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ABSTRACT

To improve the energy transfer efficiency. of dye sensitized solar cell furthermore and
thus lead to more convenient usage of solarenergy,=complete knowledge of DSSC at present
stage is necessary. In this dissertation, DSSC.with three different structures were fabricated
and the behaviors of electrons for each-were analyzed through developed photo-electrical
methods.

In the start, basic properties of<normal DSSC were examined and characterized.
Developed theories about the working principle of DSSC, light absorption, electron injection
and transportation, and the basics of measurement methods for analyzing electrons behavior
were reviewed separately.

With a preliminary understanding of conventional DSSC, the well known efficiency
enhancement method, the passivation of TiO, by titanium tetrachloride, was applied; the
photo-electrical improvements were obviously observed from experimental results. To
discover the cause of the enhancements, the electrons behaviors were measured. The
recombination of electrons was inhibited when compared with non-passivated devices (near
one ordered difference in the time constants) while the diffusion remains almost the same. It
was thought that the inhibition of recombination be mainly due to the variation of surface
states according to DOS measurement results.

Because of the limitation on the diffusion length, it is preferred to achieve better

absorption in thinner layer; then, a light scattering structure was applied to conventional



DSSC by different sized nano-crystal. The conditions of the fabrication of scattering layer
were tested and an optimized process was achieved to derive a uniform morphology of the
scattering layer. With the application of the scattering layer, the enhancement of absorption
was observed and the photo-voltage is enhanced in thinner layered devices.

Based on observed experimental results, it was thought that the preliminary limiting
factor for DSSCs at present stage be the low electron collection efficiency due to the low
diffusivity in nano-crystallite film. To accelerate electron transportation, ordered nano-tube
structure was fabricated and applied to DSSC successfully. Basic characterizations were done
and some improvements were obtained while some disadvantages were expected to be
overcome with advanced modifications in research afterward.

In this dissertation, DSSCs with three different structures (conventional, scattering layer
applied, and nano-tube applied) were fabricated and characterized. Different photo-electrical
behaviors were observed in these devices due to the different nature of structural issues.

Based on this research, it is believed that a much more efficient solar cell could be implicated.
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Introduction

1. Introduction

The demand of energy nowadays grows up very rapidly. Nearly all modern technologies
consume energy. Although the connection between energy and one’s life is so tight, the
methods that human derives energy are not efficient and smart enough thus large amount of
pollutions are produced in the derivation and transformation of usable energy. As an example,
one of the major methods used to drive motors is the direct burning of fossil fuel, in which air
pollutants as carbon oxide, carbon dioxide, and sulfuric oxide are produced. While the
accumulation of pollutant causes severe problems to the environment, technology for energy
production in a more efficient way and environment benign is necessary.

One of the possible technologies for renewable‘energy is the solar cell, which is a device
that converts energy of sunlight:to"electricity directly. It is certain that the resource, energy
from the sun, is sufficient for human-use since the average power that sunlight converts to
earth is 86PW while the power consumption of human activities is 15TW [1].

The working principle of the conventional solar cell is based on the properties of a p-n
junction structure. Incident photons interact with electrons in the semiconductor bulk and
cause the electrons be excited to the conduction band. The build-in potential in the depletion
region of the p-n junction causes separation of electrons in the conduction band and holes in
the valence band. When electrons and holes are separated and drifted out of depletion region,
each one will transport to corresponding electrode by diffusion because of the concentration
gradient induced in the bulk material. Briefly speaking, the operation of a solar cell includes
three major stages, absorption separation and transportation.

The technology of solar cells could be separated to three generations; the first one

consists of the structure using single or poly crystalline substrate, could be Si or 111-V material,
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usually with device thickness over 300um for efficient light absorption ability. Because of the
sufficient light absorption and high diffusivity of both electrons and holes in these single
crystalline materials, higher conversion efficiency could be obtained in these devices. For the
nature of indirect band-gap of silicon based device, sub-band-gap absorption is less efficient
than 111-V epitaxial type and the conversion efficiencies are 24% for silicon single crystalline
cells and 40% for GaAs based multi-junction cells [2].

For terrestrial applications of solar energy, the 2" generation thin film devices were
developed to lower the high cost of 1% generation devices, mainly from the consumption of
material. Due to the insufficient absorption of light but shorter transport path of the thin film,
light scattering structure are usually applied and different materials beside poly-Si, amorphous
Si like 11-VI (CdSe, CdTe) and quaternary (CIGS) compounds are used [3]. Considering all
the issues, the payback time of the 2™ generation‘devices is superior to the 1 ones. But even
the 2" generation devices, it seems that transforming solar energy is still not efficient enough.
New solar cells with higher efficiency.-but lower price are necessary for the convenience of
solar energy use.

Taking an examination of both 1% and 2™ generation devices, one might see that both are
based on the same operation principle, i.e. electron hole pairs produced when the bulk
material absorbs sunlight, then separation of electron hole pairs is enhanced by the built in
voltage due to the p-n junction and separated carriers diffuse to opposite electrodes. Based on
the conventional semiconductor physics, there is a limit for this process, the Shockley limit,
which is specified depending on the band-gap of material of the device, and the Shockley
limit is always lower than the thermodynamic limit of the energy transformation from solar
energy to electricity [4].

For the 3" generation device, new methods are expected to be designed to achieve the
goal. One possible method is based on the photo-electrochemical solar cell, also named as dye

sensitized solar cell.
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Dye sensitized solar cell, proposed by M.Gréatzel at 1991 [5], works different from
conventional structures; the operation of this device is based on the catalytic properties of
wide band gap metal oxide and is similar to mechanism of photosynthesis on a certain level.

The basic structure of the device is shown as Fig.1.1, the specially designed dye
molecule, as the major light absorber, are on one side chemically adsorbed on the surface of
titanium dioxide deposited on TCO (transparent conducting oxide) glass substrate while the
other side is immersed in 1"/ I3 electrolyte with catalytic Pt or carbon layer as the counter
electrode.

The light harvesting process of DSSC is depicted in Fig.1.2 and each step is described as

follows:

@ The device is illuminated from TCO side. The electron at the ground state of the
dye is excited to the different excited states depending on the energy of
absorbed photon.

(2) An ultra fast electron sdnjection_from -excited state of dye molecule to the
conduction band of TiO, happens mainly due to Metal to Ligand Charge
Transfer (MLCT) [6].

3) The injected electrons will diffuse to TCO side due to concentration gradient of

electrons in the conduction band of TiO, and at the same time
4 the left hole in the ground state of dye will be reduced by 1"/ I5” ionic electrolyte
through the reaction process as:
31"+ 2h" (Dye) > 15
and

I +2e (Pt) > 3I' at the counter electrode

As shown in the Fig.1.2, when DSSC is illuminated, most of the sunlight could be

absorbed by dye molecules since the transparency of TCO and TiO, are both high in the range
3
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of wavelength of visible light, which is the major component of solar spectrum (Fig.1.3).

The most difference between DSSC and conventional solar cells is that the absorption
and charge separation processes are accomplished on the dye molecule and the interface of
dye/TiO,. Due to the operating principle of DSSC, abundant adsorption of dye molecule is
necessary to achieve sufficient absorption of incident sunlight. For this reason, the titanium
dioxide film applied in DSSC for dye adsorption is composed of TiO, nano-crystalline with
diameter that is about 20nm.

Dye sensitized solar cell have many special properties comparing with conventional solar
cells and many are more advantageous as being used as a photovoltaic device. First of all, the
angular dependence of incident sunlight is uniform since the difference in absorption of dye
molecule for light from different direction is not obvious and the large amount of adsorbed
dye cause the orientation effect much less. When it is used for sunlight harvesting, the
incident angle varies a lot in a day.and it is important for the uniformity of light absorption
thus no additional angle trace equipment is_necessary. Table.1.1 [7, 8] are lists of the energy
payback time of different solar cells; it.is obvious that the payback time for DSSC is much
shorter when compared with other ones since the demand of the purity of materials used in
DSSC is less than conventional semiconductor devices, so even with a little lower efficiency
now, the total payback time is still shorter, that means it could be a better device for solar

energy transformation.
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Cell Technology Energy Payback Time (EPBT) (yr)
Single-crystal silicon 2.7
Non-ribbon multicrystalline silicon 2.2
Ribbon multicrystalline silicon 1.7
Cadmium telluride 1.0
Dye sensitized solar cell [8] 0.8

Table 1.1 energy payback time of different type solar cells

Fig.1.1 basic structure of DSSC

S

Fig.1.2 primary electron transfer paths in DSSC
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Experimental Methods

2. Experimental Methods

2.1 Materials and equipments used in experiment

Used materials and chemicals

Substrate
type thickness sheet resistance
Glass/ITO 0.7mm 100Q/ []
Glass/ITO 0.7mm 30Q/ []
Glass/ FTO 4mm 15Q/ []
Glass / FTO 1mm 10Q/ [ ]
Ti foil 250um [ STREM CHEMICALS
Ti0, nano-crystalline powder
TiO2 P25 Degussa
Ti0s anatase 98% ACROS
ORGANICS
Dye
N719 cis-bis(isothiocyanato)-
bis(2,2'-bipyridyl-4,4'-dicarboxylato) Solaronix
-ruthenium(ll)
bis-tetrabutylammonium
Ingredient of TiO, paste

alpha terpineol SHOWA

ethyl cellulose SHOWA

poly ethylene glycol M.W. 20000 SHOWA

lonic electrolyte
iodine TCI

lithium iodide ACROS ORGANICS

potassium iodide SHOWA
4-tert-butylpyridine ACROS ORGANICS
3-methoxypropionitrile ACROS ORGANICS

propylene carbonate Alfa Aesar
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Anodic Oxidization
ammonium fluoride SHOWA
sulfuric acid SHOWA
ethylene glycol Scharlau
Others
titanium tetrachloride SHOWA

Equipments in device fabrication

Atmospheric Anneal Furnace (KH Union Co., Ltd)
Sputtering System (lon Tech Microvac 450CB)
E-gun Coater (VTI E/B GUN COATER)

2.2 Equipments for characterization of materials

Surface Profiler (Dektak 3030)
UV-Visible Spectrometer (UV-2501PC SHIMADZU)
Scanning Electron Microscope (Hitachi S-4000)

High-Resolution Scanning Electron Microscope

& Energy Dispersive Spectrometer (Hitachi S-47001)
Focused lon Beam

& Electron Beam System (FEI Nova 200)

X-Ray Diffractometer (PANalytical X'Pert Pro (MRD))
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2.3 Photo-electrical measurements

All the measurement systems were self-built. The specifications for the setup are

described in the following paragraphs.

2.3.1 Current-voltage (I-V) measurement

Figure 2.3.1 shows the apparatus for the basic 1-V measurement, which included
two parts—the light source and the electrical measuring system. Newport Oriel 96000
150W Xe lamp and AM1.5G filter 81094 were used as the solar simulator; the optical
power of incident light was measured by the thermopile detector 818P-010-12 and
calibrated to 100mW/cm? before measuring. For characterizing the I-V properties, the
electrochemical potentiostat / galvanostat EG&G model 273A was connected to the
device in two probing modes; conventional solar cells were tested to identify the
validity of the measuring system -and ‘the results were consistent with 1-V
characteristics from other equipments.

For the measurement of solar cell 1-V characteristic, specific mask with defined
transparent area was used so that the effective area among each measurement could be
kept being constant. In this experiment, since the active area was defined during
processing, no additional mask was necessary in the photo-electrical measurements.
The 1-V characteristics with/without mask applied are shown in Fig.2.3.2 and the
difference in these two curves was in the Is region, which is similar to the result in
Ref.1. We, thus, thought the lowering of photocurrent is mainly due to the edge
shading effect caused by the presence of mask. It seems that the I-V characteristics
were not changed no matter the mask was employed or not. As a result, in the

experiment all the measurements have been done without mask.

10
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It should be mentioned that all the photoelectrical properties presented in the
experiment were characterized under stable equilibrium situations and the devices
were all encapsulated. For evaluating the fabricated solar cell, the stability is

indispensible. Fig. 2.3.3 shows the current-voltage characteristic for repeated

measurement.

Fig.2.3.1 setup of I-V and EIS systems

11
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Fig.2.3.3 current lowering cue to use of mask in measurement
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2.3.2 Electrical impedance spectroscopy (EIS) [2, 3, 4]

The setup of EIS measurement was basically the same as the I-V measurement
system shown in Fig.2.3.1, except that EG&G model 1025 Frequency Response

Detector was connected to 273A. In the EIS measurement, small voltage oscillation
signals with constant amplitude and different frequencies V,e'* were applied, and

the corresponding current responses | (w)e'“*” were analyzed and recorded. Then

Voeiwt

W:ZO(w)ei¢’ where ¢ is the phase difference, can
w

the impedance Z (@) =

be derived. Electrical impedance spectroscopy measures the variation of impedance at
different frequencies, so it is a trace of the variation of the impedance of measured
sample.

Normally, the measurement for DSSC.was done under the standard illumination,
which was the condition-for the I-\/ test, with-DC bias applied. The value of the DC
bias was selected to be the‘same as the open-circuit of the measured device so that the
device was under the static condition, i.e. there was almost no DC current when the
measurement was proceeding. If not specially claimed, the conditions for EIS
measurement in the experiment were always that the AC amplitude was of 10mV

descending from 500 kHz to 0.01 Hz and DC bias equaled to open-circuit voltage.

2.3.3 Photovoltage transient

The photovoltage transient measures the relaxation behavior of the open-circuit
voltage whereas the photocurrent transient measures the decay of the short-circuit
current; the working point at each measurement is shown in Fig.2.3.9. Due to the

unique property of DSSC, the relaxation behavior of photovoltage corresponds to the

13
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movement of electron quasi Fermi level of titanium dioxide. Based on the diffusion
model and the proposed random walk model for electron transporting in nano-crystal

[5, 6, 7], the recombination rate could be derived through the relation [8]

KT (dv J‘l
Tvee = | 0
g \ dt

The setup of the system is depicted in Fig.2.3.4; similar to previously described
measurement, the system includes light source and electrical measuring circuit.
Usually expanded laser or LED [9, 10] was chosen to be the light source so that the
energy of incident photon was the same and thus led to the excited electrons having
the similar energies. To make a pulse of incident light, a solid state switch circuit
controlled by a function generator was used; the produced pulse width was from few
seconds to 100 nano seconds-as shown in‘Fig.2.3.5. The photovoltage was recorded by

a digital oscilloscope (Tektronix TDS series).

Fig.2.3.4 photovoltage/photocurrent transient system

14
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voltage(V)

T T T T T T T T T T T T T T T T T T T 1
-1.0x10%8.0x1076.0x1074.0x1072.0x10” 0.0  2.0x1074.0x1076.0x1078.0x1071.0x10°®

Fig.2.3.5 pulse generation limit of the solid switch circuit

2.3.4 Photocurrent transient [11, 12]

The light source for photocurrent transient was the same as photovoltage
transient, but an amplifier was necessary-to.transform short circuit current to voltage
such that the signal could-be.measured.by digital oscilloscope. The transient behavior
of the amplifier was simulated. and-the result is shown in Fig.2.3.6. According to the
result, the limit of the amplifier ean be determined and was found to be adequate in the

measurement since the limit of response time is shorter than the relaxation time.

//
/

Il

0s 10us 20us 30us 40us 50us 60us
o V(U1:0UT) » I(I1)*2200

Fig.2.3.6 consistency in 10us transient response of the amplifier circuit
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2.3.5 DOS measurement [13, 14]

Fig.2.3.7 shows the apparatus of DOS measurement; briefly speaking, it is a
combination of photovoltage transient and a background light. During the
measurement, the intensity of incident pulse remains the same while the background
light intensity is modified by setting different ND filters. Since the intensity of the
pulse is constant, the excess electrons injected from dye to titanium dioxide are
remained constant among each measurement. This small perturbation will induce a
small shift of electron quasi Fermi level, which could be different depending on the
level of background intensity (Fig.2.3.8). The density of state is proportional to the
inverse of perturbation induced voltage difference, so the distribution could be

revealed by plotting background induced voltage level versus AV .

16
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Fig.2.3.7 combined DOS system

Fig.2.3.8 the basic concept of DOS measurement
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3. Dye Sensitized Solar Cell

The basic working principles of DSSC had been introduced in chapter 1; however, those
four primary processes are not the only ones occur but some recombination mechanisms do
exist when the device is working, which obviously will limit the carrier collecting efficiency.
In this chapter, the details of charge transferring and recombination are examined from the
experimental results with proposed theories; these electrical behaviors were carefully

characterized and the results can provide the meaningful reference to the later works.

3.1 DSSC — working.mechanisms

3.1.1 Absorption of light

In the conventional DSSC,.light is‘incident to dye molecule through glass
substrate, FTO conducting layer, and “TiO, nano-crystal layer. Since the absorptions
of glass, FTO (Fig.3.1.1), and TiO»(Fig.3.1.9) for visible light are all insignificant,
incident light is mainly absorbed by the dye molecules. One group of the most
efficient dyes is the ruthenium bipyridyl dye groups [1][2][3][4][5]; the chemical
structure of N3 is shown in Fig.3.1.2(b) with the absorption spectrum of N719,
which is a doubly-deprotonated derivative of N3, in Fig.3.1.2(a). Four major
absorption peaks could be observed in the spectrum, and the absorption peaks were
located in nm, nm, nm and nm. Absorption of light with different wavelengths
results in different charge transfer processes in the molecule. The absorption at
262nm and 309.5nm were mainly due to LBCT process; while the absorption at

378nm and 517.5nm were primarily the MLCT ones. One of the most important
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characteristics of these transferring ways is that the electrons move from SCN side
to bipyridyl side, where are the groups binding to titanium dioxide surface.

Fig.3.1.3 (a)-(f) shows some eigenstates of N3 dye calculated by the density
functional theory (DFT) method; the chemical structure is shown in Fig.3.1.4
whereas Table 3.1.2 lists the correlated parameters and values, which were
referenced to the former experimental results in Ref.6. In order to compromise with
the experimental results, these figures were not modified during the calculation.
Obviously, we observed that the LUMO and HOMO are spatially split. This might
be one of the reasons for the low recombination rate between the injected electrons
and holes in the ground state of the dye molecule demonstrated in the previous

report [7][8]; therefore, efficient charge separation can be achieved.

e FTO/Glass 4mm|
1004
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g
8 60+
c
8
€
2
g 40
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Fig.3.1.1 transmission spectrum of FTO substrate used
in the experiment
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(a) the main peaks of the absorption of N719 dye
and
(b) the chemical structure of N3 andN719
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(a) (b)

LUMO HOMO
C d
(c) LUMO+1 (d) HOMO-1
LUMO+2 (f)  HOMO-2

(e)

Fig.3.1.3 calculated eigenstates of N3 dye
(a)Lumo (b)HOMO (c)LUMO +1
(d)HOMO-1  (e)LUMO+2  (f)HOMO-2
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parameter Value
Rru~N1,3 2.037A
RRru-N2,4 2.03A
RRru-N3,6 2.048 A
N-C 1.29A
C-S 1.6 A
2~ N1RuN2 83.44°
~N1RuN3 97.8°
~N1RuN4 81.85°
<~ N2RuN4 174°

Table.3.1.1  parameters and corresponding values used in DFT calculations

Fig.3.1.4 chemical structure of N3 dye in the calculation
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3.1.2 Electron injection

Except for the efficient electron hole separation due to the absorption
properties of the dye molecule, another achievement in DSSC is the ultrafast electron
injection rate from dye molecule to the conduction band of the used wide bandgap
semiconductor, especially, TiO,. The injection process of electrons from dye to TiO, is
rather complicated, and it is generally observed the injection Kinetic is biphasic [9, 10,
11], one with time constant of about some fs to 10s fs and the other ranging some ps
from 10s ps[12]. Many researches have been done to discover the cause of the
biphasic behavior [13][14][15]. It is deduced that many probable mechanisms,
including the injection from triplet MLCT state [13], the adsorption mode of
Ru(Il)(dcbpy), dye[14] and the aggregation of dye molecule itself [15] could lead to
the slower injection rate. On:the other hand; the faster injection is supposed not only to
be related to the property-of the dye molecule;-as previously described, but also to the
properties of the chemical adsorption-mode on-the TiO,, and one of the most important
factors could be the adequatée:coupling.between the dicarboxy bipyridyl group and the
Ti** 3d orbitals [16].

Fig.3.1.7 is the calculated results of the selected eigenstates of the adsorbed
dye on TiO, anatase (101) surface, which is known to be the most stable one [17][18].
The corresponding eigenenergies of the states are also shown as Fig.3.1.8. The spatial
distribution of the eigenstates could give the direct picture to some extent for the

possible electron injection paths.
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Fig.3.1.6 calculated eigenenergies of N3 dye
adsorbed on TiO, anatase(101)
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3.1.3 Electron transport in nano-crystalline TiO,

Fig.3.1.7 SEM image of fabricated TiO, nanocrystal layer

One incredible feature of dye sensitized solar cells is that the nano-structured
semiconductor can be applied for the electrode (Fig.3.1.9), which provides abundant
surface area for dye adsorption and at the same time serves as the electron transferring
paths. TiO, a wide bandgap material is known to be with well catalytic properties
[19][20][21] and also with adequate conduction band position, is the excellent one not
only for the properties itself but also_for. the -extraordinary orbital coupling with the
used dye.

As one of the two major functions of the TiO, nanocrystalline electrode, the
behavior of electron transport will determine the charge collection efficiency of the
solar cell. Although there indeed are many unique advantages using the
nanocrystalline electrode, some drawbacks still exist for electrons transporting in the
nanocrystals.

The first one is the nanometer sized dimension, which is smaller than the
depletion width of TiO; induced in the electrolyte environment of DSSC; the electric
potential calculated from the basic Poisson equation in spherical coordinate have

shown this limitation on the built-in potential [22]:
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Since there is no electric field inside the TiO, nanocrystal, the mechanism of electron
transport is thought to be mainly via diffusion.

The second one is the boundaries of the interconnections presented among the
nanocrystals; since each nanocrystal has size of only 20nm and the total thickness of
the nanoporous film is up to 10um, the boundaries encountered by the electrons during
transporting are in a large. amount:. According to experimental results, it is
straightforward that the existence of the defects on the boundaries does considerably
affect the device performance [23]. Although the annealing process after the coating of
TiO, nanocrystal film is helpful initheireduction of the effect of the boundary defects,
the additional scattering still lower the diffusion time of DSSC, as compared with the

other solar cells.

3.1.4 Hole transport in ionic electrolyte

When the excitation and injection of electrons from the excited states of dye
occurs, the hole left in the ground state will be reduced by the iodine ions, and then the
tri-iodide ions transfer holes toward the counter electrode. Since there is no electric
field presented in the electrolyte, the transfer mechanism of tri-iodide is thought to be
diffusion as well.

Since excess electrons are injected from the dye molecule to TiO,, the TiO,
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material itself is not in charge balance, and the net charge will interact with the ions

diffused in electrolyte. The diffusion of electrons and holes are thus suggested to be
. . : e n+p
ambipolar with the ambipolar diffusivity D,,, B——
7+7

D, D,

[24]. While the D, is in

the range of 1.5x10°cm?*-s, Dy is 8.5x107°cm?-s, nis in the range of 5x10"cm™,
and p is 2.5x10%cm, the amount of Dump is mainly determined by the diffusion
characteristics of electrons, which is the major reason that the characteristics of
electrons can be independently measured without taking hole’s behavior into account;

at least, it should be reasonable at the present stage.

3.1.5 Charge recombination mechanisms

The charge recombination property of DSSC is different from the other types of
solar cells. Due to the unique operating principle, the recombination process of DSSC
is a heterogeneous one. Because of the heterogeneity, the recombination time is
generally longer than those in the other kinds of solar cells. Experimental results
[25][26][27] have shown that the recombination of injected electrons with ground state
holes is less possible, and the recombination is thought to happen between the injected
electrons and the tri-iodide ions. Besides, it has been revealed the recombination is

mainly assisted by the surface states of TiO, [28].
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3.2 Fabrication process

Dve adsorption

Encapsulation

Fig.3.2.1 (a) fabrication flow
and
(b) the picture of completed DSSC device
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The fabrication process flow is depicted as Fig.3.2.1. First of all, the commercial P25
12.5wt% TiO, was solved in alpha-terpineol with addition of ethyl cellulose in 3.125wt%.
When well mixed, the paste was coated on TCO glass substrate by the doctor blade
method. After that, the TiO, film was sintered at 450°C for 30mins with air flow. Then,
some samples were immersed in the TiCl, aqueous solution at 4°C; the preparation of the
TiCl, aqueous solution was referred to the previously proposed method [29]. After treated
with TiCly, the samples were annealed in 450°C for 30 min again.

For dye adsorption, the prepared TiO, samples were immersed in the ethanol solution,
in which 3*10* M dye were previously solved, for 24 hrs, and after dried in air, the
sample was ready to be encapsulated. On the other hand, 80nm Pt film was sputtered onto
ITO/glass substrate, where two holes were drilled for the injection of electrolyte afterward.
Later, the prepared TiO, electrode and Pt electrode were clamped face to face and were
spaced by 50um DuPont™ Surlyn® hot-melt film, and then they were heated to 100°C
for 10mins. When the edge was well'Sealed,-the ionic electrolyte, 0.05M I, 0.5M Lil 0.5M
4-tBP in 3-methoxypropionitrile, ‘was injected into the spacing between TiO, and Pt
through the drilled hole. Finally, the holes were sealed by Surlyn® and the device
fabrication was then completed. Fig.3.2.2 shows the photo of completed device.

It should be mentioned first that two types of 20nm nanocrystalline layer with
different porosities were included in the later results since apparent differences were
observed on the higher porosity layers and can be identified more easily. The difference in
porosity was achieved by controlling the concentration of added binder in the paste. The
transmission characteristics of films with different porosities but the same thicknesses are

shown in Fig.3.2.3.
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Fig.3.2.2 the two nancrystalline layers with different porosity and thus

different transparencies

3.3 Photo-electrical:analyses

3.3.1 Characterizations of basiciissues for DSSC

First of all, conventional DSSCs were fabricated on different substrates, 1TO
with two different sheet resistances, 100 Q / o and 30 Q / o, and one FTO, 15 Q / o.
All the processes were maintained at the same conditions for the three devices. The
deposited thickness of TiO; layer was 5.5um; Lil, 1, and 4-tBP in PC was used as the
ionic electrolyte. The dark current of these three devices are shown in Fig.3.3.1 (a).
The impact of series resistance was apparently visualized through the very distinct
slopes in the high voltage region for these samples. Fig.3.3.1 (b) is the I-V plot of
these samples measured under 100mW/cm? illumination. It can be observed that the
open circuit voltage Vo of these samples deviates little whereas the short circuit

photocurrent I differs a lot, especially for the device with substrate sheet resistance
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100 Q / o. Table 3.3.1 is the list of extracted parameters of these samples. It can be
seen that the series resistance mainly affects the fill factor, and the photocurrent will
degrade rapidly when the series resistance effect becomes more severe; this situation is
similar to that in the conventional solar cells.

In an attempt to discover whether if the resistance of substrate influenced the
other electron transferring mechanisms, EIS was measured for these three conditions.
The measured results are depicted in Fig.3.3.2. From the Nyquist plot of impedance, it
was seen that the impedance characteristics of these devices were similar, except for a
shift of real part of each points for different devices, which is consistent with reported
results [23]. According to the impedance characteristics of DSSC, the location of the
high frequency point indicated the amount of series resistance of the measured device
since generally no inductance component existed in DSSC. Comparing the location of
the high frequency points, it corresponded to the'relative substrate resistance amounts.
Since the other parts of the-impedance trace showed no obvious deviations, these
devices were seemingly comparable;

Next, another experiment was performed to certify whether the solvent used in
the preparation of paste for TiO, nano-crystal deposition affected the properties of the
TiO, film and thus the electrical characteristics or not. Two different solvents were
used in the preparation of TiO, paste; one was alpha-terpineol and the other was poly
ethylene glycol MW 20000. Both were prepared with the same concentration of TiO,
P25 powder, 12.5 wt% without any other additional chemicals. Basic -V
characteristics of the devices with different solvents are depicted in Fig.3.3.3 (a) and
(b). The dark I-V curves were quite similar with these two cases except for a little
deviation in the slope of high voltage region. It was thought that the difference in the
photo I-V characteristic was mainly due to this deviation. In order to confirm this

guess, EIS was conducted, and it was found that these two samples also showed
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similar impedance trace, which means electron transferring processes are similar for
these cases, and are only with a little difference in the real impedance part.

Third, Fig.3.3.4 (a) shows the |-V properties when different solvents were used
in the electrolyte, propylene carbonate and 3-methoxypropionitrile. Propylene
carbonate was the one with higher viscosity 7=2.512x10"°Pa-s at room
temperature whereas the viscosity of 3-methoxypropionitrile is 1.1x10°Pa-s at
room temperature, which was obviously lower. The viscosity of the electrolyte was
thought to affect the penetration ability of electrolyte into the nanoporous film, and
thus resulted in different effective areas. Due to the fact that the difference in the
photocurrent is obvious, EIS analyses could then support our previous assumption, as
Fig.3.3.4 (b). We observed that the impedance were varies significantly for the devices
with the two solvents; the one with lower viscosity was certainly better than the higher
one. The result confirmed the_estimation before, for both the peaks at the third
frequency and at the fourth ‘one varies,-which results from the variation in effective
surface area. The details of this result.can be referenced to Chapter 5.

In the final part of the section, the light intensity dependence of DSSC will be
discussed. Fig.3.3.5 (a) is the corresponding I-V characteristics under varied
illumination intensity. The change in the photocurrent was apparent once the intensity
was modified; while the change in photovoltage could only be identified in the low
intensity region. EIS under different illumination intensities are examined as Fiig.3.3.5
(b). 50mW/cm? and 100mW/cm? were selected to be the tested conditions, and the
difference in the second impedance circle can then be identified. From the phase plot
(Fig.3.3.5 (c)), the variation can be more accurately identified. The result showed that
the difference was only on the 20Hz peak, for it was consistent with all other
frequencies, which revealed that the properties except dye/TiO, interface were not

affected by the variation of illumination.
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3.3.2 The analyses of TiCl, processed DSSC

With sufficient understanding of the deviation, it is meaningful to discover the
effect from the advanced treatment and structural modifications. Treatment of titanium
tetrachloride aqueous solution on TiO, nano-crystal has been confirmed to be able to
improve the conversion efficiency of DSSC. Certainly, it is necessary to study the
origin of the improvement, which may be helpful in the afterward works.

The experimental processes of TiCl, treatment have been described in last
section; samples with four different conditions were prepared: higher surface ratio;
higher surface ratio, treated by TiCl,; normal surface ratio and normal surface ratio,
treated by TiCl,. The surface ratio was controlled by the addition of ethyl cellulose,
which was used as the binder, wt% for the ones with higher surface ratio and
3.125wt% for the lower ones.

Fig.3.3.6 shows the dark current and photocurrent for the higher surface ratio
devices. Comparing the blue line-and_the. red-one, it shows differences in both
photocurrent and photovoltage. These two.devices were with the same TiO, thickness,
but one was treated by TiCl, (the red line) while the other one was not. Another TiCl,
treated device but with different thickness was also included in the plot and depicted
smaller photocurrent with respect to the red one; while the photovoltages of these two
were close, which was the standard characteristic for the devices with the same
fabrication conditions but only with different thickness. It was revealed in the diagram
that the photovoltage of this sample was also larger than the blue one. Based on the
kinetic model of DSSC, the photovoltage arises from the resultant difference in
chemical potential between the ionic electrolyte and the electron quasi Fermi level of
titanium dioxide; since the ionic liquid used in these samples were the same and the
chemical potential shifted when illumination was minor, the difference of V,. means

the difference on the electron quasi Fermi levels and thus the excess electrons
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remained in the TiO, when the dynamic equilibrium was reached. Therefore, a
reasonable speculation for the effect induced by the treatment of TiCl, is that the
recombination was inhibited, so more excess electrons can be maintained with the
same illumination and then the same amount of injection was achieved. Since the
recombination process was inhibited, the recombination current at short circuit
condition was, whence, reduced and lead to higher the photocurrent.

In order to confirm the speculation, the recombination processes of these devices
were measured by the photovoltage transient method, and the results are shown in
Fig.3.3.7(a). Obviously, the relaxation processes for the devices treated or non-treated
by TiCl, were rather distinct, and the former was much slower than the latter, which
meant that the recombination rate difference was as the same as the previously
predicted conclusion. The distributions of extracted recombination time constants at
different quasi Fermi levels-for_each sample are-shown in log scale in Fig.3.3.7(b).
Important information could be robtained_from-the result. The first was that the
improvement of recombination rate-was about-an order. Next, the distribution of each
one was near linear in log scale and the trends among the two were almost parallel.
Since the thickness was controlled the same for these two samples, the parallelism
means the recombination mechanism, which should be assisted by the surface states
that is the major recombination path in DSSC, is not changed.

Fig.3.3.8 is the result for devices with normal surface ratio. The improvements
on both photocurrent and photovoltage can still be observed but were less when
compared with high surface ratio conditions. The recombination characteristics of
these samples are remained about an ordered difference and in the same range as
before. It was wondered whether if any variation in electron transport in TiO,
nanocrystal was induced after the treatment of TiCl,. The photocurrent transient

measurements for these two were conducted as shown Fig.3.3.9. (a). It seems no
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obvious deviation occured after TiCl, treatment; both transient behaviors can be fitted
well by a single exponential function, as Fig.3.3.9 (b) and (c), which is common for all
cases of photocurrent transient with a small amount of injection carriers. A time
constants could be extracted from the fitted curve, 80 ms for non-treated device and
83ms for TiCl, treated one.

According to known results, the diffusivities of excess electrons in TiO,
nanocrystal are not always a constant one, but dependant on the photocurrent level. In
order to discover this dependence of TiCl, treated sample, combined photocurrent
transients were measured under different background illumination intensities. In
Fig.3.3.10 (a) and (b), current transient at different photocurrent levels are shown. As
the first issue, the perturbation induced increments of current remained the same at low
levels since the intensity of the perturbed hght was constant and there was a large
amount of dye molecules that_can provide excited electrons when the background
intensity was low and the excited.dye.molecules-were less. On the other hand, when
background intensity was raised, the increment of current by the perturbation can no
more remain and then visibly decay. In spite of this variation, all the relaxation
behaviors of photocurrent can be fitted by a single exponential function well as
Fig.3.3.10 (c) — (h). The extracted diffusion time constant is collected in Fig.3.3.10 (i).
The increase of diffusion time with the decrease of current level was observed, and the
time constant varies from 7ms to 16ms. The reason for longer diffusion time constant
values could be related to the increase in depth of effective trapping sites of lower
current level.

When the recombination and transport behaviors are understood, it seems the
suggestion of the inhibition effect of TiCl, treatment on recombination is valid, and it
IS necessary to know the origin of the cause. From DOS measurement (Fig.3.3.11), the

relative intensity of surface DOS were extracted for both conditions, TiCl, and
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non-treated. For the porosity of the film is unknown, the intensity was of a relative
level, but it was still comparable between the data since the measurement conditions
were the same. According to the results, suppression of intensity in deeper levels can
be observed, which is thought to be the reason that recombination inhibition is from.

There are two possible speculations of the suppression of surface DOS: first one
is that surface state inhibition by Ti bound to surface oxygen site, and thus the second
is the effective bonding site increases and bound dye increases. Advanced exploration
could be tried to identify these assumptions. Some advanced test methods might be
applied to verify the cause of the phenomenon.

Besides, based on available observations, it may be concluded that the transport
of excess electrons was mainly inside the nanocrystal since it was slightly affected by
the inhibition of density of surface states. Even.though the electrical field was limited
by the geometrical boundary-conditions; the finitely induced band bending of TiO, and
coupling between bipyridyl and TiO2 -was. sufficient to collect excess electrons inside
nanocrystalline bulk, and thus caused higher transport ability than originally expected

ones.
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Current (mA/cm?) Diffusion time (sec)
2.00E-05 0.0167
4.00E-02 0.0161
1.50E-01 0.0136
3.00E-01 0.0131
1.30 0.0072
1.99 0.0073

Table 3.3.1 extracted diffusion time constants at different current levels
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