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Study on Electron Transport Mechanism in Metal Oxide

Photoanode Electrode for Dye-Sensitized Solar Cells

Student: Wei-Hao Chiu Advisor: Prof. Wen-Feng Hsieh

Institute of Electro-Optical Engineering
National Chaio Tung University

Abstract

In early 2011, the oil price broke through 110 U.S. dollars per barrel. People are
paying more and more effort to find the alternative energy sources that would suffice in
the following high-oil-price era.. In this thesis,-the works are associated with some
fundamental research in one of the solutions to the energy sources, dye-sensitized solar
cells. The dye-sensitized solar cell is taken as the system where the effects of the
structure and the quality of the photoanode electrodes will be studied and rationalized.

Firstly, the tetrapod-like ZnO (T-ZnO) nanopartipcles (NPs) are employed to
construct an efficient electron transport network as the photoanode of the
dye-sensitized solar cells (DSCs). The best performance of DSCs based on 42 um
terapod-like ZnO film showed high energy conversion efficiency of 4.9% with high

short-circuit current density of 12.3 mA cm, open-circuit voltage of 0.6 V, and filling



factor of 0.65 under AM 1.5 irradiation. High efficient electron transport may be also
ascribed by long effective electron diffusion length of 46 um determined from the
electrochemical impedance spectroscopy (EIS) which is consistent with thickness
dependent Jsc measurement. On the other hand, from time-response photocurrent
transient analysis and EIS studies on the ionic diffusion dynamics of the high-viscosity
electrolyte, we observed the presence of a tetrapod-like framework as the photoanode
provides more efficient ionic diffusion pathway than the conventional photoanode
made of C-ZnO (commercial spherical ZnO) nanopowders. And the concept of
tetrapod structure is also suitable for other semiconductor photoanode in DSCs for
future applications.

In the second part of this thesis, a multiple electrophoretic deposition (EPD) of
binder-free TiO, photoanode has been developed to successfully fill the crack
occurring after air-drying on the first EPD-TiO, film surface. With the slow 2" EPD,
high quality TiO, thin films are acquired on flexible ITO/PEN substrates at room
temperature and the device efficiency of the dye-sensitized solar cell achieves 5.54%
with a high fill factor of 0.721. EIS measurements analyze the great enhancement of
the photovoltaic performance through the multiple EPD. The electron diffusion
coefficient improved by about 1 order of magnitude in crack-less multiple-EPD TiO,

films. With the scattering layer, the device reveals a high conversion efficiency of up to



6.63% under AM 1.5 one sun irradiation, having a short circuit current density, open
circuit voltage, and filling factor of 12.06mA cm™, 0.763V and 0.72, respectively.
Moreover, the durability of dye-sensitized plastic solar cells using two organic iodides
(TBAI and PMII) are investigated. Plastic DSCs with MPN-based electrolyte
containing TBAI provide good long-term stability than PMII ones. They maintain
96.9 % of baseline efficiency after 100 h under a prolonged visible light irradiation and
thermal (60 °C) stress aging. We will also report the effects of organic iodides,
cell-sealing conditions, and the sheet resistance of indium tin oxide coated

polyethylene naphthalate substrate on device durability using the EIS.
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Chapter 1 Introduction

1.1 Climate change and energy sources

From the historical period of global industrialization to the present, the energy
consumption was growth explosively. U.S. Energy Information Administration
predicted in 2005 that the annual world primary energy consumption would increase
49% from 2007 to 2035. Total world energy use rises from 495 quadrillion British
thermal units (BTU) in 2007 to 590 quadrillion BTU in 2020 and 739 quadrillion
BTU in 2035 [1] Presently, the energy-economy-is-still highly dependent on three
forms of fossil fuels- oil, natural gases and coal with high percentages (see Fig. 1-1).
The fossil fuels have contributed: to the increase .in.carbon dioxide (CO;) in the
atmosphere from 313 ppm in 1960 to about 390 ppm in 2010.  The greenhouse
effect of combustion-produced carbon dioxide has been become seriously. Until
now, people have seen mild effects from global warming caused by the greenhouse
effect. The global warming not only melts the ice volume at South Pole led to
several meters of sea level rise but also changes the climate to affect the agriculture
(food production).

In addition to the fossil fuels, nuclear power is one of the carbon-free energy

resources. But notably form the Three Mile Island nuclear accident (1979),



Chernobyl nuclear disaster (1986) and Fukushima nuclear accidents (2011), people
learned that the nuclear power isn’t 100% safe to operate. So people pay more

attention to find clean and safe renewable energy to replace the fossil fuel and nuclear

power.
250 - History , , Projections
Liquids
150 -~ : :
Coal
100 _/ Natural gas
B~ , , : __Renewables
Nuclear
0
1990 2000 2007 2015 2025 2035

Fig. 1-1. World marketed energy. used by fuel types, 1990-2035 (quadrillion BTU) [1]

Table 1-1. Current uses and current potentials of selected renewable energy sources. [2]

Technical Theoretical
Current use ) )
Resource ] potential potential
(in 2000) . .
(exajoule/yr) (exajoule/yr)
Hydropower 9 50 147
Biomass energy 50 >276 2900
Solar energy 0.1 >1575 3900000
Wind energy 0.12 640 6000

On the other hands, oil might run out in around 40 vyears at current
reserves-to-production (R/P) ratio with a daily consumption of 82.5 million barrels.

A better synopsis is for natural gases that can last for about 60 years and coal, being

2



the most abundant, for 150 years. [1] Much interesting in renewable energy sources
appeared in the wake of the oil crisis in 1970s. Table 1.1 lists the potential of the
selected renewable energy sources. Solar power has great potential with more than
thousand times comparing to other renewable energy sources, but in 2000 supplied
less than 0.1% of the world's total energy supply.  As we know, sun is just like a
forever-burning fire due to its lifetime (about 15 x 10° years) comparing to human’s
life (100 years). The earth receives about 10° TW of solar power at its surface.
The sun is a free and unlimited energy source. This is a huge energy source that
means harvesting the total solar.energy for.one-hour'would supply the energy need of
the humanity for one year. “Many solar photovoltaic power stations with < 100 MW
peak power have been built, mainly in Europe.. Nowadays, several large
photovoltaic electric plants are under ‘planning to construct. Ordos Solar Project in
China plans to build a CdTe thin film solar plant with DC peak power of 2 gigawatts
(GW) and is scheduled completion date 2019. Planned installations in USA (Topaz
Solar Farm, Desert Stateline, Aqua Caliente Solar Project, California Valley Solar
Ranch, etc.) will produce about 200 to 500 MW at peak and will be completed

between 2013 and 2015. [3]



1.2 Solar cells — A recent story

A solar cell can be described as a device that is able to transform the photon energy
to electric energy in form of current and voltage. The photovoltaic effect was first
recognized by a French physicist A. E. Becquerel in 1839, [4] but the first
photovoltaic cell with around 1% efficiency was built by Charles Fritts until 1883.
The modern photovoltaic (PV) cell by using a diffused silicon p-n junction was
developed at Bell Laboratories in 1954. [5] The cell produced 1 watt of electric
power in bright sunlight cost about USD$ 250, comparing to USD$ 3 for a coal plant.
After taking several improvements, Dr. Berman’s team at Solar Power Corporation
cut the cost of single crystal'Si PV down to USD$ 10— 20 per watt in the 1970s.
Afterward, people pay considerable attention to boost the cell efficiency and to reduce

the fabrication cost.
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Fig. 1-2. Thirty years evolution in conversion efficiencies of different photovoltaic technologies. (NREL
via Solid State Technology)
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In parallel, Audubert and Stora discovered the photovoltaic effect in cadmium
sulfide (CdS) in 1932, opening up the way of I1-VI thin film solar cells. [6] In the
following years, p-n junctions with CdS and CdTe were studied for a higher efficiency.
Wu X. et al. have achieved a CdTe polycrystalline thin-film solar cell demonstrating
total-area efficiency of 10.9% in 2000 which was confirmed by the National
Renewable Energy Laboratory (NREL). [7] For 111-V solar cells, a 1 cm? thin-film
GaAs device with efficiency of 27.6% has been measured at NREL fabricated by Alta
Devices, Inc. [8] A high efficiency of 42.3% has been obtained for the triple
junction solar cells consist of«indium gallium-arsenide (InGaAs, 0.94 eV), gallium
arsenide (GaAs, 1.42 eV) and indium gallium phosphide (InGaP, 1.89 eV) under 406
suns concentrated illuminations. [9] = Copper indium gallium diselenide (CIGS ;
formula : CulnGag-xSe») is a direct-bandgap material for thin film PV application,
and its bandgap varies continuously with x from about 1.0 eV (for copper indium
selenide) to about 1.7 eV (for copper gallium selenide). A team at the NREL
achieved 19.9% new world record efficiency in 2008. [8] However, the materials
used in these PV technologies include rare elements, such as indium (Crustal
abundance = 0.16 ppm ), selenium (0.05 ppm), cadmium (0.15 ppm), and tellurium
(0.001 ppm) [10], could be a restriction if PV became the main energy supplier.

A dye-sensitized solar cell (DSC) is a relatively new class of thin film solar cell. It



had a breakthrough in the early 1990s in Ecole Polytechnique Fédérale de Lausanne
(EPFL), Swiss by Prof. Michael Gréatzel and Brian O’Regan. With the discovery of
the Ru-based N3 dye and the later panchromatic “black dye”, the electrical conversion
efficiency was pushed well over 10%. [11, 12] This cell is extremely promising
because it is made of low-cost raw materials, such as TiO, (Ti of crustal abundance =
6600 ppm [10]) or ZnO (Zn : 79 ppm), and does not need elaborate apparatus to
manufacture. Although the Ru-complex dye was widely used in DSC due to its
outstanding photovoltaic properties, the Ru element is a rare transition metal
belonging to the platinum group of the periodic table and its crustal abundance is only
0.001 ppm. Scientists work on other kind of dye to avoid the lack of Ru element.
Several research groups in the world, e.g., Prof. Michael Grétzel in Swiss [13], Prof.
Eric Wei-Guang Diau in Taiwan [14], have experimented with a wide variety of
Zn-porphyrin dye and reported the efficiency of about 5%. Metal-free organic dyes,
such as D149 [15], have also been considerably researched in recent years to replace
Ru-dye. [16] Due to several kinds of dyes with different absorption wavelength
ranges, DSC is capable of having colorful designs for building-integrated photovoltaic
(BIPV) applications.

In 2008, Prof. Gratzel demonstrated 8.2% efficiency DSC consisting of a new

solvent-free liquid redox electrolyte, and the device retained over 93% of its initial



conversion efficiency under the irradiance of AM 1.5G sunlight during successive
full-sun visible-light soaking at 60 °C. Recent achievements of long-time stability
under accelerated experiments with non-volatile liquid (e.g., MPN) and ionic liquid
electrolyte greatly promote the practical application of this low-cost PV and put it

currently right at the start of commercialization stage.

1.3 Objectives of the current work and organization of

dissertation

The thesis is then subdivided into mainly six parts: Chapter 2 gives a brief
background of DSC including the structures, the working principles, and the related
mechanisms.  Chapter 3 addresses all the ‘experimental processes of device
fabrication and characterization techniques. © Chapters 4 and 5 discussed this
dissertation research. It will be focused on realizing the effects of the structure and
the quality of the photoanode electrodes. In Chapter 4, a hieratical structure of
photoanode electrode (PE) made by tetrapod-like ZnO (T-ZnO) was demonstrated.
And its electron dynamics in PE and ionic diffusion mechanism in ionic liquid (IL)
film will be discussed. Chapter 5 provides a method to resolve the crack issue of
low-temperature flexible DSC. And its long-term stability properties are also tested

and discussed. A chapter of general conclusions is then made on the basis of all



previous chapters and the direction of future to DSC is also given in Chapter 6.




Chapter 2 Background

In this chapter, the structure, the operation and the physical limits of
dye-sensitized solar cell (DSC) will be described first.  And then the characterization

methods of DSC, which were used in this study, will be introduced.

2.1 Structure, operation, and physical limits of

dye-sensitized solar cells

Figure 2-1 shows a schematic representation of .the operating principle of DSC
including the dye sensitizer, the metal oxide photoanode electrode (PE), the
electrolyte, and the counter electrode (CE).

The operation of DSC represents an:interesting convergence of photography and
photoelectrochemistry, both of which rely on photoinduced charge dynamic at a
liquid—solid interface and in pure bulk medium (liquid or solid). These dynamics are
listed below and will be discussed in the following:

(I) Dye sensitizers adsorbed on the metal oxide (MO) surface absorb incident photon
flux. The dyes are excited from the ground state (S) to the excited state (S*) via the

metal to ligand charge transfer (MLCT) transition.

S+hv - S* (2-1)



(I1) The excited electrons are injected into the conduction band (CB) of the MO,
resulting in the oxidation of the dye.

S*—> S* +e” (MO) (2-2)
(1) The injected electrons transported between MO nanoparticles (NPs) with
diffusion toward the back contact TCO.
(IV) The oxidized dye (S') accepts electrons from the I~ ion redox mediator,

regenerating the ground state (S), and 1~ is oxidized to the oxidized state, I5.
St+e >S5S (2-3)
(V) Catalyze the redox couple viz. .IT /I3 regeneration reaction at counter electrode.
I35 4 2e=(CE) = 31° (2-4)
(V1) Interfacial charge recombination
S*IMO + e~ (MO) = S|MO (2-5)
(V1) Back-reaction electron recombination
I3 +2e~(MO) - 31~ (2-6)
2.1.1 Sensitizer dyes
The current obtained from a DSC is determined by the energy difference between
the HOMO and the LUMO of the dye, which is just like the energy bandgap (Egy) for
inorganic semiconductor materials. Due to the utilization of the long-wavelength

region in the solar spectrum, the smaller the HOMO-LUMO energy gap, the larger the

current will be obtained.
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Fig. 2-1. (a) Structure and (b) operation principle of dye-sensitized solar cell (DSC).

Charge separation in the DSC is achieved by photoinduced electron injection (~fs)

from the dye molecular excited state of the sensitizer to semiconductor nanoparticles

(NPs). For example, for efficient dye molecular, such as Ru-complex dye N719,

absorbed on nanocrystalline TiO, film, these complexes undergo strong MLCT under

visible irradiation and the injecting molecular orbital is the n* wave function of the

carboxylated bipyridyl ligand. The interaction between carboxylate groups with the

surface Ti(IV) ions results in good electronic coupling of the ©* wave function with

11



the 3d orbital manifold of the conduction band of the TiO,, leading to very rapid

injection dynamics. [17]

The energy level of the LUMO must be sufficiently negative with respect to the

CB of MO (AE,) to inject electrons effectively. On the other hand, The HOMO

level of the sensitizer must be sufficiently more positive than the redox potential (AE>)

of the electrolyte (commonly is 17/I3) to accept electrons effectively and to

regenerate excited dye in order to re-absorb photon. And it is reported that the

energy gaps (AE; and AE;) should be larger than approximately 200 meV to give a

suitable driving force for each of the electron-transfer reactions.

Fast dye regeneration is a prerequisite for an efficient DSC due to fast

re-absorption of light. In the pure solvent system, the lifetime of dye cation can be

as long as milliseconds. [18] 'However, dye cation quenching of down to

microseconds has been observed by introducing redox couples that the most widely

used 17 /I5. Dye regeneration is faster with increasing I~ concentrations. On the

contrary, dye regeneration in DSCs with solid-state hole conductor system or high

viscosity ionic liquid system has not been thoroughly studied and demands further

pertinent work.

12



2.1.2 Electrolyte

The electrolyte plays the important role of regenerating dye-cations, see Eq. 2-3

with characteristic time ~ us, produced by the injection (~fs) of electrons from

photo-excited dyes to metoal oxide (MO) and transporting the positive charge to the

counter electrode (CE). Nowadays, 17 /I3 redox system is still the best electrolyte

for DSCs. Efficiencies of more than 11% with AN-based electrolyte [19] and 8%

long-term stability at 80 °C with a low volatile electrolyte [20], such as MPN-based

system, have been achieved. The liquid electrolyte has some potential problems,

such as the leakage and volatilization of solvents, possible desorption and

photodegradation of the attached dyes, and the corrosion of Pt counterelectrode that

limits the long-term performance and practical use of DSCs [18, 21, 22]. The room

temperature ionic liquids (ILs) have“attracted considerable interests as a potential

candidate for replacing the volatile organic solvents due to their negligible vapor

pressure, stable chemical properties, and high ionic conductivity. Therefore,

researchers pay much attention to improve the performance of DSC with IL

electrolytes.

2.1.3 Metal oxide photoanode electrode

The porous metal oxide (MO) photoanode electrode (PE) essentially serves the

13



purposes of collecting and transporting (~ ms) photoinduced electrons injected (~fs)
from the photoexcited dye via MO conduction band to the TCO substrate then to the
external circuit. High porosity and suitable pore sizes of the porous MO layer
increase the dye adsorption capacity and light harvesting ability. The recombination
reactions also occur at the surface of PE that will be discussed at the end of this
section. Typically, two kinds of semiconductors, TiO, and ZnO, are commonly used

in DSC and will be discussed later.

Fig. 2-2. The common TiO, crystal structures : (a) Anatase structure with space group 14,/amd or
Pearson symbol tI12. (b) Rutile structure or C4 type structure with space group P4,/mnm Or Pearson
symbol tP6. (c) Brookite structure or C21 type structure with space group Pbca or Pearson symbol
oP24.

Titanium dioxide (TiOz2), also known as titanium(IV) oxide or titania, has two

crystalline forms that are anatase and rutile, shown in Fig. 2-2. Anatase appears as

pyramid-like crystal and is stable at low temperature, whereas needle-like rutile crystal

is dominantly formed at high temperature process. Single crystal of TiO2 also has
14



rutile structure. The densities are 3.89 g cm™ and 4.26 g cm™ for anatase and rutile
respectively. Rutile absorbs ca. 4% of the incoming light in the near-UV region, and
band gap excitation generates holes that act as strong oxidants reducing the long-term
stability of the dye-sensitized solar cells. The third crystalline form of TiOz, brookite,
is difficult to produce and is therefore not of practical interest for DSC. The
band-gaps of the crystalline forms are 3.2 eV (the absorption edge at 388 nm) for
anatase and 3.0 eV (the absorption edge at 413 nm) for rutile. However, DSC with
pur rutile TiO, PE exhibited only 30% smaller short circuit current (Isc) than that with
pure anatase TiO, PE, and had the 'same open circuit voltage (Voc). [23] In addition
to the good chemical stability of nontoxic and inexpensive TiO,, anatase TiO, has
been the most popular material .of study in- DSCs .compared to other metal oxide
material until now.

Zinc oxide is an inorganic compound with the formula ZnO. It usually appears as a
white powder, nearly insoluble in water. Zinc oxide crystallizes in three forms:
hexagonal wurtzite, cubic zinc blende, and the rarely observed cubic rocksalt. The
hexagonal wurtzite structure shown in Fig. 2-3 is the most stable at ambient
conditions and thus the most common. The hexagonal wurtzite structure has a point
group 6 mm in Hermann-Mauguin notation or Cg, in Schoenflies notation, and the
space group is P6smc or Cg,*. The lattice constants are a = 3.25 A and ¢ = 5.2 A ; their

15



ratio c/a ~ 1.60 is close to the ideal value for hexagonal cell c/a = 1.633.

Fig. 2-3. ZnO wurtzite structure, also called-B4-type structure. * Space group is P6smc. Pearson symbol
is hP4:Wurtzite is hexagonal stacking of ZnO.

The versatile ZnO is a wide-bandgap-(3.37 €V) semiconductor of the I1-VI
semiconductor group, which is similar to TiO, of 3.2eVV. The native doping of ZnO
(due to oxygen vacancies) is n-type. This semiconductor has several favorable
properties: good transparency, high electron mobility (about 155 cm?V*s™ for high
quality thin film [24]), wide bandgap, strong room-temperature luminescence, etc.
Those properties are already used in emerging applications for transparent electrodes,
heat-protecting windows, electronic applications, acoustic devices or solar energy

devices. [25-29] ZnO also can be tailored to various nanostructures (such as

16



nanowire [30, 31], nanosheet [32-34], nanodendrite [35, 36], popcorn [37, 38],
tetrapod [39-41], etc.) as compared to TiOz, which provides a promising means for

improving the performance of the photoelectrode in DSCs. [42]

2.1.4 Counter electrode

Tri-iodide ions, I3, formed by the reduction of dye cations with 1~ ion, are
re-reduced to I-ions at the counter electrode (CE). To reduce the tri-iodide ions, the
counter electrode must have high electrocatalytic activity. Pt-coated (5-10 ug cm)
on TCO substrates are usually used as the. CE. Pt-free counter electrodes for the DSC
include carbonaceous materials such as graphite [43, 44], carbon black [45, 46],
carbon nanotubes [47, 48], activated carbon-[49], and.organic ion-doped conducting
polymers of poly(3,4-ethylenedioxythiophene) (PEDOT) [50, 51] on both indium tin
oxide (ITO) and FTO-glass. The electrocatalytic activity of CE directly affects the
fill factor of the device. A desirable exchange current density corresponding to the
electrocatalytic activity for the reduction of I3 ions is 10 to 200 mA cm . [52, 53]
The obtained counter electrode was optically transparent and of highly dispersed

platinum particles for catalyzing 17 /I3 redox reaction.
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2.1.5 Charge loss

Due to the relatively small electron diffusion coefficient Desr (~10° cm?s™ for
TiO,) and slow electron diffusion process (~ms for TiO,), electrons in TiO, porous
film may recombine with dye cation S+, see Eq. (2-5) with ~ ms, and/or the oxidized
form of the redox couple in the electrolyte [Eq. (2-6), ~ ms], typically 13. These
two interactions of molecular species with the surface of metal oxide can affect the
solar cell performance in two principal ways. First, they can alter the recombination
kinetics of photo-excited electrons with I3 by passivating the metal oxide. Second,
they can charge the surface (either positively. or negatively), which will lead to
movement of the metal oxide conduction band with respect to the electrochemical
potential of the redox couple.”. Both effects will change VVoc of the cell and affect the
recombination, as has been shown for pyridine and ammonia. [54, 55]

The transfer of electrons from TCO to the triiodine ions in solution (charge
recombination) results in another important loss (back-reaction) in DSCs. The
charge recombination can be significantly mitigated by using thin compact blocking
layers of TiO, [56] or other blocking layers such as Nb-doped TiO; [57], Al,O3[58],

and Nb,Os to get efficient improvement in suppressing the charge recombination.
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2.2 Characterization methods of solar cells

The dye-sensitized solar cell is a complex device with several interfaces between
the components. In this section, some of the most relevant techniques, such as I-V
measurement, incident  photon-to-electron  conversion efficiency (IPCE),
electrochemical impedance spectroscopy (EIS), and photocurrent transient

measurement, are presented.

2.2.1 The solar resource and Air Mass

25 | :
Uv | Visible | Infrared —»
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I |
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Fig. 2-4. Solar irradiance spectrum above the atmosphere and at the surface. [59]

The solar spectrum is a broad-band light source with different wavelengths, ranging
from ultraviolet, visible and infrared regions of the electromagnetic spectrum.

According to the black-body radiation, the energy density per wavelength de,/dA can be
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expressed as a function of A by the equation shown below.

dey  2hcpdQ 1
dr A5 e(hem/AKBT) _q !

(2-7)
where dQ is solid angle element, c,is the velocity of light in the medium, Kgand h is
the Boltzmann constant and Planck constant, respectively. The maximum power of
the sun is at a wavelength of about 500 nm by taking dzey/dk2 =0 (at about 5,800 K).
The power density at the sun’s surface is a huge value of 62 MW m™ and it reduces to
1353 W m™ at the point just outside the Earth’s atmosphere since the solid angle
subtended by the sun, Qs, is as small as 6.8 x 10 sr. On passing through the
atmosphere, the spectrum is partially attenuated by the-absorption of oxygen, ozone in
the ultraviolet region and water vapor, carbon dioxide, methane in the infrared.

The ‘Air Mass’ factor describe ithe attenuation from the absorption increases with
the mass of air through which the radiation passes. For a thickness of |, of the
atmosphere, the path length | through the atmosphere for radiation at an incident angle

a relative to the normal to the earth’s surface is given by
l =1y/cosa . (2-8)

The ratio I/l is called the Air Mass factor. The spectrum outside the atmosphere is
denoted as AMO and AM1 means that sun light perpendicular incidence on the surface
of the earth. The standard spectrum for moderate weather is AM 1.5, which
corresponds to a solar incident angle of 48° relative to the surface normal (1/cos48° =

1.5) and gives a mean irradiance of 1,000 W m2. But the actual irradiation varies
20



with seasons, climates, day time and the different altitude area on the earth. For the
laboratory measurement, the specification requirements of the solar simulator must

been met for ASTM E927-05 standard and will be described in Section 3-3 in detail.

2.2.2 IVV-measurement

The photovoltaic (PV) performance of DSCs is estimated from the current-voltage
(1-V) measurements, and the photovoltaic parameters, such as open circuit potential
(Voc), short circuit current (Isc), fill factor (FF), and efficiency (1), are also obtained.
These parameters are typically measured under. the standard condition of cell
temperature 25 °C, incident ‘light radiation of 200 m\W-¢m™, and the spectral power
distribution of AML1.5.

Under illumination, the current-voltage ' characteristics follow the well-know

equation below,
I(V) = Iph — lqark = Iph - Is(qu/KBT - 1= Iph - Is(ev/mVT -1, (2-9)

where lgarc 1S the dark current of the diode, Isis the saturation current of the diode
(typically 107 to 10° A), and V is the voltage applied on the terminals of the cell. Ipn
is the photocurrent that depends on irradiation intensity and Vris often referred to as
the thermal voltage that equals KeT/q with g being the elementary charge. For
non-ideal devices, an ideality factor (0 < m < 1) is also used here to describe the

weaker dependence of dark current on voltage. Figure 2-1 depicts an experimental
21



I-V characteristics of a DSC made with N719-sensitized TiO, (degusa P90)
photoanode with 2 cm? active area, and together with the power curve. The
following parameter can be derived with the I-V curve.

The Voc is measured under the condition when there is no external load connected,
i.e., the circuit is broken or open. In this condition, there is no external current flow
between the two terminals of the device, i.e., | =0 and V =Voc. From Eq. 2-9,

Voc
Ioh — I <emVT — 1) =0 , (2-10)
Voc = mlen(If—:‘ +1) = mlen(‘f—Sh . (2-11)
Voc increases logarithmically with the photocurrent and the light intensity and it is also
associated with the dark current. For the ideal diode (m=1), the diode has the
minimum dark current and gets the maximum Voc.
The Isc is measured at the condition when the applied voltage, V, equals zero. From

Eq. 2-9,
Isc = Lo | (2-12)

where Iscincreases linearly with the light intensity.
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Fig. 2-5. Photovoltaic performance of a laboratory N-719-senistized P-90 TiO, solar cell: I-V curve and
parameters of DSCs output current (-m-) and power (-o-) as function of voltage measured under AM
1’5 standard test condition.

Fill factor (FF) is the most.important parameters of a PV cell. It is defined as the

ratio of maximum power output (Ppax = Tmax X Vimax) @nd the product of Voc and Isc.

Therefore, from Fig. 2-1,

FF = Imax*XVmax — Area B
IscxX Voc Area A '

(2-13)

Combining Egs. 2-8 and 2-12, we obtain the approximation for FF in Eq. 2.13,

FF = Voc/mVr—In (1+Vgc/mVy)
1+Voc/mVr

(2-14)
Typically, FF of DSC ranges from 0.5 to 0.8 depending on the individual device

and usually increases with the decreasing light intensity.

It can be concluded that the more square-like I-V curve is essential for highly
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desired FF. Finally, comparing the ratio of total output power (Poy) with the solar

power input (Pi), the conversion efficiency (1) can be measured,

_ Pout __ VocXJscXFF (2-15)
Pin Pin

The series (Rser) and shunt (Rg,) resistances of a solar cell are also important
parameters to its PV performance. In a DSC, Rg, stands for the leakage path across
the dye/semiconductor interface, induced by defects in the semiconductor bulk and at
the surface of the oxide. Rs, was calculated by the slope of the tangent line at I. [60]
Reer IS mainly series connected to the bulk resistances of semiconductor films, TCO
substrate, metallic contacts, and.electrolyte. . Itis determined by following methods:
(a) Different illumination level method

The method proposed by Wolf and Rauschenbach [61] is calculated from two I-V
curves illuminated by two closed light intensities (P, and P;).  Series resistance was
determined by using the given formula below:

Vi—V;
Reer = 22 (2-16)

AI — Il(Pl_PZ)
= —P1

: (2-17)
where Vi and V; are the voltages at light intensities P; and P,, respectively, and I is
the current at light intensity P;.
(b) Constant illumination level method

Ishibashi, et al. [60] proposed this method to calculate Rs through a single 1-V
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curve of the solar cell.

Reer IS determined from the slope of the plot of —dV/dI asa

function of [Igc =1 —{V — Rso(Isc —I) —nKgT/q}/Rsp]™* by using the
polynomial approximation.
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Fig. 2-6. The effect of (a) shunt and (b) series resistances on PV performance through computing

simulation.

The area of the solar cell is 1 cm?.

The main impact of series and shunt resistances is to reduce the fill factor, although

excessively high values may also reduce the short-circuit current.

In addition, low

shunt resistance causes power loss in solar cells by providing an alternate current path
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for the light-generated current, the so-called dark current. Such a diversion reduces

the voltage from the solar cell.  The effect of the series and shunt resistances on the IV

curve is shown. [62]

2.2.3 Incident proton to current conversion efficiency

Incident proton to current conversion efficiency (IPCE) is the measurement of

spectral response of the cell that contains the partial information of quantum

efficiencies of photocurrent generation processes such as the light harvesting (n_n),

electron injection (nny), and charge collection efficieney (ncor) as

Mirce() = BE5 = g WnineOnco®) | (2-18)
where Jsc is the short circuit ‘current density of the DSCs at incident monochromatic
light with wavelength A; g and @ ‘are the elementary charge and photon flux,
respectively. [63] Following each step of conversion, n y iS associated with the
ability of the dye in absorbing photons. nn; represents the excited electron injected
from the LUMO of dye molecule to the conduction band of metal oxide. Finally, the
electron collection efficiency (ncov) is the amount of electrons that effectively reach
the electron collector (eg. FTO or ITO substrate) avoiding recombination. It should
be noted that IPCE measurement is performed under short circuit condition, where

electron lifetime is higher. It is noteworthy that the high fraction of IPCE is most
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important for efficient DSCs and the mesoporous metal oxide with high surface area

is the prerequisite for higher IPCE value.

2.2.4 Electrochemical impedance spectroscopy and model of the equivalent circuit
Electrochemical impedance spectroscopy (EIS) is one of the most powerful
methods to probe DSCs and that can provide sufficient information about the
electrochemical reactions in the devices. In EIS experiment, the device is under
illumination or dark, and controlled by an applied harmonically modulated bias,
AV = Vampeiwt , as a small perturbation....An increase of AV on the device will cause
a current flow, Ai = i,,,e @9 with a phase delay 6. The impedance of the

device is thus given by
Zys ST = 20 (e (2-19)
Recently, the interpretation of the EIS spectrum of a DSC has been thoroughly
discussed by several models. In this thesis, a transmission line model is used to
describe the typical Nyquist and Bode plots of EIS in the system, as shown in Fig. 2-7.
This model is explained by the multiple trapping proposed by J. Bisquert, who assumed
that the electron diffusion and recombination occur only via the conduction band of
metal oxide and by trapping and detrapping events. [64-67] Accordingly, the RC

time constants of three peaks are shown in the Bode plot.
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Fig. 2-7. Typical Nyquist and Bode plots of impedance spectra for a DSC. Experimental data are
plotted in black squares and the fitting is.in.solid lines by the transmission line model of equivalent
circuit.

In the transmission line model, the whole metal oxide porous film is treated as an
interconnected network. Under a modulated bias, electrons are injected from the
TCO substrate into the metal oxide and the electron propagates through individual
particles with a transport resistance of ry,. Some of the electrons recombine with the
oxidized species in the electrolyte, such as I3 commonly, characterized by a charge

transfer resistance of rx and a capacitance of c,, and the rest of the electrons are then

recaptured by the TCO current collector during the opposite phase of the sinusoidal
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voltage modulation. Assume the thickness of metal oxide porous film is L, the
electron transport resistance is Ry = ry X L, the interfacial charge recombination
resistance is Rx = rg/L and the chemical capacitance of the film is C, = ¢, XL,
where the lower case letters represent that the resistances and the capacitance are
normalized to the film thickness. The diffusion—recombination model based on the
following three assumptions: (1) electrons in the conduction band diffuse, (2) there is
no trap, and (3) an irreversible first-order reaction is assumed for the recombination.

[67] The impedance of the metal oxide porous PE can be obtained as follow:

Zog = (R—W_coth [ J (‘;—VIZ) 1+ ;—‘I“()] , (2-20)

where wk is the recombination rate.” The equation can-be further classified into the
following three cases:
(@) Rk = oo, the limiting case leads to the simple diffusion case,

Zpg = Rw(G— i) - (2-21)
Thus, the real part, Zpg, of impedance Zpe approaches ( Rw /3) and the imaginary part,
Zpg , of impedance Zpg becomes co.
(b) Rk >» Ry : When the reaction resistance, Ry, is finite, Eq. 2-19 is expressed by

Eq. 2-21:

1 R
ZPE = ERW + 1+li(i . (2'22)
OK

This equation means that there is a small increase part along the straight line of Z’
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=—Z" athigh frequency and a large arc at low frequency.  The latter corresponds to
the recombination process, which is much slower than diffusion through the metal
oxide PE in this case. And two important relationships can be derived. The peak

frequency of an arc in a Nyquist plot, wmax, IS given as
Wpax = WK - (2-23)

The dc resistance, Rqc, at ® = 0 is given as
Rac =3 Rw + R . (2-24)

(c) Rk < Ry leads to the following equation:

ZPE = 7 . (2‘25)

This case must be avoided for attainment of the highly efficient cells. The following

two relationships are also derived.

Wmax = \/§(1)K ) (2-26)

Rdc = 4/ RWRK . (2'27)

From the shapes of the Nyquist plot of the PE impedance (in the 10—100 Hz range),
wg and Ry are estimated from the peak frequency, mmax, and the diameter by using
Egs. 2-22, 2-23, 2-25 and 2-26, respectively. The effective electron diffusion
coefficient in metal oxide porous film can be calculated by the following equation:

R
Defr = ()L wk - (2-28)
W
The electron diffusion length in metal oxide porous film, Ln, is given by

L, =L /ﬁ . (2-29)
Rw
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Regeneration of I3 at the counter electrode (CE) is characterized by Rp; and Cpy,
which are the charge transfer resistance and double layer constant phase element (CPE,
stands for an imperfect capacitor) at the platinized TCO, respectively. Rrco1 and
Crcoz are the resistance and the CPE at the TCO and photoanode contact, respectively.
The subscript “TCO2” stands for the interface at the exposed TCO/electrolyte, and the
resistance and the CPE change with surface conditions (blocking layer and cleanliness).
The impedances at these three interfaces can be described approximately by the

following simple RC circuit,

1

1 . s
E+l(DC

(2-30)
The finite Warburg impedance of the low frequency arc (in the mHz range)

describes the diffusion of tri-iodide ions in the electrolyte,

ZN = RD ;tanhl %“ y
B ()

kgT

Ro = e@avens ° (&-3D)
D
Wmax 2.58—2I :

where D, and 6 represent the diffusion coefficient of I3 and the thickness of the

liquid film, respectively. The number of electrons transfer in each reaction, m, is 2

in I3 /17 redox case. Ay and C* are Avogadro's constant and the concentration of

I3 in the bulk, respectively.
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Chapter 3 Experimental setups and

procedures

3.1 Materials

3.1.1 Commercial materials

Here, the materials and regents used in our experiments without further

purification are listed below.

Name Chemical Formula Supplier Note
C,H3N
Acetonitrile H\ J.T. Baker HPLC grade
(AN) ~C—C=N - J
H" 4
H
C24H400
Chenodeoxycholic acid S ) i
oy Sigma-Aldrich
(CDCA) P
o A,
Chloroplatinic acid hexahydrate H,PtClg-6H,0 Showa
Ca2H3sN304S3
4‘; Mitsubishi
D149 indoline dye | Paper Mills
i’:J — ‘/u Limited
CgHisNal
1,2-dimethyl-3- BrHeT
. PRSP CH
propylimidazolium iodide e Merck
(PMII) N
N TCHy
CHyCH,CH,
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[CeH702(OH)3n 5-15 mPas,
(C20Hs)n]x #46070
Ethyl cellulose (EC) oH Fluka
%}é&omﬁ\% 30-70 mPa s,
A #46080
Fluorine-doped tin oxide glass Nippon Sheet 8-10 Q/o
(FTO glass) Glass Co. Ltd. | 3 mm thick
Indium tin oxide coated
. 10 Q/o
polyethylene naphthalate film — Tobe, Inc .
120 pm thick
(ITO/PEN)
lodine I Sigma-Aldrich 99.8%
(CH3),CHOH
OH Analysis
Isopropyl alcohol (IPA Merck
Propy (IPA) )\ Grade
Lithium iodide Lil Merck
s C4H;NO
3-methoxypropionitrile Alfa Aesar
(MPN) el
CgHgN;
N-methylbenzimidazole N . .
S Sigma-Aldrich
(NMBI) N
Y
CsgHgsNgOsRUS:
- ' Solaronix
N719 Ruthenium dye ) (Aubonne,
1 e Switzerland)
C12H23NoPF
1-Octyl-3-methylimidazolium s
hexafluorophosphate M
(CsMIMPFo) @7\ K
Random
Surlyn DuPont copolymer
poly (EMAA)
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Sodium borohydride NaBH,4
OH
tert-butyl alcohol (t-BuOH) /lv Sigma-Aldrich
C4H100
O+
4-tert-butylpyridine (TBP) — Sigma-Aldrich
CoHi3N
. Anhydrous,
Terpineol OH Fluka
#86480
C1oH180
Tetrabutylammonium iodide =
- ACROS
(TBAI)
CisH3sNI
Y s
Titanium isopropoxide o--‘y“\oJ\
o
C12H2804Ti
_ . Degussa AG, . i
P90 TiO, TiO; a kind gift
Germany
OH~ (|:H3
Tetramethylammonium &,)N i i
. HsC~ \ “CH; | Sigma-Aldrich
hydroxide (TMAH) CHs
C4H13NO
Zinc powder Zn Alfa Aesar 10 um size
Commercial ZnO 10 Seedchem,
(C-ZnO) NPs Australia
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3.1.2 Synthesize tetrapod-like ZnO nanoparticles

In this study, a novel DC plasma reactor was used to synthesize tetrapod-like ZnO
(T-ZnO) nanoparticles (NPs) at 70 kW operation power and atmospheric pressure.
The synthesis rate of the T-ZnO NPs could be over 1 kg hr™ easily. Here, the briefly
synthesis procedure is described as the following. Commercial zinc powder (Alfa
Aesar) with an average particle size of 10 um with less than 50 ppm impurities of Cr, Fe
and Pb were used as the raw material. In the plasma flame, the zinc powders
subsequently undergo vaporization, oxidation and quench processes. Here the
plasma-forming gas, carrier gas;.and quenching gas are 50%Ar + 50%N,, N, and Air +

Ny, respectively.

Znic powder feed

Plasma-forming gas

Quenching
gas |

T-ZnO NPs collection

Fig. 3-1 . Schematic of the DC plasma reactor.
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3.1.3 Formation of TiO, Nanoscale Materials

Through sol-gel growth in a basic solution, the scattered TiO, NPs with ca. 100 nm
diameter were synthesized. Mixing 58.6g titanium isopropoxide with 290 mL
distilled water yielded a colloidal suspension, which was then filtered and placed in an
autoclave containing 20mL tetramethylammonium hydroxide (TMAH) at 250°C for 12

hours.  Finally, the solution in the autoclave was washed by DI water and centrifuged.

3.2 Preparation of dye-sensitized solar cell

The dye-sensitized solar cell is-basically.sandwiched together with the photoanode
electrode (PE), electrolyte, and counter electrode (CE), shown in Fig. 3-2. The
internal space of the PE and CE was separated by a hot-melting spacer, such as Surlyn,
and was filled through a hole with an electrolyte solution.  Finally, the hole was sealed
with a cover glass (0.1 mm thickness) by using a hot-melt film or UV adhesive cured
by OPAS RS-300. In this section, the preparations of the electrodes and the

composition will be detail described.
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_ > Glass
' cover

\ Sealed

adhesive

Porous —> Hot-melting
metal-o;isde layer spacer

Fig. 3-2. Configuration of the dye sensitized solar cells.

3.2.1 Photoanode electrode
ZnO photoanode electrode

Both for tetrapod-like ZnO. (T-ZnO) and- commercial ZnO (C-ZnO), the ZnO
pastes for screen-printing were prepared. typically by mixing ZnO powder, ethyl
cellulose (EC), and terpineol, and the detailed procedure is as follows. EC (5-15 mPa
s,#46070, Fluka) and EC (30-70 mPa s, #46080, Fluka) were dissolved in ethanol to
yield 10 wt% solution, individually. 12g EC (5-15) and 12g EC (30-70) were added
to a round bottomed rotavap flask containing 12g ZnO powders, and 25¢ terpineol. The
mixture paste was dispersed in an ultrasonic bath. And a rotary-evaporator (BUCHI
V850) is used to remove the ethanol and water in the mixture paste. Finally, the paste

was made with a three-roll mill (EXAKT E50).
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To prepare the ZnO photoanode electrode (PE), the NSG FTO glass used as current
collector was first cleaned in a detergent solution using an ultrasonic bath for 15 min,
and then rinsed with water and ethanol.  After UV-Oj3 treatment for 20 min, a layer of
ZnO paste with 0.238cm?® area was coated on the FTO glass by screen-printing without
blocking layer on the substrate. And then, the substrate was kept in a clean box for
10 min so that the paste can relax to reduce the surface irregularity and then dried for
10 minat 90 °C. This screen-printing procedure with ZnO paste (coating, storing and
drying) was repeated to get an appropriate thickness of 5 to 42 um for the PE. The
electrodes coated with the ZnQ pastes were gradually heated under O, flow as the
temperature evolution shown in Fig. 3-3, in order to remove the organic EC in the

paste and neck the NPs.

400 4 ---------------- . .
! RN
| i far™
_ i i N\
& 300- ; ; N
o E E iy
= i ' Heater off
S 2004 : |
o B ! !
Q 1 1 1 1
g P i i
o P | i
o004 /o i
of |
0 20 40 60 80 100 120 140 160

Time (min)
Fig. 3-3. Heating curve for ZnO photoanode electrode.
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After cooling to room temperature (RT), the ZnO PE was immersed into a solution

made of 0.5 mM D149 organic sensitizer and 1 mM CDCA in AN/t-BuOH mixture

(viv=1:1)at65 °C for 30 min, and the PE was then rinsed with AN to remove excess

dye molecular on it.

Flexible TiO, photoanode electrode

(a) DC supply

ITOIPEN Substrate

°
/’ Ti Ozsmpen!:()j
Keithley

2400
source meter

(0) p— 4ﬂr 8P4 V

Buoyancy ﬁ ﬁ Electrlc
force

+ +

+ +

Y +

Frictional
Grawty l @ e

WZEW 8Pro, Fa=06mnv

Fig. 3-4. Sketch schemes of the electrophoretic cell, the preparation of TiO, electrodes, and the
significant parameters in EPD process.

ITO/PEN substrates were cleaned with mild soap and ethanol, thoroughly rinsed

with deionized water (18.2 MQ), then dried by a clean air stream.

In this part,

electrophoretic deposition (EPD) was used to fabricate the flexible TiO, photoanode

film on ITO/PEN substrate.

The TiO, suspension for EPD consisted of 0.25g TiO; in

100mL IPA, and stirred with a magnetic stirrer overnight; it was ultrasonically



dispersed for 1.5 hrs before adding into the electrophoretic cell as shown in Fig. 3-4 (a).
The two electrophoretic electrodes of fluorine-doped tine oxide (F:SnO,, FTO)
conductive glass, and ITO/PEN film were separated by 1.5 cm, and served as the
cathode and anode electrode, respectively. The dispersed TiO, NPs, that have
positive electric surface charge, are forced by an external electric field to overcome
the gravity and the friction force, and deposited onto the ITO/PEN substrate. A
Keithley 2400 Source Meter was applied as a power supply for different currents and
deposition durations at the constant current mode which was more effective and
controllable than the constant. voltage ;mode [68]. » After drying TiO,-deposited
ITO/PEN substrate at RT and one atmospheric pressure, high pressure treatment
enhanced the photovoltaic performance of the device:

The EPD TiO, PE was immersed‘in a solution of 0.5 mM N719 dye solution in
AN/t-BUOH (v/v=1:1) binary solvent at 40 °C for 4 hrs to adsorb sufficient N719 dye
for light harvesting. To remove the remaining dye, the dye-sensitized photoanode

was rinsed with AN, and dried under atmosphere condition at RT.

3.2.2 Electrolyte
The electrolyte plays an important role in the process of dye regeneration or the
so-called hole-transport material (HTM). For different functions or optimization for
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different cells, the composition of the electrolyte will be quite different. In this

research, we used several electrolytes listed in Table 3-1.

Table 3-1. The compositions of the electrolytes used in different chapter of this thesis.

Electrolyte # Compositions Used in
EL1 0.6 M PMII, 0.05 M Iz, and 0.5 M TBP in AN 4-3~4-4
0.2 M I 05M TBP in PMII/CsMImPFs mixture

EL?2 4-5
(v/v=35:65)
0.4 M Lil, 0.4 M TBAI, 0.04M I, and 0.5 M NMBI in

EL 3 _ 5-1~5-3
AN/MPN mixture (v/iv=1:1)

EL4 0.8 M TBAI, 0.1 M |;, and-0.5 M.NMBI in MPN 5-4

ELS 0.8 M PMII, 0.1 M 1;;-and 0.5 M NMBI in MPN 5-4

EL6 0.5 M PMII;.0.05 M I, in MPN 5-4

EL7 0.5 M Lil, 0.05M I».in MPN 5-4

3.2.3 Counter electrode

High-temperature process

To prepare the counter Pt-electrode, two holes (< 1 mm diameter) were drilled in

the FTO glass by a drilling machine.

The perforated substrate was washed in a

detergent solution using an ultrasonic bath for 15 min, and then rinsed with water and

ethanol.  After removing residual organic contaminants by heating in air for 20 min at

400 °C, the Pt catalyst was deposited on the FTO glass by dip-coating with the H,PtClg
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solution (2 mg Pt in 1 ml IPA) with repetition of the heat treatment at 400 °C for
20 min.
Low-temperature process

The screen-printing paste prepared by dissolving H,PtClg-6H,0 (0.6, 1.2, and 1.8
w.t.%) in terpineol solution were screen-printed on the substrate using a 250 mesh
screen and then dried at 60 °C for 20 min. Then the Pt ions on the electrodes were
reduced by immersing it in 10mM NaBH, aqueous solution at 40 °C. And the
reduced reaction is shown below. After 2 h, the electrodes were rinsed with distilled
water and then dried at 60 °C.for 20 min.. Then, the UV-O3 post-treatment were

applied for 20 min:

PtCl2~ + BH; ¥ 3H,0 > Pt +-BO3~ 4+ 6Cl~ + 2H, + 6H* .  (3-1)

3.2.3 Sealing and additional materials

A sealing material prevents the leakage and the evaporation of the electrolyte
solvent. Chemical stability and mechanical strength of the sealing material against
the chemical components in the electrolyte and the cell-broken is required. Surlyn
(Du Pont), a copolymer of ethylene and acrylic acid, meets the chemical requirements.

For mechanical strength requirements, the additional UV-gel is used in this study.
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Fig. 3-5. The transmittance spectra.of the substrates used in this study.

In order to avoid the degradation of dye in long-term stability test, it is necessary
to use UV-cut filters in DSC with FTO/glass substrates to cut the photon with energy
4.13eV (300 nm) to 3.1eV (400 nm) shown-in Fig. 3-5.  However, the DSC made
by polymer ITO/PEN substrate in this study didn’t use any UV-cut filter due to the

cut-off wavelength of ITO/PEN is about 380 nm.

3.3 Device measurement
To establish the characteristics of the DSC, solar cells and its components will go

through the testing measurements applied below:

The morphologies and dimensions of the samples were characterized using a

43



JEOL-6500 field emission scanning electron microscope (FESEM) operated at 10 KeV.
The advanced structures were analyzed using a JEOL JEM-2100F field emission
transmission electron microscope (FETEM) operated at 200 KeV. The surface area of
the nanoparticles (NPs) was achieved by Micromeritics ASAP (Accelerated Surface
Area and Porosimetry System) 2010. The phases were characterized using an X-ray
diffractometer (XRD, Philip PW1700) operated at 40 keV and 40 mA with Cu Ka
radiation. The scanning step size and the collection time for each step were set at
0.02° and 5 s, respectively. The film thickness of the photoanode was measured by
Surfcorder ET-3000 (Kosaka Laboratory-Ltd.).. The macro-structure of the sample
was observed by an optical microscopy (Nikon). The UV-visible spectra were
measured on a Hitachi U-2800 spectrophotometer.

For current-voltage characteristics, the white light source (Yamashita Denso,
Y'SS-100A) was used to give an irradiance of 100 mWem (the equivalent of one sun at
AM1.5) on the surface of the solar cell, and the data was collected by an
electrochemical analyzer (Autolab, PGSTAT30) at a temperature of 25+2 °C. The
scan rates of AN-based and IL-based DSC were 0.05 and 0.005 Vs™, respectively.
The light power was calibrated by using a reference cell of silicon photodiode (BS-520,
Bunko Keiki) before each measurement. The spatial uniformity, spectral content and
temporal stability testing, which were classified every month, are shown in Figs. 3-6,
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3-7, and 3-8. The calibration certificate validates Class AAA performance for
ASTM E927-05 standard. The white light source is certified to Class AAA

performance for all 3 standards shown in Table 3-2 in order to ensure the accuracy of

the measurement.

Non-uniformity (%)

2
1.5
1
0.5
0
-0.5
-1
-1.5
-2

Position Y (cm)

2 4 6 8 10
Position X (cm)

Fig. 3-6. The uniformity of the white light source (Yamashita Denso, YSS-100A).
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Fig. 3-7. The standard AM 1.5 spectrum compared with the spectrums from the white light source
(YYamashita Denso, YSS-100A).
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Fig. 3-8. The output variation of the white light source (Yamashita Denso, YSS-100A) utilizing a 1
second data acquisition time and after 15 minutes lamp warm-up.
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Table 3-2. Class AAA Standards and Specifications

Organization

IEC

JIS

ASTM

Performance Parameter

60904-9-2007

C 8912

E92-05

Spectral Mismatch

0.75% - 1.25%

0.75% - 1.25%

0.75% - 1.25%

Non-Uniformity of Irradiance 2.0% <+2% 2%
0.5% STI

Temporal Instability <+1% 2%
<2.0% LTI

The impedance measurements were carried out.applying a bias of the open circuit

voltage (Vo), by using an .electrochemical analyzer (Autolab, PGSTAT30) at a

temperature of 25+2 °C.  TheEIS measurements.of AN-based DSC were recorded in a

frequency range from 50 mHz to 1. MHz with-AC amplitude of 10 mV, and the

frequency range was set from 1 mHz to 1 MHz for the IL-based DSC.

LED luminance (a.u.)

400

500 600

700 800

Wavelength (nm)

Fig. 3-9. Emission spectrum of the white LED array.
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An IPCE measurement system (C-995, PV-measurement Inc.) measured the action
spectra of the incident monochromatic photon-to-current conversion efficiency (IPCE)
for solar cells. A white LED array, whose emission spectrum is shown in Fig. 3-9
and covers the range of dye absorption, serves as an additional light bias source in
IPCE measurement. In order to minimize the capacitance effect of the DSC [69], the

chopper frequency was set to 4 Hz.
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Fig. 3-10. Measured spectral transmittance for ND filters used in this study.

All photocurrent transient experiments were performed at RT by illumination with
the white light source (Yamashita Denso, YSS-100A) and series neutral density (ND)
filter (Edmund Optics). In Fig. 3-10, the transmittance spectra of ND filter are
uniformly attenuated in the 400-700nm wavelength range, which is also the mainly

response range for dye absorber. The time evolution of the photocurrent was
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collected with the electrochemical analyzer (Autolab, PGSTAT30).

The durability test in this study including visible light irradiation (100 mW/cm?)
and thermal stress (60 °C) aging of hermetically sealed cells with UV-cut filter was
performed with a sun test xenon arc lamp (ATLAS Ci3000 xenon Fadeometer).
Following a period of continuous light irradiation, PV measurements were taken after

the cells cooled to RT.
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Chapter 4 Towards efficient
tetrapod-like ZnO dye-sensitized

solar cells

In this chapter, we reported that the photoanode film composed by tetrapod-like
ZnO (T-ZnO) nanoparticles (NPs), which were fabricated by a novel DC plasma
method, with D149 dye provides good electron transport and light harvesting to achieve
conversion efficiency as high .as 4:.9%. On the other hand, the T-ZnO porous
framework is for not only efficient electron transporting in ZnO photoanode but also
well ionic diffusion in the electrolyte film. - Theserelated behaviors were also analyzed

and discussed via the IPCE, photocurrent transient dynamics, and EIS.

4.1 Physical properties

The quality of photoanode film is an important issue for the performance of the
DSCs, due to the condition of the dye absorption and ability of electron transport in the
photoanode. Figure 4-1(a) shows the top-view image of screen-printing tetrapod-like
ZnO (T-ZnO) film. The T-ZnO nanoparticles (NPs) construct a good and dense

porous thin film on the FTO glass substrate by connecting with each other and forming
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a porous network. The porous network can provide an efficient pathway to transport
the photocurrent injected from the excited dye molecules. Each of the T-ZnO NPs
consists of four crystalline pods with a diameter and a length of about 30 nm and
100-400 nm, respectively. Further examinations of the crystalline quality of the
T-ZnO powders were performed with FETEM as shown in Fig. 4-1(b). The high
resolution FETEM image shows each arm of the T-ZnO was preferentially oriented in
the c-axis direction with the single-crystal wurtzite structure, and the distance between
lattice planes was measured to be 5.2 A corresponding to the lattice constant of ZnO

(002) plane, which is the same as a'single crystalline nanowire (NW).

Fig. 4-1. (a) The top-view FESEM images of the T-ZnO NPs after screen-printing on FTO glass, (b) the
FETEM image of T-ZnO pod.

Figure 4-2 shows the 6-26 X-ray diffraction pattern of T-ZnO NPs that the spacing

values and relative intensities of the peak coincide with the JCPDS card no. 36-1451
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for ZnO powder and corresponds to the presence of hexagonal wurzite crystallite with

cell constants of a = 3.2 A and ¢ = 5.2 A. No excess peaks were detected, which

indicates that the impurity is very low to be detected.
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Fig. 4-2. XRD patterns-of the-tetrapod-like ZnO NPs.

After high temperature necking, the electrons can travel from one tetrapod unit to
the neighborhood unit via the interface electron hopping mechanism as the DSC with
the photoanode made of NPs so that the electron diffusion driving force in the porous
film only depends on the film thickness L. [70, 71] Thus, the high crystalline ZnO
pods can improve the electron transport in the porous network. On the other hand, the

electrolyte material is filled in the pore of the photoanode that affects the diffusion of

the 15 /17 couples in the electrolyte.
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In order to realize the diffusion dynamics of 1, /1~ couples in the electrolyte, two
kinds of ZnO PEs were made by commercial ZnO (called C-ZnO) and tetrapod-like
ZnO (T-ZnO) nanopaticles (NPs). Their cross-section SEM images of an assembly
of the films on FTO/glass are shown in Fig. 4-3. Highly porous nanostructure can be
observed in both of these 26pum thick PEs.  The surface areas of the C-ZnO and T-ZnO
NPs are about 18.03 and 15.72 m°g™, respectively. However, the porous network that
constructed by the T-ZnO provides not only an efficient electron diffusion path [39] in
the photoanode but also a larger pore size to that made of C-ZnO nanopowders due to

the special shape of tetrapod-like morphology.

Fig. 4-3. SEM cross-section image of screen-printed ZnO film on FTO/glass. (a) C-ZnO (b) T-ZnO.

Scale bar: 2 um.

Figure 4-4 shows the photoluminescence (PL) spectra of D149 on ZnO and light

absorption spectra D149 in acetonitrile at the concentration of 0.015 mM, respectively.
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The absorption spectra of D149 in solution consist of two branches. The 388 nm
peak is ascribed to a mixture of intramolecular charge transfer (ICT) and the n—mn*
excitation from the HOMO to the LUMO + 1, on the other hand, the main absorption
peak, located at 530 nm, is ascribed to an ICT transition from the HOMO to the
LUMO. [72, 73] The molecular coefficient of D149 is 68 700 M* cm™ at 526 nm
[15] that is almost five times larger than the ruthenium dye N719 (13 900 M cm™ at
541 nm). The broad PL peak centered around 680 nm. The shape of PL spectra is
usually symmetry and the same as its shape of absorption spectra. But the detail
here is complex due to the interface bonding between adsorbed D149 dye molecules
and ZnO and the dye aggregation, further investigations are needed for better

understanding its dynamics.
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Fig. 4-4. Optical properties of D149.. The photoluminescence was optically excited with 430nm laser.

4.2 Sintering effect

Table 4-1 shows the PV performance of DSC with T-ZnO electrode (~ 20 um
thickness) sintering at different temperatures. From the Table, it is observed that the
PV characteristics of device with non-sintering process are not too low comparing to
previous experience for traditional TiO, DSC. Similar results with no need for
calcination are also reported by Prof. Yang’s group. [74] However, when the
sintering temperature increases, the PV performance of DSCs is improved, especially
for the short circuit current density (Jsc). Until the sintering temperature arrived 500

°C, the open circuit voltage (Voc) and filling factor (FF) drop instantaneously. So in
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the next experiments, the sintering temperature is set at 400 °C.

Table 4-1. Cell performance of the DSC with hierarchical 20 um T-ZnO photoanode electrode sintered at
different temperatures.

Sintering Temperature Voc Jsc FF Efficiency

(°C) (mV)  (mAcm?) (%)

0 607 7.61 0.693 3.21
150 611 7.74 0.686 3.25
200 610 9.36 0.674 3.84
300 611 10.10 0.666 4.12
400 619 10.61 0.649 4.26
500 602 10.29 0.609 3.78

a. 0°C stand for non-sintering process.
b. The electrolyte (EL 1) is 0.6 M PMII, 0.05 M I,, and 0.5 M TBP in AN.
c. The PV characteristics were measured under one sun irradiation (AM 1.5G, 100 mW cm™).

4.3 Optimization of photoanode electrode thickness

In order to improve the DSCs” performance, it is important to optimize the
thickness of the porous photoanode layer, because the photovoltaic characteristics
significantly depend on the thickness of the porous photoanode electrode (PE). Inthis
section, the thickness of the tetrapod-like ZnO (T-ZnO) PE were varied from 5 pum to
42.2 um, and the photovoltaic characteristics of the DSCs’ performance can be seen in

Fig. 4-5.
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Fig. 4-5. Thickness dependent photovoltaic-characteristics of the T-ZnO DSCs with D149 dye. (a)
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Energy conversion efficiency, n. =A strong correlation of Jsc and mpis found. The lines are plotted to

guide the eyes. The electrolyte.is EL 1/(0.6 M PMII, 0.05 M lz,;.and 0.5 M TBP in AN). The PV

characteristics were measured under one sun irradiation (AM 1.5G, 100 mW cm).

First, the open-circuit voltage (Voc) decreases linearly with the increase of ZnO film
thickness. The Vocis the difference of the electron Fermi levels of the PE and the
electrolyte, so the behavior of Vocis suggested by an inhomogeneous density of the
light in the porous ZnO film to contribute an inhomogeneous electron Fermi level of
photoanode. In Fig. 4-5(b), the filling factor (FF) keeps almost a constant of 0.65 with

increasing the ZnO film thickness to 42.2 um.  On the other hand, the series resistance

of the cell, which includes the resistance of FTO, PE, electrolyte, and Pt counter
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electrode (CE), may not change too much with the thickness of PE due to the low
resistance of the high crystalline ZnO tetrapod network. And it also indicates that the
T-ZnO network exhibits efficient electron transport for such thick ZnO PEs.  The Jscis
increasing with the thickness of T-ZnO film in contrast with the Voc, because a greater
photoanode surface area with thicker film is obtained to enhance the dye loading and
the current. However, the Jscdoes not increase linearly with the increase of ZnO film
thickness because the larger surface area of the PE also has more recombination sites.
The maximal Jscis obtained presently with 42.2 um thick film from Fig. 4-5(c). Itis
therefore important to note that the optimization of PE thickness by using T-ZnO is
about twice as thick as that by using ZnO nanosheet” structure photoanode. [34]

Finally, the energy conversion. efficiency of the solar.cells can be calculated by

:Voc‘]scFF
P

in

(4-1)
where Piis the optical power of 100 mW cm?under AM 1.5G.

From the above results, the magnitude of the variation of both Vocand FF is smaller
than that of Jsc.  Therefore, the energy conversion efficiency (n) is dominated by Jscas
shown in Fig. 4-5(d). The energy conversion efficiency has a peak value of 4.9% for
our 42.2 um thick DSC. From the above results, the 42.2 um tetrapod-like ZnO
dye-sensitized solar cell with D149 and CDCA absorption shows a good photovoltaic

performance and the photocurrent-voltage (J-V) curve is shown in Fig. 4-6(a). The
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photovoltaic characteristics are comparable to the previous literature [34] with Jsc, Vo,
FF, and the efficiency being 12.4 mA cm™, 607 mV, 0.65, and 4.9%, respectively.
The high photocurrent density is attributed to the good electron transport in ZnO porous
network and the high absorption coefficient of the D149 dye. The absorbance of D149
in acetonitrile (open circles) shown in Fig. 4-6(b) revealing peaks at 526 and 388 nm.
Here, the IPCE for the cells with D149 and CDCA absorption (open squares) reaches
more than 60% in the spectral range from 490 nm to 600 nm that is contributed from the
D149 absorption peak of 526 nm; whereas, the absorption peak of D149 at 388 nm
contributes more than 40% to IPCE in the range from-390 nm to 450 nm. The IPCE
spectra of D149 dye and CDCA adsorbed on ZnO film (after 400 nm) is similar to pure
D149 absorption spectra in solution but exhibits a red shift and peak broadening due to
the interaction of the anchoring carboxyl group to the ZnO surface, and the results
indicate that the excited electron can transport efficiently through the porous ZnO
network and a large photocurrent is also obtained. On the other hand, the other IPCE
peak around 370 nm mainly results from the exciton absorption of the ZnO photoanode,
because the IPCE of the cells without absorption dye (open triangles) reveals almost the

same peak.
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Fig. 4-6. (a) J-V curve obtained with DSCs based-on. D149 and CDCA absorption under AM 1.5 radiation
(100 mW/cm?). (b) Absorption spectra of D149 in AN (-o-) and the IPCE spectra for 42 pm T-ZnO
DSCs with D149 and CDCA absorption (-o-) and without any absorption (-A-). The electrolyte (EL 1)
was a mixture of 0.5 M PMII, 0.03 M I,, and 0.5 M TBP in AN.

4.4 Efficient electron transporting in tetrapod-like

ZnO photoanode

In this section, the EIS measurement is also employed to analyze the performance
of the tetrapod porous network photoanode, and the Nyquist Cole—Cole plot of the 42.2
um tetrapod-like ZnO (T-ZnO) DSC is shown in Fig. 4-9. The effective electron

transporting coefficient (Degr) of 42.2 um T-ZnO DSC is 1.533 x10™° cm? sec™ which is
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much larger than that of traditional TiO»-based DSCs (about 10° cm? sec?).[75] And
the effective electron diffusion length for the 42.2 um T-ZnO DSC is estimated by the
relation: L, = (Des X 1n), to be 45.57 um. It means the optimal thickness of
photoanode is around 46 um that is consistent with the results of thickness dependent
Jsc measurement discussed in last section. The series resistance (Rstt) estimated
from EIS fitting is 30.2 Q via the well-known relation (Eq. 4-3) [76] indicating

consistent with 28.9 Q calculated from the I-V curve of Fig. 4-6 (a).

1
Rstot = Rs + Rpe + Rrcor +;Rw + Rk + Rp (Eq. 4-2)
12
10-
I RW RK Tn Deﬂ" Ln
8- () (@) (ms) (cm?/sec) (um)
3 948 11.06 13.54 15.33x10™ 45.57
£ 6-
)
N4
2 -
0 T

L L L L L L L
12 14 16 18 20 22 24 26 28 30
Z' (Ohm)

Fig. 4-7. Nyquist plot of the 42.2 um tetrapod-like DSCs sensitized by Di49 dye. The empty circles in
are the measurement data points, and the solid curve is the fitting result based on the equivalent circuit
model as shown in Fig 2-7. The data was collect by applying a bias of the open circuit voltage (Voc)

under solar simulator (AM 1.5G, 100 mW cm®).  The electrolyte (EL 1) of the device was a mixture of
0.5 M PMII, 0.03 M I, and 0.5 M TBP in AN.
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4-5 Influence of photoanode thickness on the

photovoltaic performance of ionic liquid device

In order to obtain the high performance DSCs, the thickness of T-ZnO photoanode
were varied deposited to 42 um in pervious section. Under one sun irradiation, the
results of photovoltaic characteristics with filling AN-based and IL-based electrolytes
by varying different PE thickness are shown in Fig. 4-8. AN-based electrolyte (EL 1)
is a mixture of 0.5 M PMII, 0.03 M I, and 0.5 M TBP in AN. IL-based electrolyte
(EL 2) is composed by 0.2 M I, 0.5M TBP in PMII/CgMImPFg mixture (v/v=35:65).
Figure 4-8(a) gives the open-circuit voltage (Voc) results for DSCs with two types of
electrolytes, the Voc of both types decrease linearly with the increase of ZnO film
thickness. The inhomogeneous light density.throughthe porous ZnO films contributes
an inhomogeneous quasi-Fermi level of photoanode. A 200mV Vo drops in IL-based
DSCs relative to that of AN-based for the same thickness is due to the higher I,
concentration in IL-based DSCs, and can be explained by charge recombination model
[55] between photoanode and the 1; /1~ couples in electrolyte with the following

equation,

Voo =[—Itn[—=-—], (4-3)

where k is Boltzmann constant, T is the absolute temperature, g is the electronic

elementary charge, liyj is the flux of charge from sensitized dyes, ng, is electron
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concentration in the ZnO, kg is the reaction rate constant of the dark current from ZnO

to tri-iodide ions in the electrolyte, and [I,] is the concentration of tri-iodide ions in

the electrolyte. The behaviors of the short-circuit photocurrent (Jsc) are illustrated in

Fig. 4-8(b). Jsc of AN-based DSCs increases continuously with film thickness, and

reaches a maximum value of 11.4 mA cm™ at thickness of 26 um. In contrast, Jsc of

IL-based DSCs has a plateau value close to 5 mA cm™ in the device whose thickness is

about 18 um
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63

AN-based electrolyte (EL 1) is a mixture of 0.5 M PMII, 0.03 M
IL-based electrolyte (EL 2) is composed by 0.2 M I,, 0.5M TBP in
All data was obtained under one sun irradiation.



The FF remains a constant for the AN-based DSCs, while the IL-based DSCs
show a prominent decline in FF with increasing film thickness. The different
behavior observed in Jsc and FF results from the higher viscosity of the ionic liquid
that limits the mass-transport of the 1, /1~ couples in electrolyte and increases the
resistance of the electrolyte. The maximal conversion efficiency of the AN-based and
IL-based DSCs, which can be calculated by #»=.J,.xV,.xFF under one sun
irradiation, are 4.73% and 1.39% for 26 um and 12 um thick T-ZnO, respectively.
Therefore, in the IL-based DSCs, the thickness of the photoanode isn’t the strongest
influence factor to optimize the.device; on-the contrary, the characteristics of the ionic
liquid and the morphology of the photoanode should be paid more attention to.

To realize the differences between the T-ZnO framework as the PE and the
conventional PE made of spherical C-ZnO nanopowders, the J-V curves of these two
DSC devices are shown in Fig. 4-9 (a). The photovoltaic parameters obtained with
AN-based DSCs using 26 pum T-ZnO photoanode (open square symbol) are
Voc=0.622V, Jsc=11.55 mA cm'z, FF=0.67, and n=4.81%. In IL-based DSCs,
however, the lower performances are obtained, in which the photovoltaic parameters of
26 pum T-ZnO DSCs (open triangle symbol) are Voc=0.448V, Jsc=5.37 mA cm?,
FF=0.48, and n=1.15%. And those of 26 um C-ZnO DSCs (solid triangle symbol) are
Voc=0.444V, J5c=3.95 mA Cm'z, FF=0.49, and n=0.87%. The high photocurrent of
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11.55 mA cm™are attributed to the high absorption coefficient of D149 in AN-based
system, but the photocurrent in IL-based system (triangle symbol) reduces to less than a
half of that in AN-based system (square symbol). It is believed that the higher
viscosity of the IL-based electrolyte leads to the ionic-transport limitation of the
photocurrent. On the other hand, the photocurrent of IL-based DSCs using T-ZnO
photoanode is almost 1.3 times larger than that using C-ZnO photoanode, due to the
lager pore size in the tetrapod-like framework provides an efficient ionic diffusion
pathway to improve the ionic-transport limitation. Moreover, the IPCE spectra
provides a conversion efficiency measurement.of wavelength-dependent photons that
incident on the DSCs to photocurrent flowing between the photoanode and counter
electrodes. The IPCE spectra.of these devices are shown in Fig. 4-9(b). High IPCE
are obtained with T-ZnO DSCs filled ‘'with AN-based electrolyte; the peak values are
observed at about 550 nm and 390 nm, which are contributed from the absorption peak
of D149 dye and the absorption of ZnO, respectively. Although D149 has a strong
green light absorption (68700 Mol™ cm™ at 526 nm), the plateau IPCE value about 30%
is observed from 500 nm to 600 nm in T-ZnO DSCs filled with IL-based electrolyte. It
results in the slow ionic diffusion in the high velocity IL electrolyte that slows down the
oxidation-reduction reaction of the dye molecule. Furthermore, the IPCE reduction of
all spectral range is also observed. Additionally, almost 4 times IPCE decreasing from
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400 to 450 nm between two electrolyte systems is also due to the light absorption of

higher iodine concentration in the IL-based system [77]. Jsc agrees with the value

integrated by IPCE spectrum with standard AM 1.5G sunlight, the reasons from IPCE

can explain the Jsc difference of 26 um-thick DSCs beteen AN-based and IL-based

electrolytes.
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Fig. 4-9. Cell performances of AN-based (square symbol) and IL-based (triangle symbol) DSCs based on
26um-thick ZnO nanostructure photoanodes that were constructed by commercial (solid symbol, C-ZnO)
and tetrapod-like (open symbol, T-ZnO) ZnO powders. (a) The J-V curve of these DSC devices (100
mWcem2, AM 1.5G) and (b) The IPCE spectra of these DSC devices. AN-based electrolyte (EL 1) is a
mixture of 0.5 M PMII, 0.03 M I,, and 0.5 M TBP in AN. IL-based electrolyte (EL 2) is composed by
0.2 M I, 0.5M TBP in PMII/CgMImPFg mixture (v/v=35:65).
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4.5 lonic diffusion dynamics of ionic-liquid electrolyte

Photocurrent transient measurement

In order to understand the ionic-transport mechanism, the time-response
photocurrent transients are carried out. Figure 4-10(a) is the plot of the time-response
photocurrent for a 12 pum thick T-ZnO DSCs filled with IL-based electrolyte exposed
under different sun light intensity with an on-off irradiation shutter. At the beginning
of the shutter opening, the higher photocurrent is obtained because there are enough
| “ions to provide the oxidation-reduction reaction of the dye molecule. As the time
goes, the 1~ ions around the dye molecules diminish due to the slow diffusion of the
I, /1~ couples, so that the-photocurrent decreases continuously in a few seconds.
Finally, the photocurrent comes to an equilibrium ‘value, which depends on the
ionic-diffusion ability of the ionic liquid electrolyte. As lowering the light intensity,
the reduction ratio of the photocurrent is also decreasing because the lower the sunlight
exposure on the device, the less 1" ions are needed to regenerate the excited dye
molecule. So even in the viscous ionic liquid electrolyte with slow ionic-diffusion,
and the diffusion of I,/1" ions to and from the counter electrode is already fast
enough to provide sufficient enough redox agents that regenerate the excited dye
molecules. Figure 4-10(b) shows the ratio of the final to initial photocurrent as
functions of film thickness and sunlight intensity. For the IL-based DSCs with T-ZnO
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Fig. 4-10. The photocurrent transient dynamics of IL-based D149-sensitized solar cells. (a)
Photocurrent dynamics obtained with the IL-based DSC device for 12um-thick tetrapod-like ZnO
(T-ZnO) photoanode; (b) Ratio of the final to the initial value of the photocurrent as a function of sun
intensity for two types of 26um photoanodes. Open symbol represents photoanode using T-ZnO

powders and solid one represents commercial ZnO (C-ZnQO) powders.
mixture of 0.5 M PMII, 0.03 M I,, and 0.5 M TBP in AN.

AN-based electrolyte (EL 1) isa
IL-based electrolyte (EL 2) is composed by

0.2 M I, 0.5M TBP in PMII/CgMImPFg mixture (v/v=35:65).

and the sunlight intensity.

In the DSCs of thicker photoanode, the longer effective

ionic-transport pathway is obtained, so the role of the ionic diffusion is also more
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important. Moreover, the comparison of the DSCs using 26 um thick T-ZnO and

C-ZnO photoanodes clarifies that the efficient ion-transport pathway of the

self-assemble photoanode by T-ZnO improves the ionic diffusion, then the higher

short-circuit photocurrent of T-ZnO DSCs is achieved.

EIS analysis

The electrical impedance spectroscopy (EIS) is one of the useful methods to

explore the characteristics of each component in DSC devices; in particularly, the

parameters about the photoanode electrode and-the electrolyte will be discussed here.

In this study, the equivalent electric circuit model [39, 66] is shown and discussed in

Chapter 2. In this model, Zy symbolizes the Warburg diffusion impedance, and can be

described by the following equation [67],

Zy = \/jij% tanh[/ jo /W, ], (Eq. 4-4)

where R is the dc resistance of impedance of diffusion of tri-iodide, W, =Dxd,
d is the Nernst diffusion layer thickness, and D is the diffusion coefficient of 1, .
Figure 4-11(a) shows the EIS Nyquist plots of the IL-based DSC devices with
26um C-ZnO photoanode and different thicknesses of T-ZnO photoanodes under one
sun irradiation (AM 1.5G). The corresponding Bode plots are also shown in the inset

of this figure. The related fitting parameters with related photovoltaic performances
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are listed in Table 4-2. Generally, all of the DSCs exhibit three semicircles, which are

commonly assigned to the electrochemical reaction of Pt counter electrode, ZnO

photoanode, and Warburg diffusion process of the electrolyte from high to low

frequency, respectively.
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Fig. 4-11. The electrical characteristics of the IL-based D149-sensitized solar cells. (a) Cole-Cole plots
for DSCs employed by commercial ZnO (C-ZnQ) photoanode and different thicknesses of tetrapod-like
ZnO (T-ZnO) photoanodes. The inset shows the corresponding Bode plots.  The equivalent circuit
model used to analyze the experimental data is in Fig 2-7.  The electrolyte (EL 2) is composed by 0.2

M 15, 0.5M TBP in PMII/CgMImPFg mixture (v/v=35:65). (b) Plot of W and the DSC devices with
various ZnO photoanodes, and the solid line is the fitting curve of T-ZnO DSCs.
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Figure 4-11(b) shows Wsc for the DSCs by using 26 um C-ZnO photoanode and
different thicknesses of T-ZnO photoanodes. Given a x -um thick photoanode
provides ax um of effective Nernst diffusion layer in the framework pore, so the total
Nernst diffusion layer in the DSCs with 30 pum spacer may be described as
d=a %3 ©X) pum, and the related parameters are obtained through well fitting to
data by W, = Dx[ax+(30-x)]*. For the T-ZnO DSCs, the effective thickness
multiply factor a is 2.0, and the diffusion coefficient of the electrolyte (D) is about
2.3x10 ‘cm?™.  Moreover, the effective thickness multiply factor in DSCs for 26pum
thick C-ZnO photoanode is estimated to 2.1, based on the same diffusion coefficient of
the electrolyte. There is no doubt that the length of the ionic diffusion pathway is one
of the influence factors to affect .the performance of IL-based DSCs. Comparing to
these 26um thick DSCs, the difference ‘of these ionic diffusion pathways is only 5%,
but the corresponding photovoltaic performance is not only 5%. So it is believed that
the continuous ionic diffusion pathway assembled spontaneously by the T-ZnO
provides a more efficient ionic diffusion loop than that made of C-ZnO nanopowders in

conventional DSCs, due to the different pore size of these devices.
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Table 4-2. Photovoltaic performance of IL-based DSCs and corresponding properties of photoanode
determined by electrochemical impedance spectroscopy (EIS) under full sunlight irradiation.

Zn0O Thickness Voc \]SC FF n RW RK keff Def-f

material  (um)  (MV) (MAcm?) %) (Q) (@) (Hz) (cm%™
T-ZnO 6 475 473 058 1.30 12.3 30.9 269.1 21x10*
T-ZnO 12 464 5.73 054 144 91 236 1327 49x10°
T-ZnO 18 456 511 050 1.17 27.1 241 79.6 21x10*
T-ZnO 26 448 5.37 0.48 1.15 488 119 514 84x10°
C-ZnO 26 444 3.95 049 087 775 7.2 578 36x10°

a. IL-based electrolyte (EL 2) is composed by 0.2 M 15, 0.5M TBP in PMII/C8MImPF6 mixture
(v/v=35:65).
In addition, the effective rate constant for recombination (k. ) varies inversely with

the thickness of the tetrapod-like DSCs, which is listed in Table 4-2. The effective rate
constant for recombination is generally identified to the recombination rate of electrons

in the photoanode and ..1;" ions in the electrolyte, which is so-called
back-recombination rate. The possible interpretation-of this behavior is that the
thicker photoanode not only provides larger area with more recombination sites on it
but also decreases the volume of the electrolyte and the mole number of 1, at the
equilibrium state. Finally, in Table 4-2,the effective electron diffusion coefficients in
photoanode are also estimated by the relation equation [67], DF@R’a‘S

where L stands for the thickness of the photoanode, and are also consistent to the Jsc of

the DSCs performance shown in Fig. 4-8.
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4.6 Summary

The electron collection is one of the most important issues to make a high efficiency
cell. Here, a trade-off solution to optimize the electron transport properties and the
photoanode surface area is given, and the high energy efficient ZnO-based DSCs with
efficient electron collection is also demonstrated. By using the tetrapod-like ZnO
porous network as the photoanode the D149 dye-sensitized solar cells are found to
exhibit high-performance. The photovoltaic characteristics are greatly affected by the
thickness of the tetrapod-like ZnO photoanode, and the optimized thickness of the
D149-sensitized tetrapod-like ZnO photoanode is 42.2 um with conversion efficiencies
of 4.9 % at present, due to the'good electron transport ability of ZnO tetrapod network.
The good electron diffusion properties with Degs = 1.53 x10° cm? sec™ and L, = 46 um
are also estimated by the electrochemical impedance spectroscopy. On the other
hands, the good conductivity tetrapod ZnO photoanode is easy to make mass
production with screen-printing method or doctor-blade method, in contrast to the other
1D nanostructure photoanode. And the concept of tetrapod structure powder is also
suitable to other semiconductor photoanode in DSCs for future applications.

In DSCs with liquid electrolyte system, the scientists only care about the electron
diffusion in the photoanode, and ignore the ionic diffusion ability in electrolyte film.
But the ionic diffusion dynamics in IL-based electrolyte cannot be out of consideration,
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because poor performance of IL-based DSCs results from the slow ionic diffusion. In

this study, the screen-printing photoanode from T-ZnO nanopowders provides an

efficient ionic diffusion pathway for ionic liquid electrolyte. So the concept of

tetrapod structure powder is also suitable to other semiconductor photoanode in

IL-based or gel-type DSCs for future applications, especially in a binder-free system.

In summary, the photovoltaic performances of IL-based DSCs with tetrapod-like

framework photoanode are affected by the length of the ionic diffusion pathway in the

photoanode, and the best performance of DSCs is obtained with conversion efficiency

of 1.44% at present. By using the time-response photocurrent transients and the

electrochemical impedance spectrum analysis, the T-ZnO DSCs have a better solar

conversion efficiency and larger. short-circuit photocurrent than that made of

commercial powders, because the tetrapod-like framework provides a suitable structure

of efficient ionic diffusion process. It is believed that the T-ZnO nanopowder is one of

the feature materials to make solvent-free DSCs, due to not only the efficient electron

diffusion in photoanode but also the fast ionic diffusion in the electrolyte film.
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Chapter 5 Multiple electrophoresis
deposited crackless TiO, photoanode

for flexible DSCs

The research of dye-sensitized solar cells has concentrated almost exclusively to
the glass substrate based technology, which has already been pushed close to
commercialization. So the manufacturing methods for the preparation of the
nanostructured TiO, electrodes«onto plastic sheets concentrating should be also
simultaneously improved. In.. screen-printing photoanode calcined at high
temperature, organic binder plays a role to avoid the crack of the mesoporous film.
However, the melt point of the organic binder (eg. 375 °C for EC) is higher than that
of the flexible polymer substate (eg. 200 °C for PEN). In this chapter, we report a
method through multiple electrophoretic deposition (EPD) to make a crackless film,
and achieve a high performance dye-sensitized solar cell (DSC). And its long-term

stability was also discussed.

5.1 Compress effect on photovoltaic performances

Although the compress treatment has been widely used in producing mesoporous
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photoanode electrode of flexible substrate DSCs [78, 79], the correlation between
applied pressure and device performance should also be clarified in this work.
Therefore, a detailed experimental was performed under different compress pressures
condition to obtain the performance of the assembled DSCs devices, and the results are
shown in Fig. 5-1. The thickness of electrophoretic deposited TiO, film is about 20
pum, and reduces to 6-8 um via different applied pressures. Between a
non-compressed and a 100MPa-pressed TiO; films, Jsc increased rapidly form 1.7 to 11
mA cm’?, respectively. Jsc saturates at about 11 mA cm™ until the 500 MPa pressure.
It is believed that the high external pressure (over 100MPa) not only melt the surface of
TiO, nanoparticles (NPs) to forma good porous photoanode for electron transporting,
but also increase the adhesion strength between the TiO, film and ITO/PEN
substrate[78]. The slight changes of V¢ with different pressure (P) from non-pressed
to 500 MPa were not significant but related to the film thickness. The fill factor (FF)
was observed almost a constant about 0.7 in the range 0 (non-pressed) to 400 MPa, but
FF of the DSCs with 500 MPa pressure dropped to 0.4 due to the crack of the ITO film
by the compress jig. Consequently, the 6% overall efficiency with 100 MPa pressure
treatment was achieved, and the 100 MPa pressure treatment will use in next

experiments.
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Fig. 5-1. The correlation between the compression pressure of the electrophoretic deposited TiO, thin
film and device performance. The parameters of the non-compressed photoanode were plotted at the 0
MPa position. The electrolyte’(EL 3) is 0.4 M Lil, 0.4 M TBAI; 0.04M I, and 0.5 M NMBI in
AN/MPN mixture (v/iv=1:1). The PV characteristics were measured under one sun irradiation (AM

Pressure (MPa)

1.5G, 100 mW cm?).

Figure 5-2 shows the influence of compression time on Jsc and conversion
efficiency. By compressing TiO; film 1 sec at P = 100 MPa, Jsc and conversion
efficiency (n) reach 11.45 mA/cm? and 6.05 %, but only slightly improving the cell
performance is made with increasing the compression time.

time for achieving relatively high energy-conversion efficiencies is a very important

issue in the future of roll-to-roll process applications.
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Fig. 5-2. The correlation between the compression time of the electrophoretic deposited TiO, thin film
and the current density and conversion efficiency, respectively. The electrolyte (EL 3) is 0.4 M Lil, 0.4
M TBAI, 0.04M I, and 0.5 M NMBI in AN/MPN mixture (v/v=1:1). The PV characteristics were
measured under one sun irradiation (AM 1.5G, 100 mW cm).

Figure 5-2 shows the relationship between the time of the pressure applied for
pressing the TiO; film and the performance -of the assembled DSCs. After the 100
MPa compressing, the thickness of the TiO, photoanodes used for this measurement
were 7-8 um. Jsc and the conversion efficiency were observed to be low in the
absence of pressure treatment (0 sec), and to be almost constant for a rapid pressure
treatment (1 sec) to a continued pressure treatment (60 sec). It is suggested that the
electron transporting in the photoanode and the adhesion strength between the TiO,
film and ITO/PEN substrate can be significantly improved in a rapid time. As the

results, it opens up the possibility of developing a continuous roll-to-roll processing for

mass production of flexible DSCs.
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5.2 Photovoltaic characteristic of multiple

electrophoresis deposition

For low-temperature fabricated DSCs especially by electrophoresis deposition
(EPD), the volatile organic compounds such as isopropyl alcohol (IPA), methanol, or
ethanol were the solvent of the binder-free suspension or paste. Cracks in the film
would constantly occur after air-drying that degraded the device performance. We
applied one-step and two-steps EPDs separately in this experiment to deposit P-90 TiO,
NPs onto ITO/PEN flexible substrates. For one-step EPD, we applied a constant
current density of 20 A em for 5 mins;whereas, two-step EPD was performed twice
for 2.5 mins with the same conditions but via air-drying the sample between the steps.

The charge density in EPD stayed constant in these two.processes.

Fig. 5-3. The microscopy pictures of electrophoretically deposited P-90 TiO, film on ITO/PEN film by
one-step process (a) and two-step process (b) before 100MPa compression.
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Table 5-1. . Dye-sensitized solar cell performances with one-step or two-step EPD preparation methods.
All photoanodes were compressed by 100 MPa pressure prior to device assembly.

Process

N Jsc Voc n
Method EPD current density [time] P FF
P (mAcm™) (mV) (%)
(LA cm™ [min])
One-step 20 [5] 8.81 780  0.595 4.09
Two-steps 20 [2.5]+ 20 [2.5] 8.94 784  0.690 4.83

a. The film thickness is about 5 pm after 100MPa compression.
b. The electrolyte (EL 3) is 0.4 M Lil, 0.4 M TBAI, 0.04M I, and 0.5 M NMBI in AN/MPN mixture
c. Slyri\e/:Pl\:/lgﬁaracteristics were measured under one sun irradiation (AM 1.5G, 100 mW cm™).

Fig. 5-3 shows the surface morphology examined by an optical microscope,
illustrating the interconnected P-90 TiO, NPs thin film. Huge microcracks in the
one-step process deposited films (Fig.5-3 (a)) are wider and deeper than those of the
two-steps ones (Fig. 5-3 (b)), These results suggest that the 2" EPD could fill the
cracks produced in the 1 EPD to form a better quality microstructure photoanode. To
understand the role of thin films made- by the one-step and two-step EPDs in DSC
devices, three photoanodes for each method were prepared and assembled into DSC
devices, whose performances are listed in Table 5-1. Because the same deposition
charges density of 6 mC cm prepared all DSCs, we obtained a similar thickness of 5
um with almost the same Jsc and Voc of about 8.94 mA cm™ and 0.784 V. However,
slightly improving the filling factor (FF) from 0.595 to 0.690 for the one made of

two-step EPD may explain the fewer cracks of EPD film. In this plastic-based DSC

with two-steps EPD photoanode, we achieved a conversion efficiency of 4.83%. The
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two-step EPD photoanode has better film quality to improve the DSC device efficiency.

In order to enhance the dye absorption and increase the thickness of the mesoporous
photoanode made by EPD, we increased the total deposition charge density from 6 to
12 mC cm™. Meanwhile, to clarify the effect of the device performance by different
deposition rates, we varied the EPD current density from 20 to 5 pA cm™.  Table 5-2
provides the performance data of various DSCs. By increasing the applied EPD
current density, the deposition thickness, as expected, increases from 5 to 20 wA cm™.
The higher applied EPD current density causes the higher internal EPD voltage (or
electric field), thus, the TiO, NPs in the solvent-could easily overcome the gravity and
friction force of the solvent. ““In contrast with the Voc, Jsc increases with the TiO,-film
thickness because the more photoanode surface area with the thicker film not only
enhances the dye loading but also creates more inhomogeneous light intensity in the

Table 5-2. Dye-sensitized solar cell performances with two-steps EPD preparation methods by various
EPD currents and time.

Process
N L Jsc Voc
EPD current density [time] 2 FF

2p (nm) (mAcm™) (V) (%)
(LA cm™[min] )
20 [5]+ 20 [5] ca. 10.1 10.86 0.723 0.654 5.13
10 [10]+ 10[10] ca. 6.8 10.11 0.751 0.646 4.92
5 [20]+ 5 [20] ca. 5.2 8.45 0.781 0.710 4.68

o

The symbol L stands for the P-90 TiO, film thickness after 100MPa pressure.

b. The electrolyte (EL 3) is 0.4 M Lil, 0.4 M TBAI, 0.04M I, and 0.5 M NMBI in AN/MPN mixture
(v/v=1:1).

c. The PV characteristics were measured under one sun irradiation (AM 1.5G, 100 mW cm™).
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film, decreasing the effective Fermi level of TiO, photoanode.

The DSCs with the slowest deposition rate (5 WA cm™; 20 mins) have the highest
filling factor of 0.71. This result suggests that the slower deposition rate, the better
quality of TiO, photoanode is - although the most efficient DSCs with a conversion
efficiency of 5.13% was obtained using a two-step EPD with current density of 20 uA
cm for 5 mins in each step.  The reason is because thicker TiO, film provides a larger

area for dye adsorption.

20
18 |
L2 Jsc Voc n
16| el m (mAlem?) (V) Fr (%)
R — ca.10.1 10.86 0.723 0.654 5.13
14 —— ca.5.9 10.63 0.770 0.659 5.40
12 " — ca.4.9 9.82 0.781 0.721 5.54
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Fig. 5-4. The effect of different 2™ EPD TiO, photoanode on J-V curve of DSC.  The inset table shows

the detail photovoltaic parameters under AM 1.5G one sun irradiation. The electrolyte (EL 3) is 0.4 M

Lil, 0.4 M TBAI, 0.04M 1, and 0.5 M NMBI in AN/MPN mixture (v/v=1:1). a. The symbol L stands
for the TiO, film thickness after 100MPa pressure.
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The cracks produced in the 1% EPD film could be filled in the 2" EPD and the larger
applied current density provides the faster deposition rate. We therefore further
prepared the DSCs with three deposition rates for the 2" TiO, EPD, i.e., (20 pA cm?; 5
mins), (10 wA cm-% 10 mins), and (5 pA cm™®; 20 mins), but with the same 1% EPD
condition (20 A cm; 5 mins). Figure 5-4 shows the current density—voltage (3-V)
curves of these three devices. The inset table summarizes the corresponding
thickness (L) of TiO, film after 100 MPa pressure, short-circuit current (Jsc),
open-circuit voltage (Voc), fill factor (FF), and solar-to-electricity conversion
efficiency ().

Although we maintained the same product of current density and deposition time in
the three samples, the results reveal quite large difference in film thickness. The
slowest deposition rate for a 4.9 um thick device and the fastest deposition rate for
10.1pm one indicates that the cracks produced after drying the 1% EPD film may have
been filled up more at the slow EPD rate than at the fast rate; therefore the thickness of
TiO, film is not linearly proportionate to the 2" EPD rate. With increasing
photoanode thickness from 4.9 to 10.1 um, Voc decreases from 0.781 V to 0.723V,
whereas, JSC mainly ascribed to the enlargement of the surface area for dye adsorption.
The fastest deposited (thickest) DSC is only 1 mA cm™ larger than that of the slowest
(thinnest) deposited one. We acquired maximal FF of 0.721 and a conversion
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efficiency of 5.54% for the DSC fabricated with the slowest 2™ deposition rate (5 pA

cm™).
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Fig. 5-5. The Nyquist plots of DSC device with the different 2™ EPD TiO, photoanode. The data was

measured at Voc under AM 1.5 one-sun irradiation and fitted based on the equivalent circuit model as
shown in Fig 2-7. The inset table listed the detail fitting parameters of photoanode. The electrolyte
(EL 3) is 0.4 M Lil, 0.4 M TBAI, 0.04MI»-and.0.5M NMBI in AN/MPN mixture (v/v=1:1).

To investigate the interfacial charge transfer processes occurring in the each
component of DSCs, the electrochemical impedance spectroscopy (EIS), such as the
photoanode, electrolyte, and Pt counter electrode [66, 67], has been used widely.
Figure 5-5 compares the Nyquist plots of the DSCs with different 2" EPD rates which
were analyzed and fitted with the well-known transmission-line impedance model (Fig.

2-7) which is discussed in Chapter 2 and also used in the research of this thesis [39,

80]. The 1% semicircle (in the kHz range) typically stands for the behavior of the Pt
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counter electrode, and the 2" semicircle, determined by only one parameter, (ow/wg) =
(Rx/Rw), represents the impedances related to charge-transfer processes in the TiO,
photoanode [67].

The inset table of Fig. 5-5 summarizes the fitting results, suggesting that the
charge-transfer resistance (Rw) decreases by about 1 order of magnitude by reducing
the 2" EPD rate of the TiO, film from 20 pA cm™to 5 pA cm™.  The slower 2" EPD
rate provides better fill-in for the cracks formed during drying of the 1* EPD film for
more efficient electron transport pathway in the TiO, photoanode. The effective
electron lifetime (tefr), the lifetime of electrons-being recombined, and back-injection
into the electrolyte is inversely proportional to the fitting peak frequency (omax) of the
2" semicircle in the case of Rk >> Rw. The effective electron diffusion time in TiO
photoanode (1/oq), given as oq = o/ (Rk/Rw), decreases from 118.8 to 18 ms as the 2"
EPD rate decreases. The effective electron diffusion coefficient in the photoanode
(Derr) is calculated using the relation: Dest = (Ri/Rw)(L*/tetr), where L is the thickness of
photoanode. An efficient D¢ of 2.18x107° cm? s was obtained from the DSC made
with the slowest 2" EPD rate at 5 A cm?.  The electron diffusion length expresses
the competition between the collection and the recombination of electrons. The
effective diffusion length (Ln) can be expressed as Ln=(Des terr)>>.  As shown in Fig.
5-5, the obtained Ln/L increases about three times by decreasing the 2™ EPD rate from
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20 pAcm?to5 pAcm?  All the fitting parameters from EIS analysis indicate that the
DSC devices with the higher quality TiO, film deposited by the slower deposition rate
(5 A cm™) have more efficient electron transport in the photoanode to achieve a higher

conversion efficiency of 5.54%.

5.3 Effect of light scattering layer

Through multiple EPDs, including slow 2" EPD to completely fill the cracks
produced in drying 1% EPD film and the fast-deposited (20 wA cm™ deposition current
density for 5 mins deposition) scattering layer of 100nm TiO, NPs, the scattering layer
efficiently scattered sunlight; especially for long wavelengths.

The cross-section SEM images of the three kinds of EPD TiO, films are showed in
Figure 5-6 (a) that are composed of TiO; crystalloid nanoparticles (NPs) with a porous
structure. The P-90 NPs size is about 15 nm and the optically scattering TiO, NPs is
about 100 nm (also denoted by 100 nm TiO;). The 100 nm TiO, was well deposited
on the transparent film composed by P-90 NPs without any lager pinholes and these

three kinds of TiO, films were prepared to device assembling.
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Fig. 5-6. (a) Cross-section SEM image of an-EPD film-for (1)’ 100 nm.TiO,; (11) P90 TiO,; (111) P90 TiO,
and 100nm TiO, as double-layerfilm on ITO/PEN substrate. (b) IPCE spectra and normalized IPCE
spectra (inset figure) of DSCs with-these three kinds of nanocrystalline TiO, film.  The electrolyte (EL
3)is 0.4 M Lil, 0.4 M TBAI; 0.04M lyand 0.5 M NMBI in AN/MPN mixture (v/v=1:1).

Figure 5-6(b) shows the typical monochromatic incident photon-to-electron
conversion efficiency (IPCE) spectra, which is to scale the spectral response of the
photovoltaic devices.  Around the distinct peak at 540 nm attributed to the
metal-to-ligand charge transfer absorption band of the N719 dye, the DSCs with only
P-90 NPs were obtained the IPCE value about 54 % which was greater than the ones
with only 100 nm NPs (IPCE value about 47 %) because of the greater amount of the

N719 dye on TiO; film. The DSCs consisting of both P-90 and 100nm NPs showed

the greatest IPCE value of 60 % due to enough surface area for dye absorption with
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good light scattering. The inset of Fig. 5-6(b) presents the normalized IPCE of three
kinds of DSCs. The shapes of the three IPCE curves are almost the same in the
wavelength range of 400-600 nm. On the other hand, in the wavelength range above
600 nm, the IPCE of DSC consisting of 100 nm TiO, NPs is greater than the P-90 one,
meaning of the lack of the light-scattering effect for P-90 NPs. It suggests that the
high IPCE in DSCs based on relatively thin films can be improved by enhanced light
absorption with enough surface area for dye absorption and good light scattering layer
with larger size NPs, which was consistent with the work reported by H. Arakawa, et al.
in 2004 [81]. On the other hand, a good-quality film-with no crack is necessary for
electron collection that may also lead to an improvement in IPCE.

Finally, Fig. 5-6 shows the 'excellent photovoltaic performance without an
antireflection layer under AM 1.5G one sun irradiation. Its short circuit current density
(Jsc), open circuit voltage (Voc), and filling factor (FF) are 12.06 mA cm™, 0.763 V,

and 0.72 respectively, yielding an overall conversion efficiency (n) of 6.63%.
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Fig. 5-7. PV characteristics of hanocrystalline TiO, DSCs with TiO, photoanode deposited multiply by
P-90 and 100nm NPs measured under AM 1.5G sun irradiation using 0.238 cm? size of black mask.
The electrolyte (EL 3) is 0.4 M Lil, 0.4 M TBAI, 0.04M I, and 0.5 M NMBI in AN/MPN mixture
(V/v=1:1).

5.4 Long-term stability testing

Before investigating the durability of plastic DSC; it is important to test the stability
of ITO/PEN in electrolyte and to check the sealing material and condition in the plastic
cell. Figure 5-8(a) shows the variation of sheet resistance of ITO/PEN immersed in
two electrolytes for 1000 h which are electrolyte 6 (EL 6 : 0.5 M PMI1/0.05 M 1, in
MPN) and electrolyte 7 (EL 7 : 0.5 M Lil/0.05 M I, in MPN). The sheet resistance of
ITO/PEN immersed in electrolyte | increases slightly from 11.2 to 12.2 ohm sq;
however, that in electrolyte Il increases significantly from 11.1 to 18.6 ohm sq.™. The
OM images of ITO/PEN surface are also showed in Figure 3b, which clearly observed

by cracking phenomenon of ITO film after immersing in electrolyte Il for 1000 h.
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This indicates that the ITO/PEN film in the electrolyte containing Lil is unstable,

implying a chemical etching reaction. [82]
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Fig. 5-8. (a) The relationship between the sheet resistance of ITO/PEN and the immersion time in
electrolyte at 60 °C. (electrolyte 6: 0.5 M PMII and 0.05 M I, in MPN; electrolyte 7: 0.5 M Lil and 0.05
M I, in MPN). (b) The OM images of ITO/PEN film after immersion in electrolyte 11 at 60 °C. (c) The
sealing test cell and the weight loss of cell during thermal treatment at 60 °C in the dark.
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A 60um hot-melt type spacer was used to seal the test cell for preventing the
electrolyte from leaking. After heat-sealing at 125 °C for 10 sec, the electrolyte
consisted of 0.8M PMII/0.1M 1,/0.5M NMBI in MPN was injected in the spacer
between two electrodes through the injection holes. The injection holes and edge of
the test cell were then sealed with a UV glue and cured under UV light for 15 sec.
Figure 5-8(c) presents the test cell structure (inset image) and the weight loss data.
The weight loss was only -0.43 % after more than 2700 h at 60 °C in dark, indicating
that the sealing condition was sufficient to avoid electrolyte leakage in plastic DSCs.

For light aging test, the performance of the devices was tested under continuous
light irradiation (100 mW cm?) at 60 °C. It increases to a maximum initially then
maintains at a steady state after 100 h as shown in Fig. 5-9. The apparent increase in
Jsc and conversion efficiency may be due to improvement in electrolyte penetration
into the mesoporous TiO, film, lowering of the TiO, conduction band boundary and
activation of the Pt-coated counter electrode as reported previously. [83] Note that
devices exhibit different conversion efficiency improvements with different cation
iodides. In Fig. 5-9, Jsc and conversion efficiency of the device with electrolyte 1
increased significantly from 3.81 to 6.89 mA cm™? and from 1.85 % to 3.14 %,
respectively, under 100 h continuous light irradiation. On the other hand, the device
with electrolyte Il achieves an efficiency value of 2.38 % from the initial value of 1.84
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%, which Jsc only slightly increases from 4.03 to 4.81 mA cm?in Fig. 5-9. This
improvement results from TBA™ on the TiO, film surface that protected the voids in the
dye-coated TiO, film in turn blocked undesirable interfacial charge recombination and
suppressed surface protonation. The gradual decrease in conversion efficiency of cell
after 100 h in Fig. 5-9(b) suggests that the conformation, dye alignment, and

intermolecular interactions of N719 on the surface of TiO; film should change during

the aging process.
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Fig. 5-9. Photovoltaic parameters (Jsc, Voc, FF and 1) for plastic DSC with TBAI or PMII after visible
light soaking (1 sun) at 60 °C. The TBAI electrolyte (EL 4) is 0.8 M TBAI, 0.1 M I, and 0.5 M NMBI
in MPN. The PMII electrolyte (EL 5) is 0.8 M PMII, 0.1 M I,, and 0.5 M NMBI in MPN.

92



To fairly evaluate device durability, the photovoltaic parameters of the devices at
the steady state obtained after 100 h aging were used as a baseline. After continuous
aging for 1000 h, the devices with electrolytes I and I1 still maintained 96.9 % and 72.3
% of the baseline efficiency measured at 100 h.  This performance is better than that of
previously reported. [82, 84] The major factor of degradation in the efficiency of the
devices is due to a decrease of Voc (~ 0.13 V) that is caused by surface protonation

under the accelerated aging test. [19, 85]
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Fig. 5-10. EIS results of plastic DSCs with different iodides under one sun light soaking for (2)100, (b)
500, and (c) 1000 h. The data was measured at Voc under AM 1.5 one-sun irradiation and fitted based
on the equivalent circuit model as shown in Fig 2-7. The TBAI electrolyte (EL 4) is 0.8 M TBAI, 0.1
M 1,, and 0.5 M NMBI in MPN. The PMII electrolyte (EL 5) is 0.8 M PMII, 0.1 M I,, and 0.5 M
NMBI in MPN.
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To understand the effects of different cation iodides, TBAI and PMII, on charge

transportation and device durability, the EIS of the devices aged for 100, 500, and 1000

h were measured under open-circuit condition and illumination of 100 mW cm™.

Figures 5-10(a) to (c) show the Nyquist plots of the impedance data.

Table 5-3. Parameters determined from fitting EIS data of plastic DSC with electrolytes containing TBAI
and PMII, respectively.

. . -5
lodide L't?r:teag:;g Ru(Q) Re(Q) RWRw e (MS) DC:]fz(iol) (:r;)
TBAI 100 129 135 105 3638 1.02 6.2
500 126 132 105 442 0.85 6.1
1000 1887 44 077 484 0.57 5.3
PMII 100 2869 132 046 | 166 0.99 41
500 374 143 038 /153 0.90 37
1000 4.4 144 035 145 0.86 35

a. The data was measured at Voc under AM 1.5 one-sun irradiation and fitted based on the equivalent
circuit model as shown in Fig 2-7.
b. The TBAI electrolyte (EL 4) is 0.8 M TBAI, 0.1 M I,, and 0.5 M NMBI in MPN.
c. The PMII electrolyte (EL 5) is 0.8 M PMII, 0.1 M I,, and 0.5 M NMBI in MPN.

The EIS-fitting data from these devices are listed in Table 5-3. The Ry, values
increase with light soaking time for electrolyte containing either TBAI or PMII that
lowers the estimated electron diffusion coefficient (Der) and shortens the diffusion

length, L, = L(RW/Rw)*?, where L is the thickness of TiO, film. However, the

effective electron lifetime, tes, increases with the light soaking time. It implies that
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the recombination of electrons with triiodide at the interface of TiO, NPs and the
electrolyte has inhibited during the prolonged stability test resulting in a stable
photocurrent output. Furthermore, the device with electrolyte | has a higher resistance
of charge transfer at the Pt/electrolyte interface than that with electrolyte 11 as shown in
Figure 5-10. This means that the electrolyte containing TBAI had a lower triiodide
reduction rate at the Pt/electrolyte interface that leads to the lower FF value as shown in

Fig. 5-9.

5.5 Summary

Electrophoretic deposition (EPD) at room temperature and compress treatment
prepare TiO; thin films on flexible ITO/PEN substrates. The multiple EPDs filled up
the cracks caused by drying the previous EPD film and the slow 2" deposition rate
obtained a high conversion efficiency of 5.54%. EIS analyzed the great enhancement
of the electron collection which improved the electron diffusion coefficient about 1
order of magnitude in crack-less multiple-EPD TiO, films. When the 100nm TiO,
NPs was deposited on P-90 EPD film in a DSC, the device shows the best photovoltaic
performance with an energy conversion efficiency of 6.63% due to the 100nm TiO,
NPs efficiently scattered sunlight, especially in long wavelength region.

The durability of flexible devices with different cation iodides also has been
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demonstrated. Under prolonged one-sun light-irradiation and 60 °C-thermal stress
aging, our plastic DSC devices showed an initial improvement in performance of 96.9
% followed by an extended steady-state period of more than 1000h. The presence of
TBAI in the electrolyte provides higher photocurrent and better durability. This
improvement is a result of TBA" on the TiO, film surface, which sterically protects the
voids in the dye-coated TiO, film in turn blocks undesirable interfacial charge

recombination to suppress surface protonation.
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Chapter 6 Conclusions and

Perspectives

6.1 Conclusion

In this thesis, my main objectives can be separated into two parts: (1) The
hierarchical ZnO photoanode electrode (PE) composed by tetrapod-like ZnO (T-ZnO)
nannoparticles (NPs) (I1) The multiple electrophoresis deposition (EPD) method to
reduce the micro crack on the PE. The main.goal is to realize and develop a good
PE for high performance DSC:

First, the D149-sensitized tetrapod-like - ZnO DSC is demonstrated with 4.9%
conversion efficiency through @ trade-off solution-to optimize the electron transport
properties and the photoanode surface area. The outstanding electron transport
ability of ZnO tetrapod network is also investigating by the electron diffusion
coefficient Desr = 1.53 x10™° cm? s and the effective electron diffusion length Ln = 46
um. On the other hand, by using the time-response photocurrent transients and the
electrochemical impedance spectrum analysis, the tetrapod-like ZnO DSCs have
better solar conversion efficiency and larger short-circuit photocurrent than that made
of commercial powders as a result of the tetrapod-like framework provides a suitable

structure of efficient ionic diffusion. Finally, the tetrapod-like ZnO photoanode with
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efficient electron conductivity in it and good ion diffusion ability in its pore is easy to
make mass production with a screen-printing method or doctorblade method, in
contrast to other 1D nanostructure photoanodes. And the concept of tetrapod
structure powder is also suitable to other semiconductor PE in DSCs for future
applications.

Second, the preparation of PE at low temperature causes many micro cracks on/in
PE which degrade the photovoltaic (PV) performance of DSCs. We provide a
multiple electrophoretic deposition (EPD) method to reduce the micro cracks by
filling up the cracks and enhance the PV performance (from 4.09% conversion
efficiency to 5.54%). The great enhancement results in the electron collection that
improves the electron diffusion coefficient about 1 order of magnitude in crack-less
multiple-EPD TiO, films analyzed by EIS. " The highest conversion efficiency of
6.63 is obtained by EPD in the 100nm TiO, NPs to make the light harvesting more
efficient. On the other hand, the long-term stability is tested by replacing the
non-volatile solvent of electrolyte. The presence of TBAI in the electrolyte provides
higher photocurrent and better durability than PMII one. This improvement is a result
of TBA" on the TiO, film surface, which sterically protects the voids in the dye-coated
TiO, film in turn blocks undesirable interfacial charge recombination to suppress
surface protonation. Finally, the plastic DSC devices showed an initial improvement
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in performance of 96.9 % followed by an extended steady-state period of more than

1000h.

6.2 Perspectives

The electron collection and dye-loading area (light harvesting) is the most
important tasks of photoanode electrode (PE) to make a high efficiency cell.
However, these two tasks are trade-off missions. The thinner thickness of PE has
better electron collection, and the thicker thickness one has the larger surface area to
anchor the dye molecular for improving the light harvesting. And the film quality of
PE is also a main issue to affect the electron collection efficiency. So, at this stage,
the PE with unique optical structure, such as photonic crystal structure or surface
plasma enhanced structure, to minimize the film thickness and to hugely increase the

light harvesting may be the next research topic.
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