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Nanostructured mesoporous metal-oxide films can be used in various applications, 

including dye-sensitized solar cells based on titania.  Optimization of the properties of 

these films is crucial in improving their efficiency.  Nanostructured TiO2 films with high 

uniformity and porosity are grown in a stagnation swirl flame setup under an applied 

electric field. The effects of external electric-field magnitude and polarity are studied for 

different substrate temperatures and precursor loading concentrations. The results show 

considerable differences in film characteristics, for differing electric fields, with more 

columnar structures and higher porosities under low voltages up to ±400 V. The films 

have higher packing density at higher voltages of ±800 V. At low substrate temperatures, 

the morphology and structure are more prominent owing to less on-substrate sintering of 

the nanoparticles. At low voltages, oppositely-charged particles will be attracted to the 

substrate increasing the electrophoretic velocity but decreasing the in-flame 

agglomeration; while at high voltages, the particles will be repelled and stay in the flame 

longer, thus increasing the in-flame agglomeration. A simple model is proposed which 
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predicts the trend for deposition of particles and formation of nanostructured TiO2 films 

of a given morphology by balancing the effects of thermophoresis, electrophoresis, and 

Brownian motion of the particles. The model’s trend for packing density agrees with the 

experiments.  
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CHAPTER 1 

 

INTRODUCTION, LITERATURE REVIEW AND THESIS 

OVERVIEW 

 

1.1 TiO2 Nanoparticles and Their Applications 

 

Titanium oxide, such as titanium dioxide or titania is a naturally occurring oxide of 

titanium. The chemical formula for titanium dioxide is TiO2. Titanium is found in large 

quantities in the earth’s crust and is the ninth most abundant element
1
. It is found to have 

a great affinity towards oxygen, and hence it is mostly found in the form of oxides
1
. TiO2 

is a white powder that is odorless and nonflammable. It has a melting point of 1843
o
C 

and boiling point of 2973
o
C

1
. It is insoluble in water and has a relative density of 4.26 

g/cm
3
 at 25

o
C.The material properties of titania are influenced by their crystal structure, 

morphology, and particle size
2,3,4

. In nature, titanium dioxide can be found in three 

crystalline phases- anatase, rutile and brookite
4,5

. Rutile is the most commonly occurring 

form of titanium oxide. Anatase and brookite are metastable phases of TiO2 and 

irreversibly convert to rutile upon heating above temperatures of 600-800
o
C at 

atmospheric pressure
5–7

. Anatase and rutile have a tetragonal crystal structure while 

brookite is orthorhombic
5
. The tetragon in anatase crystal has a dipyramidal habit while 

rutile tetragon has a prismatic habit
8
. Anatase is more chemically reactive than rutile

1,9,10
. 

It is found to have a lower surface energy than rutile and brookite
4,11–14

. Using the surface 

energy factor, anatase changes to rutile beyond the particle size of 30 nm
4,11,13

. Also, the 

solution based chemical methods of preparation of TiO2 usually form the anatase 
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structure
4,15–20

.  

 

Titanium oxide nanoparticles are vastly used in a variety of applications owing to their 

high refractive index, photocatalyst properties, aversion to water, opacity, and non-

flammability. TiO2 nanoparticles are used in paints, pigments, dyes, and coatings owing 

to their light dispersal and chemical stability in sunlight
1,5

. It offers whiteness due to its 

color for paints and coatings. It also offers opacity and thickness to paints, pigments, and 

dyes. The consistency of the paints and pigments can be changed by controlling the 

amount of TiO2 nanoparticles while manufacturing them. It is also used in the food 

industry in various foods and food products, medicines, and pharmaceuticals
1,21

. It is used 

in toothpastes and skimmed milk to give whiteness to them
1
. TiO2 nanoparticles are 

largely used in sunscreens because of their high refractive index and strong UV light 

filtering properties
1,5,22,23

.  

 

Anatase TiO2 is a photocatalyst under UV light. When titanium oxide particles are doped 

with some metal ions, they may act as a photocatalyst even under visible light and 

increase the photocatalytic efficiency
6,24,25

. The photocatalytic properties of TiO2 were 

first discovered in 1972 by Akira Fujishima
26

. The discovery of this property further led 

to advances in the use of titanium oxide nanoparticles. It is used in photovoltaics and 

semiconductors. It has found use in self-cleaning and anti-fogging  applications
1
. 

Titanium oxide nanoparticles are used in the detoxification and purification of industrial 

waste water
27

. Fujishima
26,28

 found that water can be split into hydrogen and oxygen in 

the presence of titanium oxide as a catalyst under UV light without the application of any 
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external voltage
29

. This discovery was of extreme importance as it focused in using the 

hydrogen produced during the water splitting as a clean fuel source.  

 

One of the most important of these applications of titanium oxide with the maximum 

future scope is in solar cells. TiO2 has become crucial in the application of dye-sensitized 

solar cells. Nanostructured mesoporous TiO2 films are used in dye-sensitized solar cells 

where they are coated with a thin layer of charge transfer dye
30

. Grätzel
30

 studied that 

excitation of the dye layer in top of the titanium oxide film results in the injection of 

electrons in the conduction band of TiO2. These electrons travel through the film and 

electrolyte to the other electrode and electricity is generated. It has been shown that the 

efficiency of the solar cell depends on the diffusion of the electrons in the TiO2 films, 

which in turn depends largely on the properties of the TiO2 films, like porosity, particle 

size, specific surface area, film thickness particle-size distribution, and morphology
31–33

. 

Efforts have been made to optimize these properties of the mesoporous TiO2 films to 

improve the efficiency of the DSSCs
30,33

.  

 

1.2 Methods of TiO2 Nanoparticles and Nanoparticle Films Production 

 

There are various methods being used and developed to produce TiO2 nanoparticles and 

TiO2 nanoparticle films. It is clear from the research on these various methods that 

different methods will produce nanoparticles of different phases, morphology, structure, 

and particle size. For example, sol-gel methods are chemical methods to make titanium 
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oxide nanoparticles and thin films. Efforts are made to optimize these methods to make 

the nanoparticles more efficient for their use in the applications mentioned above. 

 

The titanium oxide nanoparticles in mesoporous films made from a two-step sol-gel 

method were found to have small particle size distribution, minor surface defects, and 

high crystallinity
34

. The nanoparticle films produced by this method were used in dye 

sensitized solar cells, and their performance was measured to investigate the photovoltaic 

efficiency. TiO2 nanoparticles of anatase phase of uniform size were made by a sol-gel 

process from a condensed Ti(OH)4 gel
35

. It was found that the size of the particles 

changed with an increase or decrease in the pH of the Ti(OH)4 gel. Ti-triethanolamine 

also controlled the shape of the anatase TiO2 nanoparticles. Thin films were made from 

titanium oxide nanoparticle colloids formed by sol-gel method
36

. The nanoparticle 

colloids were grown in a hydrothermal atmosphere with controlled conditions. The thin 

films were found to have rod like structure of the particles with long axis.  

 

Another most important method of synthesis of titania nanoparticles is flame synthesis. In 

this method, a precursor with titanium in it undergoes combustion in a certain type of 

flame to decompose and form TiO2 nanoparticles. It has been found that the size, 

structure, and other characteristics of the nanoparticles can be controlled efficiently with 

the flame synthesis methods. Some of these methods are discussed below.  

 

A premixed laminar flat flame aerosol reactor was used to synthesize TiO2 nanoparticles 

using TiCl4 as a precursor
37

. The average size of the nanoparticles formed was 13 nm. 
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The mesoporous films used for DSSCs were formed by a flame stabilized by a rotating 

surface which was used as a substrate for the nanoparticle deposition by Nikraz et. al
33

.. 

The rotating substrate ensured that the deposition of the nanoparticles on the film is 

uniform with constant thickness. The performance of the mesoporous films in the DSSCs 

was measured to find the efficiency of the solar cells. Kavitha et. al
38

 studied the effect of 

substrate temperature, precursor concentration and synthesis time on the properties and 

phase of TiO2 nanoparticles synthesized in a flame pyrolysis reactor. A silicon substrate 

was used for deposition of the titanium oxide films. They found a change in the phase of 

the nanoparticles with a change in substrate temperature. A flame aerosol reactor was 

used to produce titanium oxide nanoparticle films by Thimsen and Biswas
39

. They 

studied the effect of precursor concentration and substrate temperature on the 

nanostructured TiO2 film properties. The influence of operating pressure and precursor 

concentration on the properties of TiO2 nanoparticles synthesized in a low pressure H2-

N2-O2 burner stabilized premixed stagnation flat flame was studied by Zhao et. al
40

. 

Titanium tetra-isopropoxide (TTIP) was used as precursor for the synthesis. 

 

A new type of premixed-stagnation swirl flame was introduced by Wang et. al
41

 for the 

synthesis of titanium dioxide nanoparticles. The setup has a swirl chamber introduced 

inside the burner which gives turbulence to the flame. The mean diameter of the particles 

synthesized by this method was 5-10 nm. Zhang et. al
42

 used premixed stagnation swirl 

flame synthesis setup to grow highly-porous nanostructured TiO2 films. The different 

properties and characteristics of the titanium oxide nanoparticle films, like size, 

morphology, and structure of the films, were controlled by changing the substrate 
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temperature and precursor concentration. Interesting changes in the average size of the 

particles and the structure and growth of the films were found when the substrate 

temperature was changed or when the precursor concentration was varied. The growth 

and structure of the films was controlled by the competition between Brownian motion 

and thermophoretic velocity acting on the particles incident on the film. 

 

Apart from these methods of synthesis, other methods such as microemulsion, hydrolysis, 

and thermohydrolysis are also used for synthesis of titanium oxide nanoparticles
43

. 

 

1.3 Effect of Electric Field on the Growth of Titanium Oxide         

Nanoparticles 

 

Research has been conducted to study the effect of an externally applied electric field on 

the titanium oxide nanoparticle size, morphology, structure, and other properties. 

Kammler et. al
44

 studied the formation of TiO2 nanoparticles synthesized in a CH4-O2 

pre-mixed flame. They applied a DC electric field with the help of plate electrodes and 

studied its effect on the temperature of the flame. The effects of this electric field on the 

particle size, crystallinity, and morphology were studied with the help of Fourier 

transform infrared spectroscopy. The particle size was found to decrease under the 

electric field. The effects of external applied electric field on TiO2 nanoparticles were 

also studied by Katzer et. al
45

 in a CH4-O2 premixed flame reactor. The changes in 

particles size, morphology and flame temperature were studied for three types of 

electrode pairs namely needle, plate and sphere. For example, the needle electrodes 
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increased the agglomerate size of the particles while plate electrodes decreased it. The 

primary particle size and rutile content were found to change due to the applied electric 

field. The properties and growth of titanium oxide nanoparticles under uniform electric 

fields synthesized in a low-pressure premixed stagnation flame was studied by Zhao et. 

al
46

. The effect of electrophoretic velocity due to the applied electric field was studied on 

the growth and transport of particles. The experimental results showed different particle 

sizes under different electric field strengths and proved that electric field application can 

decrease the average particle aggregate size. 

 

1.4 Overview of the Thesis 

 

As seen from the research of the effects of applied electric field on the synthesis of 

titanium oxide nanoparticles, there is an obvious change in the properties of the titania 

nanoparticles, especially the particle size, under the electric field as opposed to those 

grown without the application of any electric field. Also, the methods of synthesis to 

grow TiO2 nanostructured films with a high porosity are researched, as highly porous 

films will increase the efficiency of the DSSCs.  

 

In this the thesis, the two are combined such that TiO2 nanostructured films are grown in 

an electrically-assisted premixed stagnation swirl-flame synthesis setup on a silicon 

substrate. The external high voltage is applied to the substrate (with the burner grounded) 

to study the effects of the external electric field on the growth, structure, size, 

morphology, porosity, and crystallinity of the TiO2 films. The effect of different electric 
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field strengths and the polarities of the field on the titanium oxide films are also studied. 

A negative voltage applied to the substrate will cause a negative electric field in the flame 

while a positive voltage applied to the substrate will result in a positive electric field in 

the flame. The substrate temperature and precursor concentration are varied to study how 

the combination of changing electric field strengths, substrate temperature, and precursor 

concentration affects the growth and structure of the titanium oxide films. Ex-situ 

characterization is performed on the films to find the size of the nanoparticles, the 

thickness and structure of the films, and the phase of the particles, as well as the porosity 

of the films. The thesis explains in detail the experimental setup; procedures of 

conducting the experiments; results and discussion; and conclusions and future scope.  
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CHAPTER 2 

 

EXPERIMENTAL SETUP AND PROCEDURE 
 

 

2.1 Experimental Setup and Configuration 

 

The main components in the setup for the experiment to study the effects of an electric 

field on the nanostructured titanium oxide films produced by swirl flame synthesis are the 

swirl flame burner; the substrate; the high voltage power supply; the gasflow delivery 

system with mass flow controllers and the heaters; the precursor flow and heating setup; 

and the temperature probes. The burner and the substrate with the cooling water supply 

configuration are enclosed in a hood with an exhaust. The burner, substrate, and gas and 

precursor flow controllers are arranged on a 5x3 feet base mounted on a table of 3 feet 

height with wheels for ease of moving the entire setup. 
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Figure 2.1. Experimental Setup of the Swirl Flame Burner. 
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2.1.1 Swirl Flame Burner 

 

The swirl flame burner is a stainless steel cylindrical tube with a swirler. The tube has an 

internal diameter of 18mm and a length of 200mm with threads at the top to fix it into a 

top plate which holds the burner in a vertical position. The swirler is located inside the 

burner at a distance of 70mm from the tube exit. The swirler has an outer diameter of 

18mm and is 14mm in length. The swirler consists of annular vanes at the circumference 

with a tubular bypass at the center with an outer diameter of 8mm. The top of the tubular 

bypass is fitted with a perforated screen. The swirler has eight blades at an angle of 45
o
. 

The swirl number is dependent on the ratio of the jet of gases flowing through the central 

bypass to the gases flowing through the swirl vanes. This swirl number can be varied by 

changing the mesh density on the perforated screen. The swirl number for this experiment 

is set at 0.248, producing low-swirl flame 
41

. 

 

2.1.2 Substrate 

 

A silicon wafer 380µm in thickness is used as a substrate on which the TiO2 films are 

grown. The substrate is a small piece of silicon about 10mm x 10mm obtained by 

fracturing the silicon wafer using a diamond cutter. The substrate piece is further 

fractured in two 5mmx10mm parts which are then placed side by side to grow the film. 

The purpose of using two pieces is to get a cross-section of particle deposition to view the 

TiO2 structure under SEM. The silicon substrate is placed on an aluminum plate 12cm x 

12cm and 5mm thickness. A very thin layer of thermal grease is applied between the two 
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to increase the thermal conductivity. The grease is electrically conductive so that the 

electric field applied to the aluminum plate flowing to the silicon substrate is not affected. 

A cooling plate is placed below the aluminum plate separated by quartz blocks with 

thermal grease applied between the layers. The thermal grease from Omega Engineering 

used here is electrically insulating as we want the aluminum plate to be completely 

isolated. The distance between the aluminum plate and cooling plate can be changed by 

adding or decreasing the quartz blocks
42

. The cooling plate has cooling water circulating 

through it whose flow can be controlled by a valve. The temperature of the aluminum 

plate can be changed by adjusting the water flow through the cooling plate and the 

distance between the two plates. A K-type thermocouple is placed between the cooling 

plate and the aluminum plate which measures and displays the temperature at the base of 

the aluminum plate. The temperature of the silicon substrate can be calculated using 

conduction heat transfer calculations where the thickness and thermal conductivity of the 

aluminum plate, thermal grease, and silicon substrate are known. The whole substrate 

setup is mounted on a truss platform. 

 

 

 

 Figure 2.2. Stagnation swirl flame.  
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2.1.3 Gas Flow Controllers 

 

The gases used for the experiment are: 

High Purity Nitrogen- NI HP 300, purity>99.998%,  

Industrial Oxygen- OX 300, and  

Industrial Methane- chemically pure, purity>99.5%.  

The gases are metered to the setup using mass flow controllers. The mass flow controllers 

have a maximum flow rate of fluids which can pass through them. A digital command 

module from AALBORG is used in the setup. It generates a 0-5V signal which is directly 

proportional to the flow rate of gases through the controllers. A percent value for the 

gases can be entered in the command module which will allow that percent of gas from 

the total flow rate of the mass flow controller to pass through it. The gases are setup at 

the given percent of the total flow rates of the mass flow controllers: 

N2- 90% 

O2- 35% 

CH4- 29.1% 

The resultant flow rates of the gases are 

N2- 2.25 L/min 

O2- 6.60 L/min 

CH4- 24.9 L/min 
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2.1.4 Precursor Setup 

 

Titanium tetraisopropoxide (TTIP) from Sigma Aldrich with 97% purity is the precursor 

used for this experiment. The precursor is kept in a glass bubbler which is radiantly 

heated up to 80
o
C. The carrier gas used for the TTIP line is nitrogen which will be 

discussed in the next section. 

 

 

 

Figure 2.3. AALBORG Command Module. 
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2.1.5 Gas and Precursor Lines 

 

A mixture of N2+O2+CH4 with the above mentioned flow rates is mixed and passed 

through a gas line and heated up to 120
o
C with a rope heater. A thermocouple (K-type) is 

used to measure the temperature of the gas line. A bypass line with N2 as the carrier gas 

for TTIP merges with the precursor line downstream of the bubbler. The precursor line is 

heated up to 130
o
C with a rope heater, measured by a thermocouple, to avoid 

condensation of the precursor in the line. N2 is the carrier gas used for TTIP in the 

precursor line. Further down the flow, the precursor and the premixed gas mixture of 

oxygen, nitrogen and methane are mixed in a line prior to the burner and heated up to 

120
o
C with a rope heater. A temperature controller is used to maintain the temperature. 

The temperature of the mixture is measured just before the entry to the burner with a 

thermocouple. The temperature at this point should reach 76.6
o
C before starting the 

flame. Table 2.1 shows the gases passing through the respective gas lines and the 

temperatures to which they are heated using a rope heater. It also shows the 

thermocouples attached to the respective gas lines. 

 

Gas Line Gases Thermocouple Temperature 

A CH4+O2+N2 A 170
o
C 

B TTIP B 130
o
C 

C TTIP+ CH4+O2+N2 C 120
o
C 

E before the burner E 170
o
F 

 

 

 

 

 

 

 

 

Table 2.1. Flow of gases through the gas pipes and the temperature to which they are 

heated. 
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2.1.6 High Voltage Power Supply 

 

A high voltage power supply box, GenCom Division High Voltage Power Supply Box, -

/+ 0-3 kV is used to supply electric field to the setup. The high voltage line is connected 

to the aluminum plate while another line is connected from the burner to the ground 

connection on the box. The ground line from the box and the lines from the setup table 

are connected to the main ground point in the lab. Thus, all the setup including the box is 

appropriately grounded. The aluminum plate is isolated from the cooling plate using 

quartz blocks and electrically insulating thermal grease to ensure that the electric field 

does not leak from the aluminum plate to the cooling plate or the setup table.  The power 

supply box has a switch to change the polarity and a dial which adjusts the voltage 

strength being applied. 

 

 

 

 

 

Figure 2.4. High Voltage Power Supply Box. 
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2.2 Experimental Procedure  

 

This work focuses on the effects of an electric field on the TiO2 nanoparticles film 

structure, porosity, and morphology. A set of 9 experiments is run for a fixed substrate 

temperature and precursor concentration by varying the voltage from -800 V to +800 V 

with an interval of 200 V. Table 2.2 below shows all the cases runs, with the synthesis 

time for each. Adjusting the nitrogen carrier gas flow rate can change the precursor 

concentration and the substrate temperature can be adjusted by changing the thickness of 

the quartz blocks and the cooling water flow rate. The accuracy of the substrate 

temperature measured by the thermocouple is ± 10
o
C. In the first part, the substrate 

temperature is changed (473 K, 663 K and 763 K) while the precursor concentration is 

kept constant at 116 ppm; and the experiments are run for each case by varying the 

electric field. In the second part, the precursor concentration is changed (29.1 ppm, 116 

ppm, 232.8 ppm and 291 ppm), while the substrate temperature is kept constant at 763 K 

and similar experiments are performed
42

. As the precursor concentration is changed, the 

synthesis duration is varied accordingly in order to keep the total amount of precursor 

added in each case to be the same
42

. Table 2.2 shows all the cases run with the parameters 

of substrate temperature, precursor concentration, and synthesis duration.  
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CASE SUBSTRATE 

TEMPERATUR

E (K) 

PRECURSOR 

CONCENTRA

-TION (ppm) 

SYNTHES-

IS 

DURATION 

(s) 

FILM 

CHARACTER

-IZATION 

VOLTAGE 

APPLIED 

1 473 116 300 SEM, TEM, 

XRD, Packing 

Density 

-800V to 

800 V 

2 663 116 300 SEM, Packing 

Density 

-800V to 

800 V 

3 763 116 300 SEM, Packing 

Density, TEM 

-800V to 

800 V 

4 763 29.1 1200 SEM, Packing 

Density 

-800V to 

800 V 

5 763 232.8 150 SEM, Packing 

Density 

-800V to 

800 V 

6 763 291 120 SEM, Packing 

Density 

-800V to 

800 V 

 

 

The steps to carry out an experiment are: 

 

1. Adjust the thickness of the quartz blocks and apply a thin layer of thermal grease 

between each layer to get the required temperature of the substrate in the flame. 

 

2. Prepare the silicon substrate and place it on the aluminum plate by applying a 

small amount of thermal grease. 

 

3. Start the cooling water flow. 

Table 2.2. All cases of experiments run. 
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4. Turn on the rope heaters for the gas lines.  

 

5. Start the flow of compressed air through the gas lines which is used for preheating 

the setup. 

 

6. Adjust the digital controller and make sure the flow rates of the gases are set to 

the values mentioned above. 

 

7. Adjust the N2 carrier gas flow rate to get the required TTIP concentration. 

 

8. Enter the temperatures for the controller that the gas lines need to be heated to. 

 

9. Make sure there is enough TTIP in the bubbler and enough gas in the cylinder 

tanks. 

 

10. If the TTIP in the bubbler is not enough, fill it up. 

 

11. Start the heating of the TTIP in the bubbler. 

 

12. Let the setup preheat for about 20 minutes until the temperature of the gases just 

before the burner reaches about 170-180
o
F as seen from Thermocouple E. 
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13. Make sure the connection of the high voltage line from the power supply box to 

the substrate is secure. 

 

14. Make sure all the connections are grounded. 

 

15. Place the hood on the burner. 

 

16. Once the setup is warmed up to the required temperature, turn off the compressed 

gas supply and open the nitrogen valve to start the nitrogen flow through the lines.  

 

17. Make sure the nitrogen flow rate is constant and start the oxygen flow rate. 

 

18. Make sure the oxygen flow rate and the temperatures are constant; and open the 

methane valve. 

 

19. Ignite the flame just below the burner when the methane flow rate is constant. 

 

20. Observe the flame to when you get a “steady” flame. 

 

21. Turn on the high-voltage power supply box (For the case of no electric field, 

skip to step 24). 

 

22. Set the polarity by flipping the switch for negative or positive voltage. 
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23. Turn the knob to adjust the voltage to the required magnitude. 

 

24. Open the precursor valve to start the TTIP flow. 

 

25. Slowly close the valve on the bypass line and watch the flame carefully. In case of 

any problems or issues, open the bypass line and close the precursor valve. 

 

26. Once the TTIP is added, start the timer and run the experiment for the required 

time depending on the case being run. 

 

27. Once the timer stops, open the bypass line and close the precursor line (For the 

case of no electric field, skip to step 30). 

 

28. Adjust the knob on the supply box to zero. 

 

29. Turn off the power supply box. 

 

30. Close the methane valve. 

 

31. Close the oxygen valve. 

 

32. Start the compressed air to flow through the lines. 
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33. Stop the heating by unplugging the rope heaters. 

 

34. Close all the cylinder tanks. 

 

35. Let the setup cool down, and then turn the compressed air supply off. 

 

36. Collect the TiO2 films on the silicon substrate carefully and store them in a case, 

along with proper identification. 
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CHAPTER 3 

 

EX-SITU CHARACTERIZATIONS 
 

 

3.1 Field Emission Scanning Electron Microscope (FESEM) 

 

The images of the titanium oxide films are taken using a FESEM. The structure and the 

growth of the nanoparticles on the film are studied using a magnification from 2000 X up 

to 30K X. The films are mounted vertically in a copper grove that is mounted on a stud 

and stuck on using a carbon tape. The samples are inserted vertically inside the FESEM 

such that the cross-section of the TiO2 film on the edge of the substrate is visible in the 

frame, presenting a side view of the film. 

 

3.2 High Resolution Transmission Electron Microscope (HRTEM) 

 

The HRTEM is used to obtain further magnified images of the titania nanofilms, which 

can be used to find the average primary size of the constituent particles. The sample is 

prepared by scrubbing off a small amount of titania powder from the film surface and 

sonicating it in ethyl alcohol. A couple drops of the mixture are then poured on the 

carbon grid using a pipette. The grids are then inserted in the TEM. The size of the 

particles can be found by using the software to view and measure TEM images - the 

Digital Micrograph. The composition of the nanoparticles is found by Selected Area 

Electron Diffraction (SAED).  
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3.3 X-Ray Diffraction (XRD) 

 

The composition of the TiO2 nanoparticles is also found using XRD analysis. The 

nanoparticles taken from the substrate after the experiment are placed inside a small 

circular indentation in a disc and a drop of ethyl alcohol is added to get a thin layer of the 

powder. The sample is then inserted in the XRD and the analysis is run for 15 minutes. 

The XRD analysis gives the composition of the particles as well as the average diameter 

of the particles in the sample. 
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CHAPTER 4 

 

PACKING DENSITY 
 

 

4.1 Introduction 

 

Packing density of a film is the property used to assess how the particles are packed 

together. It is used to find the porosity of the film. As mentioned above, a higher porosity 

film is desired to obtain a greater efficiency from the dye-sensitized solar cells. The 

porosity of the particle films can be found from the packing density as (1- packing 

density)*100 which will be in a percentage form. The packing density of the films can be 

found from the experiments performed. In addition, a deposition model is prepared to 

simulate the deposition of the particles in the flame on the film and the packing density 

can be estimated from this. 

 

4.2 Methods to Calculate Packing Density 

 

4.2.1 Experimental  

 

The packing density of a TiO2 film grown under the SSF can be determined from the 

experiments. The formula used to calculate the packing density is: 

 

𝜺 =  
𝐦𝐟

𝛒𝐀𝐟𝐡𝐟
                  (1) 
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Where, ε is the packing density, mf is the weight of the film measured by the weighing 

scale Mettler AE 240 (accuracy 10
(-5)

 grams), ρ is the density of TiO2 (3840 kg/m
3
), Af is 

the area of the film, and hf is the thickness of the film found from the SEM images of the 

cross-section of the films. The weight of the film is found by measuring the substrate 

along with the film, then scraping off the film just to weigh the substrate. The difference 

between the two is the weight of the film. The area of the film is calculated by measuring 

the length and width of the substrate. 

 

4.2.2 Correlation-The Deposition Model for Packing Density 

 

In order to explain the value of the packing density of the TiO2 films, we constructed a 

simple deposition model similar to Zhang et. al
42

. The deposition of the particles is 

affected by the surface forces and particle inertia due to which an incident nanoparticle 

sticks to one already deposited on the film, thus obstructing its further penetration into 

the film. The two main processes in the flame which govern this deposition of the 

particles are - the thermophoretic velocity caused by the temperature gradient between 

the burner and the substrate (which controls the penetration depth of the incident particle 

in the film) and the Brownian motion caused by the colliding molecules (which affects 

the probability of the incident particle to attach to a deposited one).  A set of equations 

were used to calculate the mean penetrating time (τp), thermophoretic velocity (vth/e), and 

the penetration distance (lpene) of the nanoparticle in the film. The mean penetrating time 

is calculated using the average Brownian velocity (vB), the concentration of the primary 
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particles in the film structure (cf) and the travel distance of the incident particles prior to 

deposition in the film (lp). The following equations are used to calculate these parameters: 

 

The average Brownian velocity
47

, 𝑣𝐵 = (
3kT

mp
)

1

2
                                   (2) 

where, mp is the mass of the particle, k is the Boltzmann constant, and T is the absolute 

temperature. 

 

The concentration of the primary particles in the film is given by  

𝑐𝑓 =  
εf

(dpf)^3
                 (3) 

Where, ε is the average packing density, f is the correction factor taken as 0.5, and dpf is 

the diameter of primary particles in the film. 

 

The ‘mean free distance’ of the primary particle before deposition in the film (lp) is the 

distance travelled by the particles before their “horizontal” collision with the particles 

already deposited in the porous film and can be modeled by basic collision theory in the 

free molecular regime,
48,49

 as shown below 

 

𝑙𝑝 =
(

1

𝑐𝑓
)

𝑆𝑒
                            (4) 

where, Se is the cross-sectional area for collision given by 

𝑆𝑒 = β
π

4
(dpi + dpf)

2
                (5) 
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where, β is the enhancement factor for collision rate, dpi is the diameter of incident 

primary particles in the flame, and dpf is the diameter of primary particles in the film.  

 

Thus, the mean penetrating time, i.e. the time taken by the primary particle inside the 

flame to collide “horizontally” with particles in the film where it is captured and 

deposited, is expressed as 

𝜏𝑝 =  
𝑙𝑝

𝑣𝐵
                                                  (6) 

 

Both lp and τp are dependent on the Brownian motion of the particles in the flame and 

their probability to collide in a horizontal direction with the particles deposited in the 

flame. 

 

The particle movement in the perpendicular direction (with respect to the substrate) 

depends on the total effect of thermophoresis, electrophoresis, gravitational force, and 

drag force acting on the particle. An expression for particle velocity is formulated from 

the combination of the thermophoretic force (Fth)
50,51

, electrophoretic force (Fe)
51

, 

gravitational force (Fg)
51

 and equating it to the drag force (Fd)
51

 by Stoke’s law as given 

below  

Fth + Fe + Fg = Fd             

(3πηgas
2 r×∇T)

ρgasT1
  + 

(qV)

D
  +  

(4π×r3ρpg)

3
  = (6πμgasr𝑣)           (7) 

 

where, ηgas and ρgas are the viscosity and density of gas respectively, 𝛻𝑇 is the 

temperature difference between the burner exit and the substrate, q is the unit charge on 
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the particles, V is the voltage applied to the substrate, D is the distance between the 

substrate and burner exit, T1 is the temperature of the flame at the burner, r is the radius 

of the primary particle in the flame, g is the acceleration due to gravity, 𝜇𝑔𝑎𝑠 is the 

dynamic viscosity of the gas and v is the relative velocity of the particle. We can find 

absolute velocity of the particle vp from v using the equation below and substitute it in 

equation (9). 

𝑣 = 𝑣𝑝 − 𝑣𝑔𝑎𝑠                 (8) 

where, vgas is the velocity of the gases in the flame. 

Using the above expressions, the penetration distance for particles is calculated  

𝑙𝑝𝑒𝑛𝑒 = 𝑣𝑝 × 𝜏𝑝                (9) 

 

The packing density is assumed to be proportional to the penetration distance. A 

proportionality factor “x” is used such that the penetration distance is x times the packing 

density. A case at 116ppm and substrate temperature 763K is used as a reference point to 

determine this factor “x” or the constant of proportionality. This factor remains constant 

for all the other cases and the penetration distance is found using this factor in equations 

from 3-8. Using an iterative method, the packing density is found for all the cases
42

. 
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CHAPTER 5 

 

EFFECTS OF ELECTRIC FIELD AND SUBSTRATE 

TEMPERATURE 
 

 

5.1 Introduction 

 

In this chapter, we will study the first three cases shown in table 2.2. In these cases, the 

precursor concentration is kept constant at 116 ppm and the substrate temperature is 

changed for every case. The temperature of the substrate for the 1
st
 case is set at 473 K, 

for the 2
nd

 case at 663 K, and for the 3
rd

 case at 763 K. The temperature is held 

throughout the experiments for each case with an accuracy of ±10
o
C. The temperature of 

the substrate is adjusted by changing the distance between the aluminum plate and the 

cooling plate by increasing or decreasing the thickness of the quartz blocks and by 

adjusting the flow rate of the cooling water. For the low substrate temperature of 473 K 

for case 1, the thickness of the quartz blocks is a very thin layer of about 2-3mm and the 

flow rate of cooling water is maximum. For the case 2 with 663 K as substrate 

temperature, the thickness of the quartz blocks is increased up to 4-5mm and the flow rate 

of cooling water is almost halved. For case 3 with 763 K, the thickness of the quartz 

blocks is about 5-6 mm; and the flow rate of cooling water is minimum with the water 

valve just barely open. The temperatures of the substrate for the respective cases are 

confirmed by starting the flame without adding the precursor and measuring the substrate 

temperature using a pyrometer. As all the cases have the same precursor concentration, 

they run for the same time of 300 seconds. Each case has 9 sets of experiments: 

1. No electric field applied or 0 V 
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2. -200 V 

3. -400 V 

4. -600 V 

5. -800 V 

6. 200 V 

7. 400 V 

8. 600 V 

9. 800 V 

 

Below, each case is discussed for the above experiments and their results. 

 

5.2 CASE 1: 

      Precursor concentration – 116 ppm 

      Substrate temperature – 473 K 

      Synthesis time – 300 seconds 
             

5.2.1 Introduction 

 

Case 1 has the concentration of N2 carrier gas set at 45% in the digital command module, 

and the TTIP is heated up to 80
o
C to achieve a TTIP concentration of 116 ppm 

introduced to the flame. The substrate temperature is set at 473 K and confirmed using a 

pyrometer. The substrate temperature during experiments can be observed from the 

display of the K-type thermocouple. The temperature remains constant with an accuracy 

of ±10
o
C. 9 experiments of 300 seconds each are run by varying the applied voltage to 
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the substrate from -800 V to +800 V, as given above. The results for the experiments are 

shown below in the next section. 

 

5.2.2 Results 

 

5.2.2.1 SEM 

 

Figure 5.1 shows the SEM images of cross-sections of the nanostructured TiO2 films. 

Image for 0V shows the film when there is no voltage applied to the substrate. In the 

absence of any electric field, the structural growth of the film is similar to the one shown 

by Zhang et.al
42

 for the same substrate temperature and precursor concentration. The 

SEM images show a more columnar growth at low voltages till |±400 V|, which is 

consistent with the simulations of deposition of particles in an electric field by Kulkarni 

and Biswas
52

. The film synthesized under a negative electric field seems more porous 

with smaller primary particle size, while the film synthesized under a positive electric 

field looks more packed with a higher aggregate size. For a low substrate temperature, the 

thermophoretic velocity and Brownian motion dominate the deposition of particles on the 

film. This results in the tree-like branched structure of the TiO2 film similar to those 

shown by Thimsen and Biswas
39

, as well as Thimsen et.al
53

. In addition to these regimes, 

with the application of electric field, the electrophoretic velocity will also play role in 

structuring the film
52

. The columnar growth of the TiO2 nanostructured film under an 

electric field can be explained by combining the effects of electrophoresis and 

thermophoresis, which will cause the film to grow in a vertical direction. Further 
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discussion on the structure and porosity of the films is done in the later section. 
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Figure 5.1. SEM images of TiO2 films for CASE 1. 
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5.2.2.2 XRD 

Figure 5.2 shows XRD analysis of the TiO2 nanoparticles collected from the surface of 

the substrate. The analysis shown in the figure is for the case when there is no electric 

field applied to the substrate. It confirms the phase of the nanoparticles to be anatase. The 

phase of the particles remains the same irrespective of the electric field applied to the 

substrate. Thus, the electric fields applied in this work do not affect the phase of the 

particles produced in the flame. 

 

 

 

 

 

Figure 5.2. XRD analysis of the TiO2 nanostructured film in the absence of 

electric field for case 1. 
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5.2.2.3 TEM 

 

Figure 5.3 below shows the TEM images of titanium oxide nanoparticles taken directly 

from the TiO2 films grown on the silicon substrate for the above mentioned substrate 

temperature and precursor concentration. The three images show particles produced 

under no electric field, under a voltage of -400 V, and under a voltage of +400 V 

respectively. The average primary particle size of the particles is found by measuring 20-

30 nanoparticles in the TEM using software Digital Micrograph. We can see from image 

for 0V that ultrafine particles are produced in the stagnation swirl flame (SSF) even in the 

absence of any external electric field. The average primary particle size in this case is 4-6 

nm. Also, as the substrate temperature is low, there is insignificant on-substrate sintering 

resulting in less particle agglomeration/aggregation
41

. The average primary particle size 

for the -400 V case is similar to that in the absence of electric field, i.e. about 3-5 nm. 

However, in the case of +400 V it can be seen that the particles are much larger; and the 

average primary particle size is about 8-10 nm. Thus, we can conclude that the average 

particle size of the TiO2 nanoparticles is much smaller when a negative voltage is applied 

than when a positive voltage is applied. Due to thermionic emissions, the particles maybe 

more positively charged. As a result, they are attracted to the low magnitude negative 

voltage applied on the substrate accelerating the particles in the flame. The resident time 

of the particles in the flame reduces resulting in smaller particle size. However, the 

positively charged particles will be repelled from the low magnitude positive voltage on 

the substrate, increasing their residence times in the flame and in turn the particle size. 
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5.2.2.4 Packing Density 

 

Figure 5.4 shows the graph of packing density calculated for TiO2 films formed under all 

the 9 experiments under voltages ranging from -800 V to +800 V. The graph shows 

packing density calculated both from the experiments and the correlation model. The 

method used to obtain the packing density from experiments and the correlation model is 

explained in the earlier section. Though the values are not exactly the same, the trend in 

20 nm20 nm

Figure 5.3. TEM images of TiO2 nanoparticles  
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both cases is similar showing a lower packing density at lower magnitudes of voltages up 

to |±400 V|, after which it increases. Also, by both experimental and correlation methods, 

the packing density is seen to be minimum at -400 V. The figure clearly shows that the 

deposition of the particles and porosity of the film is affected under an electric field and 

depends on the magnitude of the applied voltage. The possible explanation for such a 

trend is discussed in the next section. 

 

 

 

 

 

 

 

 

 

Figure 5.4. Packing Density of the TiO2 film for case 1 under a voltage from -800 V to 

+800 V by experiment and model calculations. 
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5.2.3 Discussion 

 

The effect of the applied electric field on the packing density of the nanostructured 

titanium oxide films can be explained by the two main regimes that seem to be affecting 

the particle movement and growth in the film: i) the electrophoretic velocity ii) the 

average size of the primary particles in the flame incident on the film. The observations 

of these two regimes can be seen in the experimental ex-situ characterization as well as 

from the results in the deposition model.  

 

We assume the flame to consist of TiO2 nanoparticles both positively and negatively 

charged, but not necessarily in equal distributions, since the “hot” flame can induce 

thermionic emission. As seen from the trend in Figure 5.4, the packing density of the 

TiO2 films is less at lower voltage magnitudes of ±200 V and ±400 V, and increases as 

the voltage magnitude increases above |± 400 V|  (as can be seen at ±600 V, ±800 V). 

The lowest value of the packing density is at -400 V. This trend can be explained using 

the TEM images and the deposition model equations. The average particle size calculated 

from the TEM images shows that the average primary particle diameter is smaller for -

400 V than for -800 V. Similarly, it shows that the average primary particle size for +400 

V is smaller than for +800 V. These results are similar to the results obtained by Zhao et. 

al
46

 by applying an electric field in a low-pressure premixed flame. Thus, for either 

polarity, the particle size seems to be increasing with increasing magnitude of the 

voltage. When the applied voltage is low, the charged particles are attracted to opposite 

polarity on the film. For example, if it is a negative electric field, the positively charged 
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particles will be attracted to the film. This attraction will increase the electrophoretic 

velocity causing the particles to move faster through the flame. Thus, the particle should 

penetrate deeper and the film should be more packed. However, these particles will spend 

less time in the flame, being subjected to less in-flame agglomeration and particle 

growth, resulting smaller primary-particle sizes, as confirmed by the TEM. (A smaller 

particle will also have larger Brownian velocity, which outweighs the electrophoretic 

effect).  A combination of this electrophoretic velocity in the flame and the resultant 

particle size will create a loosely packed film, decreasing the packing density as 

concurred from the equations in the deposition model. 

 

Inversely, when a high voltage is applied to the substrate, it accelerates the particles in 

the flame inducing stronger molecular collisions with each other to form positive and 

negative ions. If the polarity of the voltage on the substrate is negative, the positive ions 

will attract to the substrate. At the same time the electrons will be repelled back into the 

flow field colliding with molecules producing more positive ions and electrons. These 

electrons attach to neutral molecules forming negative ions which in turn attach to 

particles to give them a negative charge. This will increase the negatively charged 

particles in the flame which will be repelled from the substrate decreasing the 

electrophoretic velocity. Conversely, when a high magnitude positive voltage is applied 

to the substrate, the electrons will attract to the substrate while the positive ions will 

attach to the particles giving them a net positive charge. Thus, the positively charged 

particles will repel from the substrate back into the flow field. Although one may expect 

this effect to result in a loosely packed film, the particles will spend a longer time in the 
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flame, where in-flame agglomeration and particle growth will cause the average primary 

particle size to increase. Larger particle size (from low electrophoretic velocity) produces 

much lower Brownian velocity (extending the collision time with the film), which, along 

with the extant thermophoretic force, will cause the packing density of the film to 

increase.  

 

Now, if particles were equally positively and negatively charged, then the packing 

density should have been symmetric about the 0 V. However, from the Figure 5.4 we can 

see that the packing density is lower at negative voltages of |-200 V| and |-400 V| than at 

the positive voltages of the same magnitude. The TEM images in Figure 5.3 show that 

the average primary particle size at a voltage of -400 V is much less than that at +400 V, 

meaning the particles undergo less in-flame agglomeration at -400 V than at +400 V. 

This shows that a negative voltage applied on the substrate has more influence on the 

particles than a positive voltage. So they will be more attracted to a negative substrate 

than to a positive substrate explaining the lower size of the particles at -400 V. Thus, this 

result concludes that more particles are positively charged than negatively charged, due 

to thermionic emission.  This also explains why -400 V is the lowest point (due to 

smallest particles) at which the packing density is minimum, and the film has a high 

porosity.  
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5.3 CASE 2: 

      Precursor concentration – 116 ppm 

      Substrate temperature – 663 K 

      Synthesis time – 300 seconds 
 

5.3.1 Introduction 

 

Case 2, similar to case 1, has the TTIP concentration set at 116 ppm. The substrate 

temperature for this case is increased to 663 K. The temperature of the substrate is 

increased by increasing the thickness of the quartz blocks between the aluminum plate 

and cooling plate and decreasing the flow rate of cooling water. As the precursor 

concentration is still 116 ppm, the time for the synthesis of each experiment is 300 

seconds. The substrate temperature is measured by a K-type thermocouple. It remains 

constant at 663 K throughout the experiment with an accuracy of ±10
o
C. 

 

5.3.2 Results 

 

5.3.2.1 SEM 

 

Figure 5.5 shows SEM images of cross-sections of TiO2 films grown in the SSF without 

applying an electric field and under the effect of voltages from -800 V to +800 V. The 

thickness of the films is around 37-40 µm. Image for 0V shows an SEM image of the 

titanium oxide film when there is no electric field applied to the substrate. The film still 

shows the same tree-like branched structure as seen in case 1 for the film formed in the 

absence of an electric field (Figure 5.1 image 0 V). However, the nanoparticles at the 
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base of the film in this image seem agglomerated. As the temperature of the substrate is 

high, the particles sinter on the surface of the substrate to form larger agglomerates. The 

growth of the nanoparticles in the film is prominent in the horizontal direction which 

results in more branches. The structure of the film is also similar to that of the TiO2 film 

shown by Zhang et. al
42

 in his paper formed under the same substrate temperature and 

precursor concentration. The growth of the nanoparticles in the film at 0 V is more 

prominent in the horizontal direction than in the films formed under a voltage, 

corresponding to more branched structures. The structure in the images for -200 V, +200 

V, -400 V, and +400 V shows a more columnar growth of the particles. The film at -400 

V as can be seen from the image is highly porous as compared to the other films in the 

figure with a very small particle size. The films look more packed in the images for -600 

V, +600 V, -800 V, and +800 V with a higher particle size as compared to the earlier 

images. Further explanation for the growth and structure of the films will be discussed in 

the later section. 
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Figure 5.5. SEM images of the TiO2 films for CASE 2. 
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5.3.2.2 Packing Density 

 

Figure 5.6 shows the graph of packing density of the nanostructured TiO2 films for case 2 

under applied voltages from -800 V to +800 V. The trend shows that the packing density 

of the films is less under lower voltages until |±400 V| after which there is an increase 

until |±800 V|.  The packing density of the films agrees with their respective SEM images 

in figure 5.5. The images for 0 V, -200 V, and +200 V in figure 5.5 show a similar 

packing of the particles in the film. This can be confirmed from the packing densities for 

0 V, -200 V, and +200 V, which are quite close to each other. The highest packing 

density between the three is at 0 V. The packing density of the film at -200 V is less than 

that at +200 V. The image for -400 V shows a high porosity of the film which can be 

confirmed from the trend of the packing density in the graph showing a minimum value 

at -400 V. The packing density of the film at +400 V is lower than that at 0 V but it is still 

higher compared to that at -400 V. The packing density increases at higher voltages of |± 

600 V| and |± 800 V|. The packing density at +600 V is peculiarly the highest which can 

be confirmed from the SEM image for the same. The film here is highly packed and the 

particle size is also much larger compared to all the other films.   
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5.3.3 Discussion 

 

In the absence of an electric field applied to the substrate, the main forces acting on the 

particles affecting their structure in the film are the thermophoretic effect and Brownian 

motion. The thermophoretic effect is responsible for the growth of the film in a vertical 

direction while the Brownian motion causes the movement of the nanoparticles in a 

horizontal direction resulting in a branched structure. The packing density of the TiO2 

films grown in an SSF without applying any electric field is a result of this horizontal 

movement due to the Brownian motion and the penetration depth of the film affected by 

the thermophoretic velocity. 

Figure 5.6. Packing Density of the TiO2 film for case 2 under a voltage from -800 

V to +800 V by experiment. 
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When an external electric field is applied to the substrate, it will affect the deposition and 

growth of the particles. In addition to thermophoresis and Brownian motion, an 

electrophoretic effect will act on the particles, impacting the structure of the film. As 

discussed in section 5.2.3, the two regimes affecting the particles in the SSF under an 

external electric field are the electrophoretic velocity and the average size of the primary 

particles in the flame incident on the film. Under lower voltages up to |±400 V|, the 

charged particles are attracted to the opposite polarity fields. The electrophoretic velocity 

should aid the thermophoretic velocity of the particles causing them to penetrate deeper 

into the film. However, the particles have smaller average size as they spend less time in 

the flame, and the nuclei of the particles have less time to grow, which impacts the 

collision time through increase in the Brownian velocity. This combined effect ends up 

decreasing the packing density of the films. Conversely, under higher voltages up to 

|±800 V|, the particles undergo strong molecular collisions to form positive ions and 

electrons. Depending on the polarity of the substrate, either the positive ions (for a 

positive voltage on the substrate) or the negative ions (for a negative voltage on the 

substrate) will attach to the particles giving them a net positive or negative charge.   

These incoming particles are then repelled from the surface of the substrate decreasing 

the electrophoretic velocity but increasing the size of the particles incident on the film as 

they spend more time in the flame. Here, the larger particle size corresponds to lower 

Brownian velocity, increasing the characteristic time before collision of the incoming 

particle with the particles in the film, which outweighs the effect of decreased 

electrophoretic velocity. Thus, the packing density will increase resulting in a film with 

less porosity. Again, the packing density of the TiO2 films under negative voltages of |-
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200 V| and |-400 V| is less than under positive voltages of the same magnitude, 

confirming that more particles are positively charged than negatively charged due to the 

thermionic emissions. These positively charged particles attract to the substrate under a 

negative voltage reducing the residence time in the flame and repel from the substrate 

under a positive voltage increasing the residence time in the flame, which will decrease 

or increase the packing density respectively. 

 

5.4 CASE 3: 

      Precursor concentration – 116 ppm 

      Substrate temperature – 763 K 

      Synthesis time – 300 seconds 
 

5.4.1 Introduction 

 

The substrate temperature for case 3 is increased to 763 K. To obtain this high 

temperature, the distance between the cooling plate and aluminum plate is increased by 

adding a thickness to the quartz blocks and decreasing the flow rate of cooling water to 

minimum. The temperature of the substrate is confirmed to be 763 K ± 10
o
C using a 

pyrometer. During the experiments, a K-type thermocouple continuously monitors the 

substrate temperature. As the precursor concentration is same as in earlier cases 1 and 2, 

the synthesis time is still 300 seconds. 
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5.4.2 Results 

 

5.4.2.1 SEM 

 

Figure 5.7 shows SEM images of the cross-section of TiO2 films grown in the SSF 

without applying the electric field and under the effect of applied voltages from -800V to 

+800 V. The thickness of the films is around 35-38 µm. Image for 0 V shows an SEM 

image of the titanium oxide film when there is no electric field applied to the substrate. 

The structure of the film is also similar to that of the TiO2 film shown by Zhang et. al
42

 

formed under the same substrate temperature and precursor concentration. The structure 

of the film seems more branched in the horizontal direction. Also, the particles are more 

agglomerated. The temperature of the substrate for this case is very high (763 K). Such a 

high temperature of the substrate will result in increased on-substrate sintering of the 

titanium oxide nanoparticles, which will result in large agglomerates in the film structure. 

The growth and structure of the nanoparticles seen in the images for -200 V, +200 V, -

400 V, and +400 V is similar to the structure seen in the images of the films under same 

electric field for the earlier cases 1 and 2.  It can be seen that the film is more porous and 

the particle size looks smaller under the application of negative voltages of |-200 V| and |-

400 V|, while the film is more packed with higher particle size under the application of 

positive voltages of |+200 V| and |+400 V|. The images for -600 V, +600 V, -800 V, and 

+800 V follow the trend as seen in earlier cases where the film becomes less porous and 

the particle size increases under the application of higher electric fields. 
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Figure 5.7. SEM images of the TiO2 films for CASE 3. 
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5.4.2.2 XRD 

Figure 5.8 shows the XRD analysis of the titanium oxide nanoparticles taken from the 

surface of the film. The analysis confirms that the phase of the particles is still anatase. 

Thus, the particle phase remains unaffected by the electric field applied and is 

independent of the strength of electric field. 

 

 

 

 

5.4.2.3 TEM 

Figure 5.9 shows the TEM images of the titanium oxide nanoparticles from the surface of 

the film grown in a SSF without any applied voltages, under a voltage of -400 V, and 

under a voltage of +400 V. The size of the particles seen in the images obtained from 

Figure 5.8. XRD analysis of the TiO2 nanostructured film in the absence of 

electric field for case 3. 
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TEM can be measured by a program called Digital Micrograph. About 20-30 particle 

diameters are measured from each image and an average is calculated to obtain the 

average primary particle size. This will be the same as the average primary particle size 

of the titanium oxide particles in the film.  

The average diameter of the particles in the image for 0 V was found to be 10 nm, while 

that in the image for -400 V was found to be about 8-9 nm. The average diameter of 

particles in the image for +400 V was measured to be 12nm. It can also be seen from the 

images that the size of the particles at -400 V is much smaller compared to 0 V and +400 

V. This agrees with the average diameter of the particles calculated by Digital 

Micrograph program. Thus, the particles in the film formed under a voltage of -400 V are 

smaller in size than those formed under no electric field. The particles at +400 V are 

larger than those formed under no electric field. This confirms the trend seen in the TEM 

images of case 1. It also agrees with the theory discussed in section 5.2.3. 
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5.4.2.4 Packing Density 

Figure 5.10 shows the graph of packing density of the TiO2 films for all the 9 

experiments from -800 V to +800 V including 0 V. The figure shows the trend of packing 

density calculated both by experimental methods and by correlation of the deposition 

model of the particles on the film. The trend seen in the figure is similar to the trends of 

packing density that were seen in the earlier cases 1 and 2. The TiO2 film under the 

Figure 5.9. TEM images of TiO2 nanoparticles for case 3.  
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voltage of -400 V still has the least packing density which means it is the most porous 

compared to the films grown under other electric fields. The increase in the packing 

density of the films can be seen at higher electric fields thus agreeing with the trends in 

earlier cases.  

 

 

 

 

 

5.4.3 Discussion 

 

The deposition and growth of the particles on the silicon substrate can be explained by 

the same theory discussed in sections 5.2.3 and 5.3.3. The electrophoretic velocity and 

thermophoretic velocity will affect the penetration of particles in the film. As the 

temperature of the substrate is very high (763 K), the temperature gradient between the 

Figure 5.10. Packing Density of the TiO2 film for case 3 from -800 V to +800 V by 

experimental and model calculations. 
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burner and the substrate is reduced. This will decrease the thermophoretic velocity thus 

slowing down the nanoparticles incident on the film. At the same time an increased rate 

of sintering on the substrate due to the high temperature will cause the particles to 

agglomerate increasing their size. The combined effect of these two situations along with 

the Brownian motion will affect the packing density of the films in the absence of any 

electric field.  

 

The TEM images show a smaller size of the particles at -400 V and a larger size at +400 

V. This demonstrates that the particles in the film for a negative field are smaller in size 

compared to the particles for a positive electric field. So, the particles in a negative 

electric field spend less time in the flame causing their size to be smaller. Thus, the 

nanoparticles must be more attracted and affected by a negative electric field than a 

positive one at lower electric field strengths, meaning that more particles are positively 

charged. At higher voltages applied to the substrate, due to molecular collisions which 

form positive ions and electrons, the particles will gain a net positive or negative charge. 

This charge on the particles will be the same as the polarity of the voltage on the 

substrate causing them to repel back into the flow field, thus increasing the particle 

residence time in the flame. As a result, in spite of a low thermophoretic velocity which 

would cause the particles to slow down, the larger particle size due to more in-flame 

agglomeration will cause the packing density of the films to increase at higher electric 

field strengths. 
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5.5 Comparison of Packing Density for Cases 1, 2, 3 

 

Figure 5.11 below shows the graph of packing density of the nanostructured films for 

cases 1, 2 and 3 grown when there is no electric field applied to the substrate. The graph 

shows the packing density first decreases as the temperature increases from 473 K to 663 

K after which it again increases at 763 K. The trend of the graph is similar by both 

experimental and correlation calculation. As discussed the thermophoretic velocity of the 

particles affects their penetration depth into the film. At a low substrate temperature, the 

thermal gradient between the substrate and the burner will be high, increasing the 

thermophoretic velocity acting on the particles. Thus, the particles will penetrate deeper 

into the film causing the film to be more packed which can explain the higher packing 

density. As the temperature increases, the temperature gradient decreases, thus slowing 

the particles down. This will decrease the penetration of particles in the film which would 

loosen the film causing the packing density to decrease. As the temperature increases 

further to 763 K, the temperature gradient will further decrease which should decrease the 

packing density further. However, at such a high substrate temperature, the particles will 

sinter on the substrate to form larger agglomerates. The larger agglomerates of the 

particle will form a more packed film. The combination of lower thermophoretic velocity 

and on-substrate sintering will result in an increase in the packing density of the film.  
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Figure 5.11. Graph of Packing Density versus Substrate Temperatures 473 K, 663 

K and 763 K at constant precursor concentration of 116 ppm. 

 



58 
 

 

CHAPTER 6 

 

EFFECTS OF ELECTRIC FIELD AND PRECURSOR 

CONCENTRATION 
 

6.1 Introduction 

 

This chapter deals with the study of the last four cases in table 2.2. In this chapter, the 

substrate temperature is kept constant at 763 K for all the four cases. The precursor 

concentration is varied from 29.1 ppm to 291 ppm. The four precursor concentrations 

which are studied in the cases are: 29.1 ppm, 116 ppm, 232.8 ppm, and 291 ppm. As we 

have already studied the case with the substrate temperature of 763 K and precursor 

concentration 116 ppm in case 3, section 5.4, it will not be discussed again. Each case has 

9 set of experiments: 

1. No electric field applied or 0 V 

2. -200 V 

3. -400 V 

4. -600 V 

5. -800 V 

6. +200 V 

7. +400 V 

8. +600 V 

9. +800 V 
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The precursor concentration is varied by changing the N2 carrier gas flow rate and the 

temperature at which the precursor is heated. In spite of the concentration of TTIP in the 

burner differs, the total amount of TTIP added during an experiment should be the same. 

Thus, when the TTIP concentration is low, the synthesis time will increase and when the 

concentration is high, the synthesis time will decrease. This ensures the total precursor 

added remains the same.  

Below, each case is discussed for the above experiments and their results. 

 

6.2 CASE 4: 

      Precursor concentration – 29.1 ppm 

      Substrate temperature – 763 K 

      Synthesis time – 1200 seconds 
 

6.2.1 Introduction 

 

In this case, the TTIP concentration is set at 29.1 ppm. This is achieved by adjusting the 

N2 carrier gas flow rate to 10% of the total flow rate from the mass flow controller and 

keeping the bubbler heating at 80
o
C. The substrate temperature is kept constant at 763 K. 

As the precursor concentration in the bubbler is very low, the synthesis time is longer, to 

ensure the same total mass of precursor delivered. The experiment synthesis time is 1200 

seconds. A voltage is applied to the substrate to study the effect of electric field on the 

growth and structure of the titanium oxide films. A set of 9 experiments with voltages 

ranging from -800 V to +800 V are conducted. The results of the experiments are 

presented below. 
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6.2.2 Results 

  

6.2.2.1 SEM 

 

Figure 6.1 shows the SEM images of cross-section of nanostructured titanium oxide films 

for the above substrate temperature and precursor concentration. The image for 0 V 

shows the TiO2 film formed in the absence of an electric field. As can be seen from the 

image, the tree like branched structure of the films seen in earlier cases for the same 0 V 

is absent in this film. The main reason for this is the very low concentration of TTIP
42

. 

Due to the very low precursor concentration, the amount of particles in the flame incident 

on the film is very low. The substrate temperature is very high so the temperature 

gradient between the substrate and the burner is low, decreasing the thermophoretic 

velocity. The smaller number of particles and the lower thermophoretic velocity are not 

enough to give a structure to the film as seen in earlier cases, resulting in a clustered 

formation of the particles on the film instead of the tree-like branched structure. Also, the 

very high temperature of the substrate will cause the low number of particles to sinter on 

the film forming larger agglomerates. The smaller concentration of TTIP also results in a 

very low thickness of the film only around 20-25 µm. As the electric field is applied to 

the substrate, the branched structure starts becoming visible again in the films. In the 

images for -200 V, +200 V, -400 V, and +400 V the branched structure of the film seen 

in earlier cases is visible. The thickness of the film is also a little higher, around 30µm. 

However, the particles still seem to be agglomerated due to the on-substrate sintering. 

The reason for this columnar and branched structure in the films is the long synthesis 
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time and low concentration of TTIP resulting in sintering of the particles in the film. 

Also, the low TTIP concentration will make it difficult for the particles to homogenously 

nucleate in the flow field. Similarly, the films in the images for -600 V, +600 V, -800 V, 

and +800 V show the columnar and branched structure of the film. The structure also 

seems to have longer “branches” and the thickness of the films is again low. 
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 Figure 6.1. SEM images of the TiO2 films for CASE 4. 
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6.2.2.2 XRD 

 

Interestingly, the phase of the TiO2 particles in the films for case 4 is found to be a 

mixture of anatase and rutile. The analysis in Figure 6.2 shows the particles have a small 

percentage of rutile. The rutile percent in the particles in the absence of any electric field 

is 18.5% while the anatase content is 81.5%.This is due to the long synthesis time of the 

experiment, resulting in a long annealing time of the film on the substrate. This would 

cause a small amount of particles in the film to change their phase to rutile on the 

substrate. 

 

 

 

 

 

Figure 6.2. XRD analysis of the TiO2 nanostructured film in the absence of 

electric field for case 4. 
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6.2.2.3 Packing Density 

 

Figure 6.3 shows the trend of packing density of the TiO2 films for case 4 under an 

applied voltage from -800 V to 800 V. The trend on the negative side from -200 V to -

800 V is similar to the earlier cases where the packing density is minimum at -400 V.  

The SEM images of the films corresponding to the voltages confirm the packing densities 

seen in the figure 6.3. The trend on the positive side is slightly different than that seen in 

the earlier cases as the packing densities for +200 V and +400 V are higher than that for 0 

V unlike seen in cases 1, 2, and 3. However, from +600 V, the trend of high packing 

density is similar to the earlier cases. The reason for these packing densities is discussed 

in the section below 

 

 

 

 

Figure 6.3. Packing Density of the TiO2 film for case 4 under a voltage from -800 V to 

+800 V by experiment. 
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6.2.3 Discussion 

 

The average particle diameter of the nanoparticles for a low precursor concentration is 

less than that at higher concentration
41,54,55

. As a result, the packing density which is 

dependent on the average size of the particles incident on the film for 0 V is low. When a 

low negative voltage is applied like |-200 V| or |-400 V|, the electrophoretic velocity will 

add to the thermophoretic velocity increasing downward velocity of the particles and the 

penetration depth. However, at the same time due to low in-flame agglomeration added to 

the already low particle diameter will lower it further. As a result, is spite of the on-

substrate sintering the packing density of the films will be lower than that at 0 V. When a 

low positive voltage is applied up to |+400 V|, the attraction of the particles to the 

substrate is not as strong due to the charge on the particles being more positive than 

negative, due to thermionic emission. Hence, the particles will not have the same 

electrophoretic velocity acting on them as when a negative field of the same strength is 

applied. Thus, the particle diameter will be slightly larger at +200 and +400 V as 

compared to that at -200 and -400 V. Thus, the packing density will be higher. However, 

the packing density at 200 and 400 V seems to be higher than that at 0 V as well unlike 

the cases 1, 2, and 3. At low voltages on the substrate, the magnitude of the voltages is 

not enough to cause collisions of the particles. As a result, the positive ions and electrons 

in the flame are less and do not affect the charge on the particles much. However, due to 

the thermionic emissions, more particles are positively charged. These particles will repel 

from the substrate back into the flow field. Thus, they will stay in the flame longer 

increasing the primary particle size. As the nucleation of the particles at 0 V is very low 
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due to low TTIP concentration, the primary particle size at +200 V and +400 V is much 

higher than that at 0 V. Thus, the packing density at these voltages is higher than that at 0 

V. At higher voltages like ± 600 V and ± 800 V, the particles will be repelled from the 

surface of the substrate because of the same charge of particles and the voltage on the 

substrate as explained in earlier cases. As a result, the higher particle size due to in-flame 

agglomeration, and the decreased Brownian velocity (or increased collision time) will 

increase the packing density of the films. 

 

 

6.3 CASE 5: 

      Precursor concentration – 232.8 ppm 

      Substrate temperature – 763 K 

      Synthesis time – 150seconds 
 

6.3.1 Introduction 

 

In this case, the TTIP concentration is set at 232.8 ppm. This is achieved by adjusting the 

N2 carrier gas flow rate to 40% and keeping the bubbler heating at 100
o
C. The substrate 

temperature is kept constant at 763 K. The experiment synthesis time is 150 seconds. A 

voltage is applied to the substrate to study the effect of electric field on the growth and 

structure of the titanium oxide films. A set of 9 experiments with voltages ranging from -

800 V to +800 V are conducted. The results of the experiments are shown below. 
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6.3.2 Results 

  

6.3.2.1 SEM 

 

Figure 6.4 shows the SEM images of the cross-section of nanostructured TiO2 films 

under different applied electric fields for a substrate temperature of 763 K and precursor 

concentration of 232.8 ppm. The image for 0 V shows the film grown in the SSF in the 

absence of any external electric field. The thickness of the film is about 45-50 µm. Also, 

from the image we can see that the film is more packed compared to the earlier cases. 

The reason for both the high thickness and high packing is the increased concentration of 

TTIP delivered to burner
42

. This increased concentration will promote homogeneous 

nucleation and increase the number of particles in the flame incident on the substrate to 

form a film. However, we can still see the branched structure of the film as in earlier 

cases. In the images for -200 V, +200 V, -400 V, and +400 V we can see the columnar 

structure of the films formed under the effect of an external electric field. The high 

substrate temperature will lead to some on-substrate sintering of the nanoparticles inside 

the film to form larger agglomerates. In spite of this, the films formed under -200 and -

400 V still show a porous structure composed of small particles compared to their 

counterparts in images for +200 V and +400 V. The size of the particles inside the films 

at -800 V and +800 V seems much smaller as compared to in the earlier cases for the 

same voltage magnitudes. All the films in the images have quite high thickness of an 

average 48 µm due to the high concentration of TTIP. 
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 Figure 6.4. SEM images of the TiO2 films for CASE 5. 
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6.3.2.2 Packing Density 

 

Figure 6.5 shows the graph of packing densities of the TiO2 films under voltages from -

800 V to +800 V. The trend is similar to that seen in earlier cases for the positive and 

negative electric fields. However, in this case, the packing density of the film at 0 V, 

which is in the absence of any electric field, is highest of all and even higher than at ±800 

V. The only reason for this is the high precursor concentration which will be explained in 

detail in the next section. The trend shows the packing density of the film is still the least 

at -400 V, like in all the other cases. Thus -400 V still has the most influence on the 

particles in the flame. However, after a closer look, it seems the packing densities of the 

films at higher voltages of ±600 V and ±800 V are not as high as seen in the earlier cases. 

In fact, the packing densities for these voltages are less than the packing density at 0 V.  

 

 

 

Figure 6.5. Packing Density of the TiO2 film for case 5 under voltages from -800 V 

to +800 V by experiment and model calculation. 
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6.3.3 Discussion 

 

As seen in figure 6.5 above the packing density of the film in the absence of an electric 

field is very high. As stated before, when the precursor concentration is increased, a 

larger amount of particles are formed in the flame. The primary particles coagulate, thus 

increasing the size of their nuclei. This results in the increase of average primary particle 

diameter for particles incident on the film
41

. As the average primary particle size affects 

the packing density, increase of the size will create a more packed film. As observed 

above, the packing densities at higher voltages are not as high as those for the same 

voltages in the earlier cases. Now this is an anomaly as in all the earlier cases we have 

seen that the packing densities of the films are highest under the voltages of ±600 V and 

±800V. When a high voltage is applied to the substrate, positive ions and electrons are 

formed due to molecular collisions. Depending on the polarity of the applied voltage, the 

positive ions will attract to the negative voltage on the substrate or the electrons will 

attract to the positive voltage on the substrate. Thus, the oppositely charged ions will 

attach to the particles in the flow field making them of the same charge as that on the 

substrate. These particles will repel back into the flow field. But, now because of the high 

TTIP concentration in the flame and the strong electric field, the flame structure will be 

affected. Thus, the particles will move inside the flame reducing the in-flame 

agglomeration and the primary particle size. So, when the particles finally deposit in the 

film, they are not as agglomerated which will reduce the packing density of the film. 
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6.4 CASE 6: 

      Precursor concentration – 291ppm 

      Substrate temperature – 763 K 

      Synthesis time – 120seconds 
 

6.4.1 Introduction 

 

In this case, the TTIP concentration is set at 291 ppm. This is achieved by adjusting the 

N2 carrier gas flow rate to 45% and keeping the bubbler heating at 100
o
C. The substrate 

temperature is kept constant at 763 K. As the precursor concentration in the bubbler is 

high, the synthesis time is shorter. The experiment synthesis time is 120 seconds. A 

voltage is applied to the substrate to study the effect of electric field on the growth and 

structure of the titanium oxide films. A set of 9 experiments with voltages ranging from -

800 V to 800 V are conducted. The results of the experiments are shown below. 

 

6.4.2 Results 

  

6.4.2.1 SEM 

 

Fig 6.6 shows the SEM images of the cross-section of nanostructures titanium oxide film 

for case 6 with substrate temperature 763 K and precursor concentration 291 ppm under 

the effect of voltages from -800 V to +800 V. The image for 0 V shows the SEM image 

of the film when there is no electric field applied to the substrate. From the image, it is 

visible that the tree-like branched structure present in the earlier cases is absent in the 

film for this case. As the precursor concentration is very high, the concentration of TiO2 

particles in the flame is very large. As a result, the particles are not deposited in the 
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typical branched structure that we saw in the earlier cases
42

. However, as the electric field 

is applied, the branched structure of the film slowly starts to develop as seen from the 

images for -200 V, +200 V, -400 V, and +400 V. The films at -200 V and -400 V show a 

columnar structure with less branching and more growth in the vertical direction as 

previously seen in the earlier cases for same electric fields. The films seem to have less 

particle agglomerates and more porosity. The average thickness of the films is about 30 

µm. Conversely, the films grown under the voltages of positive |+200 V| and |+400 V| 

seem to be more packed, although the columnar structure is still visible. As the voltage 

increases to ±600 V and ± 800 V, the structure of the films changes a little compared to 

that under lower voltages. The film at -600 V doesn’t clearly show the columnar structure 

present in the other images. Also, the particles seem to be more agglomerated. The film at 

+600 V has a more branched structure while the films at ±800 V show a columnar 

structure. The films at ± 800 V looks more packed, and the structure is more distorted at a 

few places and not consistently columnar. 
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Figure 6.6. SEM images of the TiO2 films for CASE 6. 
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6.4.2.2 Packing Density 

 

Figure 6.7 shows the graph of packing densities of the TiO2 films under voltages from -

800 V to +800 V. The trend is similar to that seen in earlier cases for the positive and 

negative electric fields. Similar to the earlier case 5, the packing density of the film in the 

absence of any electric field is maximum as compared to the packing densities under 

applied voltages. The reason for this is again perhaps the very high precursor 

concentration increasing the average primary particle size incident on the film. Thus, the 

film becomes highly packed and loses its porosity. The trend shows the packing density 

of the film is still the least at -400 V, like in all the other cases. Thus, -400 V is most 

effective on decreasing the packing density of the films. Similar to the case 5, the packing 

densities of the cases ± 600 V and ±800 V are smaller than that at 0 V. The reason for 

this is discussed in the next section. 
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6.4.3 Discussion 

 

As discussed in the previous case 5, the high precursor concentration results in a high 

primary particle size incident on the film
41,54,55

. This causes the film at 0 V to lose its 

branched structure. As the temperature gradient is low, the thermophoretic velocity is 

also reduced. As a result the particles will move downward slower. However, the high 

particle size owing to the high precursor concentration results in a high packing density at 

0 V. The anomaly found in case 5 is also seen in this case as the packing densities at 

higher field strengths are not higher than the packing density at 0 V. In all the earlier 

cases we have seen that the packing densities of the films are quite high under the 

voltages of ±600 V and ±800 V and even higher than at 0 V. The anomaly can again be 

Figure 6.7. Packing Density of the TiO2 film for case 6 under voltages from -800 V to +800 

V by experiment. 
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explained by the high TTIP concentration. The high voltage on substrate causes the 

particles to have the same charge as that of the voltage applied. The particles repel from 

the substrate and stay longer in the flame. However, due to the high TTIP concentration 

and high electric field in the flame, the flame structure is affected causing the particles to 

move inside the flame. As a result, the particles do not agglomerate as much resulting in a 

lower agglomerate size of the particles in the film, decreasing the packing density. 

 

6.5 Comparison of Packing Density for Cases 3, 4, 5, 6 

 

Figure 6.8 shows the graph of precursor concentration versus the packing density. The 

trend of the packing density of the TiO2 films at 0 V as the precursor concentration is 

increased can be seen from this graph. The packing density is seen to increase as the 

precursor concentration is increased which agrees with the results obtained by Zhang et. 

al
42

 when they change the precursor concentration under similar conditions. As it was 

discussed earlier, the primary particle size of the titanium oxide nanoparticles is 

proportional to the TTIP concentration. The average primary particle size increases as the 

precursor concentration is increased
41,54,55

. When the TTIP concentration is low, the 

number of particles in the flame is less. Hence, the possibility of the particle aggregation 

in the flame to increase the diameter of the nuclei is less. As a result, the primary particle 

size incident on the film decreases and hence the film is less dense
42

. Inversely, when the 

precursor concentration increases, the number of particles in the flame increase and 

aggregate together to increase the size of their nuclei. Thus, particles have high primary 

particle size when they are incident on the film. This creates a more packed film and 
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increases the packing density. The packing density trend in figure 6.8 is similar by 

experiment and model calculations. 

 

 
 

Figure 6.8. Graph of Packing Density versus Precursor Concentration at 29.1ppm, 

116ppm, 232.8ppm, 291ppm and constant substrate temperature of 763 K. 
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CHAPTER 7 

 

CONCLUSION AND FUTURE SCOPE 

 

7.1 Conclusion 

 

VOLTAGE CASE 1 CASE 2 CASE 3 CASE 4 CASE 5 CASE 6 

       

-800 31.91 44.84 54.26 44.34 55.99 25.74 

-600 29.38 33.70 53.64 33.55 49.75 34.95 

-400 51.29 41.71 70.15 22.05 46.98 34.35 

-200 57.91 40.94 61.37 23.92 47.59 41.62 

0 22.57 41.33 57.16 39.26 44.06 26.23 

+200 48.46 38.10 56.75 13.70 47.29 30.94 

+400 44.54 49.14 70.19 28.49 37.12 30.56 

+600 27.70 46.02 54.80 20.07 33.20 25.58 

+800 31.67 50.51 52.87 43.24 50.80 29.89 

 

 

 

VOLTAGE CASE 1 CASE 2 CASE 3 CASE 4 CASE 5 CASE 6 

       

-800 Anatase Anatase Anatase Anatase+Rutile Anatase Anatase 

-600 Anatase Anatase Anatase Anatase+Rutile Anatase Anatase 

-400 Anatase Anatase Anatase Anatase+Rutile Anatase Anatase 

-200 Anatase Anatase Anatase Anatase+Rutile Anatase Anatase 

0 Anatase Anatase Anatase Anatase+Rutile Anatase Anatase 

Table 7.1. Thickness of the TiO2 films in µm for all the cases. 
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+200 Anatase Anatase Anatase Anatase+Rutile Anatase Anatase 

+400 Anatase Anatase Anatase Anatase+Rutile Anatase Anatase 

+600 Anatase Anatase Anatase Anatase+Rutile Anatase Anatase 

+800 Anatase Anatase Anatase Anatase+Rutile Anatase Anatase 

 

 

 

 Particle deposition and structure on a film in a stagnation swirl flame is governed 

by the thermophoretic effect and Brownian motion, while the particle growth and 

aggregate size depends on the in-flame agglomeration when the substrate 

temperature is low and on the on-substrate sintering when the substrate 

temperature is high. 

 

 When a voltage is applied to the substrate, the electrophoretic effect along with 

the Brownian motion and thermophoretic effect will govern the growth, structure 

and deposition of the titanium oxide nanoparticles in the film. 

 

 For a given polarity of the voltage, the size of the particles decreases at lower 

voltages up to |±400 V| while it increases at higher voltages above |±400 V|. The 

average diameter of the primary particles is less under a negative voltage than that 

at a positive voltage. 

 

 For a given substrate temperature and precursor concentration, the packing 

density of the TiO2 film decreases at low voltages till |±400 V| after which it 

Table 7.2. Phase of the particles in the TiO2 films for all the cases. 
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increases at higher voltages up to |±800 V|. The packing density of the film is 

lowest at -400 V. The packing density of the films at lower voltages up to |±400 

V| is lesser under the effect of a negative voltage than it is under the effect of a 

positive voltage. 

 

 At a constant precursor concentration and in the absence of any applied voltage, 

the packing density of the TiO2 film first decreases when the substrate 

temperature is increased from 473K to 663K and increases when the substrate 

temperature is further increased till 763K. 

 

 At a constant substrate temperature and in the absence of any applied voltage, the 

packing density of the film increases as the precursor concentration is increased 

from 29.1 ppm to 291 ppm 

 

 The applied voltage does not have any effect on the phase of the nanoparticles. 

The titanium oxide nanoparticles are anatase in phase, with the only exception 

being when the precursor concentration is very low at 29.1 ppm, with a long 

experimental duration; and the substrate temperature is 763 K. For this case, the 

titania nanopowders have a small rutile content along with the anatase. 
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7.2 Future Scope 

 

In section 1.1, it was mentioned that titanium oxide nanostructured films are used in the 

application of dye sensitized solar cells to absorb the electrons due to the photo-excitation 

of the dye. The efficiency of the DSSCs depends on the diffusion of the electrons in the 

TiO2 film, which in turn depends on the porosity of the films. In this work, we have 

studied how the applied voltage can affect the porosity of the films. In future work, the 

next step will be to test the efficiency of these films in the DSSCs. Performance tests on 

the DSSCs using TiO2 films synthesized under different voltages will determine which 

case with the ideal substrate temperature, precursor concentration, and applied voltage 

gives the highest efficiency on the DSSCs. As seen from the results, the films have 

highest porosity at -400 V, for our setups. It will be interesting to see if the performance 

tests show the DSSCs have the highest efficiency when this film is used.  

 

In-situ laser diagnostics methods can be used to further understand regimes that control 

the growth and structure of the nanoparticles in the film. Laser diagnostics techniques 

like Raman spectroscopy and laser induced breakdown spectroscopy (LIBS) can be used 

to determine if the applied voltage is affecting the flame structure and deposited particle 

characteristics. Another step will be to dope metals into the titanium oxide films to alter 

their properties. 
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