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In present work, we have studied the structural, optical and electrical properties of TiO2 thin films

deposited by ultrasonic spray pyrolysis at different substrates temperature for solar cell applications.

The films were sprayed from solution containing titanium(IV) isopropoxide, acetylacetone in molar

ratio of 1:4 in ethanol and deposited onto substrate of microscopy glass, n-type Si (100) wafer at

temperatures of 200 to 500 °C and indium tin oxide coated glass substrates at 300 °C and 400 °C for

solar cell. The resulting films were annealed at 500 °C and 700 °C for 1 hour in air. The films were

characterized by UV-vis spectroscopy, XRD, Raman, and I-V measurements. Results showed that the

total transmittance of TiO2 thin films decreased after annealing. The annealed film thickness

increased from 80 to 510 nm with increasing deposition temperature from 200 to 500 °C. Band gap

for TiO2 thin films decreased from 3.5 to 3.2 eV as the deposition temperature increased from 200 to

500 °C. As deposited films prepared below 500 °C were amorphous, whereas crystalline anatase

films were obtained at 500 °C. Further annealing at 700 °C in air led to anatase crystalline formation

when films were deposited below 500 °C whereas the films deposited at 500 °C consist of anatase

and rutile phases. The results of the fabricated solar cells with a structure of ITO/TiO2/P3HT/Au show

better performance of TiO2 solar cell which was deposited at 400 °C rather than 300 °C due to the

increased Voc was from 390 mV to 460 mV.

Keywords: TiO2, ultrasonic spray pyrolysis, thin films, structural properties.
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List of abbreviations and symbols

A- absorbance

AcacH- acetylacetone

ACA- anthracene-9-carboxylic acid

CSP- chemical spray pyrolysis

Cu- copper

CVD- chemical vapor deposition

d- thickness

Eg- band gap energy

EtoH- ethanol

GW- gigawatts

ITO-indium doped tin oxide

PV- photovoltaics

Si-silicon

T -transmission

TiO2- titanium oxide

TTIP- titanium isopropoxide

USP- ultrasonic spray pyrolysis

UV- ultraviolet

XRD-x-ray diffraction

α- absorption coefficient
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1. INTRODUCTION

The increase in world population and energy consumption has caused an increase in CO2 emissions

and the rapid depletion of fossil fuels. The environmental problems have become a major issue. It is

reported that oil resources will decline significantly in the next 40 years[1]. Considering the rate of

current energy consumption, it is expected that oil reserves will last for 42 years, natural gas

reserves will be 60 years, and coal reserves will be 130 years which are very scarce in the future [2].

Therefore, in order to ensure a sustainable supply of world energy demand, the need for renewable

and environmentally friendly alternative energy sources is necessary.

There are many sources of energy that are renewable and considered to be environmentally friendly.

For instance, tidal, solar, wind, hydro, geothermal, biomass, nuclear. Among all the alternative

energy, solar energy has received great attention due to its applicability, potential and free use of

sunlight. Solar cells showed high potential in the world cumulative installation. The growth of solar

PV capacity is the fastest, increasing from 2004 (3.7 GW) to 2014 (177 GW), an increase of 48 times

[3]. In 2016, PV capacity increased by at least 75 GW, and new installed capacity increased by 50%

year-on-year. By the end of this year, cumulative installed capacity reached at least 302 GW, enough

to provide 1.8% of the world's total electricity consumption. At the same time, solar cells become

more efficient, portable and more flexible, making installation simple.

Of all semiconducting metal oxides used in solar PV, TiO2 nanomaterials seem to be a significant

candidate because its chemical and optical stability, non-toxic, low cost, and corrosion resistance.

TiO2 is a typical wide band gap semiconductor, indicating its suitability for use in electronic and

photonic materials such as transparent conductor and transistor applications. Recently,

photocatalytic properties have been extensively studied for applications involving water purification

and self-cleaning, particularly photovoltaic applications. It has been used for dye-sensitized [4],

organic [5], and perovskite [6] solar cells, which play an important role in solar energy production.

In this thesis, TiO2 thin films were deposited on the microscopy glass, Si and ITO substrates by using

ultrasonic spray pyrolysis method. The aim of this work is to deposit TiO2 thin films at different

substrate temperature and to investigate its structural, optical and electrical properties for solar cell
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applications. The films were characterized by UV-vis spectroscopy, XRD, Raman, and I-V

measurements.
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2. BACKGROUND AND LITERATURE REVIEW

2.1. Titanium dioxide

Titanium dioxide, also known as titanium oxide (IV) or titanium dioxide, is a naturally occurring

titanium oxide with the chemical formula TiO2. Due to its chemical stability, non-toxicity,

photoelectric properties, low cost and high photocatalytic performance, TiO2 has become an

increasingly important material in the last decades. Titanium dioxide (TiO2) has three crystalline

polymorphs: rutile (tetragonal), brookite (orthorhombic), and anatase (tetragonal) [7], all three

crystal structures consisting of distorted TiO6 octahedra are shown in Fig. 2.1. In general, rutile is

thermodynamically stable at high temperatures. The anatase phase is metastable and irreversibly

converted to rutile at elevated temperatures [8]. The brookite phase is the rarest of the natural TiO2

polymorphs and is the most difficult phase to prepare in the laboratory. The band gap is reported at

3.0 eV for rutile and 3.2 eV for anatase [9].

(a) (b) (c)

Figure 2.1 Crystal structures of TiO2: (a) rutile, (b) brookite, (c) anatase [10]

Since TiO2 thin film with anatase phase has a wide band gap (3.2 eV), only UV radiation range can be

used in photocatalytic process, but its high transparency is suitable for coating on glass [11] and

small grain size provides high surface area for photocatalysis [12]. However, rutile phase has lower

band gaps (3.0 eV), which is possible to utilize both UV and visible light in photocatalytic processes,
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but rutile phase is grown in higher temperature which leads to the disadvantages of larger grain size,

lower surface area and lower transparency [13].

In generally, the anatase structure is more preferred than other polymorphs used in solar cells

because anatase phase has a larger band gap, potentially higher conduction band edge energy and

lower electron-hole pair recombination rate [14].

2.2. TiO2 thin films by chemical deposition methods

The chemical deposition methods are summarized in Fig. 2.2. In general, the chemical method can

be divided as gas phase deposition methods and methods with solution precursors.

The gas phase methods contain chemical vapour deposition (CVD) and atomic layer epitaxy (ALE).

While sol-gel, dip coating, spin coating and spray pyrolysis are solution-based methods.

Figure 2.2 Chemical deposition method of thin films [15]

TiO2 films have been deposited by many chemical methods, including sol–gel spin coating [16,20],

spray pyrolysis [21], chemical vapour deposition [22]. In recent years, spray pyrolysis method is

considered to be one of the most promising methods for preparing TiO2 thin films. Spray pyrolysis

methods are pneumatic spray pyrolysis [26] and ultrasonic spray pyrolysis [25,27].
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2.2.1. Properties of TiO2 thin films by chemical deposition method

Various methods have been used for the deposition of TiO2 thin films. The most used methods are

sol-gel spin coating and chemical spray pyrolysis. TiO2 thin films were mostly sprayed on glass, Si,

quarts and ITO substrates.

It is reported that TiO2 thin films deposited by sol-gel spin coating method showed amorphous

structure when deposition temperature is below 300 °C, whereas anatase crystal structure is

observed at deposition temperature above 300 °C. Annealing process at higher temperatures will

change the structure of film from amorphous to anatase phase. Further annealing at above 700 °C

can transform anatase phase to rutile phase [16]-[21].

It is also reported that TiO2 thin films deposited by spray pyrolysis method mostly showed anatase

phase at deposition temperature above 400 °C. The results of annealing process at different

temperature showed pure anatase phase, mixture phase of anatase and rutile phases and pure

rutile phase respectively. Band gap also varies with deposition and annealing temperature [23]-[27].

The summary of the properties of TiO2 thin film by different methods are listed in Table 2.1.

Table 2.1 Summary of TiO2 films deposited by chemical methods

Deposition
method

Precursor Solvent
Substrat

e
Ts
(°C)

Tan
(°C)

Results of TiO2 properties

Ref

Crystal structure
Band gap

(eV)
Resistivity
(Ω·cm)

Spin coating TiCl3 NH4OH glass 25 300 Ts: amorphous - [16]

Sol-gel spin
coating

titanium (IV)
butoxide

ethanol glass 25 500
Ts: amorphous
Tan: anatase

Ts: 2.34E+04
Tan: 3.20E+03

[17]

Sol-gel spin
coating

titanium (IV)
butoxide

ethanol. glass 60 700
Tan:

anatase + rutile
Tan: 3.24

_
Ts: 2.34E+04
Tan: 3.20E+03

[18]
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Sol-gel spin
coating

titanium (IV)
butoxide

ethanol glass 25 500
Ts: amorphous,
Tan: anatase

Tan: 3.78 4.5E+09 [19]

Sol-gel spin
coating

titanium (IV)
butoxide

ethanol Si 25

300,
500,
700,
900

Ts: amorphous,
300<Tan<700:

anatase,
Tan=900: anatase

+rutile

-
Tan=900:
7.19*102

[20]

Spray
pyrolysis

titanium (IV)
isopropoxide

ethanol ITO 150-350
350-
500

Ts: amorphous,
Tan: anatase

- - [21]

Chemical
vapour

deposition

titanium (IV)
isopropoxide

ethanol quarts 250-500 750 anatase 2.99-3.32 [22]

Ultrasonic
spray

pyrolysis

titanium (IV)
isopropoxide

Acetylacet
one

Si 420-540 - anatase 3.28-3.38 - [23]

Chemical
spray

pyrolysis

titanium (IV)
isopropoxide

glacial
acetic acid

Si 400-500 750
Ts: anatase,
Tan: rutile

Ts: 3.43
Tan: 3.33

[24]

Ultrasonic
spray

pyrolysis

titanium (IV)
isopropoxide

ethanol glass 460 - anatase 3.41 [25]

Pneumatic
spray

pyrolysis

titanium
isopropoxide

ethanol Si 435
700,
800

Ts: amorphous,
Tan=700:
anatase,

Tan=800: rutile

[26]

Ultrasonic
spray

pyrolysis
titanium butoxide methanol quarts 400

600,
800,
1000

Ts: anatase
Tan=600: anatase;
Tan=800: anatase +

rutile;
Tan=1000: rutile

Tan=600:
3.54

Tan=1000
:3.26

[27]



15

2.2.2. Influence of annealing process for TiO2 thin films

Annealing process plays an important role for the crystalline structure, optical properties and

electrical properties of TiO2 thin films.

It is reported that annealing process will influence the crystalline structure and increase the

crystallite size of TiO2 thin films. Senain et al [17] has reported the crystalline structure of TiO2 thin

film changed from amorphous to anatase phase after annealing at 500 °C by using sol-gel dip coating

method. Bakri et al has studied TiO2 thin films by sol-gel dip coating and the crystallite size of TiO2

films vary from 21 to 26 nm with different annealing temperature from 300 to 900 °C [20].

Annealing process can also remove the organic residuals in TiO2 thin film and reduce the thickness of

film. It is also reported that annealing of TiO2 thin film can increase surface area, make the film more

porous and decreases the transmittance of the film [28]-[30].

2.3. Chemical Spray pyrolysis method

Chemical spray pyrolysis is a process in which a thin film is deposited by spraying a solution onto a

heated substrate where the components react to form a chemical compound. Except the desired

compound unnecessary solvent will be volatile at deposition temperature. This process is especially

useful for the deposition of oxides [31].

This method has been used to deposit powders, dense and porous films, even multilayer films can

be easily fabricated using this technology [32]. Spray pyrolysis has been used for decades in the glass

industry and solar cell production [33].

The main apparatus of spray pyrolysis equipment are an atomizer, precursor solution, substrate

heater, and temperature controller [34].

The following atomizers are usually used in spray pyrolysis technique: air blast (the liquid is exposed

to a stream of air), ultrasonic (ultrasonic frequencies produce the short wavelengths necessary for

fine atomization) and electrostatic (the liquid is exposed to a high electric field) [35]. Many factors
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influence the properties of film, such as: spray rate, substrate temperature, ambient atmosphere,

carrier gas, droplet size and also the cooling rate after deposition.

The film thickness depends on the distance between the nozzle and the substrate, the substrate

temperature, the concentration of the precursor solution, and the amount of the sprayed precursor

solution. The film formation also depends on the process of droplet landing, reaction and solvent

evaporation, which are related to droplet size and momentum [36].

Above all these factors, substrate surface temperature is the most important parameter affecting

the film roughness, cracking, crystallinity and so on [34].

2.3.1. Pneumatic spray pyrolysis method

Pneumatic spray pyrolysis belongs to chemical spray pyrolysis which uses pneumatic nebulizer to

generate small droplets for the deposition of thin films. The major steps for the deposition of thin

films by pneumatic spray pyrolysis are summarized below [37]:

(1) Droplets generated from pneumatic nebulizer.

(2) Transport of droplets to the heated substrate.

(3) Surface reaction of droplets and evaporation of solvent.

(4) Film formation.

(5) Sintering of the film.

The set-up of pneumatic spray pyrolysis is exhibited in Fig. 2.3.
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Figure 2.3 Experimental setup of pneumatic spray pyrolysis [37]

2.3.2. Advantages and disadvantages of pneumatic spray pyrolysis method

The advantages of pneumatic spray pyrolysis are listed below [37]-[41] :

(1) Convenient and simple.

(2) Inexpensive with cheap equipment and no need for vacuum environment.

(3) Easy to control the composition and microstructure.

(4) Can be used for mass production.

However, pneumatic spray pyrolysis has some disadvantages, main ones of can be listed as follows

[39]:

(1) Difficulties with growth temperature determination.

(2) Hard control of aerosol flow rate.

(3) Films quality may depend on the droplet size and spray nozzle.

2.3.3. Ultrasonic spray pyrolysis method

Ultrasonic spray pyrolysis is very important method of spray pyrolysis for fabrication on thin films

and coatings.
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Ultrasonic spray pyrolysis method was used for the deposition of TiO2 thin film in this study.

In the process of USP, ultrasonic atomizers have been used in order to obtain homogeneously

distributed micron sized droplets. Generally, the precursor solution is usually vaporized using an

ultrasonic atomizer, the generated fine droplets are transported by the carrier gas to the heated

substrate. Director gas is usually needed to adjust the generated aerosol vertically spray on the

heated substrate. The solvent will vaporize when the droplets approach the substrate and the

reactants will diffuse to the substrate to form thin film [42]. The basic apparatus of ultrasonic spray

pyrolysis is shown in Fig. 2.4.

Figure 2.4 typical experimental setup of ultrasonic spray pyrolysis method [43]

2.3.4. Advantages and disadvantages of ultrasonic spray pyrolysis method

USP method is a promising technique, which is considered to be an alternative of chemical vapor

deposition.

Besides the advantages mentioned in pneumatic spray pyrolysis, it also has advantages over

pneumatic spray pyrolysis which are listed below:

(1) The gas flow rate of USP is independent of the aerosol flow rate.

(2) Easier to control the spray flow and deposit thinner and more homogeneous layer.

(3) The droplet size of the precursor solution is smaller.
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(4) The drop size can be decreased by increasing the ultrasonic frequency.

Disadvantages [44]:

(1) low throughput from ultrasonic atomization.

(2) the relationship between the drop size of precursor solution and the particle size of the

product is not determined which can influence the size and morphology of the particles produced.

Ultrasonic spray pyrolysis has received considerable attention due to its simplicity, cost-effectiveness,

convenience of use, flexibility, absence of vacuum and ease of manufacture.

2.4. Applications of TiO2 thin films

After the first report by Fujishima and Honda (1972) on the photolysis of water by TiO2 [45],

numerous studies in the properties of nanocrystalline TiO2 have been generated due to their

promising applications in antireflection coatings [46], transparent conductors [47], dielectrics [48],

self-cleaning surfaces [49], water purification [50], and in solar cells [4-6].

Due to its chemical stability, low cost, nontoxicity, and high reactivity under UV light irradiation,

TiO2 has being developed for photocatalytic applications for decades. The main applications are

shown in Fig. 2.4.
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Figure 2.4 Various applications of TiO2 [51]

2.4.1. TiO2 thin films in solar cells

Fig. 2.5 shows the structure of dye sensitized solar cell. In dye sensitized solar cell, sensitizer is

attached to the surface of the mesoporous TiO2 film. TiO2 film is in contact with hole conductor. The

working principle of the type of solar cell is:

Photoexcitation of the sensitizer causes electrons to be injected into the conduction band of TiO2.

TiO2 can transfer electrons to an electrode. And the electrons finally reach the counter electrode

through the circuit. The original state of the sensitizer is restored by the electron supply from the

hole conductor.
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Figure 2.5 the structure of dye sensitized solar cell [50]

TiO2 has been used in various types of solar cells, including ETA, hybrid, organic, perovskite,

dye-sensitized solar cells. The structures and properties of different kinds of solar cells are listed in

Table 2.2.

TiO2 is thermal stable, nontoxic and mesoporous which has high surface area, it has been used as

window layer in solar cells.

In a perovskite solar cell with a structure of (Glass/TCO/ETL/Absorber/HTL/Metal), TiO2 can be used

as an electron transporting layer (ETL) due to its high electron mobility. TiO2 compact layer in

perovskite solar cell is used as hole blocking layer (HBL) to avoid the short-circuit problems in the cell

by preventing the holes created in the perovskite layer to reach the ITO substrate. Mesoporous TiO2

is used as a photoanode in dye-sensitized solar cells.

A major challenge of ETA solar cell is low photocurrent conversion efficiency. Porous TiO2 is used as

window layer to increase the absorption of incident light. The improvement of the porosity of TiO2 is

one effective way to increase the photocurrent conversion efficiency of ETA solar cells [52].

Dye-sensitized solar cells have been intensively researched as alternatives to silicon solar cells. TiO2 is

the most common used photoanode materials for dye-sensitized solar cells. Different polymorphs

affect the performance of dye-sensitized solar cells. The most common forms of TiO2 are anatase and
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rutile. In general, pure anatase shows higher photovoltaic activity than rutile TiO2, and the incident

photocurrent conversion efficiency mainly depends on the amount of dye loading in anatase TiO2.

Different types of solar cells have been investigated, the properties of solar cells vary with the

structures of the cells. The results are exhibited in Table 2.2, it’s found that the value of Voc varies

from 0.26 to 1.018 V and efficiency varies from 0.28% to 13.8%.

Table 2.2 Structures and properties of different types of solar cells

Types of solar cells Structure

Properties

Ref
Jsc

(mA/cm2)

Voc (V) FF  (%)

ETA solar cell
FTO/TiO2/In(OH)iSj/Pb(OH)x

Sy/Ag
5.75 0.26 0.71 1.06 [52]

Hybrid solar cell FTO/TiO2/P3HT/ Au 0.41 0.41 0.36 0.06 [53]

Hybrid solar cell FTO/TiO2/ACA/P3HT/ Au 1.24 0.51 0.43 0.28 [53]

Hybrid solar cell ITO/TiO2/CuPc/BBOT/Pt 0.17 0.61 0.64 6.51 [54]

Inverted organic solar

cell

ITO/TiO2/P3HT:PCBM/MoO3

/Ag
8.75 0.52 0.56 2.59 [55]

Perovskite solar cell
FTO/compact-TiO2/mp-TiO2

/CH3NH3PbI3-xClx/P3HT/ Au
21.64 0.939 0.62 12.59 [56]

Perovskite solar cell
FTO/compact-TiO2/porous-T

iO2/CH3NH3PbI3/NiS-carbon
24.42 0.59 0.36 5.20 [57]

Dye-Sensitized Solar

Cell

FTO/TiO2/ruthenium N719

dye/I-/I3-/Pt
10.5 570 0.63 4.5 [58]
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Dye-Sensitized Solar

Cell

FTO/TiO2/silyl-anchor

dye/[Co(phen)3]3+/2+/ Pt
17.77 1.018 0.765 13.8 [59]

Dye-Sensitized Solar

Cell

FTO/TiO2/MAESO

(dye)/I-/I3-/Pt
24.5 0.68 0.55 9.0 [60]

2.5. Summary of literature review

Summaries of literature review are as follow:

(1) Titanium dioxide (TiO2) has been shown its attractive chemical, electrical, optical properties as

one of the most important semiconductor oxides.

(2) Various methods have been used for the deposition of TiO2 thin films. The most used methods

are sol-gel spin coating and chemical spray pyrolysis. Besides, annealing process plays an important

role for the crystalline structure, optical properties and electrical properties of TiO2 thin films.

(3) Ultrasonic Spray Pyrolysis (USP) is one of the important chemical method for fabrication of TiO2

thin film because of simplicity, cost-effectiveness, convenience of use, flexibility, absence of vacuum

and ease of manufacture.

(4) TiO2 has been used in various applications related to photocatalysis, including water purification,

air purification, self-cleaning glass, medical treatment, water splitting, and solar cells.

(5) Publications of TiO2 thin films deposited by ultrasonic spray pyrolysis method are in limited

number according to ISI Web of Knowledge database.

(6) To apply TiO2 thin films in solar cell device, it is important to understand the properties of the

TiO2 layer.

2.6. Aim of the thesis

The aim of the thesis is to deposit TiO2 thin films by ultrasonic spray pyrolysis on glass, Si, and indium

doped tin oxide (ITO) coated glass substrates at various deposition and annealing temperatures.
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To study the structural, optical and electrical properties of TiO2 thin films deposited by ultrasonic

spray pyrolysis.

To study the performance of TiO2 thin films in the solar cell structure glass /ITO/TiO2/P3HT.
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3. METHODOLOGY

3.1. Chemicals

The chemicals used for the deposition of TiO2 thin films are listed in Table 3.1.

Table 3.1 Precursors used for the preparation of spray solution for TiO2 thin films

Deposited

materials
Precursor Formula Company Purity

TiO2 thin films

Titanium(IV)

isopropoxide

(TTIP)

C12H28O4Ti
Merck Schuchardt

OHG Germany
≥98%

Acetylacetone

(AcacH)
C5H8O2

Merck Schuchardt

OHG Germany
≥98%

Ethanol C2H5OH
OU Estonian spirit,

Estonia
≥96.6%

3.2. The preparation of spray solution

In this work, 0.2 mol/L titanium(IV) isopropoxide solution (50 ml) were used for the deposition of all

samples. The chemicals used for preparation of spray solution are titanium(IV) isopropoxide

(precursor), acetylacetone (stabilizer) and ethanol (solvent).

The molar ratio of Titanium(IV) isopropoxide (TTIP) and acetylacetone (AcacH) is 1:4. To prepare 50

ml spray solution, 2.96 ml TTIP precursor solution were added in a corked glass bottle firstly, then

quickly added AcacH in the bottle and stirred 2 minutes at room temperature. Ethanol as solvent was

last added to the bottle and stirred again to make homogeneous solution.

The deposition of TiO2 thin film was immediately started after the solution was ready. The process of

making this solution is schematically showed in Fig. 3.1.
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Figure 2.1 The schematic diagram for the preparation of spray solution

Titanium(IV)

isopropoxide(TTIP)

C12H28O4Ti

Acetylacetone(AcacH)

C5H8O2

4.11 ml

Stirred in a corked glass bottle at room

temperature for 5 minutes

Ethanol (C2H5OH)

42.93 ml

Stirred in the corked glass

bottle again for 3 minutes

TiO2 spray solution



27

3.3. Substrates

Microscopy glass, Si, and Indium doped tin oxide (ITO) coated glass substrates were used for the

deposition of TiO2 thin films.

To remove oil and impurities on the substrates, the substrates were firstly washed with soap

solution and rinsed in distilled water for 5 minutes. Then all of the substrates were cleaned in an

ultrasonic bath with ethanol for 10 minutes.

Finally, the substrates were dried by compressed air and ready for the spray deposition. The

substrates were cut in the dimension of 2.5cm×1.5cm.

3.4. USP apparatus and parameters

The setup of ultrasonic spray pyrolysis is presented in Fig. 3.2. This spray system mainly consists of an

ultrasonic generator, air compressor, heater, temperature controller, air flow meter, pipe for

transportation of aerosol. The temperature controller can control the temperature of the substrate.

Figure 3.2 Experimental setup for ultrasonic spray pyrolysis [27]
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3.5. Deposition of TiO2 thin films

Before deposition, the substrate was put on the center of the heater; then the deposition

temperature was set on a temperature controller which controls the heater. The solution was

poured into the ultrasonic generator by a funnel. The spray parameters were set as 2 steps and 6

cycles for deposition of 50 ml solutions.

The carrier gas flow rate and director gas flow rate were set at 5 L/min and 1.2 L/min for the

transportation of generated aerosol and the correction of spray direction.

After the heater reached the desired temperature and lasted for 5 minutes for stability, the

ultrasonic generator was plugged in to generate aerosol for 2 minutes in order to have enough

aerosol for spraying.

Finally, switched on the air controller and started the spray deposition. Deposition parameters of

TiO2 thin films on different substrates are listed in Table 3.2.

Table 3.2 Deposition parameters of the TiO2 thin film by ultrasonic spray pyrolysis method

Sample name Substrate Condition

Substrates

temperature

(°C)

Carrier gas flow

rate

(L/min)

Director gas

flow rate

(L/min)

1.1 glass

0.2 mol/L TTIP

solution. 2

steps, 6 cycles

200 5 1.2

1.2 glass 300 5 1.2

1.3 glass 400 5 1.2

1.4 glass 500 5 1.2

2.1 silicon 200 5 1.2

2.2 silicon 300 5 1.2

2.3 silicon 400 5 1.2

2.4 silicon 500 5 1.2

3.1 ITO 300 5 1.2

3.2 ITO 400 5 1.2
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3.6. Annealing of TiO2 thin films

The TiO2 thin films on glass, Si and ITO substrates deposited at different substrate temperature were

annealed at 500 °C in air for 1 hour by using Präzitherm laboratory oven. Firstly, the films were put

on the heating plate of the equipment; then the annealing temperature was set up on the

temperature controller. After it reached 1 hour of heating at 500 °C, the heater was switched off, and

the films were cooled down in room temperature.

Additionally, The TiO2 thin films on Si substrates deposited at different substrate temperature were

also annealed at 700 °C in a Nabertherm L5/11/06D furnace for 1 hour. The films were put in the

furnace at first, then the annealing temperature was set as 700 °C and time was set as 1 hour. The

heating time up to 700 °C was set as 15 minutes. The films were cooled down in the furnace. The

annealing process for different samples is described in Table 3.3.

Table 3.3 Annealing conditions of TiO2 thin films

Sample name Substrate Ts (°C) Tan (°C) Time (hour)

1.1a glass 200 500 1

1.2a glass 300 500 1

1.3a glass 400 500 1

1.4a glass 500 500 1

2.1a Si 200 500 1

2.2a Si 300 500 1

2.3a Si 400 500 1

2.4a Si 500 500 1

2.1b Si 200 700 1

2.2b Si 300 700 1

2.3b Si 400 700 1

2.4b Si 500 700 1

3.1a ITO 300 500 1

3.2a ITO 400 500 1
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3.7. Testing of TiO2 thin films in hybrid solar cell structure

ITO coated glass substrate was used for the deposition of hybrid solar cell. The resistance of the

conducting side of the ITO coated glass was measured with a multimeter to be 15–25 Ω on average.

The conducting side of the substrate was placed on the front and covered 1/4 of the surface with

marble when the substrate was sprayed.

After the deposition and annealing of TiO2 thin films deposited onto ITO substrates, the next steps

were to deposit P3HT as a hole conductor layer and Au as a metal contact. The deposition of P3HT

and metal contacts was carried out by Research Scientist, Atanas Katerski in the Laboratory of Thin

Film Chemical Technologies.

In order to test different places on the film, several Au contacts (d= 3mm) were deposited on the

surface of the TiO2 thin film.

3.8. Characterization methods

3.8.1. X-ray Diffraction

The structural properties of the samples deposited onto glass and Si substrates was investigated by

X-ray diffraction (XRD). A Rigaku Ultima IV diffractometer recorded XRD patterns with Cu Kα

radiation (λ = 1.5406 Å, 40 kV at 40 mA).

The measurements were performed in 2 theta configurations with scan range of 20-60°, with a step

of 0.02° and a scanning speed of 2°/min. The mean crystallite size was calculated by the Scherrer

method from the FHWM (full width at half maximum) of the (101) peak of TiO2 anatase phase. The

XRD measurements were carried out with the help of early stage researcher, Ibrahim Dündar.

https://www.etis.ee/Portal/Persons/Display/77c246bd-b4bb-49c4-9449-a9f5f864ad18?tabId=CV_ENG
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3.8.2. Raman Spectroscopy

The Raman spectroscopy was used to further analyze the structural properties of TiO2 thin films.

Both as deposited and annealed TiO2 thin films on glass and Si substrates were measured by Raman

spectroscopy.

Raman spectra were acquired on a micro-Raman spectrometer HORIBA Jobin YvonModel HR800 in

the spectral range of 100-800 cm-1 using 532 nm laser line which delivers 5 mW of power at 10 µm

laser spot size during measurement. The Raman measurements were carried out with the help of

early stage researcher, Ibrahim Dündar.

3.8.3. UV-visible spectroscopy

The total transmittance and total reflectance of TiO2 thin films on glass substrates and total

reflectance of TiO2 thin films on Si substrates were measured by Jasco V-670 spectrophotometer

with spectral range between 200 and 1200 nm. The optical properties of both as-deposited and

annealed samples were investigated. The film thickness of TiO2 thin films was calculated by spectra

manager program using interference fringes from the spectrum of total transmittance and total

reflectance. The optical measurements were carried out with the help of early stage researcher,

Ibrahim Dündar.

3.8.4. Current-voltage measurements

Current-Voltage (I-V) measurement was performed to investigate the electrical properties of TiO2

thin film on glass and Si substrates and the properties of TiO2 hybrid solar cells. The Autolab PGSTAT

30 system was used for measuring of I-V curves of the films. The software Frequency response

analyzer was used to obtain the data.

DC measurements were carried out for the TiO2 thin films on glass substrates by using two graphite

contacts with a distance of 5 mm on the top of TiO2 thin film. However, AC measurements were
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carried out for the TiO2 thin films on Si substrates by using a graphite contact (d= 3.5 mm) and Si as a

second contact. All samples were measured in dark to reduce the effect of light. The I-V

measurements were carried out with the help of Senior Research Scientist, Arvo Mere.

The Current-Voltage (I-V) measurement was also performed for the TiO2 hybrid solar cells. The TiO2

hybrid solar cells were placed under simulated sunlight DC measurements were carried out to get

the I-V curve. The out-put properties of the TiO2 hybrid solar cells were characterized by recording

the I-V curves under simulated sunlight (100 mW/cm2). This measurement was carried out with the

help of Research Scientist, Atanas Katerski.

https://www.etis.ee/Portal/Persons/Display/75309b49-b9c6-4e48-97ed-3f040cfcb720?tabId=CV_ENG
https://www.etis.ee/Portal/Persons/Display/77c246bd-b4bb-49c4-9449-a9f5f864ad18?tabId=CV_ENG
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4. RESULTS AND DISCUSSIONS

4.1. Optical properties of TiO2 thin films

4.1.1. Total Transmittance of TiO2 thin films deposited onto glass substrates

The optical transmittance spectra of TiO2 thin films deposited onto glass substrates at temperatures

from 200 to 500 °C and followed by annealing at 500 °C are presented in Fig. 4.1. The transmittance

of TiO2 films are very high in the visible light range with the highest transmittance of 93% for the

as-deposited sample (Fig. 4.1(a)) and 84% for the annealed sample (Fig. 4.1(a)). It can be seen that

the spectra show more periodic interference fringes with increasing the deposition temperature

from 200 to 500 °C indicating that the thickness of the film became higher [27].

Moreover, the total transmittance of as-deposited films decreased from 93% (Fig. 4.1(a)) to 83% (Fig.

4.1(d)) with increasing the deposition temperature from 200 to 500 °C. This phenomenon is because

of the change of crystalline structure of the film according to XRD results (see section 4.2.1) and the

increase of the film thickness [25].

The total transmittance also decreased after annealing. The interference patterns indicate the

homogeneity of the films. The decrease in the optical transmittance after annealing can be related

to the increase in surface roughness and enhance the light diffusion [27].
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Figure 4.1 Total transmittance spectra of TiO2 thin films deposited from 200 to 500 °C on glass substrates and

followed by annealing at 500 °C. (a) as-deposited at 200 °C, (b) as-deposited at 300 °C, (c) as-deposited at

400 °C, (d) as-deposited at 500 °C.
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4.1.2. Thicknesses of the TiO2 thin films on glass and Si substrates

The thicknesses of TiO2 thin films were determined by using interference fringes from optical

spectrum. This method was first reported by Swanepoel [61].

The total transmittance was used for the thicknesses measurement of TiO2 thin films on glass

substrates. The total reflectance was selected for the thicknesses measurements of films on Si

substrates. The peaks and valleys of the interference fringes at the transmittance and reflectance

spectrum were spotted in Fig. 4.2.

The refractive index of TiO2 in thin film was determined as 2.2. This value is from previous research in

the laboratory of thin film technologies [26]. Then if the refractive index is known, the film thickness

can be calculated using the following equation [62]:

21

21
22 sin2 


 







n
pd (4.1)

Where

d- film thickness, nm,

n- refractive index,

θ- the angle of incident light,

p- periodicity of interference wave between peak and valley,

 1- the wavelength of peaks, nm,

 2- the wavelength of valleys, nm.

In order to keep the stability and accuracy of the calculated value, the interference fringes were

selected between pairs of adjacent peaks and valleys, except the ones near absorption range where

transmittance starts to decrease.
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For example, Fig. 4.2 (a) showed the transmittance of TiO2 thin film on glass substrate which is

deposited at 400 °C, two pairs of peaks and valleys were selected between the wavelength of 400

and 644 nm, other peaks and valleys were not selected. Similarly, the peaks and valleys were

selected the same way for the films on Si substrates, one sample is shown in Fig. 4.2 (b). All other

samples were calculated by this method, and the results were summarized in Table 4.1.

Figure 4.2 Total transmittance of TiO2 thin film deposited at 400 °C on glass substrate (a) and Total reflectance

TiO2 thin film deposited at 400 °C on Si substrate (b).

The thicknesses for films on glass and Si substrates are presented in Table 4.1. It is found that the

thickness increased with increasing the deposition temperature for both as deposited films on

different substrates. The thicknesses of as-deposited films increased from 110 to 620 nm for films
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deposited onto glass substrates and from 110 to 603 nm for films deposited onto Si substrates on

increasing deposition temperature from 200 to 500 °C.

It is observed that the film thicknesses of films deposited onto Si substrates are slightly lower than

the thickness of films deposited onto glass substrates. This is also reported in the ref [63]. The film

thickness increases with the increase of deposition temperature were also observed in other

chemical spray pyrolysis methods[22],[25]. Since the solution feed rate was consistent, then it is

implicit that the film thickness increased with increasing deposition temperature owing to the

increase in the growth rate. However, the film thickness decreased after annealing at 500 °C for

films on glass and Si substrates compared to as-deposited films. This is related to the burning out of

the organic residues in the film [26].

Further annealing at 700 °C led to thinner films on Si substrates compared to the films on Si

substrates annealed at 500 °C.

Table 4.1 Film thickness of TiO2 films on glass and Si substrates at various substrate temperatures (Ts) and

annealing temperature.

Ts(°C)

Film thickness (nm)

Film on glass
substrate Film on Si substrate

As-deposited Annealed at
500 °C As-deposited Annealed at

500 °C
Annealed at

700 °C

200 120 80 110 80 70

300 180 170 185 170 160

400 370 320 365 320 310

500 620 510 600 500 480
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4.1.3. The band gap of TiO2 thin films deposited onto glass substrates

The indirect optical band gap was calculated by using the optical transmittance and reflectance for

TiO2 thin films on glass substrates. To further characterize the optical properties of deposited TiO2

films, the band gap was calculated using the Tauc relation [25]:

m
gEhvBhv )()(  (4.2)

where

α- the absorption coefficient,

hv- the photon energy, eV,

Eg- the optical band gap, eV,

B- constant, which does not depend on the energy,

m- constant, which characterizes electronic conversion of light absorption. (m=½ for

allowed direct transitions, m=2 for allowed indirect transitions).

The transmittance of the thin films is affected by both reflectivity and combination of absorption

coefficient and film thickness. The equation (4.3) [64] is used to eliminate the effect of the

interference fringes on the transmittance (T) and spectrum is shown in Fig. 4.3.

deRT  )1/( (4.3)

where

α- absorption coefficient,

d- film thickness, nm,

T- total transmittance,

R- total reflectance.
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Figure 4.3 optical spectrum of T, R, deRT  )1/( (T= transmittance, R= reflectance.)

The direct band gap was assumed for the films on glass substrates, so the equation two can be

written as:

)()( 22
gEhvBhv  (4.4)

The optical band gap was obtained by extrapolating the linear part of the plot of 2)( hv against

hv to the photon energy axis is shown in Fig. 4.4.

The band gaps of the as-deposited films were 3.5, 3.4,3.4, 3.3 eV with increasing deposition

temperature from 200 to 500 °C and it decreased slightly after annealing at 500 °C, giving the values

of 3.5, 3.4, 3.3 and 3.2 eV, respectively. It is found that the band gap of as-deposited films decreased

with increasing substrate temperature. This might be the result of the increased crystallinity of the

annealed films [65].

The similar value of band gap was observed by other researchers. The most observed band gap value

is in the range of 3.5-3.2 eV [23-25]. Nakaruk et al. [27]studied TiO2 films deposited onto quartz

substrates at 400 °C by ultrasonic spray pyrolysis method and annealed at 600 °C, 800 °C, 1000 °C

show the indirect band gap decreased from 3.54 eV to 3.26 eV. Lin et al [65] has reported the optical
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indirect band gap of the crystalline TiO2 films by spin coating method decreased slightly from 3.5 eV

to 3.4 eV with increasing annealing temperatures from 300 to 500 °C.

Annealing at a higher temperature will remove organic residuals and enhance the quality of

crystallinity which also affects the band gap value [27].

Figure 4.4 Band gap of TiO2 thin films on glass substrates: (a) as-deposited films deposited at substrate

temperature from 200 to 500 °C. (b) as-deposited films followed by annealing at 500 °C.

4.2. Structural properties of TiO2 thin films

4.2.1. XRD results of TiO2 thin films deposited on glass substrates

Fig. 4.5 shows the XRD result of TiO2 thin films on glass substrates deposited at different deposition

temperatures from 200 to 500 °C and annealed at 500 °C. XRD studies show that the as-deposited

films prepared at substrate temperatures below 500 °C are amorphous. The diffraction peaks at

25.3°, 37.7°, 48.1°, 53.9° and 55.1° correspond to the (101), (004), (200), (105) and (211) planes of

anatase phase [66].

The (101) anatase diffraction peak becomes apparent with poor crystallinity for the films deposited

at 500 °C (Fig. 4.5(a)). Annealing at 500 °C results in anatase phase for films deposited at or above

300 °C (Fig. 4.5(b)). The intensity of anatase peak (101) has gradually increased for the films
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deposited from 300 °C to 500 °C after annealing at 500 °C (Fig 4.5(b)). No rutile peaks were detected

due to relatively low annealing temperature. It is also observed that the intensity of anatase peak

(101) for film deposited at 500 °C has significantly increased after annealing at 500 °C which is

related to the improvement of the quality and purity of crystallinity [67].
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Figure 4.5 XRD patterns of TiO2 thin films on glass substrates deposited at various temperatures from 200 to

500 °C: (a) as-deposited thin films, (b) thin films annealed at 500 °C. (A-Anatase)

4.2.2. XRD results of TiO2 thin films deposited on Si substrates

Fig. 4.6 shows the XRD results of TiO2 thin films on glass substrates deposited at 200 to 500 °C and

annealed at 500 °C and 700 °C.
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XRD result showed that the films deposited at or below 300 °C are amorphous. However, the films

deposited at or above 400°C have a very poor crystallinity structure of anatase phase. Annealing at

500°C results in the formation of anatase phase regardless of the deposition temperature. The film

deposited at 500 °C and followed by annealing at 500 °C shows diffraction peaks of anatase phase at

2θ values of 25.4, 37.8, 48.1, 55.2, 53.8 which correspond to the planes of (101), (004), (200), (105)

and (211), respectively. The diffraction peak at 2θ = 33.6° belongs to the Si substrate [68].

Further annealing at 700 °C has significantly changed the film crystalline structure, a mixed

anatase-rutile phase is observed and the peak at 2θ=27.4° belongs to rutile structure [69]. The films

deposited below or at 400 °C remain anatase. However, the films deposited at 500 °C composed of

the mixture of anatase and rutile phases.

It is considered pure bulk anatase phase starts to transform irreversibly to rutile phase at 600 °C in

air [70]. However, the temperature for the transformation of anatase to rutile phase has been

reported to vary between 600 °C and 1200 °C [26,27] due to the use of different methods,

precursors and deposition temperature.
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Figure 4.6 XRD patterns of TiO2 thin films on silicon substrates. (a) as-deposited thin films, (b) thin films

annealed at 500 °C, (c) thin films annealed at 700 °C. (Si means Si-substrate, A- anatase, R- rutile).

The mean crystallite size of the TiO2 films deposited onto different substrates and annealed at

different temperatures were calculated by applying the Scherrer’s formula [26]. The equation is

below:



cos
kd  (4.5)

Where

d- crystallite size, nm,

k- shape constant, 0.9,
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 - X-ray wavelength of Cu-kα radiation, nm,

θ- Bragg’s angle in degrees,

β-the FWHM in radians.

The anatase (101) peak was selected for estimating the average crystallite size for films on glass and

Si substrates, the values obtained are presented in Table 4.2.

It showed that the mean crystallite size of anatase phase increased with increasing deposition

temperature and annealing temperature.

The mean crystallite size of TiO2 films deposited in the temperature range of 300 to 500°C and

annealed at 500°C varies from 26 to 32 nm. The mean crystallite size of anatase phase has been

reported in the literature to vary in the range of 21-38 nm [20,27].

Moreover, further annealing at 700 °C enhanced the crystallinity of films deposited onto Si

substrates. Annealing of TiO2 thin films can increase the mean crystal size [65].

From the Table 4.2, we can see the mean crystallite size of TiO2 films deposited onto Si substrates is

slightly larger than onto glass substrates. This indicates that substrates have a significant influence

on the crystal structure of TiO2 thin films [71,72].

Table 4.2 The mean crystallite size of TiO2 thin films deposited at different deposition temperature (Ts) and

annealed at 500 °C and 700 °C.

Deposition

temperature

Ts(°C)

Mean crystallite size (nm)

Glass substrate Silicon substrate

As-deposited
Annealed at

500 °C
As-deposited

Annealed at

500 °C

Annealed at

700 °C

200 - - - 21 30

300 - 26 - 28 37

400 - 29 17 31 40

500 28 32 31 32 42



45

XRD results show that crystalline TiO2 films with anatase structure occur at 400 °C if films are

deposited at Si substrate and at 500 °C if films are deposited on glass substrate. This is because the

temperature from the substrates is different, the thermal conductivity of Si is higher than glass. So

the temperature from Si substrate is higher than from glass substrate even at the same deposition

temperature.

According to the literature, the substrate used may influence the films growth, due to the nature of

the substrate, crystalline or amorphous, provides different degrees of packing and, consequently,

different stages of density and thickness in the morphological structure of the obtained films. It is

also attributed to the mobility of the atoms on the substrate surface which is responsible for the

degree and type of nucleation on the substrate [73].

4.2.3. Raman results of TiO2 thin films deposited on glass substrates

Raman spectrum was used to confirm the crystal structure of TiO2 films. Fig. 4.7 shows Raman

spectra of TiO2 films grown at different substrate temperature and annealed at 500 °C. TiO2 thin

films grown onto glass substrates (Fig. 4.7(a)) exhibit the bands at around 142 (Eg), 197 (Eg), 398 (B1g),

520 (B1g) and 639 (Eg) cm-1 which are assigned to TiO2 anatase [74]. For anatase phase the values of

142 cm-1 , 197 cm-1 and 398 cm-1 are attributed to vibrations of O-Ti-O and the values of 520 cm-1 and

639 cm-1 belong to vibrations of Ti-O [75].

No rutile peaks were detected after annealing at 500 °C. The results are in agreement with XRD.
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Figure 4.7 Raman spectrum of TiO2 thin films on Si substrates. (a) films deposited at 200 °C, 300 °C, 400 °C,

500 °C, (b) films annealed at 500 °C. (A - anatase)

4.2.4. Raman results of TiO2 thin films deposited on Si substrates

Fig. 4.8 shows the TiO2 thin films deposited on silicon substrates and annealed at 500 °C ,700 °C. The

as deposited film (Fig. 4.8(a)) grown at 400 °C-500 °C showed anatase peaks at 144, 197, 398 and

635 cm-1, the additional peaks at 302 and 520 cm-1 belong to the Si substrate [76].

After annealing at 500 °C (Fig. 4.8(a)) and 700 °C (Fig. 4.8(c)), the films showed anatase phase if

deposited in the temperature of 200 to 500 °C.

Moreover, TiO2 films deposited at 500 °C and annealed at 700 °C showed additional Raman bands at

round 232 (B1g) and 440 (Eg) cm-1 which belong to rutile phase [76], and thereby confirm a mixture of

anatase and rutile phases in these films. This suggests annealing at higher temperature will

transform anatase to rutile phase. The mixture phases after annealing above 700 °C have also been

observed in sol-gel spin coating and ultrasonic spray pyrolysis [26,27].
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Figure 4.8 Raman spectrum of TiO2 films deposited Si substrates: (a) films deposited at 200 °C, 300 °C, 400 °C,

500 °C, (b) films annealed at 500 °C, (c) films annealed at 700 °C. (Si means Si-substrate, A- anatase, R- rutile)

To summarize, the Raman results indicated the films on glass substrates showed anatase phase when

deposited at 500 °C, but 400 °C for films on Si substrates. After annealing at 500 °C, all films turned

to anatase phase regardless of deposition temperature except the film on glass substrate deposited

at 200 °C was still amorphous. Further annealing at 700 °C for the film on Si substrate deposited at

500 °C showed rutile phase. Raman study corresponds to XRD results.
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4.3. Electrical properties of TiO2 thin films

4.3.1. The electrical resistivity of TiO2 thin films deposited on glass substrates

The electrical resistivity of TiO2 thin films deposited on glass substrates were measured by applying

two graphite contacts with a distance (L= 5 mm) on the top of TiO2 film as shown in Fig. 4.9.

Figure 4.9 one example of I-V measurement of film on glass substrate

The electrical resistivity was measured in dark at room temperature. The value of resistivity can be

obtained from the equation below:

L
WD

I
V 
 (4.6)

Where

ρ - resistivity,Ω·cm,

V-Voltage,V,

I- current,A,

D- TiO2 film thickness,cm,

W- the width of the film in measured range, cm,

L- distance between contacts,cm.

The electrical resistivity of TiO2 thin films on glass substrates is presented in Fig. 4.10. It can be seen

that the resistivity decreased with increasing the deposition temperature. It is related to the fact that
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by increasing the deposition temperature the quality of crystallite structure become better and the

film thickness is increasing [77]. The resistivity value is in a range of 105-106 Ω·cm which is similar to

the values reported by other researchers [72,78]. Annealing at 500 °C led to the decrease of

resistivity in all deposited samples. The decrease in resistivity after annealing is due to the grain size

increases after annealing which leads to a decrease in grain boundaries and hence resistivity [78].

Larger grain size will provide higher surface contact between the TiO2 film and the electrode, thereby

improving electron migration.

Figure 4.10 Resistivity of TiO2 thin films on glass substrates deposited at 200 °C, 300 °C, 400 °C, 500 °C and

annealed at 500 °C.

4.3.2. Electrical resistivity of TiO2 thin films deposited on Si substrates

The electrical resistivity of TiO2 thin films deposited on Si substrates were measured by applying two

graphite contacts, one contact is on the top of TiO2 thin film, another contact is connected to the Si

substrate (Fig. 4.11).
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Figure 4.11 One example of resistivity measurement of TiO2 on Si substrate

The electrical resistivity was also measured in dark at room temperature. The equation used for

calculation of resistivity is different from the one used for film on glass substrate:

T
D

I
V

4

2

 (4.7)

Where

ρ - resistivity,Ω·cm,

V-Voltage, V,

I- current, A,

T- TiO2 film thickness, cm,

D- diameter of the graphite contact on the top of TiO2 film, cm.

The resistivity of the films decreases with increasing deposition temperature from 200 to 300 °C,

which may be due to the change of crystal structure from amorphous to crystalline anatase phase.

This result is coincident with the result measured from films on glass substrates. However, the

resistivity value of films on Si substrates is in the range of 102-104 Ω·cm which is much smaller than

the value measured on films on glass substrates. This phenomenon is also observed by another

researcher [72]. The resistivity also decreased when increasing the annealing temperature; this



51

phenomenon is due to increase in the grain size which leads to a decrease in the grain boundaries

and hence resistivity [65].

Figure 4.12 Resistivity of TiO2 films deposited on silicon substrates at various substrate temperatures (Ts) and

after various annealing temperatures

The calculated resistivity of TiO2 films on Si substrates is much lower than the resistivity of TiO2 films

on glass substrates. This is related to the different I-V measurements of TiO2 films. The difference

could be also from the substrates, as Si is semiconductor, it has much lower resistivity than glass

(insulator), which can provide much more free charge carriers to increase the mobility of electrons in

TiO2 thin film hence reduce the resistivity.

4.4. Solar cell properties

TiO2 thin films deposited at 300 °C and 400 °C, indicating lowest resistivity, were tested in a solar cell

with structure of glass /ITO/TiO2/P3HT/Au. In this structure, ITO is front contact, TiO2 is window layer,

P3HT is hole conductor and Au is back contact. The test solar cell structure did not consist of an

absorber layer. The fabricated solar cell is shown in Fig. 4.13.
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Figure 4.13 One example of tested solar cell

The performance of the solar cell was examined using a solar simulator at an intensity of 100

mW/cm2. The fill factor and conversion efficiency of the cells were characterized by the following

equations[79]:

ocsc VI
VIFF




 maxmax (4.8)

Where

Imax- maximum output of current,A,

Vmax- maximum output of voltage, V,

Isc- short-circuit current, A,

Voc- open-circuit voltage, V.

The total energy conversion efficiency was defined as follows:

in

ocsc

P
FFVI 


(4.9)

Where

Isc- short-circuit current, A,
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Voc- open-circuit voltage, V,

FF- fill factor,

Pin- intensity of the incident light, w.

Fig. 4.14 shows the I-V curves of TiO2 solar cells with different deposition temperature. The

parameters of the performances of TiO2 solar cells are as summarized in Table 4.3. The I-V

measurements were performed under the illumination intensity of 100 mw/cm2, it can be seen from

Table 4.3 that the out-put characteristics of the open circuit voltage (Voc) improved from 390 mV to

460 mV when deposition temperature of TiO2 thin films increased from 300 to 400 °C and followed

by annealing at 500 °C. The open circuit current is very low because of the lack of an absorber layer.

The increase of Voc might be related with the facts that the band gap of TiO2 decreases with

increasing the deposition temperature, and this contributes to the ability of TiO2 to absorb more

light[74]. Surface area will be also increased with the increase by deposition temperature, due to the

formation of more crystalline material, which will enhance light absorption [66].

Figure 4.14 The I-V characteristics of solar cell structure glass/ITO/TiO2/P3HT/Au, where TiO2 thin films are

deposited by ultrasonic spray pyrolysis at 300 °C (figure left) and 400 °C (figure right) and followed by

annealing at 500 °C
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Table 4.3 Out-put parameters of solar cell structure glass/ITO/TiO2/P3HT/Au where TiO2 thin films are

deposited by ultrasonic spray pyrolysis at 300 °C (figure left) and 400 °C (figure right) and followed by

annealing at 500 °C

TiO2 solar cells Voc (mV) Jsc (mA/cm2) FF (%) Efficiency (%)

(a) As deposited at 300 °C,

followed by annealing at 500 °C 390 0.09 44 0.02

(b) As deposited at 400 °C,

followed by annealing at 500 °C 460 0.15 46 0.03
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5. SUMMARY

TiO2 thin films were deposited onto glass, Si and ITO coated glass substrates by ultrasonic spray

pyrolysis method. The effect of deposition and annealing temperature on the structural, optical,

electrical properties and the performance of TiO2 thin films in solar cell with structure of

glass/ITO/TiO2/P3HT/Au were investigated.

The conclusions are summarized below:

(1) The XRD data reveals that the as-deposited TiO2 films grown below 400 °C onto glass substrate

and below 300°C onto Si substrate are amorphous. Annealing at 500 °C results in formation of

anatase structure if the films are deposited at temperatures ≥ 300 °C onto glass substrates or in the

temperature range of 200-500 °C onto Si substrates. The mean crystallite size of anatase structure

remains in the range of 20-32 nm irrespective of the deposition, annealing temperature and

substrate. Further annealing of TiO2 films on Si substrate at 700 °C led to the formation of the

mixture of anatase and rutile phase if deposited at 500 °C and increase in the average crystallite size

of the anatase structure to the range of 30-40 nm.

(2) According to the optical properties of TiO2 films, the as-deposited TiO2 films show high optical

transmittance and band gap values in the range of 3.5-3.3 eV if deposited in the temperature range

of 200-500 °C. Band gap and optical transmittance of TiO2 thin films were found to decrease after

annealing at 500 °C. Film thickness was found to increase with deposition temperature and decrease

after annealing at 500 °C. The thicknesses of as-deposited films increased from 110 to 620 nm for

films deposited onto glass substrates and from 110 to 603 nm for films deposited onto Si substrates

with increasing deposition temperature from 200 to 500 °C. The film thicknesses of films deposited

onto Si substrates are slightly smaller than the thickness of films deposited onto glass substrates.

(3) The resistivity of TiO2 films depends on the deposition temperature and was found to decrease

with increasing the annealing temperature. The resistivity value of films on Si substrates are in the

range of 102-104 Ω·cm. The resistivity of the films on glass substrates are the range of 105-106 Ω·cm.

(4) TiO2 thin films were tested in a solar cell device with a structure of glass/ITO/TiO2/P3HT/Au. The

results of the fabricated solar cells with a structure of glass/ITO/TiO2/P3HT/Au showed better
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performance if TiO2 thin films were deposited at 400 °C rather than 300 °C and followed by

annealing at 500 °C. Most probably this is related with higher Voc value recorded at 460 mV for

400 °C deposited TiO2 film than 390 mV if TiO2 films were deposited at 300 °C. This finding suggest

that TiO2 films deposited at 400 °C and annealed at 500 °C are in favor in the case of solar cell

applications.

The results of the thesis were presented as oral presentation at CYSENI 2018 conference and

published in proceedings of ISSN 1822-7554.
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ABSTRACT

In present work, we have studied the structural, optical and electrical properties of TiO2 thin films
deposited at different substrates temperature for solar cell applications. Ultrasonic spray pyrolysis
method was used to fabricate TiO2 thin films because of its low-cost operation, absence of vacuum
system and convenience of use. The films were sprayed from solution containing titanium(IV)
isopropoxide, acetylacetone in molar ratio of 1:4 in ethanol and deposited onto substrate of
microscopy glass and n-type Si (100) wafer at temperatures of 200 to 500 °C. The resulting films
were annealed at 500 °C and 700 °C for 1 hour in air. The films were characterized by UV-vis
spectroscopy, XRD, Raman, and I-V measurements. Results showed that the total transmittance of
TiO2 thin films decreased after annealing. The annealed film thickness increased from 80 to 510 nm
with increasing deposition temperature from 200 to 500 °C. The optical properties showed the band
gap for TiO2 thin films decreased as the deposition temperature increased. As deposited films
prepared below 500 °C were amorphous, whereas crystalline anatase films were obtained at 500 °C.
Further annealing at 700 °C in air led to anatase crystalline formation when films were deposited
below 500 °C whereas the films deposited at 500 °C consist of anatase and rutile phases.

Keywords: TiO2, Ultrasonic spray pyrolysis, thin films

1. INTRODUCTION

Titanium dioxide (TiO2) is one of the most important semiconductor oxides with
attractive chemical, electrical, optical properties. After the first report by Fujishima and
Honda (1972) on the photolysis of water by TiO2 [1], numerous studies in the properties of
nanocrystalline TiO2 have been generated due to their promising applications in antireflection
coatings [2], transparent conductors [3], dielectrics [4] and self-cleaning surfaces [5], and in
solar cells, such as dye-sensitized [6], perovskite [7] or organic [8].

TiO2 belongs to the family of transition metal oxides. It is known that TiO2 has three
crystal structures: anatase, brookite, and rutile. Anatase and rutile have a crystalline structure
that corresponds to the tetragonal system while brookite has an orthorhombic crystalline
structure. Rutile phase is thermodynamically stable at high temperatures. The anatase phase
is metastable and transforms irreversibly to rutile at elevated temperatures [9].The brookite
phase is the rarest of the natural TiO2 polymorphs and is the most difficult phase to prepare in
the laboratory. Anatase phase has a band gap of 3.2 eV, while the rutile phase has a smaller
band gap of 3.0 eV [10].

In general, anatase phase is preferred in solar cells and photocatalytic applications
because anatase phase has a larger band gap, potentially higher conduction band edge energy
and lower electron-hole pair recombination rate [11].
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Nakaruk et al. [12] studied TiO2 films deposited onto quartz substrates at 400 °C by
ultrasonic spray pyrolysis method and annealed at 600 °C, 800 °C, 1000 °C show anatase
phase, a mixture phase of anatase and rutile phases, and pure rutile phase, respectively. They
showed also that the indirect band gap decreased from 3.54 eV to 3.26 eV and transmission
of the films decreased after annealing at 600 °C and 1000 °C, respectively. Oja et al. [13]
have reported that the phase composition of the TiO2 films deposited by sol-gel pneumatic spray
pyrolysis method is controlled by both deposition and annealing temperature. They reported that
as-deposited TiO2 films grown below 500 °C were amorphous. Only the deposition or
annealing at 500 °C results in films with anatase phase and free of contaminants. Annealing
at 700 °C leads to crystalline anatase if films are deposited below 400°C whereas the films
grown at either 435 °C or 500 °C consist of a mixture of anatase-rutile or rutile, respectively.

Various methods have been used for preparing nanocrystalline titania, such as sol-gel
[14], screen-printing [15], dip-coating [16], chemical vapor deposition [17] and ultrasonic
spray pyrolysis [12,18]. Among all these methods, ultrasonic spray pyrolysis method has
been drawn considerable attention due to its simplicity, cost-efficiency and convenience for
fabricating TiO2 thin films. In this paper, TiO2 thin film was deposited on the silicon and
microscopy glass substrates by ultrasonic spray pyrolysis method. The aim of this work is to
deposit TiO2 thin films at different substrate temperature and to investigate its structural,
optical and electrical properties for solar cell applications.

2. METHODOLOGY

TiO2 thin films were deposited onto microscopy glass and c-Si substrates at different
substrate temperature using ultrasonic spray pyrolysis method. The precursor solution is
composed of titanium(IV) isopropoxide (TTIP) as a titanium source, acetylacetone (AcAc) as
a stabilizer and ethanol as solvent. 0.2molL-1 TTIP concentration and TTIP:AcAc molar ratio
of 1:4 were used as starting solution. The solution was atomized by a ultrasonic generator of
1.7MHz frequency, produced aerosol was carried directly to the heated substrates using
compressed air as carrier gas in a flow rate of 5 L/min and director gas (1.2 L/min) was used
to adjust the spray direction. The deposition temperature (Ts) vary in the range 200 to 500 C.
The number of spray cycles were set to six.

The as-deposited films grown on glass and Si-substrates were annealed for 1 hour at
500 C in air. The films on silicon substrates where additionally thermally treated at 700C
for 1 hour in a laboratory furnace. The structural property of the samples was investigated by
X-ray diffraction (XRD) and Raman spectroscopy methods. XRD patterns were recorded by
a Rigaku Ultima IV diffractometer with Cu Kα radiation (λ = 1.5406 Å, 40 kV at 40 mA)
using Si strip detector. The measurements were performed in 2 theta configurations with scan
range of 20-60°, with a step of 0.02° and a scanning speed of 2°/min. The mean crystallite
size was calculated by the Scherrer method from the FHWM (full width at half maximum) of
the (101) peak of TiO2 anatase phase. Raman spectra were acquired on a micro-Raman
spectrometer HORIBA Jobin Yvon Model HR800 in the spectral range of 100-800 cm-1 using
532 nm laser line which delivers 5 mW of power at 10 µm laser spot size during
measurement.

The total transmittance of TiO2 thin films are measured by Jasco V-670
spectrophotometer with spectral range between 250 and 1200 nm. The film thickness was
calculated by using interference fringes from optical spectrum.

Current-Voltage (I-V) measurement was performed to investigate the electrical
properties of TiO2 thin film on n-Si substrate. The I-V measurement was performed with
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using graphite contact and Si as a second contact. The Autolab PGSTAT 30 system was used
for measuring of I-V curves of the films.

3. RESULTS AND DISCUSSION

3.1. Structural properties

3.1.1. X-ray diffraction

The XRD patterns of TiO2 thin films on glass substrates deposited at different
deposition temperatures from 200 to 500 °C are given in Fig.1. The diffraction peaks at 25.3°,
37.7°, 48.1°, 53.9° and 55.1° correspond to the (101), (004), (200), (105) and (211) anatase
planes [19]. XRD studies showed that the as-deposited films prepared at substrate
temperatures below 500 °C were amorphous. The anatase peak (101) becomes apparent for
the films deposited at 500 °C. Annealing at 500 °C results in anatase phase for films
deposited at or above 300 °C.
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Fig.1. XRD patterns of TiO2 thin films with glass substrates deposited at various
temperatures from 200 to 500 °C: (a) as-deposited thin films, (b) thin films annealed at
500 °C.

Fig 2 shows XRD patterns of TiO2 thin films deposited on silicon substrates. XRD result
showed the films deposited at or below 300 °C were amorphous, however the films deposited
at or above 400°C have anatase structure. Annealing at 500°C results in formation of anatase
phase regardless of the deposition temperature. Further annealing at 700°C has significantly
changed the film structure, the films deposited below or at 400 °C remain anatase, however
the films deposited at 500 °C compose of the mixture of anatase and rutile phases.
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Fig.2. XRD patterns of TiO2 thin films on silicon substrates. (a) as-deposited thin films,
(b) thin films annealed at 500 °C, (c) thin films annealed at 700 °C.

The mean crystallite size of the TiO2 films deposited onto different substrates and
annealed at different temperatures were calculated by applying the Scherrer’s formula [13] on
the (101) anatase peak and the values obtained are presented in Table 1. The mean crystal
size of anatase phase increased with the increasing deposition temperature. Annealing of
TiO2 thin films can improve their crystallinity and also increase the mean crystal size [20].

Table 1. The mean crystallite size of TiO2 thin films deposited at different deposition
temperature (Ts) and annealed at 500 °C and 700 °C.

Deposition
temperature
Ts (°C)

Mean crystallite size (nm)
Glass substrate Silicon substrate

As-deposited Annealed at
500 °C As-deposited Annealed at

500 °C
Annealed at
700 °C

200 - - - 21 30
300 - 26 - 28 37
400 - 29 17 31 40
500 28 32 31 32 42

3.1.2. Raman spectroscopy

Raman spectrum was used to further confirm the crystal phase of TiO2 films. Fig.3
shows Raman spectra of TiO2 films grown at different substrates and annealed at 500 °C and
700 °C. TiO2 thin films grown onto glass substrates and annealed at 500°C (Fig. 3a) exhibit
the bands at around 142 (Eg), 197 (Eg), 398 (B1g), 520 (B1g) and 639 (Eg) cm-1 which are
assigned to TiO2 anatase [21]. TiO2 thin films deposited on silicon substrates and annealed at
500 °C (Fig. 3b) showed in addition the peaks at 302 and 520 cm-1 belonging to the Si
substrate. No rutile peaks were detected after annealing at 500 °C. TiO2 films deposited on
Si-substrate and annealed at 700 °C showed anatase phase when grown in the temperature
range of 200-400 °C. However, TiO2 films deposited at 500 °C and annealed at 700 °C
showed additional Raman bands at round 232 (B1g) and 440 (Eg) cm-1 which belong to rutile
phase [22], and thereby confirm a mixture of anatase and rutile phases in these films. The
mixture phases after annealing above 700 °C have been also observed in sol-gel spin coating
and ultrasonic spray pyrolysis [12-13].
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Fig.3. Raman spectrum of TiO2 films deposited at various temperatures: (a)
as-deposited films on glass substrate, (b) films deposited on Si- substrate and annealed at

500 °C, (c) films deposited on Si-substrate and annealed at 700 °C. Si means Si-substrate, A-
anatase, R- rutile.

3.1.3. Optical properties

The optical transmittance spectra of TiO2 thin films deposited onto glass substrates at
temperatures from 200 to 500 °C and followed by annealing at 500 °C are presented in Fig. 4.
The TiO2 thin films were highly transparent in the visible region with transmittance above
90% for the as-deposited samples and above 80% for the annealed samples. The total
transmittance decreased with increasing the deposition temperature. The interference patterns
indicate the homogeneity of the films. The decrease in the optical transmittance after
annealing can be related to the increase of the light diffusion with the crystallite size and particle
aggregation [23].
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Fig.4. Total transmittance spectra of TiO2 thin films on glass substrates: (a)
as-deposited at 200 °C and followed by annealing at 500 °C, (b) as-deposited at 300 °C and
followed by annealing at 500 °C, (c) as-deposited at 400 °C and followed by annealing at

500 °C, (d) as-deposited at 500 °C and followed by annealing at 500 °C
The optical band gap was determined using the Tauc expression [24],

 ngEhv
hv
A

 (1)

where A is a proportionality constant, hv is the photon energy, Eg is the band gap and n
= ½ for direct or n = 2 for indirect optical transitions. The optical band gap was obtained by
extrapolating the linear part of the plot of (αhv)2 against hv to the photon energy axis by
assuming direct band gap is shown in Fig .5.

The band gaps of the as-deposited films were 3.46, 3.41,3.36, 3.29 eV respectively with
increasing deposition temperature from 200 to 500 °C and it decreased slightly after
annealing at 500 °C, was 3.45, 3.35, 3.27 and 3.22 eV respectively. The decrease in the
optical band gap of the TiO2 films with annealing temperature might be the result of the
increased crystallinity of the annealed films [20].
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Fig .5. Band gap of TiO2 thin films with glass substrates: (a) as-deposited films
deposited at substrate temperature from 200 to 500 °C. (b) as-deposited films followed by

Annealing at 500 °C.
The thickness of films on glass substrates is shown in Table 2. The thickness of

as-deposited films increased from 110 to 620 nm with increasing deposition temperature
from 200 to 500 °C and decreased after annealing at 500 °C. Since the solution feed rate was
consistent, then it is implicit that the film thickness increased with increasing deposition
temperature owing to the corresponding increase in the reaction rate. The film thickness
decreases after annealing at 500 °C, compared to as-deposited films, is related with the
burning out of the organic residues in the film [25].

Table 2. Film thickness of as-deposited and annealed films, deposited onto glass
substrates at various substrate temperatures (Ts)

Ts(°C)
As-deposited Annealed at 500 °C

Film thickness
(nm)

Band gap (eV) Film thickness
(nm)

Band gap (eV)
200 120 3.46 80 3.45
300 180 3.41 170 3.35
400 370 3.36 320 3.27
500 620 3.29 510 3.22

3.2. Electrical Resistivity

Fig. 6 shows the resistivity of the as-deposited and annealed TiO2 films on silicon
substrates. The resistivity of the films decreases with increasing deposition temperature from
200 to 300 °C, which may be due to the change of crystal structure from amorphous to
crystalline anatase phase. The resistivity also decreased when increasing the annealing
temperature, this phenomenon is due to increase in the grain size which leads to a decrease in
the grain boundaries and hence resistivity [26].
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Fig.6 Resistivity of TiO2 films deposited on silicon substrates at various substrate
temperatures (Ts) and after various annealing temperatures.

4. CONCLUSION

Ultrasonic spray pyrolysis method was used to deposit TiO2 film and the effect of
deposition and annealing temperature on the structural, optical, electrical properties was
investigated. The XRD data reveals that the as-deposited grown below 400°C onto glass
substrate and below 300°C onto Si substrate are amorphous. Annealing at 500°C results in
formation of anatase structure, if the films are deposited at temperatures ≥ 300°C onto glass
substrates or in the temperature range 200-500 °C onto Si substrates. The mean crystallite
size of anatase structure remains in the range of 20-32 nm irrespective of the deposition,
annealing temperature and substrate. Further annealing of TiO2 films on Si substrate at
700 °C led to the formation of the mixture of anatase and rutile phase if deposited at 500 °C
and increase in the average crystallite size of the anatase structure to the range of 30-40 nm.
As-deposited TiO2 films show high optical transmittance and band gap values in the range of
3.5-3.3 eV if deposited at 200-500 °C. Film thickness was found to increase with deposition
temperature and decrease after annealing at 500 °C. The resistivity of TiO2 films depends on
the deposition temperature and was found to decrease with increasing the annealing
temperature. The films deposited above 300 °C and annealed at 500 °C are applicable as
window layer in solar cell devices and will be tested in further research.
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