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Abstract

Dye-sensitized solar cells (DSSCs) have attracted great attention and one of the strong alternatives to
conventional Si-based solar cells because of their advantages such as transparency, comparable
efficiency, various colors, and simple processes with low costs, etc. In order to get high solar-to-
electrical conversion efficiency, improved the spectral response of the sensitizer is necessary. At the
principals of DSSCs, the dye molecules act as a primary active component for the absorption of the
solar spectrum and generating electrons. If the dye molecules should absorb the sun’s spectrum as wide
as possible, the number of generated electrons should be increased and higher conversion efficiency
can be achieved with increased spectral response. However, the individual sensitizer can only absorb
its own particular range of wavelength. To maximize energy harvesting of DSSCs, many researchers
approaching to make a panchromatic system, which could absorb the photons over the entire range of
wavelength. Here, I present the prominent way to fabricating panchromatic structured dye-sensitized
solar cells. In order to fabricate working electrodes, newly method of pre-dye coating (PDC) of TiO»
nanoparticles (NPs) and an approach of a dip coating have been adopted for the panchromatic DSSCs.
A bi-layer photoanode with two distinct TiO, layer, which were individually sensitized with N719 and
N749 dyes were coated on a transparent conducting oxide (TCO) in a sequenced manner. The
improvement of spectral response and efficiency of panchromatic DSSCs has been checked with the
absorption characteristics of each dye. Furthermore, by using intensity modulated photovoltaic
spectroscopy (IMVS), I could check the dynamic electron kinetic and calculate lifetime in ambient
conditions with 1, = 1/Q2nfmin(IMVS)). In addition, here I report a novel structure of DSSCs with
reversely form by constructing all the components together as one substrate. With this new structure,
comparable cell properties was achieved to the conventional structure. The electrochemical properties
and photochemical properties were checked by electrochemical impedance spectroscopy. Moreover, the
present approach could be an encouraging new direction in research while facilitating the fabrication of
hybrid-tandem solar cells. Furthermore, I also present a systematic approach of carbon black in order
to optimize the catalytic ability of iodide/tri-iodide electrolyte. Replacement of the Pt counter electrode
with an inexpensive but electro-chemically stable alternative is one key technological challenge that
must be overcome to make DSSCs more economical. Based on the electrochemical analysis, the charge-

transfer resistance and photo-electrochemical properties were characterized.

Keywords: Dye-sensitized solar cells, panchromatic structure, dip-coating process, reversely fabricated

structure.
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Chapter 1. Introduction

1.1 History of dye-sensitized solar cells (DSSCs)

A solar cell is a photonic device that converts photons with specific wavelengths to electricity. After
Becquerel discovered the photo-electrochemical (photovoltaic) effect in 1839, 2 the scientific interest
as well as the commercial potential led to increased research into photovoltaic and related subjects. In
the early of 1970s, after the oil crisis, a tremendous effort was devoted to the development of
photovoltaic cells and on the 1980s, the industry began to grown-up, as emphasis on manufacturing and
cost grew. Therefore, manufacturing facilities for producing photovoltaic modules from silicon-based

p-n junction solar cells were built in many countries.

The history of dye-sensitized solar cells (DSSCs) began in 1972 by Memming.® In the following
years, Matsumura et al. observed photovoltaic properties by using ZnO and natural dyes.* However, the
photovoltaic properties and conversion efficiency were too poor with unmodified materials and/or
structure. Innovatively, the research by O’Regan and Gratzel in 1991 spurred researchers to take on the
challenge.’ With the development of the DSSCs, conventional solid-state photovoltaic technologies are
now challenging with devices at a molecular and nano-level. The prospect of low-cost and easy
fabrication method could be key features. DSSCs show relatively better efficiency with other solar cell
technologies under diffuse light and at high temperatures. Moreover, it offers the possibilities to make

solar cells with a large flexibility in shape, color, and transparency.

1.2 Overview of DSSCs

1.2.1 Structure of DSSCs

Solar cells, which is a device that generates electricity form sun light. The main parts of single
junction dye-sensitized solar cells are shown in figure 1.1. The cell involves a set of different layers of
components, namely, the transparent conducting oxide (TCO) coated electrodes, nanostructured wide

band-gap semiconductor, the dye molecules as photosensitizer, and the electrolytes with redox mediator.
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Figure 1.1 Schematic of the typical structure of dye-sensitized solar cells

Transparent conducting glass

For the substrate of DSSCs, clean glass are commonly used due to its high optical transparency in
the visible and near infrared region for the penetration of sunlight. For the conductive layer, commonly
fluorine-doped tin oxide (FTO) is deposited onto the substrate because of their high conductivity and
thermal stability.

Nanostructured wide band gap semiconductor

Until Gratzel group employs porous TiO; as the nanoporous materials, DSSCs have shown less than
1% efficiency. After employed the porous material, the wide band gap semiconductors such as TiO,, or
ZnO; were widely used owing to their high chemical stability with high resistance to corrosion, structure
stability under solar irradiation, and low cost. Furthermore, it can be easily synthesized as nanoparticle
shape with various size. In general, TiO; is widely used for the working electrode for DSSCs. The three
different crystalline structure of TiO, such as anatase, rutile and brookite structure have their own
electrical properties (see figure 1.2). Among these, rutile and anatase crystalline structure were
considered as semiconducting materials with their tetragonal structure. Even though the both anatase
and rutile have tetragonal structure, they has different distortion value with different contact method.
Furthermore, the anatase has octahedron structure that share four edges forming the four-fold axis. For
this reason, these different form of TiO, has different electrical properties and porosity. Park et al.
reported that the anatase TiO, material can adsorbs more photo sensitizer molecules, and shows higher

electron mobility than rutile form because of the packing density.> **



Figure 1.2 The crystal structures of (a) tetragonal rutile, (b) tetragonal anatase, and (c) orthorhombic

brookite. (white sphere : Ti, red dot : O) '°

Moreover, these candidate materials can be modified and also to be tuned from nanoparticles to

11-15 16-20

nanotube,'" nanorod/wire,'* and nanobranch.”’* Figure 1.3 illustrate the DSSCs geometry in

various structures of semiconductor.



Platinized
electrode

+— [ye-coated
nanowire array
in glectrolyte

Dye molecules Electrolyte
Graphite or Au coated glass

Figure 1.3 Integration of transparent semiconductor materials architecture into DSSCs with (a)

nanotube, (b) nanorod (nanowire), and (c) nanobranch. Reproduced in part with permission from ref.'>
16,22

Photosensitizer

Dye molecules with proper molecular structure are used as photosensitizer of DSSCs. Dye molecule
were adsorbed on the surface of nanostructured semiconductor such as TiO, or ZnO» and generating
electrons by absorbing photons. To harvest solar light efficiently, a lot of ruthenium complexes and
organic dyes have been designed and synthesized for light absorber.”**? Dye molecules, which is
involves transition metal coordinated compounds (e.g., ruthenium complex) is most widely used
because of visible absorption, excitation lifetime and efficient charge transfer. Not only transition metal
complex, organic dyes which include natural pigments and synthetic organic dyes have a donor-acceptor

structure called as push-pull architecture.
Redox electrolyte

To introduce the electrolyte into the system, two electrodes was subsequently placed. At the middle
of two electrodes, room for electrolytes were filled with redox mediator and completing the electric
circuit containing I/I3” redox ions. The redox mediator could get the electrons from counter electrode
and regenerate the oxidized dye molecules. The redox mediator moved by diffusion, cell performance
is highly affected by ion conductivity in the electrolyte which is directly affected by the viscosity of the
solvent. The 3I" gives 2 electrons to the oxidized sensitizer and the 13" moves to the counter electrode.
I5” regains electrons from the counter electrode and it turned to 3I" ions. By this continues reaction, full

circuit of the electrochemical photovoltaic cell was completed.

Counter electrode



For the counter electrode, thin layer of platinum coated FTO glass substrate was widely used due to
its catalytic properties and stabilities. On the back of the DSSCs there presents Pt coated counter
electrode as a catalyst to regenerate I and as the cathode. However, there are researches reporting that
Pt corrodes in an electrolyte containing iodide to generate Ptly slowly.** ** Besides, considering high

expenses, a great deal of effort has been taken to develop alternative materials for counter electrodes.

1.2.2 Principles of DSSCs

Overview of the processes

In dye-sensitized solar cells (DSSCs), dynamics of interfacial and surface electron transfer is based
on the ultrafast electron injection from molecular excited state into the conduction band of a
semiconductor. Consequently, produced dye cations have to be intercepted prior to recombination with
electrons of conduction band. This charge transfer between the oxidized dye at the surface of
semiconductor and the hole transport mediator establishes the photon-to-current conversion efficiency.
As a result, electron percolation among semiconductor nanoparticles, as well as hole transport within
the pore to the cathode, has to get sufficient rate to prevent indirect recombination. A schematic of the
photo-physical electron transfer processes taking place at the semiconductor/dye/electrolyte interface

for state-of-the-art DSSCs are summarized in figure 1.4 and equation 1.1.
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Figure 1.4 An energetic scheme of electron transfer processes taking place after charge injection from

a excited state S to the TiO, nanoparticles. Recombination processes are indicated by dashed arrow.

S + Photon 2§ 1. Excitation process
S"+ Ti0; 2 e moy + S* 2. Injection process

€moy + CE 2TiO, + € «cp + energy 3. Energy generation

ST+ %I' > %1'3 4. Regeneration of dye
%['3 +ewcr 2 %[‘ +C.E 5. e recapture reaction (1.1)
o _Fing
Pin = it (1.2)

DSSCs are characterized by excited state lifetimes typically in the range of T = 10~100 ps. Although
the detailed mechanism of the injection process is still under debate, it is widely accepted that an
efficient charge injection should take place within a sub-picosecond time frame. The lifetime of excited
state of Ru complexes dye are usually longer lived with T = 10~100 ns. The electron injection efficiency
can be determined by equation 1.2. The rate constants for electron injection (ki,) and decay (k;) were
used for the equation. For efficient injection, Kj, should be about 100times much larger than k;. The
oxidized dye were intercepted by in the presence of electron donor, normally 7', typically in the ps time
domain. Besides, the charge transport mechanism in nanoparticles are still under debate with inherent
conductivity, low built-in electrical potential, and a lots of phase boundary with relatively slow diffusion
(ms domain) at the interface of TiO,, in the bulk of the particles, and/or at grain boundaries can occurred

electron traps.

To complete the electrical circuit of DSSCs, Pt coated counter electrode with I;7/I" electrolytes should
be used for the reduction of electron acceptors in the electrolyte. At the surface of counter electrode, tri-

1odide is reduced to iodide:

Iy +2¢ — 3T (1.3)



Dynamics in DSSCs; Charge injection, transport, and recombination

A benefits of DSSCs are the imitation of natural photo-synthesis in which it separates the light
absorption from electron collection processes. In the DSSCs, the driving force for the transport of
electrons or ions is the gradient of free energy or electrochemical potential. Consequently, kinetics and
the relative positions of the energy levels at the oxide/dye/electrolyte interface are important to

understand the electron transfer dynamics in DSSCs.

The configuration of the sensitizer, the energy separation gap and the highly occupied molecular
orbital (HOMO) / lowest unoccupied molecular orbital (LUMO) level are greatly affecting the electron
flow. Figure 1.5 shows a schematic illustration of kinetics in the DSSCs. Hagfeldt and Gratzel (2000)
reported time scales of each components that relaxation of the excited level with 60ns, electron injection
from the dye (LUMO level) to the TiO; (Conduction band, CB) with 50fs ~ 1.7 ps time scale,
recombination of the electrons with the hole on the dye (HOMO level) with ns ~ ms scale, the
regeneration of the oxidized dye by electrolytes (I") with 10ns scale, and the recombination of the

electrons in the TiO, (CB) with a hole in the electrolyte (I;) with 10ms scale.*
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Figure 1.5 Schematic illustration of kinetics in the DSSCs with electron dynamic time scales.

Injected electrons from the photo-excited dye into TiO» will go through the interconnected

v



nanoparticle networks to reach the anode. In TiO; nanoparticle, the electrons diffuse to the anode by
hopping 103-106 times between particles (Baxter et al., 2006).*® With each hop, there is a considerable
probability of recombination of the photo-excited electron with the electrolyte since both the diffusion
and recombination rates are on the order of milliseconds. Hence, this allows recombination to limit the
cell efficiency. The excess electronic charge of the oxide nanoparticles arising from injected electron
(from sensitizer) is balanced by a net ionic charge in the electrolyte. For an efficient DSSCs, the high
quantum efficiency for injection is more important. The electron injection efficiency is defined as

follows:

k. .
Pinj = — 1.5)

Kinj+ k1

Where ¢y, kinjand k; are the electron injection efficiency, rate constant for electron injection and rate
constant for electron decay of the photo-excited dye, respectively. In order to get efficient injection, ki,
should be about 100 times larger than k; for “kinetic redundancy” for the system. The kinetics of
electron is related to the performances. If slow down the electron injection of the device by increasing
energy of conduction band (£.), it should lead to an increase of V,.. However, driving force for electron

injection (E;;) will be decreased with result in a decreased ¢;,;and Ji..

The positive ionic charge in the electrolyte is delivered from the regeneration of the dye by electron
transfer from iodide ions. Due to the high density of ionic charge in the electrolyte, the excess charges
in the oxide nanoparticles can be efficiently blocked and electric fields can be formed. However, the
diffusion of electrons is also complicated by trapping and de-trapping method processes influencing the

time response.

At open circuit condition under illumination, the total rate of electron transfer to Is” ions in electrolyte
and to oxidized sensitizer must be balanced by the net rate of electron injection. After photo-excited
electron injection from the dye into the conduction band of nanoparticles, the dye molecules is in its
oxidized state and should be reduced by electrolyte (regeneration). A limit for the regeneration time
depends on diffusion limited kinetics. The diffusion rate constant (k) in non-viscous electrolyte is in

the range of 10° ~ 10" m™'s™". With the kuy;, the regeneration efficiency, ¢, should be considered.

— k”eg
Oreg = 1o (1.6)



This equation gives the probability that an oxidized dye can be regenerated by an electrolyte rather
than by recombination. The k.; and k.. are the rate constant for regeneration and first oxidized dye
recombination respectively. At the DSSCs system, the standard electron donor in electrolyte is iodide.
After photo-induced electron injection from the dye to the conduction band of TiO,, the oxidized

sensitizer (S*) should be reduced by iodide as follow:

S+ T Lo (S Ty (1.7 a)
(S---1) complex | - _, (S complex (1.7 b)
(S L) omlex g 4, (1.7 ¢)
2L > I+ T 1.7d)

At first, one-electron transfer from I" to S* is occur for reducing the oxidized dye. The oxidation of
iodide to free iodine radical bound to the dye, and a (S---I) complex was made. Subsequently, second
iodide leads to the formation of a (S---I,”") complex and dissociate into reduced dye S and I,”". Finally,
two I, turned to triiodide (I3") and iodide (I'). Suppose, the electron recombination was not occurred,
the steady state electron density under illumination at open circuit is determined by the equation 1.8

with v;,; and vy, are rates for electron injection and for electron recombination with I3” respectively.

dan

E = Vinj — Vpr = 0 (1'8)

The rate of back reaction (1.3) depends on the concentration of reactant. This back reaction can be
explained by several steps. An electron at the surface of counter electrode was captured by I3 ions to
form the iodine radical ion (1.9a). Subsequently, two possible steps with I,” can occur by one or two

way (1.9 b, 1.9 ¢).

L'+e—-L+T (1.9 a)

L +e —2r (1.9 b)
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Chapter 2. Characterization and modeling of dye-sensitized solar cells

2.1 Characterization of dye-sensitized solar cells (DSSCs)

2.1.1 Efficiency measurement with J-V curve

The current-voltage (J-V) characteristics of DSSCs under illumination are used to determine the
power-conversion efficiency, #. From such characteristics, open circuit voltage, V., is determined at
the /= 0 intercept, while the short circuit current, /. (or short circuit current density, J,.), is found at the
V'=0. ADSSCs have a relatively slow electrical response with high interfacial capacity. Therefore, the
scan rate of voltage should be sufficiently slow in the current measurement. The maximum power could

be achieved when the / x V' reaches a maximum point. The power conversion efficiency is defined as:
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Figure 2.1.1 Photocurrent-voltage curve with short/open points (Voc, Isc) and max points (Vmax, Lnax)

of solar cells.
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where P, is the power density with photon flux: P;, 100mW/cm? (Air mass 1.5) and FF is the fill factor
of the device which a value between 0 to 1 that describe the shape of the J-J curve. It is calculated by
multiplying both the photocurrent and voltage resulting in maximum electric power, therefore if it

indicates high value, the shape became more preferable rectangular with high efficiency.
2.1.2 Incident photon to current conversion efficiency (IPCE)

Solar spectral response of the DSSCs depend on the absorption properties of sensitizer. The spectral
response is determined by measuring the monochromatic incident photon to current conversion
efficiency (IPCE). Since the DSSCs have a relatively slow relaxation time, it is important to ensure that
the measurement duration for a given wavelength is sufficient for the current to be stabilized. Besides,
DSSCs have slow response times compared with solid-state photovoltaic, so that a low chopping
frequency should be chosen. In order to check the IPCE spectra, two kind measuring methods can be
used: AC and DC method. In the AC method, the monochromatic light is mechanically chopped by
chopper and the current response is measured by lock-in-amplifier. Moreover, white bias light can be
added at AC condition. In the DC method, monochromatic light is obtained by passing white light
through a monochromator and the photocurrent is measured. The J,. in full sun light is integrated sum

of IPCE spectrum by the following expression:

Jie = [ IPCE()) e®@pn(4) dA (2.2)

where e is the elementary charge, @, is the photon flux, and 4 is the wave length. Thus IPCE can be

expressed as follows:

IPCE(Z) = LHE() #ini(2) fcc(A) (2.3)

At the equation of 2.3, each parameter such as LHE, ¢i, and #.c are the light harvesting efficiency,
efficiency of the electron injection, and charge collection respectively. From a fundamental view point,
IPCE value which is also called EQE, is the ratio of the observed photocurrent divided by the incident
photon flux, uncorrected for reflective losses during optical excitation through the conducting glass

electrode and shows how efficient the numbers of photons are converted into current.
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Figure 2.1.2 The quantum efficiency of a conventional silicon solar cell.

2.1.3 Electrochemical method: cyclic voltammetry, electrochemical impedance spectroscopy

Electrochemical methods such as cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) are powerful techniques for characterize the DSSCs. By using the potentiostat which
connected with three electrode cells: working electrode, counter electrode, and reference electrode, the
most widespread electrochemical CV technique can be performed. At the CV, the potential is swept at
a constant rate and reversed at a certain point, while the current is monitored continuously. The
measured current occurred from faradaic and non-faradaic reaction. From CV, the formal potentials of

redox can be determined and information on the reversibility of the electron transfer process is obtained.

Electrochemical impedance spectroscopy (EIS) is widely used to study whole DSSC system or
components such as counter / working electrode or diffusion of electrolyte. EIS can be performed with
a sinusoidal modulated voltage. In this system, the applied potential is perturbed by a sine wave
modulation and the resulting current is measured as a function of modulated frequency. The impedance
response of a DSSC is related to the response of the various components of the device. For a resistor,

the impedance shown real value, independent of modulated frequency, while capacitor and inductors
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shown an imaginary value which was varied with frequency. Moreover, the impedance associated with
transport of ions in the electrolyte by a finite Warburg element (W) which appears in series with the
charge transfer resistance associated with electron transfer at the cathode. The remaining elements are
the double layer capacitance of the cathode and the series resistance of the DSSC. Using EIS technique,
the following parameter can be obtained: series resistance, charge transfer resistance, diffusion
resistance, the resistance of electron transport and recombination in the working electrode, and the

chemical capacitance of the working electrode. The equivalent circuit of the DSSC is shown in figure

2.1.3.
Rs R1 R2 Zw

VAN z\/h—g\/‘ { }
CPE1 CPE2
r— >

Figure 2.1.3 An equivalent circuit of the DSSCs.

In this circuit, Ry, CPE, R; and R, represent series (sheet) resistance in high frequency region,
constant phase element which was equivalent electrical circuit component, and resistances respectively.
Nyquist plot with a commonly suggested circuit was employed to investigate the interfacial properties

of DSSC and figure 2.1.4 shows the Nyquist plot of general DSSC.
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Figure 2.1.4 Nyquist plot of conventional DSSC.

At the figure 2.1.4, the first semicircle at the high frequency is ascribed to the charge transfer at the
interface between the counter electrode and electrolyte (Rct:), and the second semicircle at the middle
frequency is associated with the charge transfer across the dye/TiO-/electrolyte (Rct,). The additional
third semicircle is attributed mainly to the Nernst diffusion of I3” ions within the electrolyte (Rais). In

order to analyze more detail, the Bode phase plot can be measured.

-25
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Figure 2.1.5 Bode plot of conventional DSSC.

The fitted Bode plot in figure 2.1.5 displays the frequency peaks of the various charge transfer at
different interfaces. The electron recombination time could be calculated by t = 1/(2nfmax) equation,
where fmax corresponds to the highest frequency value of the peak in the bode plot. From this figure,

the cell gave the fmax value of 39.26 Hz and the corresponding t value was calculated as 4.05 ms.

2.2 Development of dye-sensitized solar cells (DSSCs)

DSSC is the device that absorbs photon and converts them to electric charge without the need of

intermolecular transport of electronic excitation. In conventional solar cells both light absorption and
15



charge carrier transport were performed simultaneously, whereas in DSSC the two operations are
performed separately. It also can be introduced many applications from flexible solar modules,
semitransparent solar cells in windows, and stacked tandem solar cells. Various approaches, such as
new materials or/and structures to improve spectral response and new materials for the electrodes have

led to the improvement of power conversion efficiency and cost-effective device for the

commercialization.
2.2.1 Improvement of spectral response

Among the approaches for harnessing solar energy and converting it into electricity, the DSSC is one
of the most promising device. However, the absorption spectra of DSSC is not competitive with silicon
solar cells yet, (see figure 2.2.1) neither many attempts have been carried out to increase the energy
conversion efficiency using broaden the absorption spectra of the cells, including tandem DSSC, co-

sensitization, and hybrid DSSC.
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Figure 2.2.1 IPCE spectra of various type of solar cells

In order to achieve an extended light spectral in DSSCs, the most advancing challenge is to choose
light absorber. The light absorber is the primary active materials with the specific color for the cell. The
first dye as a light absorber is N3 sensitizer, which responds to visible light range. However, the spectra
of sun has down to infrared with longer wavelength. By using Ru complex dye, the band gap of light
absorber can be established around 2eV, and theoretically maximum efficiency can be calculated around
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33%.%7 However, this 2eV is quite large to cover the whole range of light spectrum. To harvest a broader
spectrum of the sun light, various dyes such as many Ru complex and organic dyes are designed and
applied to the DSSCs. Furthermore, the panchromatic system was introduced with extended spectral

responsc.

The new dye for panchromatic application was introduced at 1997 by Nazeeruddin et al.*® A black
trithiocyanato-ruthenium(Il) terpyrydyl complex were used for the photo sensitizer, N749, so called
black dye was synthesized. This panchromatic sensitization was efficiently extended the whole visible
range up to 900nm. By Islam et al, similar spectral response was obtained using b-diketonato Ru(II)-
polypyridyl complexes, Ru(4,40,400-tricarboxy-2,20:60,200-terpyridine)(1,1,1-trifluoropentane-2,4-
dionato)(NCS) and  Ru(4,40,400-tricarboxy-2,20:60,200-terpyridine)(1,1,1-trifluoroeicosane-2,4-
dionato)(NCS) at 2002.% Arakawa group reported tandem DSSCs with efficiencies of over 10% using
cis-dithiocyanate-N,N’-bis-(4-carboxylate-4-tetrabutylammoniumcarboxylate-2,2’-bipyridine)
ruthenium(Il)  (N719) and  tri(isothiocyanato)(2,2’:6’,2”-terpyridyl-  4,4’,4”-tricarboxylic
acid)ruthenium(II) (Black dye).***' (see figure 2.2.2 and 2.2.3) Furthermore, employing more than one
dye is considered as a broadening of light response. At the very beginning, different dyes are mixed in
a solvent as so called ‘cocktailing dye’ successfully utilized broad sunlight absorption and researchers

#2-44 (see figure 2.2.3) However, simply

using similar concept of mixing dyes with various porphyrins.
mixing of dyes in a one batch is not considered as a best way to making the multiple coated working
electrode. The mixed dyes do not show an ordered self-assembled monolayer, neither negative

interactions between the molecules.
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Figure 2.2.2 Schematic structure of series- connected tandem DSSC (a), I~V curves for the best
performance of tandem DSSC and individual cells (b), and IPCE spectra of the tandem DSSC and

individual cell. Reproduced in part with permission from ref.*’
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Figure 2.2.3 Structure of dyes used in previous work by other groups. B1 (a), G2 (b), G6 (c), G7 (d),
R4 (e), and R5 (f). Reproduced in part with permission from ref.*?

In order to extend the light response excepting the cocktailing dye method, Hayase et al. reported the
multi layered dyes by pressure-supported dye coating at 2008.*° By applying pressure, first layer of dye
was coated with precise thickness of TiO; at 40-60°C. Once the coating was stopped at a certain time,
the rest of the TiO, layer was coated by dipping it in the second dye solution and the device successfully
represented the sum of each single layered cell. For the double layer formation, dye-replacing method
was suggested with NK3705 and Z907.%° At 2004, Clifford et al. suggested the multiple electron transfer
with AL,Os layer inserted electrode.*” At 2005, Nelles et al. reported low temperature fabricating method
using transfer technique (figure 2.2.4 (a))*® and Choi et al provided stepwise co-sensitization of working
electrode with organic dyes in 2008.* After one year, Lee et al. applied three different dyes with highly
selective positioning method.*® The electrode was coated with N719 dye. After that, styrene oligomer
was filled in the dye coated electrode, and polymerized. Using an aqueous NaOH solution, coated N719
dye molecule were detached from the TiO, surface. Finally, selective etching removed polystyrene and
the naked TiO; layer can be prepared for the next dye layer (figure 2.2.4 (b)). Three dye layers can be
obtained in a similar way. When we employ more than two dyes in a working electrode, the final current

densities are obviously expected to increase. However, the open circuit voltage is more complicated.

19



Using high temperature sintering for each layer, Miao et al. reported multilayered working electrode
prepared via transfer method.”’ They prepared the first layer using the conventional method on FTO
glass by the high temperature sintering process. However, the second layer was prepared on the ceramic
tile which has low adhesion with TiO,. This second layer was easily transferred to the first layer by a
friction action. (figure 2.2.4 (c)) Instead of using the transferring method, Huang et al. introduced
stamping method to fabricating multi layered electrode.> TiO, NPs were dispersed in ethanol, and
coated on an ITO-PEN substrate using a doctor blade method. The film was attached on the substrate
using a cold isostatic press at a pressure of 100 MPa for 3 minutes. The same process was completed
with another kind of dye on a non-conductive PEN substrate without pressing. The un-pressed film was
transferred onto a previously pressed ITO-PEN substrate working electrode. This method utilizes the
transfer of the un-pressed layer onto the already pressed working electrode. (figure 2.2.4 (d)) Yang et
al. prepared the multiple dye coated electrode using a layer by layer fabrication in 2011°* and Lan et al.

reported enhanced photovoltaic performance with co-sensitization of porphyrin and an organic dye.**
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Figure 2.2.4 Schematic of a bi-layered working electrode with low transfer method (a), Schematic
representation and reaction scheme of the bi-layered working electrode fabrication process (b),
Schematic representation of a multilayered working electrode prepared via sintering followed by the
transfer method (c), and Schematic representation of a double dye layer sensitized electrode prepared
by the stamping method with mixed dye-sensitized electrode prepared by the cocktail method. (d)

Reproduced in part with permission from ref.* 313

In addition, other attempts have been carried out to broaden the absorption spectra. Several groups
reported the co-sensitizing method using a mixture of two dyes in order to improve the efficiencies by
broadening the absorption spectra of DSSCs. ** %37 Durrant et al. proposed a co-sensitization method
with an under-layer of TiO, /dye 1, using an Al,O; layer as the separating layer from dye 2. *’ Ko et al.
also obtained an extended spectra by using two complementary organic dyes, JK-2 and SQ1, and they
achieved higher efficiency than that of a single dye device.* However, the problem is that either series
tandem (S-tandem) or parallel connection of tandem (P-tandem) DSSCs should be adjusted of the
transmittance of the top cells. Furthermore, the short circuit current density (J;.) and open circuit voltage
(Vo) of the two cells must be tuned for series and parallel tandem DSSCs, respectively.*’ In the parallel
connection, the current density is the sum of the current densities of the top and bottom cells, but the
photovoltage is supplied by the low-voltage cell or middle of them. In the series-connected tandem
DSSCs, the photovoltage becomes the sum of photovoltage of the top and bottom cells, but the current
density of both the top and bottom cells should be tuned to be identical. Furthermore, the top cell is
required to have a high voltage and the bottom cell should have a longer-wavelength absorption area as

compared to the top cell.

2.2.2 Cost-effective counter electrode

A counter electrode: an electrode with good catalytic activity for electron transfer to the redox
electrolyte. The most common counter electrode in DSCs is platinum-coated FTO-glass. This electrode
has the advantage that it can be transparent, as a very low loading of Pt is needed. Thermally platinized
electrode has high electro-catalytic activity with high stability. However, the cost and limited supplies
of Pt have brought a great deal of seeking alternatives for Pt. Thus far, only a limited number of materials

have been successfully used as counter electrodes due to the corrosion of metals by the iodine electrolyte.

58-63 64-69

So far, nitrides,’®* carbides,***° and metal sulfides’®”’ have been utilized as counter electrodes.

As more cost-effective materials for CEs, a variety of carbonaceous materials have been used. One
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of the carbonaceous, graphene, which has thick and two-dimensional carbon lattice arranged in
hexagonal is a hot issue in research.*® High carrier mobility of monolayer graphene,* % high optical
transparency,” and surface area® properties lead exploration of graphene for use as field emission,*
transparent electrode,®®*’ Li-ion battery® and super capacitor.* Graphene also been used be a promising
counter electrode for DSSCs because of its high conductivity, corrosion resistance, transparency, and
high electro-catalytic activity.”””” Carbon nanotubes (CNT) also attracted numerous attention as
practical alternatives for Pt-free counter electrode in DSSCs with its advantages such as large surface
area, chemical stability, and electrical conductivity **'% Especially, MWCNT have been widely used to
replace Pt in counter electrode with the aim of higher efficiency than conventional one.” %1% Beside
graphene and CNT, other forms of carbonaceous materials have also been used as alternative counter
electrode in DSSCs. On account of their excellent electrical conductivity, high thermal stability, high
corrosion resistance, low cost, and good catalytic activity, carbon materials are extensively employed
in DSSCs. Inverse opal carbons, mesocellular carbon foam, amorphous carbon, carbon black, and

mesoporous carbon are widely applied with traditional I/1;” redox couple electrolyte. '*7-!1?

Recently, extensive studies have been performed using conducting polymers as alternative cathodes
in DSSCs due to their excellent catalytic activities, low cost, high transparency, good conductivity, easy
preparation and good environmental stability. As indicated in figure 2.2.5, various organic materials,
such as PEDOT,'*'" polyaniline (PANI),""*'® porous poly(3,4-propylenedioxythiophene)
(PProDOT),'?"" 2 and polypyrrole(PPy)'** '** were commonly applied to iodine electrolyte with a
comparable catalytic activity and PCE with prevalent Pt cathode. Furthermore, table 2.2.1 shows several

conductive polymer counter electrode with different electrolytes.
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Figure 2.2.5 Chemical structure of conducting polymers as alternative cathodes in DSSC (a) PEDOT,
(b) PANI, (c) PProDOT, and (d) PPy.

Table 2.2.1 Performances and references with various conductive material counter electrode.

Counter Sensitizer Redox couple Voe Jse FF Eff Ref
PEDOT TH305 To/T 0.745 12.5 0.65 6.0 125
PEDOT 7907 To/T 0.687 15.9 0.72 7.9 126
PProDOT N719 /15 0.761 17 0.71 9.25 127
PProDOT Y123 Cos"/2" 1 13.06 0.77 10.08 128
PEDOT/ITO/PET 7907 TYT 0.639 14.2 0.65 5.9 126

Moreover, some transition metal nitrides has been reported with metal like behavior. '*1*° It shows
similar electronic structure of metal nitrides and it may replace Pt as counter electrode in DSSCs.
Generally, anodized Ti nanotubes with simple nitridation, TiN, show an excellent performance'®' and
nitridated Ti nanoparticles with carbon nanotubes provided high catalytic performance.'** Furthermore,
VN, Mo,N, ** 13 surface nitride nickel foil,"** micro-nano TiN sphere,”' TiN conductive carbon black

135

composite."** and ordered mesoporous TiN-carbon'*® was developed.
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Chapter 3. Fabrication of panchromatic dye-sensitized solar cells using pre-

dye coated TiO: nanoparticles by a simple dip coating technique

This chapter reproduced with permission from J. Lim, et al, RSC Advances, 2013, 3, 4801,

Copyright 2014 Royal Society of Chemistry.

3.1 Research overview

Theoretical efficiency of dye sensitized solar cell is estimated to be around 25-30%, but the practical
efficiency reported until now in literature, did not cross a half of its theoretical value. Many research
attempts have been carried out to improve this efficiency by improving the nanostructure of materials,
developing efficient electrolyte and sensitizers. Since the individual sensitizer has its own absorbance
limitation to harvest the broad range of the solar spectrum, the concept of tandem structure and
panchromatic engineering has been developed. Co-sensitization of TiO, with multiple dyes using
cocktailing of a mixed dye solution is a simple approach and has a disadvantage of negative interaction
between dye molecules, which leads to poor cell performance. Sequential positioning of multilayer TiO»
sensitized with different dyes is a promising method but the so far reported literature focuses on the
complex fabrication procedures. Here in this article, I have developed a more prominent way of dye
coating known as pre-dye coating of TiO, NPs, which has been applied to fabricate the multilayer
panchromatic DSSCs using the facile dip coating technique. Unlike the conventional method, this
approach does not involve any high temperature calcination processes, so it could be implemented for

the fabrication of flexible panchromatic DSSCs.

An appropriate method of pre-dye coating of TiO, nanoparticles (NPs) and a facile approach of a dip
coating technique have been adopted for the fabrication of panchromatic dye-sensitized solar cells
(DSSCs). A bi-layer photoanode consists of two distinct layers of TiO, films, which were individually
sensitized with N719 and N749 dyes and then coated on a TCO substrate in a sequenced manner. The
spectral response of panchromatic DSSCs has been investigated using monochromatic incident photon
to current conversion efficiency (IPCE) spectroscopy. The IPCE spectrum of panchromatic DSSC
revealed the absorption characteristics of each single dye cell. The broader absorption spectra were
obtained up to 850 nm of near IR region and the higher quantum efficiency than those of single cells
were recorded. The higher value of IPCE is correlated with the higher short circuit current density value
of panchromatic cell (J,. = 13.4 mA cm™). The tandem cell showed an average open circuit voltage (V.
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=0.79 V) of the single dye cells with an overall conversion efficiency of 7.1%. Moreover, the present
approach does not require any high temperature sintering process; therefore it could be suitable for the

fabrication of flexible panchromatic DSSCs.

3.2 Background and Introduction

Due to the limitations of fossil fuels, various energy conversion devices utilizing the renewable energy
have been developed. Among those, photovoltaic cells are an ideal choice which can directly converts
the solar energy into electricity. As a result of advantages such as variety of colors, high energy
conversion efficiency, ease of fabrication and low cost, dye-sensitized solar cells (DSSCs) have been
intensively studied for the past two decades.’ The working electrode of DSSC consists of dye sensitized
TiO; nanoparticles in which dye molecules act as a primary active component for the absorption of the
solar spectrum. One way of achieving high solar-to-electrical conversion efficiency is to improve the
spectral response of the sensitizers i.e. the dye molecules should absorb the sun’s spectrum at as a wide
range of wavelength as possible. On account of absorbance limitation, however, the individual sensitizer
can only absorb its own particular range of wavelength. For the maximum energy harvesting of DSSCs,
a panchromatic approach, which could absorb the photons over the entire range of visible spectrum has

been proposed.

The co-sensitization of a TiO, film, using different dyes, was the first approach in making a
panchromatic DSSC.** #3714l In this case, dyes with different absorption properties were mixed
together and a TiO, film, supported with TCO glass substrate, was immersed into the cocktail-dye
solution for a definite period of time. The IPCE spectra showed a combined effect of different dyes and
a broader light harvesting spectrum. However, the mixing of different dyes in a single pot results in a
negative interaction between the dye molecules, which may not show an ordered self-assembled
monolayer on the TiO, surface. This phenomenon leads to a poor performance of panchromatic DSSCs.
An adsorption of multiple dyes in the discrete multi-layer of TiO- is an ultimate option for extending
the absorption range of the solar spectrum without any adverse effects. However, the conventional
method of TiO, working electrode fabrication involves high temperature calcination, followed by a dye
adsorption process. This high temperature sintering process is one of the main drawbacks for the multi-
layer adsorption of different dyes. Since the dye molecules adsorbed on the first layer of TiO: could be
decomposed during the calcination of subsequent TiO; layers. To overcome this issue, the following
attempts have been carried out by researchers: a stepwise co-sensitization,*” '** 13 highly selective

positioning method,*® a dye replacing technique,* *® layer by layer fabrication of different dye layers
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and a film transfer technique.’’ Although a sequential positioning of various dyes on a mesoporous TiO»
electrode enhances the absorption spectrum, the so far reported studies involve complex fabrication
procedures. Recently, Huang et al. reported a flexible panchromatic DSSC using a thermal free
‘stamping’ method.”> The authors made TiO, films using a press method and then films were
individually sensitized with the N719 dye for 18 h and GD3 dyes for 2 h in a separate container. GD3
sensitized film was then transferred onto the N719 sensitized TiO, layer using the stamping method.
Soaking of the TiO; film into the N719 dye for a prolonged time could be suitable for the films made
by conventional method because of the strong adhesion force between the film and the substrate. But,
in the case of the pressing method, the adhesion is not as strong as the conventional method and the
film may peeled off from the substrate due to the action of the solvent. Therefore, better methods of dye
coating need to be developed. Although, Huang et al. reported a bi-layer structure using the stamping
method, the multi-layer fabrication would be questionable owing to the different adhesion properties
between the films. In this work, I have adopted a more prominent way of dye coating and simple dip
coating methods for the fabrication of multi-layer panchromatic cells. Initially, TiO, NPs are soaked in
a dye solution for a prolonged time. The pre-dye coated (PDC) TiO, NPs were dispersed in a solvent,
dip coated on the substrate and then pressed with hydraulic press for a better interconnection between
the NPs and a strong adhesion with the TCO substrate. The panchromatic cell, which consists of a bi-
layer working electrode, was also fabricated using N719 and N749 dyes. This process could be extended
to the fabrication of a multi-layer. From a commercial point of view, this simple dip coating process
and thermal free fabrication procedure, will reduce the manufacturing cost and increase the productivity

of flexible panchromatic DSSCs.

3.3 Experimental

A 12 wt% of TiO, powder (P25 Degussa) was dispersed in an absolute ethanol solution for 1 h under
ultra-sonication. A 0.5 mM dye solution was prepared by dissolving cis-bis (isothiocyanato) bis (2,29-
bipyridyl-4,49-dicarboxylic acid) ruthenium(Il) (referred to as N719) dye in a mixture of acetonitrile
and tert-butanol solvent (v/v = 1/1). To prepare pre-dye coated TiO, particles, these two solutions were
mixed together and stirred overnight at room temperature in order to adsorb the dye molecules onto the
TiO, surface. The mixed solution was centrifuged (Combi 514R) at 1000 rpm for 10 min for the
separation of solvent and dye coated particles. The excess dye molecules were washed with ethanol and
then PDC-TiO; particles were separated using a method of centrifugation. The slurry with an optimum

viscosity was made by the dispersion of PDC-TiO; particles in ethanol solvent.
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Fluorine-doped tin oxide (FTO) glasses were washed with a detergent solution and DI water. They
were then cleaned in an ultrasonic bath for 5 min using an ethanol-acetone solution (v/v = 1/1) and 2-
propanol. Finally a treatment of UV-O3 was administered for the duration of 15 min. The TiO, layer
was made by dip coating the FTO substrate into PDC-TiO, slurry for 30 cycles. The thickness of the
layer was controlled by the number of dipping cycles. Rough drying and pressing process were carried
out every 5 cycles to avoid detachment of previously adsorbed TiO; layer. After that, the selective active
area (0.25 cm?) was cut off using the glass slide and then pressed at 200 MPa using a hydraulic press to
increase the interconnectivity between the nanoparticles. Another dye solution was prepared by mixing
0.4 mM tri(isothiocyanato)(2,29;69299-terpyridyl-4,49,499-tricarboxylic acid) ruthenium(II) (referred
to as N749, black dye, dyesol Timo) contained deoxycholic acid 40mM in ethanol. The same procedure
was repeated to make a N749 dye coated PDC-TiO; electrode. In order to fabricate the panchromatic
photoanode, a dip coating of 15 cycles was carried out for each dye solution. For the effective utilization
of sunlight, the dyes which could absorb the shorter wavelength of light were placed first on the FTO
and then dyes having the absorption properties of longer wavelength of light were placed in a

subsequent manner as shown in the following order: FTO/N719 PDC-TiO,/N749 PDCTiO..

To prepare a Pt counter electrode, 10 M H,PtCls solution in ethanol was coated on a clean FTO glass

followed by annealing at 450 °C for 30 min. A25 pm-thick Surlyn film (DuPont) was placed in between

the photoanode and the counter electrode and then sealed to form a sandwich cell. The electrolyte
solution containing a mixture of 0.6 M 1-hexyl-2,3-dimethylimidazolium iodide, 0.1 M guanidine
thiocyanate, 0.03 M iodine, and 0.5 M 4-tert-butylpyridine in acetonitrile was introduced into the system.
Finally, the samples were kept for a few hours with edge masking by black tape.

The photovoltaic properties of the prepared DSSCs were measured using a Keithley 2400 digital
source meter under the irradiation of a solar simulator (AM 1.5 G, 100 mW/cm?, Sol3A, class AAA,
Oriel) as a light source. The intensity of the light was calibrated to 1 sun using a standard single
crystalline Si-reference cell (PV Measurements, Inc.). The photovoltaic performance has been
characterized by the V., Ji., fill factor (FF), and overall efficiency (1) values obtained from the J-V
curve. The IPCE spectra were measured by PV measurement (PV Measurements, Inc., QEX7 series).
Surface morphology was carried using a field emission-scanning electron microscopy, FE-SEM
(Nano230, FEI co.). Thickness of the film was measured using the surface profilometer (P-6, KLA-
Tencor, USA).
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Figure 3.1 A schematic preparation of the panchromatic electrode using the pre-dye coating method.

3.4 Result and Discussion

The schematic preparation of PDC-TiO; electrodes is presented in figure 3.1, while the detailed
experimental procedures are described in the previous section. For the DSSC system, the microstructure
of the TiO; film plays an important role in the efficiency of DSSCs. A better contact between particles
enhances the charge transport phenomenon. In the meantime, the optimum pore distribution is essential
for an efficient percolation of electrolyte into the TiO- electrode surface in order to complete the redox
cycle. The surface morphology and microstructure of the films were investigated using scanning
electron microscopy. Figure 3.2 represents the surface morphology of the dye sensitized TiO, film
prepared with the PDC method. After compression, PDC particles are firmly interconnected through a
uniform pore distribution with inferior aggregation. This could lead to a higher surface area of the

electrode and in turn absorption of more photons from the solar spectrum.
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Figure 3.2 SEM images of TiO; layer made by the pre-dye coated method. The inset is the cross section

view of the electrode.

In order to estimate the possibility of broadening the absorption spectra, | made a new type of

panchromatic DSSC with a bi-layered photoanode prepared using a PDC method. The thicknesses of

the layers were measured using the surface profilometer. About 3.5 pm thickness of each layer with a
total thickness of 7 pym was obtained by controlling the number of dip coating cycles. For comparison

purposes, the individual devices (N719/PDC-TiO,, N749/PDC-TiO,) with a 3.5 pm thickness of PDC-

TiO, films were fabricated separately. Photovoltaic parameters for all three devices were extracted from

the J-V curves (see figure 3.3). The values are listed in Table 3.1.
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Figure 3.3 Photocurrent-voltage curves of the pre-dye coated samples. Single N719 (blue, squares),

single N749 (green, dots), and panchromatic (brown, triangles) cells.

Table 3.1 Photovoltaic performance of the single cells and the panchromatic cell

Samples Jsc (mA/cm?) Vo (V) FF (%) Eff (%)
N719 / PDC-TiO; 8.9 0.81 67.9 4.9
N749 / PDC-TiO; 7.5 0.77 68.3 3.9
PAN / PDC-TiO» 13.4 0.79 68.1 7.1

A complete cell sensitized with single N719 dye (N719/PDCTiO,) shows J,. of 8.9 mA/cm?, V. of
0.81 'V, FF of 0.679 with Eff of 4.9%. Another single cell sensitized with only black dye (N749/PDC-
TiO,) shows Ji., Voe, FF and Eff values of 7.5 mA/cm?, 0.77 V, 0.683 and 3.9% respectively. The
panchromatic cell (PAN/PDC-TiO,) shows a higher photocurrent density of 13.4 mA/cm?®. The V,. of
the panchromatic cell is close to the average value of single cells and is equal to 0.79 V. This average
value of V,. is observed and explained in a previous report by Lee et al. The difference of V. is related
to the different degree of back reaction at the TiO»/dye/electrolyte interfaces and indicates that the V.

of the panchromatic is not likely relying on those of single cells.’®>"'** This observation confirms the
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parallel tandem effect in panchromatic DSSCs. Apparently, the efficiency of the PAN/PDC-TiO; cell is

higher than those of single cells and the value is around 7.1%.

Figure 3.4 shows the monochromatic IPCE spectra for three devices. The N719/PDC-TiO; single cell
shows the maximum photoresponse in 400 nm and 530 nm wavelength regions. The N749/PDC-TiO,
cell shows the maximum response in 425 nm and the broad peak extended up to infra-red region of
around 850 nm, in which N719 dye does not show any spectral response. Hence the combination of
both dyes in a panchromatic cell (PAN/PDC-TiO) shows a higher quantum efficiency value, around
400—420 nm and another maximum photoresponse peak at 530 nm, which extended up to 850 nm
corresponding to the high and narrow region of N719 and the broad feature of N749. The higher value
of quantum efficiency is further confirmed with the higher Ji. value of the panchromatic cell (13.4
mA/cm?®) which can be compared to the values of single cells (8.9 mA/cm* and 7.5 mA/cm?). A
sequential positioning of multi layers sensitized with the dyes having different spectral response, leads

to higher quantum efficiency with a broader spectrum.
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Figure 3.4 Incident photon to current conversion efficiency of the pre-dye coated samples. N719 single

cell (blue, squares), N749 single cell (green, dots) and panchromatic cell (brown, triangles).
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In order to check the electron kinetic, we compared the prepressed and the dye coating cell (pre-pressed

cell,7 ym+ N719) and the PDC TiO, NPs cell by using intensity modulated photovoltaic spectroscopy

(IMVS). IMVS gives the dynamic electron lifetime in ambient conditions. For the measurement,
sinusoidal modulated light of different frequencies (f) illuminated the samples and amplitude is
measured under open circuit condition. The electron lifetime can be calculated by 7= 1/27fmin(IMVYS)),
where fumin is the frequency giving the lowest imaginary components in IMVS plot.'** 1“6 The IMVS
plots of pre-pressed and PDC TiO, NPs are presented in figure 3.5. Pre-pressed cell and PDC TiO, NPs
cell exhibit the fmin as 1.4 Hz and 1.2 Hz respectively and z, was calculated to 0.113 and 0.132 s. The
7, values in PDC TiO; NPs cell is quite competitive to pre-pressed cell, which means that pre-coated

dyes does not hinder electron flow in PDC cells.
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Figure 3.5 Intensity modulated photovoltaic spectroscopy of the pre-pressed cell (black, squares) and

PDC TiO; NPs cell (red, dots).

Furthermore, the interfacial adherence result in the peeling of two layers, the stability issue will arise
to the system. However, I have not observed any peeling off from the working electrode once pressing
is completed. At this system, I added pressing process in order to stabilize the layers. Pressing method

is already well proved for DSSC system applications from other groups. They successfully
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demonstrated many DSSC system with pressing method. Layers adhesion by pressing is also
demonstrated at many papers.”’"* %7 I also had been testing long term stabilities to confirm the stability

issue, and figure 3.6 represents the stability issue for 5 weeks.
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Figure 3.6 Long term stabilities of panchromatic PDC TiO, NPs sample. (a) Efficiency, FF change

curves and (b) Ji, Vor change curves.

33



Moreover, within our knowledge, the pre-dye coated TiO, nanoparticle pressing method is the first
approach of multi-stackable fabricating method without using any organic binder or thermal process.
This technique could be extended to produce devices in research, including a triple or more photoanode

layer at one substrate, flexible or a tandem solar cell. (figure 3.7)

Electrode

Disperse & Adsorption

15 Dye coati
of N719 ye coating

15t Dye press

Electrode 2% Dye press

2" Dye coating Disperse & Adsorption
of N749

Disperse & Adsorption 3 ' -
of Dye 3 3" Dye coating 39 Dye press Electrode

Figure 3.7 A schematic preparation of the triple layered panchromatic electrode using the pre-dye

coating method.

3.5 Conclusion

Panchromatic DSSCs have been successfully fabricated using PDC TiO; NPs by a simple dip coating
technique. The quantum efficiency of panchromatic cells is higher than those of single cells and the
IPCE spectra, which revealed the characteristics of N719 and N749 sensitizers. The higher value of Ji.
of the panchromatic cell confirms the parallel tandem effect. Due to the difference between the dyes,

the V,. value of panchromatic cell is slightly affected by the different back reaction of electrons with
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the interfaces. This method involves a pre-dye coating of TiO, NPs, which could be more suitable for
the fabrication of multilayer TiO- films using a dip coating assisted pressing method. Further, the whole
process involves a thermal free approach, so the flexible substrates could be used instead of traditional
glass substrates. In addition to this, the simple dip coating technique and the thermal free approach will

reduce the fabrication cost.
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Chapter 4. Reversely fabricated dye-sensitized solar cells

This chapter reproduced with permission from J. Lim, et al, RSC Advances, 2014, 4, 243,

Copyright 2014 Royal Society of Chemistry.

4.1 Research overview

Increasing carbon emission and global energy crisis based on fossil fuels urge the development of
energy conversion devices utilizing the renewable energy resources. Photovoltaic devices are one of the
most promising technologies where in abundance of solar energy could be directly converted to
electrical energy. Dye-sensitized solar cells are considered to be the low cost alternative to the
commercially available silicon solar cells. But the conversion efficiency of DSSC has been limited to
12.3 % for the laboratory scale devices. One of the ways to increase their efficiency is the combination
of DSSCs with the other thin film solar cells such as CIGS, organic solar cells, etc. But the presence of
liquid electrolyte and the structural restriction of conventional DSSCs prohibited their application to
the tandem devices. Here, I report a novel structure of dye sensitized solar cells (DSSC) with reversed
form. This was done by constructing all the components together as one substrate in the following order:
platinum, supporting layer, titanium dioxide layer, and indium-doped tin oxide layer. To separate the
photoanode from the photocathode and to make room for electrolytes, a layer of nanoparticle was
introduced. With this new structure, a power conversion efficiency of 5.4% was achieved with
comparable current density and open circuit voltage values to the conventional structure. The
electrochemical properties and photochemical properties were checked by electrochemical impedance
spectroscopy. Moreover, the present approach could be an encouraging new direction in research while

facilitating the fabrication of hybrid tandem solar cells.

4.2 Background and introduction

Dye-sensitized solar cells (DSSCs) are promising alternatives to conventional silicon solar cells and
have been studied for the past two decades because of their advantages including color variety, a simple
fabrication process, and a relatively high efficiency.’ Typical DSSCs consist of a TiO, working electrode
with dye molecules on transparent conductive oxide (TCO) glass, platinum coated counter electrode,

and an electrolyte with a I'/I3” redox system between the electrodes. Extensive research has been
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conducted in order that each component achieves highly efficient DSSCs, including alternative

16, 148-152 51,138, 153, 154 155, 156

materials, new structures of photoanodes, and modifying fabrication methods.
Currently, fluorine-doped tin oxide (FTO) glass is widely used as TCO for DSSC."’

Even though the indium-doped tin oxide (ITO) was expected to be a better TCO material than FTO
due to higher transparencies and conductivities, the fabrication step for TiO, generally requires a 500 C
annealing process and so the ITO substrate is not suitable for DSSC application since its conductivity
decreases remarkably during the thermal process.'**'® Several research papers have proposed to
fabricate ITO based DSSCs using poly(ethylene terephthalate) (PET)/ITO,* PET/ITO/titanium dioxide
(TiO,),'®" ITO/antimony-doped tin oxide (ATO)/TiO,,'°*20 and StSt/SiO/ITO.'® However, these
studies are limited to flexible substrates with low temperature process which may show not only poor
adhesion between substrates and TiO, particles but also poor contact between particles. Here, 1
introduce a novel structure of DSSCs that utilizes the ITO layer and supporting layer without a high
temperature treatment barrier. Since the ITO layer is placed after TiO» calcination, the high temperature
process does not affect the ITO layer. Moreover, after optimization on the fabricating processes and
electrochemical matching, ITO coated reversely form of dye sensitized solar cell can be fabricated one
substrate and shows comparable values of current density and open circuit voltage with 5.4% of power
conversion efficiency. Moreover, this structure consists of only one glass substrate (FTO coated glass)

at the very first at this field and the rear side is covered with the thin transparent ITO layer by sputtering

method which enables the stacking of other thin film solar cells to form Tandem structure.

4.3 Experimental

Fluorine-doped tin oxide (FTO) substrates (Pilkington TEC Glass-TEC 8) were cleaned with a
detergent solution and DI water. They were then cleaned in an ultrasonic bath for 15 minutes using an
ethanol-acetone solution (v/v % 1/1) and 2-propanol. Finally a treatment of oxygen plasma was
administered for a hydrophilic surface. The platinum coated counter electrode was made using a drop-
wise method with 20 mM of H,PtClg solution in isopropanol on a cleaned FTO glass followed by
annealing at 450C for 1 hour 30 min. In order to inject the electrolyte, a hole was made at the glass
substrate of counter electrode side. To introduce an electrolytes spacer for preventing direct contact of
electrodes, supporting layer was prepared by mixing dissolved poly vinyl alcohol (PVA) in water (15
wt%) and nanoparticles. At this research, I used ZrO,, BaSnO3, Anodic aluminum oxides, and SiO, as
supporting materials. Subsequently, the mixed paste was coated on the counter electrode using the
doctor blade process and annealed at 400 C for 2 hours to remove the PVA.

To synthesizing the BaSnOs nanoparticles, all chemicals were purchased with reagent grade. 0.01mol

of SnCl4-5H,0 and BaCl,-2H,0O were mixed in H,O» (30wt%) under vigorous stirring. After 2 hours,
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introducing citric acid at the batch and 120mL of aqueous NH4OH was added into the transparent
mixing solution. Precipitation was occurred immediately with white powder, and the solution was
stirring overnight. After the stirring process, the powder was cleaned by D.I water using centrifuge and
dried thoroughly. The precipitated particles were annealed at 900°C for 2 hours in furnace.

In order to fabricating anodic aluminum oxide (AAQ), a high purity (99.997%) aluminium foil
supplied from Alfa Aesar (USA) was used as the substrate material. The foil was cleaned in acetone
and then electrochemically polished in a 1:4 volume mixture of HC1O4 and CH3CH>OH by a constant
voltage of 20V for 2 min to achieve a mirror finished surface. Two-step anodization was performed
using an electrochemical cell equipped with a cooling stage at a temperature of -1°C. The first
anodization step was performed under 40V for 6-8 h in 0.3M H,C,04. Afterwards, the formed porous
oxide film was chemically removed by a mixture of 6 wt% of H3PO4 and 1.8% chromic acid for a

minimum of 3-6 h at 75°C. Second anodization is then performed on these samples using the same

conditions (0.3MH,C,0,) with an anodization time to achieve AAO thickness from 10 to 30pm.'®+17

Other supporting materials such as ZrO; and SiO, was purchased and using without further purification.
Not only to increase the adhesion of the photoanode and supporting layer but also to get a scattering
effect, the mixed TiO, paste (20 nm/500 nm TiO; paste, 1 : 1 vol each CCIC and ENB Korea) was

coated onto the supporting layer coated substrate using a doctor blade. The TiO,-coated glass was aged

at 60°C for 1 hour and annealed at 500 C for 1 hour to create a TiO, film with a thickness of 4 pm.
The nanocrystalline TiO, paste (20 nm, CCIC) was coated onto the TiO, film, aged at 60 C for 1 hour,
and annealed at 500 C for 1 hour to create a TiO, film with a total thickness of 15 pm. To prepare the

conductive oxide layer, indium-doped tin oxide (ITO) layer was sputtered with a thickness of 300 nm
(SORONA, SRN-120D, Korea) and annealed at 300°C for 1 hour to increase conductivity and
transparency. The stacked up cell was immersed in 0.3 mM (BusN),[Ru(dcbpyH)>(NCS),] (referred to
as N719) dye in a mixture of acetonitrile and tert-butanol solvent (v/v = 1/1) for overnight at room
temperature. The dye molecules penetrated along the sides of the device where the porous TiO, and
supporting layer pave the way for dye molecules. The dye molecules adsorbed on the TiO; surface, and
the device was sealed with the liquid sealant Amosil 4 (Solaronix). In the conventional DSSCs, the
sealant was placed in between the working and counter electrodes and they were sealed with heat and
pressure, but in the case of the reverse structure, a thin ITO layer was sputtered on the TiO, working
electrode; hence the liquid sealant was placed at the edge of the active cell area and completed the
sealing process. An electrolyte solution containing a mixture of 0.6 M 1-hexyl-2,3-dimethyl-
imidazolium iodide, 0.1 M Guanidine thiocyanate, 0.03 M iodine, and 0.5 M 4-tert-butylpyridine in

acetonitrile was introduced through a drilled hole at the counter electrode, which upon completion was
38



followed by a sealing process with cover-glass and surlyn.

Fluorine-doped tin oxide substrate was purchased from Pilkington. H,PtCls, 1-hexyl-2,3-dimethyl-
imidazolium iodide, Guanidine thiocyanate, iodine, 4-tert-butylpyridine, PVA, and SiO, were purchased
from Sigma-Aldrich. For the photoanode, 20 nm TiO, powder and 500 nm TiO, powder were from
CCIC and ENB Korea respectively. To make the photo-sensitizer, cis-bis(isothiocyanato) bis(2,29-
bipyridyl-4,49-dicarboxylic acid) ruthenium(II) (referred to as N719) were purchased from O’yang
industry. All of the reagents were used without further purification. Morphologies and components
change as a function of temperature were characterized by thermogravimetric analysis (TGA, TA
Instruments) and scanning electron microscopy (Nano230, FEI). The total thickness of reverse
structured DSSC (RS-DSSC) was measured using a surface profiler (KLA Tencor). Atomic force
microscope (AFM) images were obtained using a Dimension AFM (Veeco) instrument. The
photovoltaic properties of the cell were measured using a Keithley 2400 digital source meter and a solar
simulator (AM 1.5G, 100 mW/cm?, Sol3A, class AAA, Oriel) as a light source. Impedance spectra were
obtained using an electrochemical impedance spectroscopy (EIS) (Solartron 1260 impedance/gain-

phase analyzer).

4.4 Result and Discussion

The schematic structures of reversed (RS-DSSC) and conventional DSSCs are presented in figure 4.1.
Most of the DSSCs conventionally employ sandwich structures with two electrodes facing each other
(Figure 4.1a). Unlike the conventional structures, a RS-DSSC can be fabricated on a Pt-coated counter
electrode as substrate from the bottom. Thin supporting layer and TiO, photo anode were positioned on
the substrate in turn, and the ITO layer was applied as TCO on the top of structures. Not only to prevent
direct contact of the electrodes but also electrolyte penetration, porous supporting layer was inserted

between the two electrodes.
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Conventional structure Reversed structure

Figure 4.1 Schematic diagrams of conventional and reversed structure of dye-sensitized solar cells.

Figure 4.2 shows the thermogravimetric analysis (TGA) curves of prepared supporting layer paste. Up
to 300°C, the TGA shows a gradual curve which indicates that the residues still exist. However, it also
shows drastic weight loss starting at 350 °C, possibly due to the combustion of PVA. In order to facilitate
dye adsorption and electrolyte penetration, the inner pore size should be sufficiently big to avoid the

inferior aggregation.
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Figure 4.2 Thermogravimetric analysis (TGA) curve of supporting layer with PVA binder.

At this aspect, ZrO, was used as the first supporting materials. When using the ZrO, as supporting
layer, the film morphology and surface flatness was good enough. However the particles are connected
too close each other that dye molecules and electrolyte penetration was blocked. ZrO, used RS-DSSC
shows a short circuit current (Jic) of 16.4 mA/cm?, open circuit voltage (V,.) of 0.7 V, fill factor (FF) of
36.6% with power conversion efficiency (1) of 4.1% as shown in figure 4.3 and table 4.1. Even though
the high shunt resistance (Rsuni, 1.37 k) and low series resistance (Reries, 207.73 Q), the electrolyte
diffusion process was hindered by densely packed nanoparticles and consequentially the FF of the cell

were low.
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Figure 4.3 (a) Surface morphology of supporting layer using scanning electron microscopy, (b)
photocurrent-voltage curve of the reverse structured cell with ZrO,, and (c) electrochemical impedance

spectroscopy (EIS) of symmetric cell.

Table 4.1 Current-voltage parameters with electrochemical parameters of reverse structured cell

using ZrO; supporting layer.

Jsc (mA/cm?) Voc (V) FF (%) Eff (%) Rihunt () Rseries (€2)

RS-DSSC 16.1 0.70 36.6 4.1 1.37k 207.73

When the ZrO, was used as supporting materials, due to the low porosity, electrolyte diffusion was
hindered and the efficiency was not comparable. In order to increase an inner pore, synthesized BaSnO3
is investigated as a supporting layer.'”* '”* The BaSnO; materials were easily synthesizable and
morphological controllable by controlling the temperature and processing time.

Figure 4.4 represents the surface morphology of the synthesized BaSnOs3 nanoparticles with various
shapes and photographs of its paste form. For sufficient size of inner pore, all the shapes of nanoparticle,

nanorod, and nanopillar of BaSnOs were mixed at one container and using as supporting layer.
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Figure 4.4 SEM images of synthesized BaSnO3 with (a) sphere, (b) nanorod, and (c) nanopillar. (d)
Picture of BaSnO; paste for supporting layer. The paste were mixed (a), (b), and (c) with wt% of 50, 1,

and 1 respectively.

By using BaSnO; as supporting layer, the inner pore was big enough for the dye molecules and
electrolytes penetration. However, as can be seen in figure 4.5 and table 4.2, total efficiency and FF of
the cell was low. One of the reason for the low parameters can be expected to the conductivity. The
BaSnO; has a semiconducting properties with perovskite structure and it has somewhat conductivity,
thus the electrons could be leaked toward the counter electrode with low shunt resistance. Second
assumption of this result is surface flatness. According to the new structure, ITO should be coated on
the top layer. However, the mixed BaSnO; paste contains nanorod-pillar structure and it should be

obstacle of surface flatness at the ITO layer.

Table 4.2 Photovoltaic performance of the RS-DSSC using BaSnOj3 supporting layer
Jsc (mA/cm?) Vo (V) FF (%) Eff (%)
RS-DSSC 8.1 0.65 30.7 1.4
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Figure 4.5 photocurrent-voltage curve of the reverse structured cell with BaSnO3

On that account, the supporting layer should have high inner porosity, low conductivity, and flat
surface. Nanostructure materials as anodic aluminum oxide (AAO), a self-ordered nanopore material
has been typically used as filters and as templates for fabrication nanowire arrays including DC
electrochemical deposition of metallic, magnetic or semiconductor ordered nanowire arrays for
application such as field emission devices. At this research, AAO was applied at the system as a
supporting layer owing to the nanopore structure, low conductivity and flat-surface. The fabrication of

AAO supporting layer is presented in figure 4.6.

+ I -

ALO,

Electropolishing 1st Anodization
Etching 2"¢ Anodization Pore Widening

Figure 4.6 Schematic diagram of the fabrication process of AAO templates.
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In order to fabricating the AAO membrane, Al film were electro-polished to achieve a flat and clean
surface. The polished Al film were electrochemically anodized under specific conditions for the tubular
structure. At the first step of anodization, the tubular structure were made with random direction due to
the absence of uniformity or direction. After the first anodization, the inner tube were formed irregular
direction. However, because of the properties of oxide layer, none-oxidized Al film could get the foot
print at the surface of AI-AAO. After the first anodization, the randomly porous oxide layer were
chemically removed and second anodization can be performed on the sample. The pore diameter of
fabricated AAO membrane could be widened by chemical batch reaction. Figure 4.7a and b shows
surface morphologies of the fabricated AAO. a and b show well-ordered nanopore on the flat surface.
The AAO membrane could endure high temperature, thus the TiO, paste were bladed on the fabricated

membrane and heat-treated under 500°C (see figure 4.7.c, d, and e).

Figure 4.7 a and b represents the morphology of the AAO surface by scanning electron microscopy. ¢,

d, and e show the pictures of AAO film and its application to the DSSC with TiO, photoanode.

AAO membrane used RS-DSSC shows a short circuit current (Js.) of 3.9 mA/cm?, open circuit voltage
(Voe) of 0.67 V, fill factor (FF) of 54.8% with power conversion efficiency (1) of 1.4% as shown in
figure 4.8 and table 4.3. Even though the nanopored AAO membrane supporting layer has high surface

45



flatness and pored structure with low conductivity, the adhesion force with FTO substrate were weak.

Table 4.3 Photovoltaic performance of the RS-DSSC using anodic aluminum oxide (AAO) supporting

layer.

Js (mA/cm?) Ve (V) FF (%) Eff (%)
RS-DSSC 3.9 0.67 54.8 1.4

Current density (méfecm”)

0.0 0.2 0.4 0.6 0.8
Voltage (V)

Figure 4.8 photocurrent-voltage curve of the reverse structured cell with anodic aluminum oxide
(AAO).

As the last candidate for the supporting layer, 100nm size silica nanoparticles were purchased as
powder form and using it without any further purification. The SiO nanoparticles were easily dispersed
in the PVA. Figure 4.9 a and b show the morphology of supporting layer investigated using scanning
electron microscopy after sintering at 450 °C and 500 °C, respectively. 450 °C sintering shows better

surface morphology than 500 °C with inferior aggregation.
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Figure 4.9 Field emission scanning electron microscopy (FE-SEM) images of supporting layer with

sintering temperature of (a) 450°C and (b) 500°C.

Figure 4.10 represents the cross sectional morphology of the supporting layer, TiO, and ITO layer

which were formed in sequence. The supporting layer was made on a Pt coated FTO with an average

thickness of 6 um and 2 different compositions of TiO, nanoparticles were pasted. The top part of 20
nm sized TiO, nanoparticles with a thickness of 5 m is the main active layer, while the bottom part of

TiO, which was mixed 20 nm and 500 nm nanoparticles 4 pum thick improved the adhesion between

the supporting and active layer. Not only does the bottom TiO; act as an adhesion layer but also as a
scattering layer. Even though the bottom part of TiO, shows a photosynthesis properties, the surface
should be secured the flatness for the sputtered TCO. Figure 4.10.b shows a zoomed view of the ITO.
The evaporated ITO formed a continuous thin layer on top of the TiO, nanoparticles with a thickness

of 200 nm.

47



ITo

p part of TiOg
S Io Js L. ) *

Recipe:
SEQUN
Site Name:

£.00 Lt
Lengtht 2296.00 16.00um Height
Speect 10000 pmis
Rete: 50 Hz
Direction -=
Repests: 1
Force: 2 mg
Neise: Fiter: 16.7 pm
Cursors 12.00pm
Lett  Right
Mess 38.00 4500
Defta  348.0 1846
Level 4200 1830 10.00um
Deta 3620 2252

Ret  0.000 ‘
L Height: 8.3 &

R Height: 15.38m

St Helght: 15.38um

Width  955.00m

TR 1556m 6.00pm ‘

&.00um

]
4.00pm
2.00pm

0.000m

-2.00um

-4.00um

Figure 4.11 Surface profilometer measurement of RS-DSSC.

In order to check the film thickness and surface flatness, surface profilormeter (P-6, KLA-Tencor)

were used. At the figure 4.11, surface profilomter (Alpha step) measurement shows that the total

thickness of RS-DSSCs from TCO glass to ITO layer is about 15 pm.

A complete RS-DSSC shows a short circuit current density (Jic) of 14.8 mA/cm?, open circuit voltage
(Voe) of 0.81 V, fill factor (FF) of 49.4% with power conversion efficiency (1) of 5.4% as shown in
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figure 4.12. It is well known that the short-circuit current density is mainly determined by the transfer
of total number of photo-generated electrons to the electrode. Although the ITO layer was sputtered
onto the TiO,, the observed results indicate that the RS-DSSC shows quite comparable values of J,. to
the conventional structure. However, the FF value is quite lower than the conventional structures. The
J-V curve informs that the device has high series resistance and low shunt resistance. Since the ITO
layer is prepared on rough TiO, nanoparticles, its conductivity through lateral direction might exist. In
addition, the contact between ITO and TiO nanoparticles needs to be investigated. Shunt resistance
might be from ITO floating or TiO; nanoparticle penetration through supporting layer, which can cause
shorts.

The chemical reactions of dye sensitized solar cells are commonly known by the researchers in this
field. Here, even though we introduce a new supporting layer for the reversed form, the chemical
reaction was not changed at the full circuit of DSSCs. Supporting layer was chemically stable and not
react with the chemical molecules such as dye, iodine, and Pt. The electrochemical properties should
be issued for this kind of concept, because the electrical resistance or electron kinetics can be varied
through the influence of structure. In addition, in order to check the electron kinetics and investigate
the interfacial properties,'” electrochemical impedance spectroscopy (EIS) was employed which was
performed under AM 1.5 front side illumination in an open-circuit voltage condition. Figure 4.13 shows
the measured EIS and the fitting parameters for the impedance spectroscopy of RS-DSSC were

summarized in Table 4.4.
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Figure 4.12 Photocurrent-voltage curve of the reverse structured cell.
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Figure 4.13 (a) Nyquist plot and (b) Bode phase plot of the electrochemical impedance spectroscopy
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of reverse structured DSSC. The equivalent circuit of the device is shown in the inset of (a).

The equivalent circuit of this type of cell is described in the inset of Figure 4.13.a. R, CPE, R1 and R,
represent series resistance in high frequency region, constant phase element which was equivalent
electrical circuit component, and resistances respectively. In figure 4.13.a, the first semicircle at the

high frequency is ascribed to the charge transfer at the interface between the counter electrode and
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electrolyte, and the third semicircle is attributed mainly to the Nernst diffusion of I3 within the
electrolyte (Rairr). At the RS-DSSC structure, the supporting layer should be placed onto the Pt
electrodes not only to make a room for electrolytes but also to form the photo-electrodes. Due to the
direct contact of porous supporting layer and Pt electrode, the interface resistance can makes the larger
first semicircle at the high frequency region than that of the conventional cells. Thus, the corresponding
charge transfer resistance of RS-DSSC and conventional cells is 5.4 Q/cm” and 3.1 Q/cm? respectively.
However, the charge transfer resistance of the RS-DSSC in the intermediate frequency region (Re2) and
the low frequency region (Rair) has the value of 6.1 Q/cm* and 1.5 Q/cm? respectively. These values
are comparable to that of the conventional DSSC having Rep of 7.0 Q/cm? and Rair of 2.0 Q/cm? and
their semicircles are more or less similar in shape. These results were also supported by the Bode plots
in figure 4.13.b. The fitted Bode plots display the frequency peaks of the various charge transfer
processes at different interfaces. The electron recombination time could be calculated by 1. = 1/(27f max)
equation, where fmax corresponds to the highest frequency value of the peak in the bode plot. The RS-
DSSC and conventional cells gave the fmax value of 39.81 Hz and 39.26 Hz respectively and the
corresponding T, value was calculated as 4.0 ms for the RS-DSSC and 4.05 ms for the conventional cell.

The 1, in RSDSSC is quite competitive with the conventional cell.

Table 4.4 Electrochemical impedance parameters of reverse structured cell

Rshum Rseries Rs Rctl Rth Rdiﬁ‘ f max
RS-DSSC 2.14k 131.9 34 5.4 6.1 1.5 50.1

To fabricate series connected tandem solar cell, I introduced an organic solar cells with inverted
structure. The schematic structure of series connected tandem solar cell is presented in figure 4.14 (a)
and a picture of the cell is shown in figure 4.14 (b). Using inverted organic solar cell (OSC) as upper
cell, I stacked up onto the bottom cell which was made as reversely structured DSSC. At the OSC, the
photo excited electrons go to the ITO side. At the RS-DSSC, sputtered ITO were connected to the
PEDOT:PSS of OSC in order to make the series connected circuit. Photo-excited electrons of DSSC
flow to the PEDOT:PSS and the hole of OSC successfully flow out. Besides, the electrons of OSC could
extracted efficiently through the ITO substrate. Holes of DSSC could also be extracted through the Pt

coated FTO substrate and whole circuit works in a series connection.
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Figure 4.14. Schematic structure of the series connected tandem solar cell (a) and picture of the cell

(b).

The photovoltaic parameters of series connected tandem cell and each single cells were extracted from
the J-V curves in figure 4.15 and the cell performance parameters are summarized in table 4.5 Due to
the properties of series connected tandem cell, the V,. value was successfully increased over 1.2V. A
single cell of inverted OSC shows Ji. of 5.6 mA/cm?, V,. of 0.551 V, FF of 0.415 with Eff of 1.3%.
Another single cell of un-modified RS-DSSC shows Ji., V.., FF and Eff values of 6.3 mA/cm?, 0.647
V, 50.7 and 2.1% respectively. The series connected tandem cell showed a higher photovoltage of 1.21V
with the conversion efficiency of 4.1%. Even though the cell performance was not good enough, this

observation confirms that the suggested tandem system could be possible.
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Figure 4.15. Photocurrent-voltage curves of the inverted OSC (single cell, blue triangle), RS-DSSC
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(single cell, red circle), and series tandem cell (black square).

Table 4.5. Photovoltaic performances of the single cells and series connected tandem cell.

S-Tandem RS-DSSC Inverted-OSC
Voe (V) 1.2 0.647 0.551
Jee (mA/cm?) 6.5 6.3 5.6
FF (%) 50.7 50.8 41.5
n (%) 4.1 2.1 1.3
Rshount  (0hm) 1.96k 1.30k 1.59k
Rieries (0hm) 319.29 164.11 236.58

4.5 Conclusion

In summary, I have successfully fabricated RS-DSSC onto one substrate by controlling each layer.

Even though the nanoparticle beads have incorporated in the reversely assembled structure, dye and

electrolytes molecules could penetrate into the inner pore and a power conversion efficiency of 5.4%

was achieved for the RS-DSSC with a similar Jy. and V,. values as of the conventional DSSCs. The

interfacial properties and each electrochemical impedance parameters of RS-DSSC is comparable to

the conventional DSSCs in order to convince the concept. Finally, this technique could be extended to

produce devices in research, including a flexible or a tandem solar cell with other thin film solar cells

such as Cu(In, Ga)Se; (CIGS) or organic photovoltaic devices.
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Chapter 5. A study of TiO:/carbon black composition as counter electrode

materials for dye-sensitized solar cells

This chapter reproduced with permission from J. Lim, et al, Nanoscale Research Letters, 2013, 3, 227,

Copyright 2014 Springer Open Journal.

5.1 Background and introduction

Dye-sensitized solar cells (DSSCs) have attracted considerable attention as a viable alternative to
conventional silicon-based photovoltaic cells’ because of their high conversion efficiency,
environmental friendliness, low-production cost, and easy fabrication procedure.®* ¥ 1> 176 A typical
DSSC is comprised of a nanocrystalline semiconductor (TiO,), redox mediator (I3/1"), and a counter
electrode (CE) to collect the electrons and catalyze the redox couple regeneration.'”’ Extensive
researches have been conducted in order for each component to achieve highly efficient DSSCs with a

178,179

modified TiO»,'” alternative materials, and various structures.'®"*? Usually, Pt-coated fluorine-

doped tin oxide (FTO) is used as a counter electrode owing to its superior catalytic activity.'® However,
there are researches reporting that Pt corrodes in an electrolyte containing iodide to generate PtI4.****
Besides, large solar module systems will benefit from materials that are abundantly available with high
chemical stability. Therefore, it is necessary to develop alternative materials which must be inert and
show good catalytic effect in the electrolyte.

A great deal of effort has been taken to replace the expensive Pt material with other cost effective

184-186 150, 187-189

materials such as cobalt sulfide (CoS),” titanium nitrides (TiN), and carbon derivatives.

Among these candidates, due to their low cost, abundance, and high catalytic activities with chemical
stability against I;/I" redox couples, cost effective carbon materials obtain increasing attention.'”*'%
Here, I focus on carbon black which is produced by combustion of heavy petroleum products with
high surface areas. Compared to any other forms of carbon derivatives, carbon black does not require a
delicate process to apply to counter electrodes. Note that carbon nanotubes and nanorods require
multiple operations for the synthesis and application on counter electrode substrates. In this work, I
demonstrate the properties of carbon black material with anatase TiO- in an attempt to replace the Pt

counter electrode in DSSC applications. Forty-nanometer-sized TiO, nanoparticles were tested with

various weight ratios of carbon black, and the effect was investigated by electrochemical impedance
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spectroscopy and cyclic voltammetry analysis in detail.

5.2 Experimental

Carbon black
The carbon black chunk was purchased from Sigma- Aldrich (14029-U, St. Louis, MO, USA) and
ground to make powder. Pulverized carbon black was sifted out with 80-unit mesh then annealed for 2
h at 500°C in a muffle furnace. The annealed carbon mass was ground again and passed through with
200- to 350-unit mesh for further heat treatment at 300°C for 2 h in order to remove the impurities. The
final carbon black powder size was 80 nm.
Anatase TiO2 nanocrystal synthesis
Titanium dioxide nanoparticles in anatase crystal form were synthesized by a modified Burnside
method.'** A 162-mL titanium (IV) isopropoxide (0.5 M, Sigma- Aldrich) was rapidly injected into 290
mL of distilled water (15.5 mol, J. T Baker, Avantor Performance Materials, Center Valley, PA, USA)
under stirring, and the solution was vigorously stirred for a further 10 h. Addition of titanium (IV)
isopropoxide in such an aqueous solution results in a white precipitate in the TiOx form. The resultant
colloid was filtered and washed thrice with 50 mL of deionized (DI) water. Then the filtrate was loaded
into an autoclave with 30 mL of a 0.6 M tetramethylammonium hydroxide solution to form a white
slurry. The pH of the colloidal solution after addition of the base was measured to be between 7 to
approximately 8. The solution was heated to 120°C for 6 h in order to obtain a peptization, and then the
peptized suspension was treated hydrothermally in the autoclave at a temperature range of 200, 220,
and 240°C for 4.5 h. The colloids were centrifuged at 13,000 rpm for 40 min and the precipitate was
dried for 1 day in a vacuum oven, then dissolved into the DI water (wt.% of DI water/TiO, = 20:1).
Then, a clear white color precipitate was observed.
TiO2/carbon black slurry preparation
The TiO; and carbon black (T/CB) slurry was prepared as follows: various amounts of carbon black
powder (50, 100, 200, and 500 mg) were mixed with 40nm sizes of TiO, nanoparticles in various weight
ratios (T/CB; 10:1, 5:1, 2.5:1, and 1:1). The mixture was dispersed by ultra-sonication (750 W, Sonics
& Materials, Inc, Newtown, CT, USA) for 10 min. After the ultrasonic treatment, 100 pl of Triton X-
100 (Sigma-Aldrich) was added to the mixture and further ultrasonic treatment was carried for 10 min.
Electrodes and cell fabrication
To clean a substrate, fluorine doped tin oxide substrate (Nippon Sheet Glass Co., Ltd, Pilkington TEC
Glass-TEC) were washed in a detergent solution, DI water, an ethanol-acetone mixture solution
(v/v=1/1), and 2-propanol in an ultrasonic bath for 10 min. Finally a treatment of UV-O3 for 15 min to

introduce a hydrophilic surface. Nanocrystalline TiO; paste (20 nm, ENB-Korea) was coated onto the
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cleaned FTO glasses using a doctor blading method. The TiO,-coated FTO glasses were aged at 60 °C
for 1 h and annealed at 500 °C for 1 h to create a TiO; film. After the heat treatment, the substrate was
immersed in 40 mM of an aqueous solution of TiCls at 80°C for 30 min and rinsed with DI water and
an ethanol-acetonitrile mixture solution (v/v = 1/1); this substrate were annealed again at 500°C for 1.5
h. After cooled it down, the TiO, coated substrate were immersed in 0.3mM
(BusN)2[Ru(dcbpyH)2(NCS);] (referred to as N719) dye in a mixture of acetonitrile and tert-butanol
solvent (v/v = 1/1) with 0.075mM co-adsorption of dineohexyl bis-(3,3-dimethyl-butyl)-phosphinic
acid (DINHOP) for overnight at room temperature. To prepare counter electrodes, a 10mM H,PtCls
solution in ethanol and T/CB slurry of various weight ratios were coated onto a cleaned FTO glass
separately, followed by annealing at 500°C for 1 h in a tube furnace. The working electrode and the
counter electrode were sandwiched together using a 50-um thick Surlyn (DuPont) at 100°C for 10 s.
An electrolyte containing a mixture of 0.6 M 1-hexyl-2,3-dimethyl-imidazolium iodide, 0.1 M
guanidine thiocyanate, 0.03 M iodine, and 0.5 M 4-tert-butylpyridine in acetonitrile was injected, and
final sealing completed the fabrication of the cell.

Characterization of dye-sensitized solar cell

In order to check the structure and properties of synthesized materials, X-ray diffraction (Normal XRD,
Bruker), scanning electron microscopy (FE-SEM, Nano230, FEI co.), and thermogravimetric analysis
(TGA, TA Instruments) were checked.

Photocurrent-voltage (J-V) curves of DSSCs were obtained by current-voltage characteristics
measurements under AM 1.5G light of 100 mW/cm? (Oriel, Sol3A, class AAA). The intensity of the
light was calibrated to 1 sun using a standard single crystalline Si-reference cell (PV Measurements,
Inc.). The photovoltaic performance has been characterized by the V., Js., fill factor (FF), and overall
efficiency (7) values obtained from the J-V curve. Electrochemical impedance spectroscopy (EIS) and
cyclic voltammogram (CV) were measured by electrochemical station (Solartron 1260 impedance/gain-

phase analyzer).

5.3 Result and Discussion

As commonly, hydrothermally synthesized nanocrystalline TiO, shows anatase structure with good
electrical properties and adhesion force to FTO substrate. In this work, I synthesized various TiO:
materials with various hydrothermal temperature. In order to check the structure and properties, all the
materials of synthesized TiO, was analyzed by X-ray diffraction (XRD) measurement and shown in

figure 5.1.
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Figure 5.1. X-ray diffraction (XRD) patterns of synthesized TiO, particles. Autoclave temperature of
(a) 200°C, (b) 220°C, and (c) 240°C

Table 5.1 Synthesized TiO, size difference between autoclaving temperature with 200°C, 220 °C, and
240°C.
Autoclaving temp. (°C) 200 220 240
Particle size (nm) 30~35 40~45 50~55

These XRD patterns which were synthesized with different temperature from 200°C to 240°C show
the different size of particles (see table 5.1). The peak intensity does not represent to the crystallites.
These XRD patterns are perfectly matched to the anatase structured TiO, XRD peak and the rutile TiO;
peak was not observed.

Burnside et al. reported that the different size of TiO, shows different electrical properties and surface
statement'*. Even though the smaller particle has the better electrical properties than bigger particle,

modification of thickness and maintaining high porosity condition is difficult. However, larger TiO,
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particle can easily organize stable and thick porous structure, less electrical properties it has. For this
reason, I choose the size of 40nm particles for this experiment.

Figure 5.2 (a) represents surface morphologies of the grinded carbon black and the (b) synthesized
TiO; nanoparticles. The sizes of these materials are 75 and 40 nm, respectively. The synthesized TiO,
particles can easily be attached onto the substrate at 40nm size, and carbon black has a lot of active sites
for catalysis with high porosity at approximately 75nm size. I introduced the mixture of both materials

as a counter electrode.

Figure 5.2 FE-SEM image of the (a) carbon black powder and (b) hydrothermally synthesized TiO»

nanoparticles.

A thermogravimetric analysis (TGA) of carbon black under air and argon atmosphere are shown in
figure 5.3. Until the temperature reaches at 350°C, weight of those samples show a very similar decrease
for both atmosphere, which indicates that any organic residue on the surface evaporates. However, after
the temperature of 350°C, passively due to the combustion, the carbon black in air condition showed
drastic weight loss. Contrastively, in the argon atmosphere sample showed no noticeable weight loss
until approximately 650°C. To avoid degradation, the temperature of thermal process was set at 500°C
and an argon atmosphere was used and to remove all residues in the carbon black and improve the

contact of TiO;.
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Figure 5.3 TGA in air and argon with the carbon black at a heating rate of 10°C/min.

For the counter electrode, the ratios of T/CB slurry were varied from 10:1, 5:1, and 2.5:1 and 1:1
weight ratio. Figure 5.4 and table 5.2 show the J-V curves for each ratio of T/CB counter electrode and
the performance of these cells respectively. The reference Pt counter electrode cell shows 7.7%
efficiency (1) with a 69.3% fill factor (FF), and the 5:1 ratio sample shows similar efficiency (7.4%)
with a comparable FF (67.4%) and short-circuit current (Ji) (15.5 mA/cm?). T/CB slurry counter
electrode samples show similar open-circuit potential (¥,.) and FF, but the J,. are much lower than the
Pt or 5:1 ratio cases. When the amount of carbon black is low (10:1 ratio), the adhesion of T/CB slurry
to the FTO is better. However, reduction of triiodide is not active due to the low surface area available
for Is” reduction and it shows slightly lower J;. than the 5:1 ratio sample. A large amount of carbon black

(2.5:1, 1:1 ratios) has enough surface area of reduction, but the poor adhesion of FTO and carbon black

makes it difficult to get high efficiency.** > 1%
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Figure 5.4 Photocurrent-voltage curves of the devices.

Table 5.2 Photovoltaic performance of Pt and TiO»/carbon black composites as counter electrode

Composite Jse (mA/cm?) Voe (V) FF (%) Eff (%)
Pt 15.5 0.73 69.3 7.7
T/CB (1:1) 12.6 0.66 61.3 5.1
T/CB (2.5:1) 13.5 0.69 68.7 6.5
T/CB (5:1) 15.5 0.71 67.4 7.4
T/CB (10:1) 14.1 0.71 64.6 6.6

To examine the interfacial electrochemical properties with ratios of T/CB, electrochemical impedance
spectroscopies (EIS) of a symmetrical cell were analyzed. The Nyquist plots of symmetric cells with
T/CB slurry ratios of 1:1, 2.5:1, 5:1, 10:1, and a conventional Pt-coated counter electrode are shown in
figure 5.5. The first semicircle of the Pt-coated electrodes appears at 100,000 to approximately 100 Hz
with only one spectrum of Pt electrode / electrolyte interface. Under 100 Hz, due to the electrolyte
diffusion, Warburg impedance was obtained in the symmetric cell. For the T/CB counter electrodes,
impedance spectra exhibit three separated semicircles, which correspond to resistances at the counter
electrode/electrolyte interface Re, the TiOa/carbon black interface, and the electrolyte diffusion Z,.'*

The amount of carbon content is directly related to the R value in turn of the number of catalytic sites.
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On this account, the higher amount of carbon content should lead to the lower R value.

Due to many catalytic sites for the reduction reaction, the R value of T/CB = 5:1 composite shows
lower than the T/CB = 10:1. The composites T/CB = 2.5:1 and T/CB = 1:1 have even more amount of
carbon content than the other two composites (T/CB = 10:1 and T/CB = 5:1 ratios), however, it showed
higher R value than the T/CB = 5:1 due to their poor interconnection between TiO, and CB as well as
the poor adherence property with the FTO surface. At the EIS, the electrolyte diffusion semicircle has
a similar shape for all the T/CB composite cells because the diffusion in the electrolyte is unchangeable

with the catalytic activity of the counter electrodes.
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Figure 5.5 Nyquist plot of Pt reference cell and four different ratios of T/CB symmetrical cells.

To further elucidate the electrochemical properties, the best-performing counter electrode cell (T/CB
=5:1) were investigated by a 3 electrodes cyclic voltammetry (CV) test with a scan rate of 50 mV/s. At
the 3 electrodes system, the best performed T/CB composite electrode, Pt gauze and Ag/AgCl reference
electrode were used as working, counter, and reference electrode respectively. As shown in figure 5.6,
the counter electrodes based on the Pt and best-performing T/CB composites show similar shapes in
terms of redox peak position. In the CV data, two pairs of redox peaks were obtained. The positive side,
known as anodic, refers to the oxidation of iodide and triiodide, and the negative (cathodic) side refers
to the reduction of triiodide. The reduction/oxidation peaks for the Pt and the T/CB composites are
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shown at —0.224 V/ 0.163 V and —0.394 V/0.333 'V, respectively. Due to the R between carbon black
and electrolyte, the small degree of shift could be occurred. However, the T/CB composites exhibited
comparable current density with the Pt electrode, and it indicates that the T/CB composites have higher

intrinsic catalytic activity for redox reaction of iodide ions.
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Figure 5.6 Cyclic voltammograms of Pt reference cell and optimized T/CB cell.

Finally, it should be noted that a key advance in this study is the integration of high-quality DSSC
counter electrode device design for the reduction of triiodide in the DSSC system.

By using many techniques such as photocurrent-voltage analysis, CV, and EIS, I could confirm the
excellent catalytic activities of the synthesized and optimized TiO»/carbon black composites, which are

comparable to that of the Pt counter electrode.

5.4 Conclusion

In summary, I have been successfully made a cost effective counter electrode with carbon black.
Different weight ratios of carbon black containing TiO, composites have been tested as the counter
electrode material in order to analyze the catalytic performance of triiodide reduction reaction and
finally, composites made of carbon black with hydrothermally synthesized 40-nm TiO, nanoparticles
were used as catalyst of counter electrode.
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The best performed condition at a ratio of TiO, and carbon black = 5:1 showed the overall efficiency
of 7.4% while the well-known Pt counter electrode at the same condition shows 7.7% efficiency. The
fill factors found to be around 68% which were strongly dependent on the loading amount of the carbon
black powder. The fill factors were strongly dependent on the loading of the carbon black powder and
found to be around 68%. Interfacial charge transfer and mass transport were characterized by cyclic
voltammetry and electrochemical impedance spectroscopy. This technique of synthesizing
nanostructures for high surface area along with optimum carbon black loading afforded an effective and
simple way to replace the Pt-based counter electrode for DSSC. Overall, the TiO,/carbon black-based
DSSC showed excellent cell efficiency that rivals cells with a Pt-based CE and exhibited remarkable
electro catalytic activity. This work provides an intriguing way of structurally designing a low-cost, Pt-

free, high-performance CE material for DSSCs.
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Chapter 6. Cost-effective counter electrode of dye sensitized solar cells with

carbon-coated silicon nanowires

This chapter submitted to ACS journal

6.1 Background and introduction

In this experiment, I present a unique process for fabricating carbon-covered silicon nanowires by
chemical vapor deposition. Moreover, this study describes a systematic approach of carbon deposited
silicon nanowire with respect to the loading amount in order to optimize the catalytic ability of tri iodide
reduction for dye-sensitized solar cells. In order to replace the expensive Pt material with other cost
effective counter electrode materials, vertically aligned silicon nanowire and deposited carbon was used.
Changes in the electrical and morphological properties of the substrates have been studied using
scanning electron microscopy, transmission electron microscopy, and Raman spectrometer. In particular,
by using a cost effective counter electrode which was made by vertically aligned silicon nanowire and
carbon catalyst, | obtained an energy conversion efficiency of 9.22% with a 5 minute carbon deposition
Silicon nanowire sample. Electrochemical impedance spectroscopy and cyclic voltammetry studies

were characterized.

6.2 Experimental

Fabrication of silicon nanowires

Commercially available (100) n-Si wafer was used as a starting material. The Si wafer were cut into
1.5 x 1.5 cm?size. In order to clean the substrate, Si wafer was washed with in an ultrasonic bath for 10
in using an ethanol, acetone, and 2-propanol sequentially. A treatment of UV-O; was administered for
the duration of 20 mins. Cleaned Si substrate were immersed into the etching solution which contains
5M of HF, and 0.02M of AgNOs for 30 mins. After the etching process, Ag dendrite-covered Si
substrate were rinsed with de-ionized water and diluted HNO;3 (30wt %) for 30mins. The nanowired-Si

substrate were dried with N, gas at room temperature.
Deposition of carbon shell onto silicon nanowire

A nanowire-arrayed Si substrate were placed at the center of tubular CVD chamber. Once the

temperature reached about 1075°C, a mixture gas of H, and CH4 were introduced into the reactor with
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a flow rate of 100 standard cc per minute (sccm).
Characterization of silicon nanowires and carbon coated-silicon nanowires

The silicon nanowires and carbon coated-silicon nanowires were characterized by scanning electron
microscopy (SEM, Hitachi S-4300), transmission electron microscopy (TEM, JEOL, JEM-2100F), and
Raman spectrometer (LabRam, ARAMIS IR2) with a 532 nm diode laser was used to characterize

the quality of carbon shell on silicon nanowires.
DSSC fabrication

To clean a substrate, fluorine doped tin oxide substrate (Nippon Sheet Glass Co., Ltd, Pilkington
TEC Glass-TEC) were washed in a detergent solution, DI water, an ethanol-acetone mixture solution
(v/v=1/1), and 2-propanol in an ultrasonic bath for 10 min. Finally a treatment of UV-O; for 15 min.
Nanocrystalline TiO; paste (20 nm, ENB-Korea) was coated onto the cleaned FTO glasses using a
doctor blading method. The TiO,-coated FTO glasses were aged at 60 °C for 1 h and annealed at 500
°C for 1 h to create a TiO; film. After the heat treatment, TiO, coated substrate were immersed in
0.3mM (BusN)2[Ru(dcbpyH)>(NCS);] (referred to as N719) dye in a mixture of acetonitrile and tert-
butanol solvent (v/v = 1/1) with 0.075mM co-adsorption of dineohexyl bis-(3,3-dimethyl-butyl)-
phosphinic acid (DINHOP) for overnight at room temperature.

To prepare a Pt counter electrode of DSSC, 10 M H,PtCls solution in 2-propanol was coated onto a
clean FTO glass and this was annealed at 450 °C for 30 min. To prepare a carbon coated-silicon
nanowires as counter electrode of DSSC, the as-prepared samples were used as it is. A 50 um-thick
Surlyn film (DuPont) was placed over the prepared dye-coated TiO, electrode and the counter
electrode was subsequently placed. By pressing the electrodes at 100°C for 3 sec, sealing of the cell
was achieved. The electrolyte solution containing a mixture of 0.1 M guanidine thiocyanate, 0.5 M 4-
tert-butylpyridine, 0.6 M 1-hexyl-2,3-dimethylimidazolium iodide, and 0.03 M iodine in acetonitrile
was introduced into the system, and a final sealing completed the fabrication of the cell.

Characterization of dye-sensitized solar cell

Photocurrent-voltage (J-V) curves of DSSCs were obtained by current-voltage characteristics
measurements under AM 1.5G light of 100 mW/cm? (ABET Technology, LS 150 simulator). The
intensity of the light was calibrated to 1 sun using a standard single crystalline Si-reference cell (PV
Measurements, Inc.). The photovoltaic performance has been characterized by the V., Ji., fill factor
(FF), and overall efficiency (1) values obtained from the J-V curve. Electrochemical impedance
spectroscopy (EIS) and cyclic voltammogram (CV) were measured using a symmetrical structured cell

by electrochemical station (Bio-Logic science instruments, VSP, CLB-2000).
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6.3 Result and discussion

A schematic representation of silicon nanowire (Si-NW) and carbon coated silicon nanowire (C-Si-
NW) fabricatin method is presented in figure 6.1. By using simple wet etching process, cleaned Si
substrate could get a nanowire structure on the surface. Following the electroless metal deposition
(EMD), cleaned Si wafer were dipped into the etching solution of diluted GF and AgNOs. After the
etching process, excessed Ag dendrite was removed by diluted HNOs. In order to coat the carbon at the

surface, chemical vapor deposition (CVD) process at 1075°C was performed with desired reaction time.

D
Wafer clean Ag deposition

—l

CvD
—p
Etching CHa/H,
Si nanowire Carbon coated Si-NWs

Scheme 6.1. Schematic diagram of silicon nanowire fabrication and carbon shell deposition.

The surface morphologies of the as prepared Si-NW sample’s (without carbon deposition) cross-
sectional view (a), upper-view (b), carbon deposited Si-NW sample’s cross-sectional view (c), and

upper-view (d) were represented in figure 6.1. In the as prepares Si-NW, the length and diameter were
ca. 17 pm and in the range of 220 — 500 nm, respectively. (see figure 6.2 (a) and (b)) However,

compared to the as prepared Si-NW, the carbon coated Si-NW showed smoothen edges in figure 6.3 (c)
and (d) which stand for the carbon shells were successfully deposited on the surfaces of the Si-NWs.
At the upper-view, the tips of NWs were congregated in both samples, which is due to the mutual
attraction between dangling bonds and electrostatic charges present on the surfaces of the silicon

nanowires.
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Figure 6.2. SEM images of vertically aligned as-prepared silicon nanowires cross-sectional (a), upper

view (b), carbon coated-silicon nanowires cross-sectional view (c) and upper view (d) respectively.

Figure 6.3 shows the TEM images of carbon coated Si-NW with the deposition time of 1min, 3min,
Smin, 7min, 11min and as-prepared Si-NW. At the 6.3 (a), as-prepared Si-NW does not show any carbon
layer on the Si surface, however, figure 6.3 (b) — (f) represented the samples with deposition time of 1,
3, 5,7, and 11 min respectively and it shows a gradually increasing tendency of amount of carbon with

the deposition time scale.
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Figure 6.3. Low magnification TEM image of a silicon nanowire (a), HRTEM images of carbon shells
deposited on silicon nanowire surface under different reaction times: 1, 3, 5, 7, and 11 min, respectively

(b-f). The inter-distance of the carbon shell is about 0.34 nm.

The quality of the carbon shell and the degree of the defects were further investigated by Raman
spectroscopy examining the intensities and ratios (/p//¢) among the D and G peaks in figure 6.4. The
Raman spectra of all the samples were measured in the range of 400 — 2000 cm™ using an excitation of

532 nm diode laser. A peak at around 520 cm™ originates from the Si-Si vibrational mode, and peaks at
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around 1350 and 1600 cm™ correspond to the disordered band (D band) and graphitic band (G band)
from the carbon shell, respectively. As the reaction time increases, the relative intensity of the D and G
peaks increases with respect to the silicon peak. The /p/I ratio obtained from the 1 min reacted sample
is lowest (1.2), beyond which it is almost constant (1.4 ~ 1.5). The relatively low /p/Ig ratio of the 1min
reacted sample is probably originated from the thinner carbon shell than the others. The peak position

and their /p/I; ratios are summarized in Table 6.1.

——1min
D 3m!n
= —— 5min n
c :
- ——7min ﬂ G
o ——11min
| -
©
N
>
=
n
c
Q
e
E
sty - 1 , | - T
500 1000 1500 2000

Raman Shift(cm™)

Figure 6.4. (a) Cross sectional compositional line profile of carbon coated-silicon nanowire in STEM
and (b) Raman spectra of the carbon coated-silicon nanowires obtained under different reaction times.

D and G peaks of the carbon shells were plotted with respect to the silicon peak (inset).

Table 6.1. Peak Position of the G and D bands and their ID/IG Ratios

D band (cm™) G band (cm™) Io/lc
Imin 1344 1600 1.2
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3min 1344 1600 1.5

Smin 1343 1600 1.5
7min 1346 1600 1.5
1 1min 1345 1600 1.4

In order to study the electrocatalytic performance for the reduction of I37/I" at the interface of counter
electrode, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analysis were
checked with the symmetric cell.

To elucidate the electrochemical properties, an EIS were employed which was performed in an open
circuit voltage condition. Figure 6.5 shows the Nyquist plot of symmetrical cells with deposition time
of 1min, 3min, Smin, 7min, 11min and a conventional Pt coated counter electrode. The first semicircle
at the high frequency is ascribed to the charge transfer at the interface between the counter electrodes
and electrolyte, and the second semicircle at the low frequency is associated mainly to the Nernst
diffusion of I3” within the electrolyte. At the counter electrode, the charge transfer resistance (R.,) value
is directly related to the number of catalytic site. For this reason, 1 minute carbon deposited sample
showed the highest internal resistance due to the small amount of catalytic carbon deposition as can be
seen in figure 6.5 (a). In accordance with the deposition time, surface area of carbon coated silicon
nanowire was gradually increased. Since the higher carbon contents could provide more catalytic site
for the reduction of I3°, and we also observed that the R.; value of Sminute deposited sample has the
lowest among the other carbon coated silicon nanowire electrodes. The samples of 9 and 11 minute
have even longer time of carbon deposition, however, the electro catalytic effect was decreased with
over-reaction and could not get smaller R. values than 5 minute deposition. The low frequency
semicircle which was related with electrolyte diffusion has a similar shape for all the cells because the

diffusion in the electrolyte is invariant with the catalytic activity of the electrodes. (see figure 6.5 (b)).
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Figure 6.5. Nyquist plot of the electrochemical impedance spectroscopy with symmetrical counter

electrodes (a) and zoomed view of Nyquist plot with well performed counter electrodes.

To further interpret the electrochemical properties, a CV analysis were employed. Figure 6.6 represents
electrochemical behavior of symmetric cells of Pt and carbon deposited silicon nanowire samples with
a scan rate of 100mV/s. All the counter electrodes except of those with 1min carbon deposition sample
show proper catalytic effect for I3 reduction. Even though the Pt coated symmetrical cell shows the
highest current density, 3 to 11min carbon deposited silicon nanowire samples show comparable current
density and catalytic effect. Moreover, the catalytic reaction were occurred faster than Pt and the slope

is steeper. Current density saturation of carbon deposited silicon nanowire samples can be seen within
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-0.2 to 0.2V while the Pt coated electrode shows at -0.5 to 0.5V. Furthermore, among the carbon
deposited silicon nanowire samples, 5 minute carbon deposited sample shows the best current density

and this result was well matched with the EIS analysis.
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Figure 6.6. Cyclic voltammogram of symmetrical cell with Pt coated and carbon deposited silicon

nanowire counter electrodes; scan rate 100mV/s.

The J-V curves of each counter electrode are shown in figure 6.7 and the photovoltaic performance of
these cell were listed in table 6.2. The Pt coated reference cell shows Ji. of 17.96 mA/cm?, V,. of 0.81
V, FF of 67.03 with efficiency of 9.75%. As can be seen from CV analysis, due to the low current
density of carbon deposited samples, the J,. value of Sminute carbon deposited silicon nanowire sample
shows lower current density than Pt coated cell with 16.91 mA/cm®. However, other parameters show
Ve 0£0.802V and FF of 67.89%. These values were quite comparable with Pt coated sample and finally

the conversion efficiency of 5 minute carbon deposited silicon nanowire sample was 9.22%.
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Figure 6.7. Photocurrent-voltage curves of the devices.

Table 6.2. Photovoltaic performance of the Pt and carbon deposited silicon nanowire counter electrodes.

Counter electrodes  Jsc (mA/cm?) Voc (V) FF (%) Eff (%)
Pt (Reference) 17.96 0.810 67.03 9.75
Imin 14.60 0.778 50.27 5.71
3min 16.02 0.777 66.12 8.23
Smin 16.91 0.802 67.98 9.22
7min 15.54 0.818 68.66 8.73
11min 15.60 0.804 68.01 8.53

6.4 Conclusion

In summary, I have been successfully made a cost effective counter electrode with carbon deposited
silicon nanowire. Different deposition time of carbon have been tested as the counter electrode material.
In order to analyze the catalytic performance of triiodide reduction reaction, electrochemical and cyclic
voltammetry were checked and finally, the best performed condition at a deposition time of 5 minute
sample showed the overall efficiency of 9.22% while the well-known Pt counter electrode at the same
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condition shows 9.75% efficiency. Overall, the carbon deposited silicon nanowire DSSC showed
excellent cell efficiency that rivals cells with a Pt-based CE and exhibited remarkable electrocatalytic

activity.
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Chapter 7. Quasi-solid state electrolytes with silica nanomaterial for high

efficiency dye-sensitized solar cells

This chapter reproduced with permission from J. Lim, et al, Rapid Communication in Photoscience,

2013, 2, 3, 85, Copyright 2014 Korean Society of Photoscience.

7.1 Background and introduction

A silica nanoparticles were synthesized with various silane coupling agents to make specific pathway
of electrons and anti-recombination system by solidifying liquid electrolytes. In this study, we used an
appropriate method of synthesis for activated silica nanoparticles and silane coupling agents with 3-
(triethoxysilyl)propionitrile, Trimethoxy[3-(methylamino)propyl]silane, Triethoxyoctylsilane, and
octadecyltrimethoxy silane. Dye-sensitized solar cells using solidified electrolytes with silica
nanoparticles exhibit comparatively excellent efficiency, ranging from 2.3 to 7.0% under similar

conditions

7.2 Result and discussion

For the past two decades, dye-sensitized solar cells (DSSCs) have been intensively studied because of
their advantages such as low production cost, high conversion efficiency, environmental friendliness,
and easy fabrication procedure. > 6150134 176.197 A tyical DSSC is comprised of TiO, working electrode
with dye molecules on transparent conductive oxide (TCO) glass, platinum coated counter electrode,
and a liquid electrolytes with redox couple (Is/I") between the electrodes.'”® ' However, some of
problems caused by these liquid electrolytes such as leakage, volatilization limit, long-term
performance and practical use of these DSSCs. To solve these problems, many attempts have been made
to replace the liquid electrolytes with gel or quasi-solid type. 2%*** At this point of view, we adopted an
activated silica nanoparticles with various silane groups to solidifying a liquid electrolytes and to
enhance the stability of the solar cells by creating a pathway for ion transportation and prevent electron
recombination at the interfaces. Figure 7.1 represents the synthetic route and molecular scheme of silica

nanoparticles.
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Figure 7.1 Scheme of synthetic route for silica nanomaterials (a) and process table (b).

Using acidic solution (10% v/v HCIl), 12nm primary sized silica nanoparticles (Aerosil 200, Evonic)
were activated by stirring 2h at room temperature. The activated silica was dried under vacuum and
cleaned with DI water until the pH of wet-gel shows 4~5. 40ml of ethanol was used as solvent for wet-
gel with 42mmol of silane coupling agents by drop-wise addition. The solution becomes a visible gel
after stirring and was dried under vacuum. Unreacted alkoxysilane molecules were removed by
chloroform. At the surface of silica which achieved silanol groups (-OH) under vacuum dry, various
silane coupling agents were grafted with O-Si-O covalent bond in condition of specific chain which
was used as precursor. Before the gelation of electrolyte, an liquid electrolyte solution was prepared
containing a mixture of 0.6 M 1-hexyl-2,3-dimethyl-imidazolium iodide, 0.1 M Guanidine thiocyanate,
0.03 M iodine, and 0.5 M 4-tert-butylpyridine in acetonitrile was introduced into the system. By adding
synthesized silica nanoparticles into liquid electrolytes, the solution becomes a visible quasi-solid state
and can get the solidified electrolyte. Used silane coupling agents with their chemical structures are

listed in table 7.1 and the picture of electrolytes is shown in figure 7.2.
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Table 7.1 Silane reagent with their chemical structure.

No. Silane reagent Chemical structure
1 Reference Liquid electrolyte
2 None-reagent Quasi-solid state electrolyte
(Silica only)
3 3-(triethoxysilyl)propionitrile ”“"\s =
(S EL 1) \\/0/ \Ja
i Y,
4 Trimethoxy][3- \o\
|/\/\N/
(methylamino)propyl]silane o\ H
s}
(Si_EL?2) /
. . _‘\\
5 Triethoxyoctylsilane . °\&W
(Si_EL 3) N
)
6 octadecyltrimethoxy silane i “’°\._s,.,\v_,-\_\__,\v/,\,\_/\v/.\_,_,-\_v,ﬁ.\
(Si_EL 4)

Figure 7.2 Liquid electrolyte and silica-added gel type electrolytes.

In order to prepare electrodes, nanocrystalline TiO, was coated onto the cleaned FTO glasses using a

doctor blade and annealed at 500°C for 1.5h, then the substrate was immersed in dye solution for 24h.

To prepare counter electrodes, H,PtClg solution in ethanol were coated onto a cleaned FTO glass with
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a drop-wise coating and followed by annealing at 450°C. To introduce a liquid electrolytes into the

system, a Surlyn film (DuPont) was placed in between the two electrodes to form a sandwich structure
and liquid electrolyte were injected through a hole using a vacuum pump. The synthesized quasi-solid
state electrolytes (Si_EL) were placed in the middle of the photoanode and both electrodes pressed
together with clips. The fabricated DSSCs were kept at room temperature and characterized after 24h.
The cells with Si_ELs show an efficiency of 7.7%, 5.3%, 7.0%, 6.7%, 2.3%, and 4.9% respectively as

shown in figure 7.3 and their parameters are listed in table 7.2.
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Figure 7.3 Photocurrent-voltage curves of the liquid electrolyte and silica electrolytes.

Table 7.2 Photovoltaic performance of the liquid electrolyte and silica electrolytes.

Electrolytes Voc Jsc FF Eff
V) (mA/cm?) (%) (%)

Reference 0.71 16.7 64.6 7.7
(Silica only) 0.75 15.6 45.7 53
Si EL 1 0.75 15.9 58.7 7.0
Si EL 2 0.73 17.5 52.8 6.7
Si_ EL3 0.74 10.0 30.7 23
Si_ EL 4 0.71 11.5 59.6 4.9

Figure 7.3 and table 7.2 show the corresponding current-voltage characteristics for liquid and various
Si_EL under AM 1.5 irradiation. At 1 sun illumination, the open circuit voltage (V,.) of 0.71V and short
circuit current (Ji.) of 16.7mA/cm* were measured for the cell which prepared with liquid electrolyte.
As reported in table 7.2, the gelled electrolyte by modified silica was surprisingly found that the
photovoltaic of V,. properties were improved. Despite a high V. value, the low J;. and FF is an obstacle
to get high efficiency. To overcome these double edges, increasing Jy. with similar FF is necessary for
the quasi-solid state electrolytes cells. As shown in figure 7.3, even though the gelled electrolytes
without a reagent could get higher V., internal series resistance was increased by silica nanoparticles
and the FF was dramatically decreased with 45.7%. At the modified silica, Si_ EL 1 and Si_EL 2 have
shown the comparatively high efficiency of 7.0% and 6.7% with the quasi-solid state electrolytes. The
functional groups of silane reagents of 3-(triethoxysilyl)propionitrile and Trimethoxy[3-
(methylamino)propyl]silane could attached the vacancy of TiO2 surfaces where is not covered with dye
molecules. These functional groups increased the electron density of TiO, surface and the electron
recombination could be prevented from TiO; to electrolyte. In case of the Si_EL 2, by blocking the
recombination, quasi-solid state electrolyte can reducing the electron leakage and J;. can be increased
with efficiency of 6.7%. However, the performance of DSSCs with the Si_EL4 and Si_ELS electrolytes
shown efficiency of 2.3% and 4.9% caused by long chain length of silane group which does not attached
at the vacancy of TiO, surfaces and act as obstacle of electron transfer. The viscosity of gel electrolyte
could not improve the photovoltaic properties. The solidified electrolytes can increase the stability of

the cells by prevent the leakage, however, they could not improve other photovoltaic properties. Be so
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much the worse it reduced the speed of electrons diffusion, the gelled electrolyte usually shown the low
Jse and FF than that of the liquid electrolyte. At this study, we have successfully synthesized the quasi-
solid state electrolytes with various silane agents with proper chain length, which could increase the
electron density and prevent the electron recombination by attachment with the TiO, surface. The
difference of viscosity is almost the same at all the samples, and the only difference among those are

the silane reagent.

7.3 Conclusion

In conclusion, we have successfully fabricated dye-sensitized solar cells with various quasi-solid state
electrolytes. The simple method of solidifying electrolytes with different silane reagent-assisted silica
nanoparticles were tested and well performed cells yield 7.0 and 6.7% efficiency at AM 1.5 condition
with increased V,. and Ji. The aspect of FF requires further investigation but these result is very
encouraging. Besides, the quasi-solid state electrolyte improved the cell stability with I'/I3” redox couple

and they will enable the fabrication of flexible, compact, laminated all solid-state devices free of leakage.
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Chapter 8. Polymer hole transport materials for recombination in

perovskite-sensitizer solar cell

8.1 Research overview

Inorganic-organic mesoscopic solar cells become a promising alternative to conventional solar cells.
we describes a CH3NH3Pbls perovskite sensitized solid state solar cells with the use of different polymer
hole transport materials such as 2,2°,7,7 -tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’-
spirobifluorene (spiro-OMeTAD), poly(3-hexylthiophene-2,5-diyl) (P3HT), and Poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7). The device made of spiro-OMeTAD based
hole transport layer showed a highest efficiency of 6.9 %. Interestingly, PTB7 polymer which is believed
as an electron donor material showed a dominant hole transport behavior in perovskite solar cell. A 200
nm thin layer of PTB7 showed comparatively good efficiency (5.5%) value to the conventional spiro-

OMEeTAD based device

8.2 Background and introduction

Thin film solar cells or solid state solar cells are a promising technology of energy conversion devices.
Although highly efficient solar cells have already been commercialized based on silicon and
semiconductor, the cost of materials and fabrication processes are still expensive. The semiconductor
materials and fabrication processes of highly efficient solar cells are relies on vacuum deposition or/and

thermal treatment, potentially increase the manufacturing cost and decrease the productivity. The third

5, 16, 150, 154, 204 205-208

generation solar cells such as dye-sensitized solar cells, quantum dot solar cells, and

organic solar cells*”2!?

are encouraged with various structure and material applications. However, the
theoretical maximum efficiency performances were far above with those of solar cells due to the energy
losses or low dielectric.”’® Recently, a new solution processable perovskite materials based on
organolead trihalide (CH3NH3Pbls) have been developed with very high efficiency in hybrid solid-state
solar cells.?'* Using well-oriented organolead trihalide perovskite as the light absorber, scaffold layer
of nanoporous titanium dioxide (TiO,) or aluminum oxide (Al,O3) can be coated through a simple
solution process.”'*?'® Some work focusing on a mixed halide (CH;NH;Pbl;Cly) perovskite with

alumina scaffold layer, they found the fast electron transport.*'®

Eperon et al. has reported on PCE of
11.4 % using the morphology controlled perovskite photoactive layer.”!” Carnie et al. simplifying a
fabrication process of photoactive layer and achieving power conversion efficiency (PCE) of
7.16 %.2'® Heo et al. reported PCE of 12 % by replacing the hole transport materials from spiro-

81



OMeTAD to polytriarylamine (PTAA) polymer’"® and other researchers are represent two step
deposition of perovskite materials for uniformly coated layer.”*”?*' The one of essential qualification
for high efficiency of solar cells is a balance of series and shunt resistance. However, because of the
high conductivity of perovskite materials, demanding a thick layer of HTM to evade the imbalance or
pinhole effect. ***?2* Due to these drawback, even though a most HTMs are less conductivity, thick
layer of HTM was necessary with high series resistance. Herein, I present a combined organic hybrid
solar cells using different HTMs with a fluorine doped tin oxide glass as the substrate, a synthesized
CH3;NH3Pbls perovskite as an electron donor, tested polymers with 2,2°,7,7’-tetrakis-(N,N-di-p-
methoxyphenyl-amine)-9,9’-spirobifluorene  (spiro-OMeTAD),  poly(3-hexylthiophene-2,5-diyl)
(P3HT), and Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]Jthiophenediyl]] (PTB7) as hole transport materials, and a sputtered
gold grid as the electrode. A complete cell with spiro-OMeTAD shows J,. of 13.9 mA/cm?, V,. of 0.82
V, FF of 60.2 with efficiency (1) of 6.9%. Another best performed PTB7 cells shows Jy., Ve, FF, and 1
values of 12.6mA/cm?, 0.72V, 60.4 and 5.5% respectively.

8.3 Experimental

Perovskite materials
The methylammonium perovskite material (CH3NH3Pbls) was synthesized as follow: A hydroiodic

acid (30ml, 57wt. % in water, Aldrich) was mixed with methylamine (27.8ml, 0.273mol, 40% in

methanol, TCI) at 0°C ice bath by stirring for 2 h. After stirr, the resulting solution was evaporated in

vacuum oven and synthesized materials (CH3NH3I) were produced. The synthesized chemical was
washed with diethyl ether three times and dried under vacuum for using without further purification; a
white color powder was formed indicating successful synthesized. To prepare (CH3:NH3)Pbls, the 1:1

molar ratio of Methylammonium iodide and lead(II) iodide was dissolved in anhydrous y-butyrolactone

at 60°C for overnight with stirring.

Solar cell fabrication
Fluorine doped tin oxide glasses (Pilkington, TEC-8, 8€Q/sq) were washed with a detergent solution
and then cleaned in an ultrasonic bath for 5 min using an ethanol-acetone solution (v/v = 1/1) and 2-
propanol, in turn, and then underwent an oxygen plasma treatment was administered for the duration of
15min. A thin layer of dense TiO, blocking layer was formed through the RF sputter with 600A of
thickness. The mesoporous TiO; layer was introduced by spin coating (4500rpm, 40sec) by diluted TiO;

paste (CCIC 18NT) terpineol and the layer was annealed in air at 500°C for 1 h. The cooled TiO; films
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were coated with perovskite by spin coater at 2500rpm for 40 seconds and annealed at 100°C for 20min.

For the hole transport, different hole transport materials (HTM) coated onto TiO, films using spin coater
at 2500 rpm for 40 sec. To fabricate the counter electrode, 70nm Au electrode was deposited onto the
cell by thermal evaporation.

Composition of HTM

The composition of HTM was 170mM 2,2°,7,7’-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’-
spirobifluorene (spiro-OMeTAD, Merk), 198mM 4-tert-butylpyridine (TBP, 96%, Aldrich) and 64mM
bis(trifluoromethane) sulfonimide lithium salt (LiTFSI, 99.95%, Aldrich) in a mixture solvent of
chlorobenzene and acetonitrile (1/0.1=v/v). 13 mg/ml solution of P3HT (Aldrich) were prepared in
chlorobenzene. PTB7 (1-materials) solution was 12 mg/ml in clorobenzene.

Characterization

The active area of the cell was measured by optical microscope (Olympus) and the thickness of
mesoporous TiO, layer was checked by surface profilermeter (P-6, KLA-Tencor). The photovoltaic
properties of the cells were measured using a Keithley 2400 digital source meter under the irradiation
of a solar simulator (AM 1.5G, 100mW/cm2, Sol3A, class AAA, Oriel) as a light source, which was
calibrated by a certified standard reference cell (PV Measurement, Inc.). The performance has been
characterized by the V., Js., fill factor and overall efficiency obtained from J-V curve. The incident
photon to current conversion efficiency spectra were measured using a PV measurement (PV
measurement, Inc, QEX7 series) and cross-sectional morphology of the solid state solar cell were

checked by a field-emission scanning electron microscopy (FE-SEM, Nano230, FEI co.).

8.4 Result and Discussion

Here, I report a new bilayer heterojunction with organic-inorganic materials onto the nanoporous TiO»
architecture. The surface-decorated metal halide perovskite materials with the formula of
(CoaH2ntINH3)MX ( M=Pb ;X=I, Br, CI ) were infiltrated within a TiO,, act as function of the light
absorber, and various organic materials of which function as the p-type hole transport materials (HTM).

Figure 8.1a shows the X-ray diffraction (XRD) peak of the crystalline structure of synthesized
perovskite materials, taken from the powder, shows 6 sharp reflections peaks and the peaks were well
matched with the previously published result with (110), (112), (230), (310), (224), and (314) crystal
planes of the tetragonal perovskite etructure. The inset of figure 8.1a shows a (CyHan+1NH3)MX
structure of tetragonal perovskite material. I also prepared the perovskite film for the UV-vis
spectroscopy. At the UV-vis spectra, the film was absorbs widely from visible until near infrared in

figure 8.1b. For the maximum energy harvesting of solar cells, expand spectral response of the light
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absorber could be the proper way and the expanded absorbance over the entire range of visible spectrum

indicated the formation of CH;NH;Pbls.
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Figure 8.1 (a) X-ray diffraction of CH3:NH;Pbl; perovskite materials prepared as powder form and
inset shows tetragonal structure of materials. (b) UV-visible spectrum prepared from ¥-butyrolactone

(GBL) and dimethylformamide (DMF).
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Because of the high conductivity of perovskite materials, thick layer of HTM should be required to
prevent pinhole effect. However, thick layer of HTM could cause high series resistance and interfere
high efficiencies of full cell. Figure 8.2a shows schematic structure of tested organic materials as hole
transport layer : 2,2°,7,7-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’-spirobifluorene (spiro-
OMeTAD), poly(3-hexylthiophene-2,5-diyl) (P3HT), and Poly[[4,8-bis[(2-ethylhexyl)oxy]benzol[1,2-
b:4,5-b'|dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[ 3,4-b]thiophenediyl]] (PTB7)
and as previously reported electronic properties are summarized in table 8.1. The energy diagrams of
each components are shown in figure 8.2b with the HTM materials. As previously reported, spiro-
OMeTAD was widely used as hole conductor in CH3NH;3Pbl; sensitizer solar cells while P3HT and
PTB7 were used as electron donor and/or hole conductor in organic solar cells. Notably, even though
the P3HT and PTB are usually used as electron donor in organic electronic devices, here I used it as

hole transport materials.

Table 8.1 The levels of HOMO, LUMO, and hole mobility of HTM materials

HOMO LUMO Hole mobility
Spiro-OMeTAD ~10-5 cm?/V.sec
P3HT 5.1 3.2 ~10-1 cm?/V.sec
PTB7 -5.15 -3.31 ~10-3 cm*/V.sec
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Figure 8.2 Molecular structure of hole conductor matterials of (a) spiro-OMeTAD, (b) P3HT, and (c)
PTB7. (d) Energy diagram of materials which was used in this study.

Figure 8.3a illustrate the energy levels of the system components and model of the charge separation
processes and figure 8.3b shows the schematic device configuration in this study. In figure 8.2a, the
tested HTM materials are energetically matched with perovskite sensitizer and energy level of the
TiOy/sensitizer/HTM are well positioned for electron injection to TiO, and hole conductor to tested
HTMs. Schematic device along with the cross sectional layer was shown in figure 8.3b. In order to
protect the electron recombination, thin TiO, layer, called the “compact layer” was deposited onto
transparent conducting oxide (TCO). Mesoporous TiO, with metal-halide-based perovskite sensitizer
as an active layer, HTM, and Au electrode was deposited in sequence. I took scanning electron
microscope (SEM) images of the cross-sectional surface morphology of representative full cell in figure
8.3c. The thickness of spiro-OMeTAD, P3HT, and PTB7 was 420, xxx, and xxx nm respectively. Each
of these materials was used as the hole conductor in solar cells with CH3NH;3Pbls-coated TiO, layer,
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and characterized under 1-sun illumination.
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Figure 8.3 (a) Schematic of energy alignment of the different components. (b) Structure of the device

architecture and (c) SEM image of the architecture.
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The photovoltaic parameters for all three devices were extracted from the J-V curves in figure 8.4 and
the cell performance parameters are summarized in table 8.2. For comparison, without HTM (black,
circle) sample was prepared. A metal-halide perovskite sensitized cell without HTM shows J. of 4.5
mA/cm?, V,. of 0.38V, FF of 44.7 with efficient (1)) of 0.8%. spiro-OMeTAD (red, circle) shows the
hole conductor properties with J,. of 13.9 mA/cm?, V,. of 0.82V, FF of 60.2 with efficient (m) of 6.9%.
Notably, even though P3HT are usually used as hole conductor in organic solar cells, it does not show
a high efficiency with other parameters (see the parameters in Table 8.2). Although the organic solar
cells used PTB7 as electron donor, PTB7 are used as hole conductor at this study. The best device of
PTB?7 cell exhibits J,. of 12.6 mA/cm?, V,. of 0.72V, FF of 60.4, and 1) of 5.5% by demonstrating a good
charge separation kinetics. Even though the spiro-OMeTAD shows the highest efficiency among these,
P3HT and PTB7 can be used as hole transport materials with thin layer. Since these materials shows
light absorption in UV range and electron donor properties, it can be supposed to function as current
generation with role of hole transporter. To confirm the electron contribution of polymers, the quantum

efficiency of the cells were given in figure 8.5.

Table 8.2 Photovoltaic performance of the cells with various HTM.

Jsc Voc FF Eff

(mA/cm?) V) (&) (&)

- 4.5 0.38 44.7 0.8
OMeTAD 13.9 0.82 60.2 6.9
P3HT 12.5 0.51 50.6 3.2
PTB7 12.6 0.72 60.4 5.5
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Figure 8.4 Photocurrent-voltage curves of the without HTM sample (black, circle), spiro-OMeTAD
sample (red, circle), P3HT sample (blue, triangle), and PTB7 sample (cyan, triangle).

The incident photon to current conversion efficiency (IPCE) spectrum of the cells indicates that the
devices show a spectral response from the near infrared to visible region with the maximum
photoresponse in 450 nm and the broad peak extended. This IPCE spectra was well matched with UV-
vis absorbance of synthesized perovskite film at figure 8.1b. However, polymer based HTM cells does
not show any other photoresponse by polymer as electron donor at this IPCE and this observation
demonstrate that only synthesized CH3NH3Pbls perovskite can be act as the light absorber. At this aspect,
all the materials which were used as hole transport materials just act as the hole transport for

recombination in perovskite solar cells.
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Figure 8.5 Incident photon to current conversion efficiency (IPCE) of the perovskite solar cells.

Perovskite with spiro-OMeTAD (black, square), and perovskite with PTB7 (red, circle).

8.5 Conclusion

To conclude, I demonstrated the solar cells with synthesized CH3NH;3Pbl; perovskite solid-state solar
cells using organic hole transport materials. Among the HTMs (spiro-OMeTAD, P3HT, and PTB7),
spiro-OMeTAD cells show the best efficiency with 6.9 % under AM 1.5G. PTB7 which was used as
electron donor at organic solar cells shows the hole transfer properties with the relatively good
efficiency of 5.5%. The role of hole transport materials is accept holes and transport them to electrode.
In this study, energetically well matched organic material candidates can be used for the same purpose
and shown an efficiency alike. These result will lead to more cost-efficient organic-inorganic hybrid

solar cells in the future.
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Chapter 9. Summary

I have reported several panchromatic strategies with novel fabrication methods. By using newly
suggested techniques, the parallel connected panchromatic dye sensitized solar cell (DSSC) have been
successfully fabricated. The higher value of J,. of the panchromatic cell confirms the parallel tandem
effect and quantum efficiency of panchromatic cells is higher than those of single cells. Furthermore,
the IPCE spectra revealed the panchromatic properties. Even though the values of V,. were modified
by the different back reaction of electrons, the properties of parallel tandem cell was clearly shown. Not
only for the parallel tandem, I also reported series connected tandem cell by using reversely fabricated
DSSC. By controlling each layer, I have successfully fabricated reverse structured DSSC. With this
reverse structured DSSC, I introduce an inverted organic solar cells as an upper cell. According to the
series tandem properties, the cell showed increased V,. value than those of single cells. Furthermore,
this suggested technique could be extended to produce devices in research with other thin film solar
cells.

I also demonstrated the cost effective counter electrodes with carbon black / TiO, slurry and carbon
deposited silicon nanowire counter electrodes. Both of the counter electrode were characterized by
cyclic voltammetry and electrochemical impedance spectroscopy. Interface charge transfer and mass
transport were analyzed at the chapter, and fabricated DSSC showed excellent cell efficiency that rivals
cells with a Pt-based counter electrode and exhibited remarkable electro catalytic activity. Moreover, in
order to increase a stability of DSSC, I have successfully solidified liquid electrolyte using silane
reagent-assisted silica nanoparticle. Besides, the quasi-solid state electrolyte improved the cell stability
with I'/Is” redox couple and they could be lead the fabrication of flexible, compact, laminated all solid-
state devices with free of leakage. Finally, I demonstrated the solar cells with synthesized CH3:NH;3Pbls
perovskite solid-state solar cells using organic hole transport materials. By using various hole conductor
such as spiro-OMeTAD, P3HT, and PTB7, energy band of hole conductor were matched for the cost

efficient organic-inorganic perovskite solar cell.
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