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Abstract

Harnessing solar energy as an alternative solution to power production. Power can
be produced through burning fossil fuels. To gain optimum benefit through solar
energy is an extreme challenge for scientists and researchers nowadays. Solar
power generation is consistently improving through the decades and third
generation dye sensitized solar cell can play an important role as a solution. Dye
sensitized solar cell approaches to high efficient thin film technology. Efficiency
can be increased by adding more cells of different band gap to a cell stack in
Tandem cell. In this ongoing study, a double layer structured dye sensitized solar
cell has analyzed where ZnO and TiO2 composited photoanode were prepared on
FTO. The Photovoltaic characteristics, I-V & J-V curve were evaluated for
different thickness, absorption coefficient and wavelength. DSSC solar cell
characterization techniques such as current-voltage and spectral response

measurements were analyzed to evaluate the cell performance.
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Chapter 1

Introduction to Dye Sensitized Solar Cell (DSSC)

1.1 Motivation

Harnessing solar energy as an alternative solution to power production. Power can be produced
through burning fossil fuels. To gain optimum benefit through solar energy is an extreme
challenge for scientists and researchers nowadays. Over last few years, significant improvements
have been noticed in power production through renewable sources of energy. Increasing demand
for power and energy globally and rising of sea level water as a result of global warming are
most alarming situations for the present world. Burning fossil fuels is considered as a major
environmental threat due to substantial contribution to greenhouse gases as a result of increasing
global temperature. Cost efficient, environmentally clean and sustainability are main factors that
are playing vital role in terms of energy consumption as well as production and scientists,

researchers are continuously trying to figure out such a renewable source of energy nowadays.

Dye Sensitized Solar Cell is a third generation solar cell invented by Michael Gritzel [1, 7]. It is
one of the promising methods of harnessing solar energy, as the dyes are not needed to be highly
purified and cost effective. Through the efficiency of Dye Sensitized Solar Cell are
comparatively less than Silicon based solar cell, still it has drawn great attractions to scientists
and researchers as dyes can be modified and multi-layer Nano structured photoanode can be used
to gain more efficiency and stability. Typically, photoanodes, for example: TiO2, ZnO, SnOz,

NB20s, which are considered wide band gap semiconductors.

Basically in Dye Sensitized Solar Cell (DSSC), electron and hole pairing through recombination
is considered as decreased performance. On the other hand, high electron mobility is needed for
improved photovoltaic performance of DSSC. Using single layer photoanode structured

semiconductor in the preparation of DSSC is less efficient compared to multiple layer structured



DSSC. Single layer structured photoanode consisting of semiconductors having low electron

mobility are not able to improve the photovoltaic performance up to mark.

To overcome this problem one of the most effective solutions can be using compact layer in the
DSSC preparation of cell structure where two or more photoanodes (multiple) layer deposition
has proved to be much efficient and significant particularly. Therefore, in this performance
evaluation of DSSC, we considered TiO2 photoanode and ZnO Compact layer based DSSC that

was investigated for further analysis.

In this thesis, we have divided the work in particulars chapters where Chapter 1 has elaborate
discussion of solar cell, generation based solar cell, solar cell circuit model and brief study of

Dye Sensitized Solar Cell (DSSC) with compact layer and Oxide composite DSSC.

In Chapter 2, Theoretical model of DSSC has been described. I-V characteristics have been
figured out in this chapter through analytical equations derivations along with parameters value
extraction from reference sources and a MATLAB code was being developed to simulate [-V
properties of TiO2, ZnO and combination of both photoanodes together. The performance of the

photoanodes was evaluated separately and through proper combination.

In Chapter 3, effect of thickness in Photocurrent Density vs. Voltage (J-V) has been analyzed
for TiO2, ZnO and for both combinations through simulation. Calculation of internal parameter

of DSSC, results and discussion were included finally of the chapter.

Optical Transmission Spectrum has been analyzed in Chapter 4 where brief study of TiO2 and
ZnO properties were identified. Effect of ZnO thin film on Glass (N-BK7) substrate has been
calculated and shown in figure. On ther hand, TiO2 effect on Fluorine doped Tin Oxide (FTO)

Glass has been analyzed along with derived graphical figure from simulation. This chapter



focused on simulation of Absorbance vs. Wavelength for TiO2 and ZnO. Our main concern was
to figure out the absorbance for particular wavelength and materials behavior towards optical

spectrum.

MATLAB simulation code was developed through analytical equations derivation and
parameters were being extracted for further calculation. Results of simulation were discussed

elaborately along with comparative analysis in this chapter.

In Chapter 5, the effect of extracted Absorption Coefficient on J-V characteristics has been
analyzed on TiO2, ZnO and typically on both materials. Results of comparative simulation have

been discussed. Analysis and discussion took place at the end of this chapter.

Chapter 6 focuses challenges that we faced during our thesis work, difficulties to find out the
parametric equations values, overcoming problems and briefly discussed further scopes of our

work.



1.2 Introduction

Energy has become one of the most important parts of this modern time of technology. Every
sector of technologies is depending over energy source. With the increase of world population,
the demand of energy is expected to be double in next 1.5 decade as the consumption of power is
increasing day by day. Around 80% of world energy is supplied by Fossil fuel like natural gas,
coal and oil. The amount of natural resources will not increase with the demand. Nuclear energy
production system is costly and dangerous; many countries have shut down their Nuclear Power
Plant because of its complexity. Therefore, we have to start giving more importance focusing on
renewable energy sources. Solar energy can play an important role as a source of renewable
energy because they are cheaper, generates no greenhouse gas or any other chemical by-products
like the burning of fossil fuel. For solar energy, the mining of raw materials like oil or coal are
not needed, materials which have to be extracted, refined and then transported to a power plant.
Every year from sunlight, we receive about 3 x 10%* joule energy. In the form of sunlight to the

earth’s surface, this is more than the consumption rate of energy of the world per year.

1.3 Solar Cell

Solar energy produces power through solar panel. Solar panels are made of solar cell or
photovoltaic cells (PV) which contain material that responds to solar radiation. Solar cell absorbs
the solar radiation and converts it into electrical energy from photon energy of solar radiation
through solar panel. Solar cell using sun for its source of energy and sun is ultimate energy
provider, increasing the use of solar cell will be more efficient economically as solar cell does
not have negative impact over environment. There are many advantage of solar cell; few of them

are highlighted below.

% Renewable energy

< Environmentally friendly

< Low cost

R

< Long-term stability



In solar cell, one forward biased diode is connected with current source in parallel. Then one
series resistance and shunt resistance added in parallel. Series resistance, Rs in a solar cell is the
result of contact resistance and charge transfer resistance in the semiconductor material [2].
Series resistance reduces the fill factor affecting the maximum power output, while excessively
high value of Rs (series resistance) can also decrease the short-circuit current. On the other hand,
low shunt resistance provides an alternate current path for the photo-generated current causing
significant power loss. The effect of low shunt resistance is decreased fill factor and lower V.

affecting the maximum power output.

Fig 1.1: Solar Cell Equivalent Circuit [2]



1.4 Different Generations of Photovoltaic Cell

There are three generation of photovoltaic cell (PV cell). In first generation, more importance has
been given on efficiency. Most of the first generation solar cells are expensive though they are
more efficient. They are mainly based on silicon wafer. Photo generated electron hole pair is
separated and collected through p-n junction of a doped semiconductor. Most of the first
generation solar cells are monocrystalline solar module where light induced degradation (LID)
system is widely popular. Most of the solar panels in market are based on first generation solar

cell. The efficiency of these solar cells is around 15-20% [3].

The second-generation photovoltaic cells are usually based on amorphous silicon and CdTe. The
performance of these solar cells is around 10-15%. Since the second-generation solar cell keep
away from the use of silicon wafers and have a decrease fabric consumption it has been possible
to limit production expense of these solar cells compared to the first generation [3]. The second
generation can be produced in some flexible temperature in vacuum method but in this process,

the requirement temperature is excessive which increase the manufacturing cost.

In third generation solar cell, one of the major benefits is that it does not have any relation with
Shockley-Queisser theoretical limit, which was a drawback for first and second-generation solar
cell [3]. There are mainly five types of third generation solar cell, CZTS, Dye sensitized solar

cell, Quantum dot solar cell, Perovskite solar cell and Organic solar cell [33].

1.5 Dye Sensitized Solar Cell

Dye sensitized solar cell is one of the third generation solar cell. The photovoltaic effect of Dye
sensitized solar cell was first demonstrated by Michael Gritzel and O’Regan in 1991 [4] but the
production of electricity for organic dyes had started in 1960. Gritzel bought a revolutionary
change in Dye sensitized solar cell. Dye sensitized solar cell is a relatively new photovoltaic
device which have been extensively investigated and received tremendous attention because of

their affordable cost and non-environmental polluted process. Dye sensitized solar cell often said



as artificial photosynthesis because of its mimic nature of absorbing sunlight. Dye sensitized
solar cell produce electricity when it is sensitized by light. The dye of DSSC response into
sunlight and collect photon to use their energy, then the energy is used for excitation of electron.
After that, the dye injects those excited electrons in Titanium Dioxide, which later carried away
into a crystal of titanium dioxide where the electrons are conducted [1]. To close the circuit, an

electrolyte is added. Then the movement of inside electron created electricity.

1.6 Advantage of Dye Sensitized Solar Cell

If we compare the power conversion efficiency of DSSC to other inorganic 1% and 2™ generation
solar cells, we will see the efficiency conversion rate is lower than the other solar cell but it has
few advantages over them. In the normal operating temperature range of 25—65°C, the efficiency
of DSSC is less dependent on temperature. In diffuse sunlight or cloudy conditions, the
efficiency of Si based solar cell is around 20% [33]. On the other hand, DSSC have better
efficiency in these conditions than polycrystalline Si solar cell. Performance is less sensitive to
the incident angle of the light radiation; hence, a solar tracking mechanism is less necessary.
Although a very commercial production of DSC is still not available, it can be expected that it is
cheaper than all other thin film device. Only low cost and profusely available materials are
needed. Unlike amorphous silicon, CdTe or CIGS cells, DSSC can be more efficient by avoiding

all the expensive and energy-demanding high vacuum as well as materials distillation steps [5].

1.7 Compact Layer & Oxide Composite DSSC

In DSSC, the recombination of EHP wusually decreases the photovoltaic performance
significantly. Using a compact layer is a good solution to increase Photovoltaic performance.
The compact layer is usually fabricated Fluorine doped Tin Oxide. Researchers are trying to
implement anti-reflective coating, which is based on silicon on p-n junction solar cell to increase

transmittance [7]. TCO prevent back electron transfer occurring in the interface between



transparent conductive oxide layer and electrolyte. The thickness of the compact layer has
influence in open circuit voltage, which is connected with efficiency enhancement of dye-

sensitized solar cell. There are many oxide layer has been tested as compact layer like TiOz2,

MgO, In203, Nb20s [4].

After evaluating all of these compact layer performance, it has been seen that TiO2 compact layer
can improve the adherence to FTO surface but TiO2 layer cannot improve the open circuit
voltage because it got similar conduction band energy of TiO2 absorption layer. ZnO layer can be
a used as a solution because ZnO compact layer can create a barrier between FTO and TiO2. The
binding energy for ZnO is high as well as it is transparent in the visible light. The resistivity of
Zn0 is low. The ZnO with different of morphologies have been created by the use of different
method such as hydrothermal synthesis [6]. As the negative conduction band range is higher for
ZnO comparing to TiO2, it will restrain the recombination and improve the open circuit voltage

at the same time. The transfer rate of charge is also higher for ZnO [5].

In our analysis, we have observed a double layer structure for photoanode of Dye sensitized solar
cell. ZnO compact layer is used as first layer. The second layer is TiO2 layer. Then we have
studied the performance of ZnO compact layer and TiO2 layer for different thickness,

absorbance, wavelength and transmittance individually and together.

(ilass

FTO

Electrolyte A

TiO, GO Laver

FTO

Cilass

Fig 1.2: The structure of the DSSC including ZnO compact layer and

TiOz2 layer [4]
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1.8 Operation Principle of DSSC

At the center of the system is a mesoporous oxide layer composed of nanometer particle
deposited by melting which form bridges between two particles to allow electronic conduction.
In this case, TiO2 is mostly used. However, ZnO is also investigated as an alternative band gap

oxide. Figure 1.2, shows the structure of DSSC for compact layer in this study.
The Dye sensitized solar cell usually contains five components [7]:

% A mechanical support coated with transparent Conductive Oxides

¢ The semiconductor film, usually TiO2, (ZnO and Nb20s also used).

% A sensitizer which is adsorbed into the surface of the semiconductor material
% An electrolyte containing a redox mediator. (Usually used for neurotransmitter)

% A counter electrode capable of regenerating the redox mediator

conducting TiO, electrolyte cathode
glass | | |
i
conductic C
-0.5- =
maximum
S voltage
% 0—w 2 a
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M |l e
valence oand
e &
—— —_—

Fig 1.3: Operating principles and energy level diagram of dye-sensitized solar cell [7]
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The nanocrystalline film of DSSC is a monolayer which is a part of dye that is used for charge
transfer by donating electron from the electrolyte, the original state of the dye is subsequently
restored which is usually an organic solvent containing redox system for example, iodide and tri-
iodide [7]. The regeneration of the sensitizer by iodide intercepts the recapture of the conduction
band electron by the oxidized dye. The iodide is recreated at the counter electrode by the
reduction of tri-iodide to complete the circuit by electron migration through the external load.
The voltage generated under illumination corresponds to the difference between the Fermi level
of the electron in the solid and the redox potential of the electrolyte. After all the process, the
device generates electric power from light without suffering any permanent chemical
transformation [7]. The Dye Sensitized Solar Cell (DSSC) uses the same basic principle as plant
photosynthesis to generate electricity from sunlight. Each plant leaf in DSSC is photo chemical
cell, which converts solar energy into biological material. The DSSC (a characteristic structure is
shown in Fig. 1.4) is the only photovoltaic device that exploits dispersed mediums for light

absorption/carrier generation (dye) and carrier transport (TiO2 nano-particles).

Y
K360 =
= S b=
E s g
> #’ g =
-_ S &)
— .
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a - - =
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= = L=
= 5 =
e o
- . ._".:_,.--‘
o W = Light

K —— — ~ ‘ — | e— -

( == Electrode
Redox
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L

Fig 1.4: Band diagram of Dye Sensitized Solar Cell. [7]
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First the light is absorbed by a sensitizer dye molecule, then it passes through an electronic state
where it changes from ground (S) to the excited state (S*). The lifetime of the excitation states is
usually in nanoseconds. The dye molecules which are sensitizing are adsorbed on the surface of a
wide band gap semiconductor (usually TiO2). On the basis of absorption of a photon (excitation),

the dye gains the ability to transfer an electron to the conduction band of the semiconductor [1].

The nanoparticles for the internal electric field causes the electron extraction and the dye
becomes oxidized (S+). To make the electron injection more efficient the lowest unoccupied
molecular orbital of the dye has to be about 0.3 eV above the TiO2 conduction band. The
nonporous TiO2 film consists of spherical anatase particles of diameter ~20 nm [1]. The presence
of oxygen vacancies in the lattice makes it a weakly n-doped material. The TiO2 particle
diameter is too small which ensure that the diffusion length is greater than that of the
nanocrystalline TiO2 layer [7]. The electron travels through the outer circuit performing work,

reaches the back FTO Electrode (Figure 1.4).

The maximum output voltage equals to the difference between the Fermi level of the
semiconductor and the redox potential of the mediator [Fig 1.3]. Thus the device is can produce

electricity from light without undergoing any permanent physical and chemical change.
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Chapter 2

Study of Dye Sensitized Solar Cell

2.1 Theoretical Modeling of DSSC:

The current-voltage characteristics of DSSC solar cells can be determined by using one diode
equivalent circuit (Fig 2.1). It represents very useful model for characterizing electrical

parameters of DSSC solar cell [8, 10].

R

- l
% I

9
In l

Fig 2.1: One-diode equivalent circuit model of DSSC

From the figure, I-V characteristics can be representing by given equation [9]:

I'= Iy = Ig = Iy = Ly, — I [exp (g v+ 1R5)> — 1| = Gon(V +IRy) (1)
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Where physical parameters are given by:

Rs = Series resistance,

n = ideality factor,

Rsh = Shunt resistance,

Iph = Photo current,

Is = Saturation current,

B = Inverse thermal voltage (B=q/kT, k=Boltzmann constant, 1.38x10~?>, T=Temperature, 300K)
Ip =Shunt current,

Gsh = Shunt conductance.

Shunt resistance Rsh = (1/Gsh) >> Rs.

Gsh 1s determined from reverse bias characteristics by a simple linear fit [9].

Shunt current can be calculated from Gsh, Ip = GshV.

Determination of n and Rs:

From the linear fit and for V+RsI>>kT, the I-V relation becomes:

I'= Ly — I [exp (g Vv + IRS))] )
The logarithmic form of eq. 2 can measured directly from /-} data.

(I, — 1) = Inls + (v +IR) 3)
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Determination of Iph:

For most practical solar cells, it is usually considered that Is<<Iph, the short circuit current can

be given by the approximation Isc~Iph.

Determination of Is:

The saturation current Is is determined from I-V data by plotting In(Iph-Icr) vs Vcr equation:

In(Ipn — Ier) =In(y) + 20,

2.2 Parametric Analysis:

The electrical parameters for DSSC solar cell based on TiO2 nanostructures and ZnO nanotubes
are given below [9]:

Parameters TiO2 nanostructures ZnO nanotube
Gsh(2™) 0.001269 0.000588
Rs(Q) 0.025923 0.383441

n 1.629251 3.560949
Is(uA) 0.33556 0.16553
Iph(mA/cm?) 15.99 3.25

Table 2.1: Extracted parameters for DSSC based on TiO2 nanostructures and ZnO nanotube.
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2.3 Simulation and Discussion:

The extracted parameters are simulated in MATLAB by solving eql [10].

TiO2

0.018
==TiQ2 Current {Ampere)

0.016
0.014 -\
0.012

0.01 \

0.008
0.006 \\

0.004
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0 T T T T T T T T
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Fig 2.2: I-V curve of TiO2
Fig 2.2 shows the simulated /-V characteristic of TiO2 nanostructure based dye-sensitized solar
cell. It is simulated by solving eq.1 and Table 2.2 shows parameters for TiO2 nanostructure. It

shows that for 0.46V open circuit voltage the current 7 is 0.016A.

0.003
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0.003 e
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Fig 2.3: I-V curve of ZnO
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Zn0O and fiDZ combi-ned

D025

==InC and TIO2 Current (Ampere]
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Fig 2.4: I-V characteristics of TiO2 & ZnO combined layer

From Fig 2.4, it is numerically calculate that for TiO2 and ZnO combined layer the I-V
characteristics changes significantly. It is observed that current increases approximate 0.02 amps,

which is significant. From above figure, it is predicted that for combined layer current and

voltage will increase.



18

2.4 Flowchart Demonstration of I-V Characteristics:

An MATLAB programming based code was developed to determine Current vs. Voltage
relationship for analysis. The following flowchart shows the demonstration of coding in

MATLAB for I-V characteristics as a sample of ZnO.

y

Initialization of Ideality Factor, n, = 3.560949

v

Initialization of Saturation Current, I, =.16553 x 107

0

Initialization of Photo Current, L,

v

Initialization of Charge of Electron, g =1.60218 x 1071%¢

v

Initialization of Thermal Voltage, V;, = 0.0259

U

Initialization of Operating Voltage (Variable),
I, = 0to 0.46 Volt.

v




Resultant Current for Certain Voltage and Coefficient
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Chapter 3

Study of Thickness Effect on Dye Sensitized Solar Cell
3.1 Thickness Effect of DSSC:

In this section, we will discuss about the dependence of film thickness on dye-sensitized solar
cell. Recently some research article [11, 12] used a mathematical model based on electron
diffusion to observe effect of electrode thickness in DSSC. The diffusion model uses to study

how the open-circuit voltage varied with different thickness.

3.2 Modeling:

In Sodergren et al [13] research paper he used two equations in his model to observe electron

transport, recombination, and generation in nanostructure film [13, 15]:

0°n(x) _ n(x)-ng _ _on
. + Oy exp(—ax) = P” (1)

D

Here n(x) is excess electron concentration at position x within the film, n0 is electron
concentration in dark under equilibrium condition (n0 =10%°cm™=3) [15, 17], t is lifetime of
electron conduction band free electrons, ¢ is light intensity, & is light absorption coefficient of

porous film, D is electron diffusion length. Under steady state eq.1 becomes [14, 15]:

0°%n(x) _ n(x)-ng
dx?

Electrons are easily extracted as photocurrent and no electrons are drawn directly as counter
electrode. Hence, the boundary conditions are:

D + Py exp(—ax) =0 )

n(0) = ng 3)
And
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d
ﬁ =0 4)

Here d is the thin film of electrode thickness.

Excess electron concentration of the photovoltage, Vph given by:

Ncontact

[Von| ——mln— (5)

no
Where k is Boltzmann constant, m is ideality factor, ¢ is electron charge, and T is temperature.

Now, Short-circuit current density Jsc can be calculating by given expression [14, 15]:

qPLa

. d Laexp(—da)
]SC = m [—LCZ + tanh (Z) + ]

cosh(%)

(6)

Where L is diffusion length, which can be measured by the following equation,

L=+Dt (7)

When DSSC operates under a potential difference V between Fermi level and electrolyte redox

potential, the density of electrons increases at x=0 to n which gives the new boundary condition:
n(0) =n (®)

The second boundary conditions at x=d remain unchanged. Now solving eq.2 and eq.5 we get the

new boundary condition which yields current and voltage relation:

kTm In L(Jsc—])

V= =
q anOtanh(z)

+1 9)

The equation can be solved in given form:

] = Jse =22 tanh (D) (exp (2-) — 1) (10
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3.3 Calculation of Internal Parameter of DSSC:

The effects of thickness on J-V characteristics can be determined from five internal parameters of
DSSC. This can be obtained from the practical values of the material properties. Some research
article [9] calculated different values for electron diffusion coefficient of porous thin film. D,
was equal to 1.0x107%2cm?s71[15,16]. Gomez and Salvador [11, 12, 15] studied D is equal
2.0x107°¢m?s™1. In our modeling study we will use mid-range value of D, which is about
5.0x10"*cm?2s~1[15].Another important parameters for light intensity, ¢ = 1.0x107cm™2s71

which represents value of 1 sun condition (100 mW/cm?)[11,12,15].

The referenced values of different parameters for DSSC are given below [11, 12, 14, and 15]:

Parameters Reference value TiO2 Reference value ZnO
Light intensity, ¢ (cm™2s™1) | 1.0x10%7 1.0x10%7

Diffusion  coefficient, D | 5.0x107% 5.0x10~*

(cm?s™1)

Light absorption coefficient, | 5000 4000

a (cm™1)

Ideality factor, m 4.5 3.5

Electron lifetime, t (ms) 10 40

Electron diffusion length, L | 2.0747x1073 1.8441x1073
(cm™ts™1)




23

3.4 Results and Discussion:

J-V characteristic of DSSC for TiO2 thickness
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Fig 3.1: J-V characteristics for different electrode thickness of TiO2

J-V characteristics of TiO2 varying electrode thickness are shown in Fig 3.1. From the plot, it
shows that as thickness d increases, the current density Jsc increases simultaneously, Jsc reaches
peak point at 10 um afterwards its decreases gradually. This variation of Jsc can be described by
electron photogeneration [15], which explains that as thickness increases, it directly increases the
internal surface area, resulting a higher dye loading. Hence, it is calculated that thicker electrode
absorb more photons, resulting higher Jsc. However, Jsc cannot increase any further as the
number of photons for electron photogeneration reaches the limit. Instead, the increase of
electrode thickness beyond light penetration depth causes higher electron loss and gradual

reduction in Jsc.
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The J-V plot of TiOz2 also shows that by increasing electrode thickness d open circuit voltage Voc
decreases. It can be explained by electron dilution effect [11, 12]. It describes that when light
transmitted through electrode, the light intensity decreases simultaneously. As d increases, the
electron density becomes lower, which explains Voc decreases. The higher resistance works as

catalyst to reduction in photovoltage.

w10° J-¥ characteristic of DSSC for ZnO thickness

10 pm
14 um
w——1Tim
=20 pum
—27 um
31 pm

w = m

Photocurrent density mA/cm?

N

o] 1 \ |
0 0.1 0.2 03 0.4 0.s 06 07 0.8
Phatovoltage (V)

Fig 3.2: J-V characteristics for different electrode thickness of ZnO

Fig 3.2 shows the J-V characteristics for different electrode thickness of ZnO. It shows the
current value reaches peak point at 20um, which is 0.00656 A/cm? and open circuit voltage Voc

0.61V.
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J-Y characteristic of TIO2+Zn0 for different values of thickness d
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Fig 3.3: J-V characteristics for different electrode thickness of TiO2 & ZnO combined layer

The J-V characteristics of ZnO & TiO2 combined layer shows that at 10.25um current density
and open circuit voltage is maximum (J=0.0168 A/cm?, Voc= 0.73 V). However, when electrode
thickness increases the voltage decreases gradually. However, there is no significant change in

current density, Jsc. It explains the electron photogeneration.
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3.5 Flowchart Demonstration of Thickness Effect:

An MATLAB programming based code was developed for demonstration of different thickness

effect on J-V characteristics. The following flowchart is just a representation of coding.

Initialization of Light Intensity, ® (phi)= 1.0 x 107¢m™2s71

<

Initialization of Derived Light Absorption Coefficient, a
(alpha)
s
Initialization of Diffusion Coefficient, D=5 x 10~ *cm?s~?!
1y

Initialization of Ideality Factor, m = 4.5

7

Initialization of Lifetime of Electron, t =10 x 10~ 3s

U

Initialization of Charge of Electron, q = 1.60218 x 107 1%¢

<

Initialization of Operating Temperature, T = 298 Kelvin

)

Initialization of Boltzmann Constant, k = 1.38 x 10723

Y
Initialization of Thickness (Variable) of Thin Film, df

U




U

Initialization of Electron Diffusion Length, L = v/ (Dt)

v

Initialization of Operating Voltage (Variable), V = (0 to 0.8)

Volt

Vv

Initialization of Thickness of Electron Concentration,

ng = 10%cm=3

, VU

Yes For Loop Creation, x=1: g
Length (dy)
Calculation of Short-Circuit Current,
_ q%La d Laexp(—da)
Jse = T [—La + tanh (L) + —Cosh(%) ]
v
Finally, Photocurrent Density can be calculated
against Voltage through this equation,
qDn, d ( qV )
= J,, ———tanh(= —) =1
v
Loop Process End
v
J(J<0)=0
v
Plot (Voltage, Photocurrent Density)
U

27
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Chapter 4

Optical Transmission Spectrum Analysis

4.1 Introduction to Optical Transmission Spectrum

Semiconductors have significance properties in terms of light absorption for Dye Sensitized
Solar Cell (DSSC). Optical thin films are very promising as any preferred reflectance and
transmittance properties can be generated through deposition of very thin layer one upon another
material or elements [18]. In this case, wide band gap of particular materials has drawn great
attractions to researchers and scientists for their own identical properties of light absorption. Dye
Sensitized Solar Cell is a third generation solar cell, which is dependent on different type of dyes
for its structural configuration. Optimization of thickness, composition, roughness along with
various properties is important for prior application [19, 20]. Determination of spectral
transmittance and reflectance can be measured through optical property measurements and
analysis tool in terms of UV to IR ranges of spectrum [21]. Presently, management of light
known as light scattering along with antireflection and trapping of light are much more important

factors to develop optimized optoelectronic and photovoltaic devices. [22-24].

4.2 Brief Study of ZnO and TiO2 Properties

Through having a wide band gap equivalent of 3.37 eV [25], ZnO has promising characteristics
for optical photo electrochemical behavior and responses. Being transparent in the visible range
of the spectrum is considered as uniqueness for a semiconductor like ZnO [26]. It’s really
important to investigate the properties of photo electrochemical behavior of a semiconductor like
Zn0O to know the potentiality and usefulness for DSSC preparation for multi-layer or single layer
based solar cell respectively. In this study, we investigated on the absorbance behavior of ZnO
Film on glass known as N-BK7 for different wavelengths of UV-vis spectrum to understand its
absorbance properties that is inherited in ZnO Film particularly so that we can determine the

most effective range of wavelengths to optimize absorbance for the vast performance of DSSC in
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layers’ construction. We also investigated on the absorbance behavior of TiO2 Film on FTO
glass for different wavelengths of UV-vis spectrum to understand its absorbance properties that
is inherited in TiO2 Film particularly so that we can determine the most effective range of

wavelengths to optimize absorbance for the vast performance of DSSC in layers’ construction.

4.3 Methodology of ZnO and TiO2 Absorbance vs. Wavelength Simulation

UV-vis properties of ZnO Film and TiO:2 Film were investigated through analytical equation
derivations with several coefficients value extractions and calculations were being performed

through MATLAB.

4.4 Parameters Extraction for Simulation

The equations that we used to derive the Absorbance (A.U) for different wavelengths of UV -vis
are particularly shown below:

Refractive index of air has been considered as 1.00 for all wavelengths for UV -vis.

Reflectance of ZnO thin film on Glass (N-BK7) and TiO2 thin film on FTO Glass substrate have

been calculated by this formula where Reff [27] is the effective reflectance.

P2+Q?%+2PQcosR

eff  1+P2Q2+2PQcosR

Transmittance of ZnO thin film on Glass (N-BK7) and TiO2 thin film on FTO Glass substrate

have been calculated by this formula where T, ¢ [27] is the effective reflectance.

_ 16ng®nging
eff 1+P2Q2+2PQcosR

Where, P, Q, R [10] are derived below

ne, —ny
Cn,
ne — ng

Q =

ny + ng
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4T

n, = Refractive Indices of Surrounding Medium (air) = 1.00 (Constant)
ny = Refractive Indices of Thin film

n, = Refractive Indices of Glass

dg= Thickness of Film Thickness.

Thickness was considered for ZnO Thin Film as 0.2 Micrometer and TiO2 Thin Film as 7.6

Micrometer respectively as being considered with reference work value.
A = Wavelength of Electromagnetic Spectrum

Refractive indices of TiO2 thin films have been calculated through using different wavelengths
[28].
Values of Refractive Indices of Glass (N-BK7) [29] have been calculated through Dispersion

formula:

2 1.0396121222 0.23179234412 1.0104694542
n®—1=— 2 +t3
A12-0.00600069867 = 12—0.0200179144 12—103.560653

Refractive indices of ZnO thin film have been calculated through using different wavelengths

[29].
Absorption coefficient (a) can be gained through [30]

1

(1-R)?
; In —————

a = T

Finally, the values of Absorbance (A.U) for specific electromagnetic spectrum known as UV -vis
spectrum can be gained through [31]

a X df
2.303
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4.5 Simulation Result

The resultant Absorbance (A.U) for ZnO Thin Film on Glass (N-BK7) Substrate at UV-vis

Spectrum is illustrated below:

ZnO Absorbance for different Wavelength

—— Absorbance

Absorbance (A.
e | P
o o oo
N (@)Y (020] O

1.82
0 200 400 600 800 1000

Wavelength (nm)

Figure 4.1: ZnO Absorbance for different wavelength of UV-vis spectrum
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The resultant Absorbance (A.U) for TiO2 Thin Film on Glass (FTO) Substrate at UV-vis

Spectrum is illustrated below:

TiO2 Absorbance for different Wavelength

)

) —
L\ ° 2 "N o)

— absorbance

Absorbance (A.U

N
~ O\

S
S o

0 200 400 600 800 1000

Wavelength (nm)

Fig 4.2: TiO2 Absorbance for different wavelength of UV-vis spectrum

4.6 Analysis and Discussion

In this study, we found the maximum absorbance (peak value) of ZnO Thin Film on Glass (N-
BK7) substrates for 300 nm of wavelength where absorbance was 1.9539. We found another
peak value of absorbance of 1.919 at 400 nm of wavelength. After 400 nm of wavelength, the
absorbance is reduced with the increasing values of wavelengths until it reaches to 900 nm (IR

Region) where we found the value is slightly increased to 1.8411.

As the simulation is based on the wavelengths of different ranges of UV -vis spectrum, ZnO thin

film of .2 micrometers has very sharp and peak absorbance for 300 nm, which is considered as
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UV (Ultraviolet region) which implies that ZnO Thin Film of 0.2 micrometer has an exceptional

property to absorb the UV spectrum particularly.

On the other hand, in visible spectrum of 400 nm wavelength it is found to be the second highest
peak value of absorbance for ZnO thin film and later with increasing wavelength values
absorbance just reduced. Significant changes have been identified in UV region and visible
region of electromagnetic spectrum due to the transition between the valence band and

conduction band particularly.

On the other hand, the simulated result of absorbance for different wavelengths of TiO2 has been
illustrated in figure. From the graph of absorbance for different wavelength, we found the
maximum absorbance (peak value) of TiO2 was 1.5678 for wavelength of 380 nm. We
considered another two wavelength points as likely 400 nm and 600 nm for TiO2 where the

absorbance values were identified as 0.4516 and 0.2824 particularly.

From the depth analysis of plotting of absorbance for different wavelength, we have TiO2 has the
properties to absorb the maximum amount of sunlight irradiance at the very beginning of
Ultraviolet region. We also noticed from the illustration that absorbance of TiO2 below 300 nm is
not up to mark and after 600 nm; it is not the significant rate of absorbance. The range of

absorbance for TiO2 was optimized from 300 nm to 600 nm from figure.



4.7 Flowchart Demonstration of Optical Transmission Spectrum
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An MATLAB programming based code was developed to determine optical transmission

spectrum for analysis. The following flowchart shows the demonstration of coding in MATLAB.

(air),ny =1

Initialization of Refractive Indices of Surrounding Medium

v

Initialization of Thin Film Thickness, df

v

Initialization of Refractive Indices of Thin Film, n,

U

Initialization of Wavelength, A (from 300 nm to 900 nm)

{}

Creating Loop Variables, [=1, A=300

—

[<13 &&A>300

Yes

Iz

1 _ 1.0396121222 0.231792344 22 = 1.01046945 1>

n =
& (12—0.00600069867 A12-0.0200179144 A12-103.560653

D

U

[=[+1, A=A+50;




U
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.. . . Nno — Ny
Finding of P through this equation P =
ne + ny
v
. : : ng — ng
Finding of Q through this equation Q= —— =
ny + ng
s
Finding R through this equation R = —ny d,
U

Finding Effective Transmittance through this equation

T o= 16n0°ns2ng
eff 1+P2Q2+2PQcosR

U

Finding Effective Reflectance through this equation

_ P?2+Q?+2PQcosR
eff ~ 1+P2Q2+2PQcosR

v
Finding Absorption Coefficient  _ 1 In (1-R?)
t T
v
Finding Absorbance _ aXxd
2.303

U

Plot Absorbance vs. Wavelength

v
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Chapter S

JV Characteristics and Performance Analysis

5.1 Introduction to Necessity and Methodology of J-V Characteristics

J-V Characteristics is one of the most significant and important analysis of any solar cell
particularly for dye sensitized solar cell. As we have already extracted the values of absorption
coefficient for maximum absorbance for UV-vis spectrum previously for particular wavelengths
respective to TiO2 and ZnO, our core objective is to investigate the J-V characteristics once again
to find out if we have any significant changes in J-V characteristics based on our extracted
parameters values. In our detailed study, we found the parameters values for J-V characteristics

that are denoted below with proper annotations.

5.2 Extracted Parameters for J-V Analysis

® (phi) = 1.00x10'7 (cm™%s71) [32]

Absorption coefficient for TiO2 (o)) = [4498 6800 4279] (¢cm™1), Thickness 7.6 micrometer
Absorption coefficient for ZnO (a) = [2250 2240 2210] (cm™1), Thickness 0.2 micrometer
Temperature (Kelvin) = 300 K was considered for both materials.

n0=1.00x10%® (cm~3) was considered for both materials

Thickness of TiO2, d = 7.6 pm

Thickness of ZnO, d = 0.2 um
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5.3 Results of Comparative Simulation

The resultant J-V characteristic of TiO2 for particular absorption coefficient of wavelength

300nm, 400nm and 600 nm is illustrated below:

w10 J-V characteristic for different VWavelength for TiO2
12 I I I I I I i

=
(mu]
T

=
oD
T

Photocurrent density J

o
.
1

0.2

| | |

|
0 0.1 0.2 0.3 0.4 05 06 07 0B
Photavoltage (V)

U | | |

Fig 5.1: J-V characteristics for different wavelength of TiO2
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The resultant J-V characteristic of ZnO for particular absorption coefficient of wavelength

300nm, 400nm and 600 nm is illustrated below:

10" J-V characteristic for different VWavelength for ZnO

1 T 1 I 1 1

— 300nm
= 400nm
= G00nm

Photocurrent density J

0 | | | | | | 1

0 0.1 0.2 0.3 0.4 05 06 07 08
Photovoltage (V)

Fig 5.2: J-V characteristics for different wavelength of ZnO
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The resultant J-V characteristics of ZnO and TiO2 composited materials together for particular

absorption coefficient of wavelength 300nm, 400nm and 600 nm is illustrated below:

w10 J-V charactenistic for different Wavelength for TIO2+Zn0
14 I | | | | | |

= 300nm
= 4000nm |
= B00nm

12

08

06

Photocurrent density J

02F

0 | | | | | | ]

0 0.1 0.2 0.3 0.4 05 06 0.7 0.8
Photavoltage (V)

Fig 5.3: J-V characteristics for different wavelength of TiO2 & ZnO combined

As the J-V characteristics is dependent on the material thickness, so we have also simulated J-V
characteristics for TiO2 and ZnO of 10 micrometer having thickness separately. We also
investigated the composited TiO2 and ZnO along with thickness of 10 micrometers in total to

identify the performance and comparative analysis was done.
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The resultant J-V characteristic of TiO2 for particular absorption coefficient of wavelength

300nm, 400nm and 600 nm is illustrated below:

% (3 g J-% characteristic for different YWavelength for TiO2
1.‘4 T T T T T T T

300nm
400nm
B00nmM

T2k

o
]
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o
m
T

Phatocurrent density J

02

U 1 1 1 1 1 1 1
0 0.1 £:2 0.3 0.4 0.5 0.6 0.7 0.8

Photovoltage (V)

Fig 5.4: J-V characteristics for different wavelength of TiO2
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The resultant J-V characteristics of ZnO for particular absorption coefficient of wavelength

300nm, 400nm and 600 nm are illustrated below:

300nm
7 = 400nm |

Photocurrent density J

| |
0 0.1 0.2 0.3 0.4 05 0.6 0.7
Photovoltage (V)

Fig 5.5: J-V characteristics for different wavelength of ZnO
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The resultant J-J" characteristics of ZnO and TiO2 composite materials together for particular

absorption coefficient of wavelength 300nm, 400nm and 600 nm is illustrated below:

e 10° J-V charactenistic for different Wavelength for TIO2+Zn0
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Fig 5.6: J-V characteristics for different wavelength of TiO2 & ZnO combined
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Wavelength, A
(nm)

TiO2 (J, V)
Thickness 7.6 um
(micrometer)

Zn0O (J, V)
Thickness 0.2 pm
(micrometer)

TiO2 and ZnO (J, V)
Thickness 7.8 um
(micrometer)

300 J=073x107*Acm™2 | J=7238x10"*Acm™2 |J=0.687x10"*Acm™2
V =0.68 Volt V =0.61 Volt V =0.69 Volt

400 J=1.09x10"*Acm™? J=715x10"*Acm™2 J=1215x10"*Acm™2
V =0.73 Volt V =0.608 Volt V =0.74 Volt

600 J=069x107*Acm™2 |J=685x10"%Acm ™2 |J=0.63x10"*Acm™?
V =0.67 Volt V =0.607 Volt V =0.68 Volt

Wavelength, A | TiO2(J, V) 7Zn0O (J, V) TiO2 and ZnO (J, V)

(nm) Thickness 10 um Thickness 10 um Thickness 10 pm
(micrometer) (micrometer) (micrometer)

300 J=095x10"2 Acm™? J=7x10"*Acm™? J=072x10"3 Acm™?
V =0.74 Volt V =0.67 Volt V=0.71 Volt

400 J=1282x102Acm™? |J=6.68x10"*Acm™? J=0987x10"3Acm™2
V =10.77 Volt V = 0.664 Volt V =0.747 Volt

600 J=082x10"23Acm™2 J=665x10"*Acm™2 J=0.752x10"2*Acm™?
V =10.73 Volt V =0.6632 Volt V =10.72 Volt

Simulated result for particular wavelengths has been denoted in tabular format above. From the

simulated values it’s clear enough to understand the significant changes for TiO2 and ZnO

composited dye sensitized solar cell J-V characteristics.

The absorbance of ZnO was maximum for 300 nm wavelengths and particularly in simulated

study of J and V analysis we also found the maximum J and V" on that point. The absorbance of

TiO2 was maximum for 380-400 nm wavelengths and particularly in simulated study of J and V'

analysis we also found the maximum J and V" on that point.

Finally, the resultant simulated J and J analysis of TiO2 and ZnO composited together had

significant changes due to maximum absorption coefficient and absorbance for 400 nm of

wavelength.




44

Again we simulated the J-J characteristics for thickness 10 micrometer separately of TiO2, ZnO
and TiOz2 along with ZnO. From our study we found that changing the thickness of the thin films
to 10 micrometer has significant performance improvement respective to photocurrent density
along with voltage. On other hand, for thickness of 10 micrometer of composited TiO2 and ZnO
maximum photocurrent and voltage was found for the wavelength of 400 nm and least was for

300 nanometer.

From our analytical comparative simulation study, it is clearly visible that combination of TiO2
and ZnO composite has optimized absorbance property from 380-400 nm range of wavelength
where J and V both are significant. On other hand, combined composite materials likely TiO2
and ZnO together have shown the properties to absorb the visible spectrum and UV spectrum of

particular ranges as their own optical transmission properties are different from each other.

High band gap of both TiO2 and ZnO have advantages to absorb the different regions of
Ultraviolet electromagnetic wavelength light where ZnO has shown more absorbance in terms of
light absorption in context. On the other hand, ZnO has comparative advantage of Infrared
electromagnetic light absorption. Layer diffusion one upon another has tremendous importance
in the context of J-V performance improvement though other coefficients and factors like
thickness, diffusion length of electron have strong interfere in the field of J-J performance

evaluation respectively.
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5.5 Flowchart Demonstration of Absorbance Effect in JV Characteristics:

An MATLAB programming based code was developed to determine the effect of Absorbance in
JV characteristics and for that JV characteristics was analyzed based on the values derived from

Optical Transmission Spectrum, which had been discussed previously.

!

Initialization of Light Intensity, ® (phi) = 1.0 x 1017 cm™2s~

<

Initialization of Derived Light Absorption Coefficient, o
(alpha)
L

Initialization of Diffusion Coefficient, D=5 x 10~ *cm?s~

2y

Initialization of Ideality Factor, m = 4.5

@

Initialization of Lifetime of Electron, t =10 x 10~ 3s

v

Initialization of Charge of Electron, q = 1.60218 x 107 1%¢

L)

Initialization of Operating Temperature, T = 298 Kelvin

)

Initialization of Boltzmann Constant, k = 1.38 x 10723

U

1

1




{

Initialization of Thickness of Thin Film, d

V.

Initialization of Electron Diffusion Length, L = v/ (Dt)

v

Initialization of Operating Voltage, V = (0 to 0.75) Volt

v

Initialization of Thickness of Electron Concentration,

ny = 10%cm=3

Yes

For Loop Creation, x=1:
Length (o)

Calculation of Short-Circuit Current,

qPLa d
Jse = 75z [~La +tanh (Z) +

Laexp(—da)]
cosh(%)

4

Finally, Photocurrent Density can be calculated
against Voltage through this equation,

_ q d qV
J = Jse =T tanh @) (exp (=) = D

Dn,

U

Loop Process End

J(J<0)=0

v

Plot (Voltage, Photocurrent Density)

46
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Chapter 6

Conclusion and Further Scope

Dye Sensitized Solar Cell (DSSC) known as Gritzel Cell has gained vast attractions to
researchers and scientists for its flexibility, stability and cheap materials that are abundant in
nature particularly. A simulation model was developed based on the theoretical derived
equations and implemented in MATLAB through coding where the parametric coefficients were
determined through proper calculations. At the very beginning of thesis work, /-} characteristics
were investigated for TiO2, ZnO and for both using the values from reference sources. Analysis

of [-V characteristics were evaluated through comparative study.

Throughout the thesis work our core concern was to evaluate the performance of J-V
characteristics for different values of thickness on TiO2, Zno and on both materials combination.
Optimized thickness for improving J-V performance on TiO2 was found as 10 micrometers. On
other hand, the optimized thickness for improving J-J performance on ZnO was found to be 27
micrometers and finally 10.25 micrometer thickness were found as an optimized thickness for
both combinations. Effect of UV-vis spectrum on ZnO and TiO2 thin film were investigated

where comparative analytical study was done.

Finally, we studied the J-V characteristics with the optimized thickness along with resultant
absorption coefficient derived from Absorbance vs. Wavelength properties. Through simulation
we got to know that higher absorption leads to higher J-V characteristics for thin films
particularly. Optimized thickness was found to be 10 micrometers for thin film materials and
wavelength was basically 300 to 400 nanometers of electromagnetic light wave. Combination of
TiO2 photoanode and ZnO compact layer had significant changes in terms of improving I-V, J-V

and absorption in respective fields.
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Extracting the parametric equations co-efficient was complex and challenging at the same time
though experimental work on dye sensitized solar cell got maximum attentions to researchers
nowadays. Throughout, the whole simulation temperature was considered constant as 300
kelvins. From our study, we also learned that thickness is very important and role playing factor

in improvement of J-V characteristics and also for absorption.

Study on dye sensitized solar cell is very much interesting and has huge scope to research in
further stage. As we have considered temperature constant previously, another simulation can be
done by varying the temperatures and investigating the effect of temperatures on J-V
characteristics for combination of ZnO compact layer and TiO2 photoanode. Varying the
intensity of irradiation of J-J characteristics can also be investigated in further stage. Fabrication
of ZnO compact layer and TiO2 photoanode is mandatory for further investigation with
comparative analysis with simulation results. Different photoanode can be used as multi-layer

deposition and varying glass substrates can enhance performance of dye sensitized solar cell.
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