464.2 eV, respectively, as shown in Fig. 7.7a. The binding energy values indicate Ti to be 

present in a 4+ charge state which match with the existing literature [44]. Upon natural dye 

adsorption, the peak positions are not shifted, instead, the intensity of the peaks decreases 

significantly, indicating the dye component to intimately adhere over the surface of the TiO2 

nanoparticles. The narrow scan XPS spectra of O 1s state (Fig. 7.7b) with binding energy at 

529.6 eV is characteristic of O2- state corresponding to O–Ti–O metal-oxide bonding. A subtle 

shoulder at the base of O 1s peak is also witnessed at 531.6 eV which is reported to arise from 

traces of OH adsorbed onto the surface of pure TiO2 [44]. Upon natural dye adsorption, the 



ChAPTER 7      

 

National Institute of Technology Warangal-506004, TS, India.                        Page | 187 

intensity of the O 1s peak decreases considerably and a peak with significant intensity belonging 

to the OH group is observed at higher binding energy side at 532.4 ± 0.1 eV [45]. 

 

The shift in OH binding energy peak is 0.9 eV which is due to the increased number of hydroxyl 

(OH) groups from the prickly pear extract anchored onto the surface of TiO2 as also identified 

in the FTIR spectra (Fig. 7.6). The OH groups adsorbed onto a metal-oxide surface are 

envisaged to promote effective trapping of photoelectrons and holes, leading to reduced 

electron-hole pair recombination rate [46,47]. Therefore, the DRS, FTIR, and XPS data confirm 

that the natural prickly pear fruit extract dye is attached intimately onto the surface of TiO2. 

7.3.6 Photoelectrical properties of DSSC fabricated using prickly pear fruit extract 

Current density-voltage (I-V) characteristics of the DSSC fabricated using a natural 

prickly pear and N719 dye were measured under standard AM 1.5G conditions (Fig. 7.8). The 

overall fill factor (FF) and photoconversion efficiency were calculated by using eq. 1.11 and 

eq. 1.12. The natural dye-sensitized DSSC device performance parameters in comparison with 

N719 dye are listed in Table 7.1. The photo-conversion efficiency is lower than that of the 

traditional ruthenium dye (N719).  

Fig. 7.7. The XPS spectra of (a) Ti 2p levels and (b) O1s levels of pure and prickly 

pear extract adsorbed TiO2. 
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The DSSC fabricated using wild Sicilian prickly pear fruit (Opuntia Vulgaris) dye extracted in 

an acidic medium (Dye absorption at 450 nm) is found to show a maximum efficiency of 2.06 

% [36], with FF value of 0.60. Recently, R. Ramamoorthy et al. [48], showed that the efficiency 

of 0.47 % and a FF value of 0.69 for is obtained  for the prickly pear fruit extract from the 

species Opuntia dilleniid  (Dye absorption at 517 nm). In the present case, the DSSC fabricated 

using the extract of Opuntia ficus-Indica (Dye absorption at 534 nm) exhibits an efficiency of 

0.56 % and FF of 0.85. 

                                                        

                                                   

                                      

 

 

 

Table 7.1. The J-V characteristic parameters of DSSC fabricated using prickly pear fruit extract 

in comparison with N719 Dye. 

 

Sample  JSC (mA/cm2) VOC (V) FF η (%) Rs (Ω) R1 (Ω) R2 (Ω) 

Prickly pear 

fruit extract 
 1.17 0.56 0.85 0.56 21 226 2738 

N719  5.1 0.86 0.68 3.05 24 132 7 

Fig. 7.8. The J-V characteristic curves of DSSC fabricated using prickly pear fruit extract 

is compared with N719 Dye. 
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The obtained Voc and FF values are higher compared to DSSCs fabricated using various species 

of prickly pear fruits reported in the literature. The lower performance of the cell can be 

attributed to the high charge transfer resistance at the TiO2/dye/electrolyte interface. The 

presence of carbonyl and hydroxyl groups in the prickly pear extract help in better anchoring 

and effective regeneration of the iodine-based redox couple with the TiO2 nanoparticles [36]. 

This intimate adherence and better interaction between the prickly pear dye molecules with the 

surface of TiO2 nanoparticles lead to a better charge-transfer performance, thereby improving 

the fill factor [43]. It has been reported in the literature that the crude extract performs better in 

the case of anthocyanin, attributing to the presence of co-pigments [12] which is also envisaged 

in the present case.   

7.3.7 Electrochemical impedance studies 

 Electrochemical impedance studies (EIS) were carried out to analyze the interfacial 

electron transfer, electron recombination process, and the resistance involved between the 

internal components of the fabricated DSSC devices. The Nyquist plot along with the equivalent 

circuit (Fig. 7.9a inset) and Bode plots are shown in Fig. 7.9a and 7.9b. The Nyquist plot of the 

DSSC device exhibits two semicircles, one corresponding to the high-frequency region and the 

other semi-circle corresponding to the mid-frequency frequency region. R1 is the Faraday or 

charge-transfer resistance that is developed at the interface of redox reaction I3
-/I- at the Pt 

counter electrode/electrolyte interface. The next semicircle at the mid-frequency region is 

attributed to the internal electron transfer resistance R2 at the TiO2/dye/electrolyte interfaces 

which is related to the charge recombination of the electrons [21,49]. Here, Rs, R1, and R2 values 

are calculated by fitting the equivalent circuit. The Rs representing the total internal series 

resistance of the DSSC cell is 21 Ω for the natural dye cell, and 24 Ω for the standard N719 

cell. The value of R1 for the standard N719 reference cell is appreciably lower than the one with 

natural dye. On contrary, the R2 value of the natural dye-sensitized DSSC is higher (2738 Ω) 
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than that of the N719 reference (7 Ω) cell. The value of R2 indicates that the charge 

recombination is higher at the TiO2/dye/electrolyte interface for the prickly pear DSSC device 

which may be the reason for fewer photoelectrons to accumulate in the conduction band of 

TiO2, leading to a lower collection of photoexcited electrons, resulting in low Voc and Jsc, 

yielding low efficiency [11]. The FF mainly depends on the internal series resistance Rs of the 

DSSC cell. The Rs value is low for the DSSC device fabricated from prickly pear extract 

compared to that of the N719 reference cell (Table 7.1).  

 

The Bode plots shown in Fig. 7.9b indicate the presence of a broad peak with a discernible 

shoulder peak. The shoulder peak is prominently seen in the DSSC using natural dye than in 

the N719 reference cell. The shoulder peak at the low-frequency region corresponds to electron 

transfer and the peak at the high-frequency region implies the charge recombination process to 

take place in the DSSC fabricated using natural prickly pear extract.  

The electron lifetime (τe) is estimated from the following relationship, 

                                         𝑒 =
1

2𝑓𝑚𝑎𝑥
                                                              (7.1)  

Fig. 7.9. The (a) Nyquist plot of the DSSCs, inset are the enlarged plot and the equivalent 

circuit diagram and (b) the Bode phase plot of the DSSC devices. 
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where fmax is the maximum frequency of the peak obtained in the mid-frequency region [37]. 

Here, the τe of DSSC from prickly pear extract is 0.12 ms which is slightly lower than 0.15 ms 

for the N719 reference cell. This indicates that the charge recombination is higher in the prickly 

pear DSSC cell, leading to a decrease in the value of Jsc.    

7.4. Conclusions 

In this chapter, it is experimentally confirmed that the prickly pear fruit extract can be 

used as a natural, cost effective, and environmentally friendly photosensitizer in dye-sensitized 

solar cells for energy harvesting. When compared with the conventional N719 dye, the prickly 

pear fruit extract is highly economical and free from toxicity which gives an added advantage 

to this natural dye. The presence of betacyanin with a deep red-purple color solution is 

confirmed from the FTIR and UV-Vis measurements. After the natural dye adsorption, the red-

shift of the reflectance edge of TiO2 to the higher wavelength region is confirmed from the DRS 

data. The spectroscopic measurements collectively indicate effective anchoring of the dye 

molecules onto the surface of TiO2 which is mainly due to the presence of hydroxyl and 

carbonyl groups in the prickly pear extract. Though the prickly pear dye adsorbed DSSC shows 

a conversion efficiency lower than DSSCs using other cactus based natural dyes, the values of 

open-circuit voltage and fill factor are higher. The performance of the prickly pear dye can be 

improved by optimizing several other parameters like dye isolation and purification, altering 

the dye loading duration, pre-treatment of the photoanode, etc. 
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CHAPTER: 8 
Summary, conclusions, and perspectives for future work 

This chapter summarizes and concludes on the results obtained on alternative doped         

(La, Sb) BaSnO3 photoanode materials, Sb doped SnO2 transparent conducting electrode, and 

prickly pear fruit natural dye extract photosensitizer that are discussed in detail in the individual 

chapters from 3 to 7. Firstly, the summary of all the core chapters by comparing the key results 

are given in the form of a table.  Secondly, conclusions drawn from the key findings are 

presented in brief. Finally, the chapter is concluded with perspectives for future work.    

8.1 Summary of the research work 

In view of the long-term research on DSSCs to develop high performance and stable 

cells using abundant, environment friendly, cost-effective materials and facile techniques, the 

ternary perovskite BaSnO3 (doped with La and Sb) photoanodes, Sb doped SnO2 transparent 

conducting electrode and natural prickly pear fruit dye extract photosensitizer investigated and 

discussed in the core chapters of this thesis are compared as shown in Table 8.1. 

The synthesized optimal samples were appropriately post treated and characterized for their 

structural, surface/morphological, optical, and electrical properties by using various analytical 

techniques. The DSSC devices fabricated using the optimal samples as components were tested 

for their potential as an alternative materials. La-doping at the Ba sites of BaSnO3 by the 

hydrothermal method is found to play a significant role in inducing a mixed nanorod-

nanoparticle morphology for 0.03 La-doped BaSnO3 sample. 
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Among the hydrothermal synthesized La-doped BaSnO3 photoanodes, 0.03% La doped 

photoanode exhibits a better conversion efficiency of 1.23% compared to DSSC with pure 

BaSnO3. This low value of efficiency is due to the bigger particle size induced by the 

hydrothermal method of preparation. To overcome this issue, the facile peroxide route was 

adopted to synthesize 0.03% La doped BaSnO3 sample which also shows mixed morphological 

features with nanocuboids/nanoparticles. This sample when used as photoanodes is observed to 

yield higher efficiency due to enhanced dye loading upon double surface treatment with TiCl4. 

Among all the fabricated photanodes, the LBSO3 photoanode based device exhibited highest 

conversion efficiency of 5.96% compared to other devices. A typical pre and post TiCl4 

treatment of the photoanode is found to further enhance the conversion efficiency and is 

attributed to the increased electron lifetime and charge transferability as confirmed from the 

EIS analysis. From the stability test, the photovoltaic performance is found to be remarkably 

stable for the nanostructured LBSO photoanode devices retaining ~ 80 % of their initial PCE 

on the 16th day of the test. The Sb-doped SnO2 thin film is optimized by a cost-effective 

chemical spray pyrolysis method and is used as an alternative transparent conducting electrode 

instead of FTO in a DSSC. The Sb doped SnO2 film shows high electrical conductivity and 

good thermal stability of the sheet resistance up to 400 °C compared to pure SnO2 film. The 

transparent conducting Sb doped SnO2 film tested in a DSSC shows a reasonably high power 

conversion efficiency compared to that using undoped SnO2 film. The natural dye extracted 

from prickly pear fruit used as an alternative photosensitizer in DSSC shows an efficiency of 

0.56% and the absorption of light is found to increase in the visible region upon dye adsorption. 
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8.2 Conclusions  

Following are the conclusions drawn from the experimental results discussed in the core 

chapters of this thesis:  

 Facile peroxide-route is beneficial to obtain fine grain sized nanomaterials compared to 

the hydrothermal method.  

 

 Ba(1-x)LaxSnO3 with x = 0.03 leads to mixed nanocuboid/nanoparticle morphology 

exhibiting high dye adsorption  compared to undoped BaSnO3 within mere 60 minutes.   

 

 Pre- and post TiCl4 treatment of photoanode enhances the PCE to 5.96% for LBSO3 

cells, due to increased electron lifetime and better charge transferability. 

 

 Nanostructured Ba(1-x)LaxSnO3 (x = 0, 0.01, 0.03 and 0.05)  photoanodes based DSSCs 

retain ~ 80 % of their initial PCE up to 16th day of the stability test, implying their 

potential for stable power conversion efficiency. 

 

 Sb doped at the ‘Sn’ sites of BaSn(1-x)SbxO3 with x = 0.01 shows a promising PCE of 

4.01% which is reasonably high for a material under initial stages of exploration as an 

alternative electron transport layer in DSSCs. 

 

 Spray pyrolyzed Sb-doped SnO2 films shows a power conversion efficiency of 4.05% 

which is promising for a material under initial stages of exploration as an alternative 

transparent conducting electrode in DSSCs. 

 

 The natural dye extracted from prickly pear fruits used as a photosensitizer in DSSC 

exhibits a power conversion efficiency of 0.56%. This low value of efficiency may be 

enhanced by adopting a co-sensitizing strategy and by altering other device fabrication 

parameters.  
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8.3 Perspectives for future work 

With the rapid advancement in the 3rd generation solar cells, it is fruitful to extend the research 

on DSSCs by embracing the advent of newer materials, modified synthesis, and advanced 

characterization techniques. Because of these aspects, the following are some of the 

perspectives for future investigations which can be executed by extending the work presented 

in this thesis. 

❖ Efforts shall be made to assemble DSSCs by only using the optimized alternative 

components to explore and stabilize their performance. 

❖  The facile peroxide route has to be further modified to induce porosity in the 

nanostructured La-doped BaSnO3 samples to use as a mesoporous layer in perovskite 

solar cells (PSCs) which is currently a hot topic of investigation. 

❖ The Sb doped SnO2 transparent conductive electrode has to be fine-tuned for enhancing 

its figure of merit and also the thermal stability of sheet resistance by adopting other 

types of deposition techniques/substrates/post treatment strategy. 

❖ The actual dye component from the prickly pear fruit extract has to be purified and 

separated using HPLC techniques to enhance the performance of the natural dye and to 

elucidate its working mechanism.  

 

******* 
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