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Abstract
This chapter has been mainly focused on the development and fabrication of
various nanostructured materials for electrochemical energy conversion, specially,
third generation (3rd) thin film photovoltaic system such as organic dye or perovskite
-sensitized Solar Cells. Enormous efforts have been dedicated to the development of a
variety of clean energy, capable of harvesting energy of various forms. Among the
various energy forms, electrochemical devices that produce electric energy from
chemical energy have received the most attention as the most promising power
sources. In the majority of cases, researchers who come from the different background could engage on certain aspects of the components to improve the photovoltaic performances from different disciplines: (i) chemists to design and synthesize
suitable donor–acceptor dyes and study structure–property relationships; (ii) physicists to build solar cell devices with the novel materials, to characterize and optimize
their performances, and to understand the fundamental photophysical processes; and
(iii) engineers to develop new device architectures. The synergy between all the
disciplines will play a major role for future advancements in this area. However, the
simultaneous development of all components such as photosensitizers, hole transport
layer, photoanodes and cost effective cathode, combined with further investigation of
transport dynamics, will lead to Photovoltaic cells, 30%. Herein, in this book, with
taking optimized processing recipe as the standard cell fabrication procedure,
imporant breakthough for each components is achieved by developing or designing
new materials, concepts, and fabrication technique. This book report the following
studies: (i) a brief introduction of the working principle, (ii) the detailed study of the
each component materials, mainly including TiO2 photoanode under the category of
0D and 3D structures, strategies for co-sensitization with porphyrin and organic
photosensitizers, and carbon catalytic material via controlled fabrication protocols
and fundamental understanding of the working principles of electrochemical photovoltaic cell has been gained by means of electrical and optical modelling and
advanced characterization techniques and (iii) new desgined stratages such as the
optimization of photon confinement (iv) future prospects and survival stratagies for
sensitizer assisted solar cell (especially, DSSC).
Keywords: photovoltaic cell, DSSC, perovskite, TiO2, photosensitizer, carbon,
photonic crystal

1. Introduction
The search for grean sources of enegy is considered one of the priorities in
today’s societies and occupies many policy makers’ agendas. Excitonic Solar cell
1
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such as organic dye or perovskite -sensitized solar cells (DSSC or PSC) is showing
up as a promising solar harvesting technology that has bright future. Unlike conventional silicon p-n junction solar cell, an excitonic solar cell (ESC) can be modeled
as a unipolar-junction cell and made from low-cost materials that do not need to be
highly purified but still work well using simple manufacturing processes [1]. For
example, similar to the photosynthetic process in plants where chlorophyll absorbs
photons but does not participate in charge transfer, the photoreceptor and charge
carrier are implemented by different components in solar cell. This separation of
functions leads to lower purity demands on raw materials and consequently makes
exitonic solar cell a low-cost alternative. Nevertheless, to compete with the future
PV market, ESC should foucus on the “Golden Triangle” issues, i.e., increasing
light-to-electric energy conversion efficiency, enhancing long-term stability, and
decreasing device cost [2].
Since the last third decades, scientists have devoted a great deal of effort on
DSSCs’ four important components: photosensitizer, photoanodes, electrolytes, and
counter electrodes; some significant processes have been achieved. The sensitization of semiconductors using dyes dates back to 19th century. It showed that the
photosensitivity can be extended to longer wavelengths by adding a dye to silver
halide emulsions [3, 4]. Grätzel has then extended the concept to the DSSC by
adsorption of dye molecules on the nanocrystalline TiO2 electrodes [5]. This breakthrough was due to large surface area of the mesoporous TiO2 that allowed anchoring significantly high amount of dye molecules (0.13 mmol/cm2) onto it; thereby
increasing the absorption cross-section. Since the first successful demonstration of
DSSC over three decades ago, a wealth of DSSC components have been investigated
for enhancing energy conversion efficiency. State of the art DSSCs achieve more
than 11% energy efficiency allied to good performance under any atmospheric
condition and low irradiance. Moreover, the possibilities of transparency and multicolored cells are truly a competitive advantages of DSSCs. However, for stimulating
industrial market, performance of DSSCs must be improved close to the efficiency
values of the conventioanl silicon solar cells.
Since 2012, organic–inorganic perovskites solar have attracted considerable
research attention for photovoltaic device due to its superb light-harvesting characteristics and electrical properties. Within relatively a short time, this organic–
inorganic lead halide perovskite has yielded photovoltaic efficiencies of 25.5%,
being the highest-performing solution-processed solar cell on record and displacing
technologies such as DSSCs and organic photovoltaics (OPVs) [6]. In addition, the
use of perovskite materials as light absorbers and hole transporting mateiral (HTM)
in solid-state sensitized solar cells has opened up a new direction for the highefficiency thin-film solar cells. Despite the best candidate at satisfying the need for
high efficiencies, concerns surrounding the long-term stability in an ambient atmosphere as well as the water-soluble toxic lead components in the archetypal perovskite, APbX3 (A = methylammonium, formamidium, cesium, X = I , Br , Cl ),
have the potential risk for the environment issue. After around 10 years of intense
PSC researches, several physical chemistry still have questions for the basic mechanism. In this aspect, the physical and chemical operation of DSSC has becom more
clear and a good example of a ESC system where the function of the overall device is
better than prodicted from the sum of the properties of its components. Therefore,
this book address imporant breakthough’s our laboratory research for DSSC with
taking optimized processing recipe as the standard cell fabrication procedure.
In order to meet this requiremnt, it will be necessary to alter at least two of the
three major components simultaneously. In the majority of cases, however,
researchers who come from the different background could engage on certain
aspects of the components to improve the photovoltaic performances from
2
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different disciplines: (1) chemists or material scientists worked for developing
photosensitizer and charge transport materials; (2) physicists to eluciate photovoltaic properties and working mechanism; and (3) engineers to develop process and
device structure for module level production. However, the simultaneous development of all components such as new photosensitier or new classed strucutral
perovskite materials with intrinsic stability and beneficial optoelectronic properties,
solid state HTM and photoanodes, combined with further investigation of transport
dynamics, will lead to ESCs with efficiencies exceeding 30%.
This report the following studies: (i) a brief introduction of the working principle, (ii) the detailed study of the each component materials, mainly including TiO2
photoanode under the category of 0D and 3D structures, strategies for cosensitization with porphyrin and organic photosensitizers, and carbon catalytic
material via controlled fabrication protocols and fundamental understanding of the
working principles of electrochemical photovoltaic cell has been gained by means of
electrical and optical modeling and advanced characterization techniques and (iii)
new desgined stratages such as the optimization of photon confinement (iv) future
prospects and survival stratagies for sensitizer assisted solar cell (especially, DSSC).

2. Fundamentals of dye-sensitized solar cells
2.1 Operation principle
The principle of operation of a DSSC is well documented in the literature [7].
The simplified principle of the thin layer DSSC is shown in Figure 1. A lightharvesting Ru complex potosensitizers adsorbed on the surface of a porous nanocrystalline film composed of a wide bandgap metal oxide such as TiO2, ZnO or SnO2
absorb incident photon flux. The photosensitizers are exited from the ground state
(D) to the excited state (D*) owing to the metal to ligand charge transfer (MLCT)
transition (Eq. (1)). The exited electrons are injected into the conduction band of
the TiO2 electrode, resulting in the oxidation of the photosensitizer (Eq. (2)).
D ðadsorbed on TiO2 Þ þ hv ! D ∗ ðadsorbed on TiO2 Þ

(1)

D ∗ ðadsorbed on TiO2 Þ ! Dþ ðadsorbed on TiO2 Þ þ e ðinjectedÞ

(2)

Injected electrons in the conduction band of TiO2 are transported between TiO2
nanoparticles with diffusion toward the back contact (TCO) and consequently reach
the counter electrode through the external load and wiring. The oxidized photosensitizer (D+) accepts electrons from the I ion redox mediator, regenerationg the ground
state (D), and I is oxidized to the oxidized state, I3 (Eq. (3)). The injected eletrons
may recombine either with oxidized sensitier at the TiO2 (Eq. (4)).
3

(3)

Dþ ðadsorbed on TiO2 Þ þ e ðTiO2 Þ ! D ðadsorbed on TiO2 Þ

(4)

Dþ ðadsorbed on TiO2 Þ þ 3=2 I ! D ðadsorbed on TiO2 Þ þ ½ I

The oxidized redox mediator, I3 , diffuses toward the counter electrode and is
rereduced to I ions.
I

3

þ 2e ðTiO2 Þ ! 3I ðanodeÞ

(5)

The primary energy conversion process in DSSCs is a photoinduced charge
separation at the metal oxide/dye/electrolyte interface.
3
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Figure 1.
Schematic diagram and principle of operation of proto-typed dye sensitized solar cells (inserted in the
nanocrystalline TiO2 film).

In order to elucidate DSSC working phenomenon, the physical kinetics and
dynamics of charge transfer motion have been investigated in detail by many
researchers, both experimentally and via computational modeling. Here, the electron transfer dynamics taking place at the oxide/dye/electrolyte interface for DSSCs
are presented in Figure 2 [7–9]. This figure also contains the information for several
competing loss pathways, shown as red arrows. These loss pathways include decay
of the dye excited state to ground, and charge recombination of injected electrons
whith dye cations and with the redox couple.

Figure 2.
State diagram of kinetics and energetics of a traditional DSSC. The positive charge transfer processes are
indicated by blue color. The competing loss pathways of recombination with TiO2 trap sites and dye surface are
shown in red. Reprinted from [8, 10].
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2.2 Dye/metal oxide interface
A monolayer dye molecules attached to the surace of the nanocrystalline film.
The high surface area of nanocrystalline film ensured s a large concentration of the
light absorber leading to good light haversting are critical to be efficient DSSCs. In
addition, how and where the photosensitizer bound to the surface of TiO2 is another
important issues since unexpected bonding between photosensitizer and the TiO2
surface lead to degrade electron injection performance. In the case of Ru complex,
one carboxylic ligand provides good anchoring to metal oxide surface (Long-term
stability against moisture condition can be improved by using phosphonic acid) as
well as good electronic coupling of the excited states of photosensitizer with TiO2
conduction band states [11].
To be the effective electron transfer, the lowest unoccupied molecular orbital
(LUMO) level of excited dye molecules is appropriately lower than the highest
unoccupied molecular orbital (HUMO) level of the metal oxide. Under illumination, the photoxcited sensitizers are injected into the metal oxide and diffused from
the dye/metal oxide interface to substrate. In an efficient DSSC, a time scale of
femtoseconds to picoseconds nanoseconds of injection process is witnessed on the
strong electronic coupling between photoexicted sensitizer and metal oxide. The
injected electrons experience fast recombination process and thermalisation down
to at the electron Fermi level of the electrode [12].
2.3 Dye/electrolyte interface
After ultrafast electron injection from the photoexcited dye into the conduction
band of TiO2, the dye is in its oxidized state and must be reduced by an electron
donor in the electrolyte for regeneration. The standard electron donor is iodide. For
many typed dye, high value of regeneration efficiency, which give the probability
that an oxidized dye is regenerated by an electron donor in the electrolyte rather
than by recombination with an electron in the TiO2, have been estimated in iodide.
The reaction mechanism from reduction of oxidized sensitizer (D+) by iodide
follows:
Dþ þ I ! ðD⋯IÞ
ðD⋯IÞ þ I ! ðD⋯I2
ðD⋯I2 • Þ ! D þ I2
I2

• ! I3 þ I

(6)
•Þ
•

(7)
(8)
(9)

Eq. (6) is most likely a one-electron transfer reaction between D+ and I .
(ε (I•/I ) = +1.33 V vs. NHE in aqueous solution.) The dye regeneration is firstly
occured from the formation of a (DI) complex since the redox potential (ε) of the
iodine radical reacted to the sensitizer (ε (DI) = +1.23 V vs. NHE in acetonitrile)
shows a relatively lower potential of 0.1 V. The dye regeneration is firstly occured
from the formation of a (DI) complex since the redox potential (ε) of the iodine
radical reacted to the sensitizer (ε (DI) = +1.23 V vs. NHE in acetonitrile) shows a
lower potential of 0.1 V. Dissociation of ground-state dye D and I2 • is secondly
occurred from the formation of a (DI2 •) complex.Finally, I2 • is by the composition of triiodide and iodide. The second-order rate constant for this reaction is about
2.3  1010 M 1 s 1 in acetonitrile.
The oxidized sensitizer (specially, the most commonly reported Ru complex
dye, named as N719) is regeneated by the iodide/iodine redox couple in the liquid
5

Solar Cells - Theory, Materials and Recent Advances

electrolyte in the range of 100 ns to 10 μs. The different regenation time can be
explained by iodide concentration, the presence of additivies such as identity of
caion salt (lithium ions) and tertbutylpyridine (tBP). To be the effective DSSC, the
recombination process of electrons with either oxidized dye molecules or acceptors
in the electrolyte must be minimized compared with regeneration process, which
usually happens on a time scale of about 1 μs [7, 13–15].
2.4 TiO2 interface for electron transport
Unlike the typical the electron transport mechanism in bulk semiconductors, the
electron transport mechanism of TiO2 in DSSC need to be extend from the properties
of the individual nanoparticles to the particle connectivity or electronic coupling
between the particles, and the geometrical configuration of the assembly. Interestingly, the mesoporous nanocrystalline TiO2 layer exhibit the highly efficient charge
tranport through the nanocrystalline TiO2 layer, while the low inherent conductivity
of the film ca. bulk mobility of TiO2 (1cm2/Vs), ZnO (200cm2/Vs), and SnO2
(250cm2/Vs) as well as the presence of disorder from randomly arranged metal [16].
The main consequence of disorder in the electronic structure of the material is the
appearance of localized states. This puzzling phenomenon has been explained by
multiple-trapping model, in which the diffusion of conduction band electrons is
affected by the trapping-detrapping events [17–20]. Electron transport in nanostructured oxide films impregnated with a highly concentrated electrolyte is believed to
occur mainly by diffusion. It is generally accepted that this diffusional transport is
influenced by the existence of electron localized states or traps in the semiconductor.
In the TiO2 nanoparticles, electrons undergo a number of processes. A main
process is the transport of electrons in the extended states of the conduction band
(CB), where the concentration of free electrons nc is defined as
nc ¼ n0 eqV=kB T

(10)

here n0 is an equilibrium concentration in the effective density of states of the
CB and kB is the Boltzmann constant, q denotes elementary charge and T is the
temperature unut. In a steady state, transport process is under the control of
displacing electrons in the TiO2 CB with the trap in equilibrium occupation.
TiO2 nanoparticles exhibit numerous localized states in bandgap, which can
capture and release electrons to the transport level. The position of Fermi level
(EFn) plays an important role in calculating the probability of electron capture since
trapping events below EFn are quiescent from almost fully occupied traps, while
empty traps above the EFn happens in reverse.
A localized state at energy Et sets free electrons at a rate;
Et Ec

τt 1 ¼ βn N c e kB T

(11)

where βn is the time constant for electron capture (which is independent of trap
depth). Since τt increases exponentially with the depth of the state in the bandgap,
the slowest trap is the deepest unoccupied trap. The effect of traps is dominant
whenever a transient effect is induced, in which the position of the Fermi level is
modified, with the correspondent need for traps release. Therefore, traps also
become a dominant aspect of the recombination of electrons in a DSSC, that is a
charge transfer to the electrolyte or hole conductor. The specific density of localized
states (DOS) in the bandgap of TiO2, named as g(E), can be also established by
capacitance techniques that provide the chemical capacitance, that is defined as
follows:
6
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NL
E Ec
exp
gðEÞ ¼
kB T 0
kB T 0

(12)

Here NL is the total DOS, and T0 is a parameter with temperature units that
determines the depth of the distribution, that is alternatively expressed as a coefficient α = T/T0. If we consider that electrons can only be transported via the CB, then
we need to consider how the density of electrons in the CB.
The carrier mobility is associated with random motion of free carriers, which is
directed linked to the conductivity and resistivity. The expression of the electron
conductivity σn associated to free carrier transport is [21].
σn ¼

q2 D0
nc
kB T

(13)

Here D0 is the free electron diffusion coefficient. The conductivity can be
expressed by the temperature-dependent features using the framework of multiple
trapping where electron displacement occure via extended states at the CB edge
with the free electron diffusion coefficient. This result has been measured by the
common techniques such as intensity modulated photocurrent spectroscopy
(IMPS), transient photocurrent under a small perturbation of the illumination, or
transport resistance of impedance spectroscopy [22–24].
2.5 Electrolyte/counter electrode interface
In theory, the maximum photovoltage of the DSSC is determined by the energy
difference between the redox potential and the Fermi level of the metal oxide
semiconductor. However, the output voltage under load is usually less than the
open circuit voltage the theorical expected. This voltage loss is mainly attributed the
the overall overpotential of electrolyt and counter electrode (CE) interface. The
mass-transfer overpotential is largely affected by the ionic conductivity of electrolytes and the transportation of mediator species from the CE to the photoanode. The
kinetic overpotential or charge-transfer overpotential can be determined by
electrocatalytic properties of the CE surface toward mediator reduction [25]. To be
effective CE, it should exhibit excellent conductivity and inhibit high
electrocatalytic activity for reduction of the redox couple. The effect of electric field
and transport by ionic migration can be negligible because of high ionic conductivity and ionic strength of liquid electrolyte. With increasing viscosity such as gel,
quasi- solid and solid state electrolyte, an inadequate flux of redox components lead
to sacrifice the photocurrent of the DSSC. In the case of the iodide/triiodide electrolyte, charge transport corresponds to formation and cleavage of chemical bonds:
I3 þ I ! I  I2  I ! I þ I3

(14)

The CE must exhibit catalytically fast reaction and low overpotential because the
counter electrode reduces the redox species. (triiodide !iodide) Platinum (Pt)
materials is widely used as a suitable catalyst for reaction 1.14 to replenish the
reduced species in the redox electrolyte. However, Pt is very expensive and rare so
they have limited potential for commercial use. Therefore substantial researches are
under way to develop inexpensive alternatives materials for larger commercialisation prospects. The charge transfer reaction between the counter electrode surface and the electrolyte occurs the charge-transfer resistance (RCT) in the DSSCs.
The small RCT will give a higher fill factor (FF), which lead to a high conversion
efficiency.
7
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3. Optimizing material and configuration for typical DSSCs
Numerous publications and review articles on DSSC have appeared in the literature for certain aspects of the DSSC fabrication or performance during the past
three decades [26–30]. Proto-type module cells for manufacturing are actively
under development [31–35]. This book reviews systematical parameters via controlled experiments (such as materials preparation, processing, device fabrication
and assembly, measurements and device modeling) and the interfacial properties
introduced by electrochemical impedance spectroscopy (EIS) for making better
solar performance [36–38]. The inherent material properties such as impurity,
surface properties in the DSSC are studied from this powerful tool for studying the
kinetics of charge transport and electron–hole recombination. Furthermore, this
book suggests other ways to improve cell efficiency externally from the photon
confinement.
3.1 Understanding DSSC operation model by EIS
As mentioned in Section 1. diverse electrochemical processes take place in a
DSSC during the cell operation. The I-V curves provide the information on the basic
parameters such as short-circuit current (ISC), open-circuit potential (VOC), Fill
factor (FF), and cell efficiency (η). The impedance spectroscopy measurements are
widely used for investigating the properties of a broad class of material system and
device. It provides essential information on carrier transport and recombination. In
EIS measurement, a direct current (DC) signal is applied to the cell by a small
sinusoidal alternating current (AC) perturbation under steady light illumination.
From the measured current response, the magnitude of the impedance for amplitude and phase shift is determined as a function of modulation frequency. From the
relevant equivalent circuit, the measured data are fitted by some software (such as
Zview or Gamry Echem Analyst etc) and the charge transfer kinetics in a DSSC can
be estimated.
In this book, for a deep comprehensive understanding of the device operation,
Adachi model are employed to figure out the key parameters that control the
efficiency of a DSSC [39–42]. Figure 1 shows the schematic diagram of DSSC
structure. In this system, the light comes from the indium or fluorine doped tin
oxide (ITO or FTO) coated transparent conductive glass, the sheet resistance as
small as 10 Ω/sq. is required, as an anode electrode (left) [43]. An insulating
blocking layer and mesoporous metal oxide film (TiO2 ZnO, SnO2 etc.) is deposited
on top of bottom electrode. Next, dye molecules are covered by the surface of
mesoporous metal oxide and iodine electrolyte is interpenetrated into metal oxide/
dye layer. The platinum coated FTO substrate is used as a catalyst for iodide
reduction as the counter electrode (right).
The kinetic behavior of charge trap and de-trap mechanism from electrochemical and photoelectrochemical processes affects the different capacitive and resistive
element of faradaic impedance. EIS data generally shows Nyquist and Bode plots.
An general plot shows x-axis the real impedance (Z’) versus the y-axis the imaginary impedance (Z”) in the complex plane. From EIS analysis, the complex impedance (Z) of each component express Z0, Z1, Z2, and Z3, respectively. (i.e. Z0 is the
contact impedance of conductive glass; Z1 is the Pt-catalyzed counter electrode
impedance; Z2 is the complex impedance for the interfacial resistivity among
metal oxide, dye molecule, and the iodine electrolyte; Z3 is the Warburg impedance
for diffusion of tri-iodide ions). The resulting data from impedance is directly
linked to the information on materials quality, internal, interfacial properties
of the DSSC.
8
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Suppose the complex impedance is the same as its resistance. (Z = R) Ro represents the ohmic contact resistance from the FTO and the metal. The impedance of
the electron transfer at the Pt counter electrode (Z1) can be modeled as an RC
parallel circuit, and simply expressed as:
Z1 ¼

1
rp1

1
þ iωCp1

(15)

where, rp1, Cp1 describes the resistance and capacitance at the Pt coated CE,
respectively.
Z3 represents the finite Warburg impedance contributes to the diffusion impedance for the diffusion of tri-iodide ions in the electrolyte at the low frequency region
with a frequency maxima of ωz3 [40, 44].
1
Z 3 ¼ RD qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ tanh
iω
ðD1 =δ2 Þ

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
iω
k T

 where RD ¼ 2 2 B ∗
2
m q AvC D1 δ
D1 =δ

(16)

D1 and δ represent the diffusion coefficient of I3 and the thickness of the liquid
film respectively. RD is the DC resistance of impedance of diffusion of tri-iodide.
The number of electrons transferred in each reaction, m, is 2 in this case. Av and C*
are the Avogadro number and the concentration of I3 in the bulk, respectively.
The impedance Z2 of the charge transport through diffusion into the
mesoporous TiO2 and recombination at the TiO2/dye/electrolyte interface shows
in the middle semicircle of the EIS graph. As seen in Figure 2, photoexcited
electrons in the CB will decay and excite at rate k1 and k2 into surface trap states
of the TiO2 as well as the back reaction in the iodine electrolyte at a rate of (kr). The
charge transfer kinetics for injection, diffusion, collection, trapping, de-trapping
and recombination of electrons in the TiO2 of the DSSC can be calculated by
[39, 40]:
∂nðx, tÞ
∂2 nðx, tÞ
¼ Dcb
k1 nðx, tÞ þ k2 ðx, tÞ þ G ðx, tÞ
∂t
∂x2
∂N ðx, tÞ
¼ k2 N ðx, tÞ kr N 2 þ k1 n
∂t

(17)
(18)

Here n is the excess electron density in the CB of the TiO2 under illumination,
N is the excess electron density of the trap sites, Dcb describes the diffusion coefficient of an electron in the CB and the function G is the generation rate of electrons
injected into the TiO2 [40]. By varying the potentials, the excess CB electron
density n(x,t) will be expressed as followed [39].
nðx, tÞ ¼ nS ðx, tÞ þ ∆nðxÞeiωt

(19)

N ðx, tÞ ¼ N S ðx, tÞ þ ∆N ðxÞeiðωtþφÞ

(20)

Here, ns and Ns describe the steady state electron densities (Δn and ΔN are the
amplitudes of the modulated component) in the CB and the trap state, respectively.
Defining,
k2
k2

(21)

keff ¼ 2N s kr

(22)

Deff ¼ Dcb

9
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γ2 ¼

keff
iω
þ
Deff Deff

(23)

and using the following boundary conditions at
x ¼ 0, qDeff




∂∆n
∆I
¼ ∆J
¼
∂x
A

x ¼ L,

∂∆n
¼0
∂x

(24)
(25)

the impedance Z2 is obtained by Kern et al. as [39].
Z¼

1
1
1 þ e2γL
qﬃﬃﬃﬃﬃﬃ
qA D γ 1 1 e2γL
eff
keff
sﬃﬃﬃﬃﬃﬃﬃ
KBT
1
S¼
qns
keff

S

(26)

(27)

By defining
Deff
ωd ¼ 2 , ωk ¼ keff and γL ¼
L

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ωk iω
þ
ωd ωd

(28)

The equivalent impedance Z2 of Bisquert [39] is obtained as follows:
Z 2 ¼ Rω

1
ðωk =ωd Þð1 þ iω=ωk Þ



Rw ¼

1=2

coth½ðωk =ωd Þð1 þ iω=ωk Þ1=2

(29)

kB T L
L
ωd
1
¼
Con
,
R
¼

R
¼
Con
ω
k
q2 Ans Deff
Deff
Lkeff
ωk

(30)

Here, ω is modulation frequency (s 1) (with ωk = keff), Rw is the electron
transport resistance, and Rk is the charge transfer resistance related to recombination of electrons at the TiO2/electrolyte interface. The relation can be expressed by
Rk = (ωd/ωk) Rw.
The total impedance (Zs) of the DSSC can be calculated by the summation of Z1,
Z2, Z3, and the external resistance, Z0,
Zs ¼ Z 0 þ Z 1 þ Z 2 þ Z 3 :

(31)

From experimental (L, A, δ) and EIS data (the maxima values of ωZ1, ωZ2, ωZ3
of the semi-circle diameters along the Z’ axis), necessary information on charge
transport kinetics can be determined (Figure 3).
3.2 Materials preparation
3.2.1 TiO2 nanoparticle
The highly crystalline anatase TiO2 nanoparticles (NPs) was synthesized by
2-step autoclaving technique (Figure 4(a)). A pH controlled TiO2 suspension was
prepared by commercial TiO2 power. (P25, Degussa) The TiO2 suspension is placed
in a total volume of 60 mL in a Teflon-lined stainless steel autoclave (125 mL
10
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Figure 3.
(a) A electrical equivalent and (b) an illustrative Nyquist plot of a DSSC with R0, R1, R2, and R3, and each
peak frequency maxima of ωZ1, ωZ2, and ωZ3, respectively. Reprinted from [26, 51].

volume, Parr Instrument Co.) and heated at 240°C for 12 h. The resulting powders
are dried at 80°C in a conventional drying oven for 24 hour (Figure 4(b)). The
pure Anatase colloidal TiO2 nanoparticle was obtained by autoclaving the low-pH
titanate suspension at 240°C for 12h (Figure (4c)) [45].
3.2.2 Photosensitizer (purifed N719 dye)
For photosensitization studies, the calcined TiO2 nanoparticle electrode were
immersed in the ethanol solution containing purified 3x10 4 M cis-di(thiocynato)N,N0 -bis(2,20 -bipyridyl-4-caboxylic acid-40 -tetrabutylammonium carboxy late)
ruthenium (II) (N719, Solaronix) for 18 h at room temperature [46]. Commercial
N719 dye may not produce high efficiency because of impurities. Therefore, purification is required. The N719 complex is firstly dissolved in water with

Figure 4.
Scheme showing a typical procedure for highly crystalline TiO2 nanoparticle based DSSC. Reprinted from [26].
11
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tertrabutylammonium hydroxide and then purified three times with chromatography. (Sephadex LH-20) The pH values below 4.5 is controlled by 0.02 M HNO3. The
titration is carried out slowly over a period of three hours. Then, the solution is kept
at -20°C for 15 hours. After allowing the flask to warm to 25°C, the precipitated
complex is collected on a glass frit and air dried.
3.2.3 Liquid electrolyte
he liquid electrolyte was prepared by dissolving 0.6 M of 1- butyl-3-methylimidazolium iodide (BMII), 0.03 M of iodine, 0.1 M of guanidinium thiocyanate
(GuSCN) and 0.5 M of 4-tert-butylpyridine (tBP) in acetonitrile and valeronitrile
(85:15 v/v). Most additives are understood at a fairly phenomenological level, and
their effects are often attributed to modification of redox couple potential, band
shifts of the semiconducting electrode material, effects of surface blocking, or
surface dye organization. The study for additives have been reviewed extensively
elsewhere [47, 48]. For example, it was found that smaller size Li+ ions cause a shift
in the TiO2 conduction band edges toward more positive potentials than larger size
1,2-dimethyl-3-hexylimidazolium ions. As a result, an electrolyte containing Li+
ions produced a lower photovoltage and at the same time higher photocurrent than
that containing imidazolium cations because of an alteration of both the energy and
number of excited state levels of the dye that participate in electron injection [46].
The effects of tBP were studied in more detail in DSSCs showing that both band
edge shift and increased electron lifetime play a role [49].
Even if tBP and Li+ ions play a different role for solar cell performance, both
additives are widely used in liquid electrolyte. As another effective additive, adding
GuSCN can be also good choice. It shifts the conduction band edge of TiO2 toward
lower energies, suggesting adsorption of the cation onto the TiO2 surface.
Coadsorbants, adsorbed onto the TiO2 during the dye adsorption procedure, can
have similar effects as additives in the electrolytes [50].
3.2.4 Catalytic layer
The cathode-electrode was produced by coating F:SnO2 glass with a thin layer of
a 5 mM solution of H2PtCl6 in isopropanol and was heated at 400°C for 20 min. Best
performance and long-tern stability has been achieved with very low Pt-loadings
(5 μg cm 2), so that the counter electrode remains transparent. Charge transfer
resistances of less than 1 Ω cm2 can be achieved.
3.3 DSSC fabrication for conventional typed cell
A paste of anatase hydrothermal TiO2 powder was made by stirring with the mixture 0.5 g of anatase-TiO2 NPs, 100 μl of Triton X-100, 0.2 g of polyethylene glycol
(PEG, Fluka, Mw = 20,000) into 3 ml acetic acid (0.1 M). The TiO2 paste is coated on a
FTO glass by doctor blade technique. The thickness of the TiO2 film was measured by a
surface profiler (TENCOR. P-10) [26, 51]. Figure 4(d) and (e) gives an illustrative
sequence of steps that were used in the fabrication of our solar cells. The top and bottom
electrodes were sandwiched together with thermal melt polymer film (Figure 4e).
3.3.1 TiO2 Nanoparticles prepared by 2-step hydrothermal treatment
Anatase TiO2 NPs were investigated by using a field-emission scanning electron
microscope (SEM, S4800, Hitachi) and JEOL-2010 TEM (JEOL, Japan) equipped with
an energy dispersive spectrometer (EDS) to investigate the TiO2 NPs and determine
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Figure 5.
(a) X-ray diffraction patterns of hydrothermal TiO2 nanoparticle after calcination at 500oC. Insert shows the
SEM images of nanopaticle after calcination. (b) a.TEM, b. SEAD pattern, c. HR-TEM bright field images
and d. EDX analysis of TiO2 nanocrystals prepared by 2-step autoclaving technique scheme showing a typical
procedure for highly crystalline TiO2 nanoparticle based DSSC.

the compositions of the samples at 200 kV. The NPs were also characterized by x-ray
diffraction (D/Max-A, Rigaku) measurements. Figure 5(a) shows a X-ray scan of the
Anatase TiO2 NPs before and after sintering as described below. The inset shows a
typical SEM photo of the NPs used in the experiment. These results reveal broad
diffraction peaks at 25.3°, 37.8°, 48.2°, 53.9° and 55.2° were observed, which can be
indexed to the (101), (004), (200), (105) and (211) reflections of anatase TiO2.
Figure 5(b) provides the high resolution transmission microscopic (TEM) images and
selected area electron diffraction pattern of the TiO2 NPs. It provides the corresponding
electron diffraction pattern taken from the TiO2 NPs showing that the NPs are crystalline Anatase TiO2. Figure 5(b) gives the high-resolution TEM (HRTEM) image of NPs
indicating that the TiO2 NPs are single-crystalline. Lattice of 0.189 nm and 0.243 nm
corresponding to (200) and (103) planes of the tetragonal TiO2, respectively, have
been resolved. The inset is the corresponding fast Fourier transform (IFFT) image of
selected area in Figure 5(b)c. In Figure 5(b)d the EDS taken from TiO2 NPs shows that
the NPs are composed of Ti and O. The Cu peak comes from the grid. From these
measurements, we concluded that our starting materials were pure Anatase.
3.3.2 Study for the optimal TiO2 film thickness
To find the optimized condition for hydrothermal treated TiO2 film, the cell
efficiency as a function of the TiO2 film thicknesses is studied. In Figure 6 (top), I
give plots of Voc, Jsc, FF, and η as functions of film thicknesses. The efficiency per
NP increases almost linear with decreasing film thickness until about 2 μm. From
these measurements, the optimal TiO2 film thickness is around 11.5 μm with our cell
architect and fabrication procedures. It should also be noted that the highest open
circuit voltage and fill factor are achieved at the thinnest active layer thickness,
while the short circuit current density increases with increasing film thickness (for
thickness below 15 μm). From this thickness study, we then varied other cell
parameters to optimize the overall cell efficiency. In Figure 6 (bottom) we plot cell
efficiency times the number TiO2 NP as a function of NP film thickness. it is shown
that the efficiency per TiO2 NP increases dramatically as the active NP layer
decreases. This shows the large inherent loss of charges in these DSSCs.
In Figure 7, AC impedance measurements with best-fit model curves of the cell
is used for analyzing function on the different TiO2 NP film thicknesses. Form the
Bode phase plots, the negative shift of the frequencies of the main peaks with an
13
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Figure 6.
Relationship of DSSC device performance (top) and efficiency per TiO2 NP (bottom) depending on film
thickness (top). Reprinted from [26, 52].

Figure 7.
AC impedance measurement (a) bode, (b) Nyquist plots, (c) electron density (ns) and (d) the relation between
the electron recombination resistance (Rk) and the electron diffusion resistance (Rw) of cells with different TiO2
NP film thicknesses. The solid curves are from a best fit model.

increase in the film thickness. In a simple equation, since ωmax is inversely associated with the life time of electron τ =1/(2πf), the decrease in ωmax indicated a
reduced rate for the charge-recombination process in DSSC. Hence, electrons with
longer τ values were prevented from recombining, characterized by a larger charge
transfer resistance. In the aspect of ωmax, about 6 μm thick film show the longest
electron lifetime and relatively small total series resistance, leading to high Voc and
FF. However, in the case of N719 dye, the dye absorption at that thickness is not
enough to reach the maximum performance. The more detailed phenomenon can
be understood by the further consolidated impedance model we suggested.
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All cases of samples were equal in the total cell thicknesses (L). Therefore, there
is a tradeoff relation between cell gaps of dye coated TiO2 film and electrolyte, for
example, for the thicker thin films of TiO2 film, the electrolyte spacing is smaller.
The resulting data from our model shows specific characteristics worth noting; (1)
In the case of ultra-thin TiO2 film, two distinctive circles can be found and the
impedance Z3 is dominated rather than that of Z1 and Z2 in the low-frequency
region. (2) For thicker TiO2 layers, the contribution from Z2 is more pronounced
(3) The estimated the diffusion coefficient in the electrolyte (D1) is the highest for
the thinnest TiO2 layer [26]. From this model, low keff, high Rk/Rw, high Deff and
high ns are necessary condition to attain highly efficient DSSC. As seen in Figure 7
(c,d), over 10 μm thick film exhibit the improved electron density (ns) and high
electron diffusion coefficient (Deff), but the recombination time is shorter than the
time for diffusion across the TiO2 layer (Rk < <Rw, wd < <wk). As a result, we
conclude about 11.5 μm is the optimized film thickness in my system. The detailed
physical values are summarized in Table 1.
3.4 Interfacial modification
There are numerous efforts to improve cell performance from different modifications techniques such as different semiconductors, dyes, or ionic conductors or on
changing its nanostructures [53, 54]. Most of modification works show a tradeoff
relation between the short-circuit current and open-circuit voltage. This can be
explained the the modification of components affect sensibility of charge-transport
and recombination dynamics [55]. Therefore, this has been a big challenge in the
field of DSSC design. In this book, effective surface passivation and treatment
method provide on how it possible to contribute on the cell performance.
3.4.1 TiCl4 treatment
The best-known techiqnue to improve the performance of the solar cells is a
post-treatment of the TiO2 film with a solution in TiCl4 is grown onto an extra layer
of TiO2 nanoparticles constituting the film. The TiCl4 treatment results in an
improvement in photocurrent, normally between 10% and 30%. Depending on the
quality of the TiO2 used to make the initial film, the extrema of the improvement
can be from <5% to >200% [35, 56]. The largest improvements come when using
the poorest quality TiO2 films. Figure 8(a) show the SEM images and XRD patterns
for TiCl4 treated TiO2 film. When the TiCl4 exposure condition is increased, the
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Table 1.
Parameters for the best fit of the impedance data for the different thickness. Measured in Figure 6.
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Figure 8.
(a) XRD pattern and SEM images of TiO2 film with and without post-treatment with TiCl4 (b) BET and BJH
analysis of the pristine TiO2, and hydrothermal treated TiO2 film with and without post-treatment with TiCl4
(note: HT-TiO2 is a hydrothermal treated TiO2 nanoparticles).

XRD intensity of the rutile peak increased [57]. However, under well-controlled
condition, no obvious different in the rutile content (20–25%) can be seen between
treated and untreated TiO2 from XRD analysis., while an increased size of TiO2 NPs
and densely packed TiO2 NPs film is observed. Figure 8(b) shows Brunauer–
Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) pore-size distribution
plots of the pristine TiO2 NP (P25), 2-step hydrothermalized (HT)-TiO2 NP and
TiCl4 treated HT-TiO2 NP. Hydrothermal treated samples show similar type-IV
isotherms, which are representative of mesoporous solids.
The 2-step HT-TiO2 NP show about 18.5% increased surface areas and 43.6%
widened cumulative pore volume compared with the pristine TiO2 NP (P25). However, TiCl4 treated samples show 16.7% decreased surface area compared with
pristine TiO2 film. However, the loss in actual electrode surface area after TiCl4
treatment is small because of the increase in mass of approximately 10.3% TiO2
volume on the electrode. From these observations it follows that, despite the substantial decrease in BET surface area, the film thickness is not affected. Therefore,
the porosity must have decreased, as is shown in Table 2. In spite of the decreased
surface area, the TiCl4 treated TiO2 film morphology is observed by about a 40%
higher dye absorption at the 480 nm. (see Figure 9(a)) For more accurate experiment, the quantity of TiO2 NPs surface-bound sensitizers was measured by desorption process [35]. UV–vis absorption spectra is used for calculating the number of
desorbed sensitizer molecules (set as the extinction coefficient (ε) of the N719
sensitizer is about 3.748 x 10 3 cm 1 M 1 at 535 nm). It is estimated that roughly
8.8% and 34.6% more dye molecules are attached to the surface of TiCl4 treated
TiO2 (≈ 3.97  10 8 molmg 1) compared to HT-TiO2 NP (≈ 3.65  10 8 molmg 1)
and commercial TiO2 NP (≈ 2.95  10 8 molmg 1), respectively. The TiO2 surface
after the TiCl4 treatment provides more specific binding sites, leading to reduce the
fraction of the TiO2 surface area that is inaccessible for the dye due to sterical
constraints [56]. The enhanced dye loading results in an improvement in photocurrent and indeed, the TiCl4 treatment is a 28.5% increase in the photocurrent along
with a decreased in the fill factor (7.4%) and open circuit voltage (2.3%). (see in
Figure 9(b) and more discussed in cell properties part (iii)).
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Table 2.
Parameters for the best fit of the impedance data for the different interfacial modificated DSSC film. Measured in Figures 9 and 12.
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Figure 9.
(a) Absorbance curve of aqueous dye solutions after desorption (b) JV characteristics and (c) EIS analysis from
the pristine TiO2, and hydrothermal treated TiO2 film with and without post-treatment with TiCl4 (inserted in
simple illustration of TiCl4 treatments).

3.4.2 Fuorine plasma etching
As mentioned above, the best efficiency of cell can be found at about 11.5 μm
thicked TiO2 film. This resulting data shows mediately the importance of electrolyte’s infiltration all of the way into the TiO2 film. To minimize the effect on the
panetration issues, plama etching techinque is introduced for widening the channels
in TiO2 films [51]. Figure 10(a) displays a schematic diagram of the plasma etching
system. The detailed etching condition can be found in our eariler paper [51]. Aa
ehching gas, CF4/O2 of gas mixture (CF4 and O2) is used by generating the fluorine
atoms in the plasma through complicated chemical reaction paths [58–62]. The
plasma etching reaction is followed by:
CF4 þ O ! COF2 þ 2F

(32)

TiO2 ðsÞ þ FðgÞ ! TiOx Fy ðsÞ þ TiF4 ðs, gÞ þ O2 ðgÞ

(33)

TiO2 surface is subsequently ethced by free fluorine gas and several titanium
fluoroxy compounds (ultimately TiF4) are developed [61, 63]. Along with the
etching process, it was expected that the surface of the NP would be populated with
fluorine atoms and bonded to Ti sites as discussed below.
The evidence of etched TiO2 surface can be found by X-ray photon spectroscopy
(XPS) measurement. The peak is located at binding energies 458.5 eV (Ti 2p3/2) and
464.2 eV (Ti 2p1/2), respectively, which correspond to the signals characteristic for
the Ti4+ state of titanium [64, 65]. This indicates that TiO2 are formed. (see in
Figure 10(b)). After plasma treatment the peak locations move to the somewhat
higher binding-energies of 458.7 and 464.4 eV. The direct bonding with titanium
and fluorine makes it possible to move higher binding-energy due to fluorine
exhibit more electronegative than oxygen. From XPS analysis, the post-plasma F 1 s
peak shows is also indicative of the fluorine being bonded directly to the titanium.
The majority of the F 1 s peak (99%) is found at 684.8 eV which has been responsible for TiOF2. The minor (1%) energy shoulder at 686.8 eV is ascrbied to the
replacement of oxygen lattice site in TiO2 by fluorine [66]. The fluorine shows at
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Figure 10.
(a) Schematic diagram of the plasma etching system (b) pre- and post-etch Ti 2p, post-etch F 1 s XPS spectrum,
and pre- and post-etch XPS O 1 s spectra. Reprinted from [51].

14% the oxygen level. Two O 1 s peaks are observed prior to plasma treatment.
The major peak with 90% of the total oxygen is measured at a binding energy of
529.8 eV and 531.4 eV for Ti-O and Ti-OH bonding, respectively [67]. The plasma
treatment make the TiO2 peak move a little higher binding-energy of 529.9 eV.
Figure 11(a) shows SEM images of pre and post fluorine-treated films. It is clear
from these images that fluorine effectively opens the channels among the NPs of the
TiO2 film. The variance of film thickness and weight as a function of plasma etching
time can be seen in Figure 11(b). With increased etching time, quantitative analysis
(EDS) and morphology (SEM) of TiO2 surface reveal the plasma expand the pores of
the TiO2 film surface. As the pore start to open up (10 min), the surface etching
process of removed TiO2 and incorporated fluorine into the film is accelerated by
active fluorine species. The detailed information can be found in our eailr paper [51].
As seen in Figure 12(a), the plasma etched TiO2 surface can rectify the interfacial property by decreased the electron-triiodine recombination rates taking place
on the parts of the dye uncovered TiO2 surface. According to CF4 etching process, it
function as diminishing the surface defects such as oxygen vacancies since fluorine
atom comprised of stronger affinity for electrons compared with oxygen atom can
19
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Figure 11.
(a) SEM images of top and side views of pre-etch film and CF4-etched TiO2 film. (inserted in simple
illustrations of etched film) (b) film thickness, weight and film morphologies images (top) and relative content
of oxygen and fluorine in TiO2 NPs (bottom) as a function of etching time. Reprinted from [51].

Figure 12.
(a) Schematic illustration for TiO2 surface interfacial mechanism (b) JV curve and (c) AC impedance
measurements of cells with different surface treatments.

enfeeble the bond in a titanium and oxygen [68]. Therefore, the TiO2 surface
comprised of less surface defects may play important role in a improvement of the
open-circuit potential, Voc, of the solar cell.
3.4.3 Cell properties for interfacial modification
The detailed solar cell research studied a series of five cells, each with a layer of
11.6 μm thick TiO2 NP film. Each of the four samples were treated differently prior
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to dye and electrolyte infiltration. As a first series of cells, TiO2 film prepared for
cell (a) commercial and cell (b) hydrothermal treatment is studied. Next, for
understanding the influence on interfacial modified TiO2 surface, post-treated cells
with cell (c) with TiCl4 treatment and Tare cell (c) with fluorine etching are
investigated. Figure 12(b) and (c) give, respectively, the J V and the impedance
measurements of each cells. Using the kinetic model discussed in section and
extrapolating the parameters for the best fit to each of the measured impedance
curves, summarized the results in Table 2 for the electrical data for all cells. The
model calculation and data fitting provide some physical insight into the differences
in the transport properties and effects due to plasma etching of the TiO2 NP films of
the cells. Cell (b) can be considered as the control for the other three cells. There is
no treatment to the TiO2 NP film in this case. In general, J sc can be approximated by
the expression;
J sc ¼ qηlh ηinj ηcc I0

(34)

where q is the elementary charge, ηlh is the light harvesting efficiency of a cell,
ηinj is the charge-injection efficiency of the excited dye into the TiO2, ηcc is charge
collection efficiency, and I0 is the incident photon flux [69]. From this equation, it
is clearly that the short-circuit current density (Jsc) is directly proportional to the
value of ηlh related to numerous specific anchoring sites on TiO2 surface for dye
absorption and light scattering events for optical absorption as an external property.
As we mentioned earlier, the ηcc is related to the charge transfer kinetics and this
value can be estimated by comparing the charge transport and recombination time
constants when both values are measured by EIS measurements.
Cell (c) has a 25.5% increase in the Deff, leading to about 19.3% increased
electron density (ns) compared with the cell (b). With increasing electron density,
deeper traps become filled, and trapping/detrapping events occur more frequently
in shallower traps, leading to faster transport. The increase in the photocurrent
density is well explained by the higher electron density. However, the value of
Rk/Rw related to the recombination related value is decreased by about 10%, leading
to a decrease Voc. Cell (d) with the plasma etched device shows the resulting values
for about 45.2% lower the charge density value (ns,), 31.5% higher the interfacial
recombination rate (Rk/Rw) and 33.4% increased Deff rather than that of the
unetched sample (cell (b)). Although the fitted charge transfer properties on etched
sample are substantial, the overall performance of cell is infinitesimal because the
efficiency just increased by about 8% with etching.
These changes show that the etching has significant effect on the electron
recombination and transport properties of the cell, but the overall effect is not
pronounced because the cell efficiency only increased by 8% with etching. As
suggested in Figure 12(a), the fluorine etching can help to minimize the electron
loss between TiO2 surface and reduced iodide, leading to the highest Voc and FF
value (0.852 V and 75.1%). The decreased electron transport properties are attributed to the less interconnection between NPs compared to the case of cell (b).
However, when a film is treated in the much more time (30 min), the morphology
changed dramatically, and the pin-hole of TiO2 film formed. This result can be
confirmed by the dye desorption experiments and the weight loss of TiO2 from
etching process. While this situation should improve the dye molecule attachments
to the NPs and allow further penetration of the molecules into the TiO2 film, as
indicated by a large increased in the values of Deff in Table 2.
Finally, we believe that combination of TiCl4 and fluorine etching posttreatment with the opposite physical properties make it possible to increase both the
Voc and Jsc, giving an efficiency higher than that of cell (b). Therefore, cell (e) is
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treated with TiCl4 coating with same treatment as cell (c), followed by fluorine
etching with same treatment as cell (c), and cell (f) with the TiO2 NP film etched by
fluorine first and followed by TiCl4 treatment and then high-temperature. As we
expected, cell (f) has the lowest series resistance (i.e., Rtotal = R0 + R1 + R2 + R3) and
therefore the highest efficiency. The contribution to this increase of cell efficiency
comes primarily from the 27.7% increase in Jsc, no loss in the Voc and FF value. It also
notice from our model that the effective electron diffusion coefficient is a significant improved by as much as 59%, the interfacial recombination (keff) is decreased
by 52.7%, which leads to large Rk compared with the cell (b). These changes are
quite significant, and as a result, the cell efficiency was increased nearly 26%.

4. Photon management using three-dimensional photonic crystals
Besides the interfacial modification, cell performance can be improved by
external source (such as anti-reflection film and photonic crystal etc.) as reflecting
passed photons back into the absorbing film [26, 70]. For the photon trapping, two
approaches for geometrical or wave optics are employed [71]. In this book, photon
management concept using 3-dimensional photonic crystals (PhC) is introduced.
Photonic crystals are highly ordered materials with a periodically modulated
dielectric constant. The presence of photonic band gap can be confining and controlling the propagation of light propagation of light, a band of frequencies in which
light propagation in the photonic crystal is forbidden [72]. Therefore, we can manage to reflect, transmit, and diffract light for specific wavelengths by appropriate
designing the crystal structure. In fact, a diffuse scattering layer of large TiO2
colloids [73] is typically introduced for this specific purpose [74]. There are successful demonstrations for enhancement in performance of silicon photovoltaic
cells based on the realization of coherent scattering processes [75–81]. However,
these concepts cannot be easily realized in DSSC. Herein, this book takes the most
efficient cells and measure how much of the income light is actually being absorbed
by the N719 dye as photons transit across the solar cell.
4.1 Photon management effect on DSSCs
For 3D PhC layer, the vertical deposition technique for polystyrene (PS) opal
templates is employed [55] (see in Figure 13(a)). The experimental procedures are
reported in earlier work [82, 83]. Figure 13(b) is a SEM micrograph of a ZnO PhC
(or inverse opal) layer showing both the side view (cross sectional, top) and top
view (bottom).
The optical property can be estimated by using UV- vis- NIR spectrophotometer
in a wavelength range of 185  3300 nm. The quantum efficiency and transmission
of the N719 cell with a thickness of about 11.5 μm as a function of the wavelength is
shown in Figure 13(c) [76]. N719 dye displays a broad absorption spectral coverage
in the region 400  700 nm, but a large proportion of infrared (IR) spectral range,
which constitutes almost half the energy of the sun’s radiation, cannot be utilized.
To make up for insufficient photon absorption, a reflector by either using a Ag
mirror or a stack of the PhC was simply attached to the bottom cell or cathode
electrode (Figure 14(a) and (b)). As seen in this illustration, there are two physical
mechanisms by which wave optics approaches (based on reflector and photonic
crystals) can improve light-trapping: reflection and diffraction. Firstly, Ag film can
provide high reflection property like a mirror. Distributed Bragg reflectors exhibit
high index contrast and they can reflect light over a extensive wavelengths region
and incident light angles [84]. Likewise, a PhC can reflect incident light from broad
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Figure 13.
(a) Fabrication procedure of the 3D PhC, (b) SEM micrograph of a typical ZnO PhC (or inverse opal) layer,
showing both the side (cross sectional) view (top) and the top view (bottom) (c) quantum efficiency
measurement of the N719 dye and the transmittance measurement of DSSCs using the same dye.

Figure 14.
Schematic of a DSSC (a) with a typical geometric optic concept of reflection to trap light. And (b) with wave
optics (3D PhC) to trap light with reflection and diffraction (c) reflection spectra of Ag film and 3D PC with
different sphere diameters (198, 311, 375, and 410 nm).

range of angles for frequencies and polarizations within the photonic crystal in that
it can reflect light within the bandgap incident from any angle or medium.
Secondly, wave optics-based devices was developed for diffracting incoming
beams into indirect angles according to Bragg’s law [85]. The diffraction originated
from an interface improve light trapping with the distance increment that light
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must go forward to the front surface of the cell as well as diffracted beam are
internal reflected back into the solar cell when the angle of critical angle overcome
the diffracted beam [86].
Figure 14(c) shows the reflection spectra of Ag film and 3D PC with 198, 311,
375, and 410 nm diameters. The reflectivity of the Ag film is more than 80% in
wavelengths ranging from 400 to 800 nm; clearly, this Ag film has better reflectivity than the 3D PC. The red line represents the spectrum from the 198 nm inverse
opal sphere; a reflection peak can be observed at 410 nm corresponding to the
lowest photonic band gap (PBG). The orange line represents the spectrum from the
311 nm inverse opal sphere that shows the main reflection peak at 526 nm
corresponding to the lowest PBG and additional reflection spectra peaks at 382 and
365 nm. The blue line shows the reflection spectrum of the 375 nm inverse opal
sphere: it comprises a reflection peak at 661 nm corresponding to the fundamental
PBG and additional reflection spectra peaks at 415 and 390 nm. The green line
shows the reflection spectrum of the 410 nm inverse opal sphere that has a main
reflection peak at 715 nm corresponding to the lowest PBG and additional reflection
spectra peaks at 442 and 411 nm. The 3D PC show reflectivity peaks amplitudes of
around 73% at the lowest PBG and around 25% at the high order PBG. This implies
that we can recycle the photons back into the DSSC for further absorption and
processing. The peak positions can be related to the sphere diameter and the effective refractive index of the medium using Bragg’s law, λ max = 2neff d111, where d111 is
the 111 lattice spacing and neff is the effective refractive index of the medium.
Furthermore, the differences in the frequency of the reflection peaks are a result of
the different sizes of the inverse opal spheres because the same effective refractive
indices (ZnO) of the medium were used in all the experiments. Thus, the 3D PC can
be devised to present a Bragg peak that matches the absorption band of the ruthenium dye but has a significant effect on longer wavelengths, thereby increasing the
absorption efficiency.
4.2 Measurements and modeling of DSSCs with 3D PhC
The effects of selective light trapping, which was caused by the reflection and
diffraction by 3D PhCs, on the solar-to-electric conversion efficiencies and AC
impedance measurements of the cell, are analyzed by measuring the photocurrentdensity-voltage (J-V) curves under simulated sunlight radiations of 1000 Wm 2
intensity. From a series of J V curves, samples coupling with Ag and PhC reflector
display the increased photocurrent (seen in Figure 15(a)) The corresponding
impedance measurements are plotted in Figure 15(b), and the solid curves

Figure 15.
(a) J V characteristics and (b) Nyquist plots of DSSC attached Ag metal and different sized PhC reflection
(film thickness  11 μm).
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Table 3.
Parameters for the best fit of the impedance data and Photovotaic for the different sized 3D PhC attached DSSC film. Measured in Figure 15.
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represent the best fits from our modeling calculations. The fitting parameters are
tabulated in Table 3. (the photoanode comprised 11 μm thick TiO2 film and
approximately 0.332 cm2 active area with mask). The DSSC with the Ag film and 3D
PCs showed higher short-circuit current densities and solar-to-electric conversion
efficiencies than the traditional DSSC. For the Ag film, the short-circuit current
densities were increased by approximately 0.84 mA/cm2; the open-circuit voltage
and fill factor were almost identical; and the solar-to-electric conversion efficiency
was enhanced by 5% .
In the case of the DSSCs with 3D PhCs, the solar-to-electric conversion efficiencies were enhanced by 1.94, 7.78, 10.7, 11.3 and 14.4% for the 198 nm, 311 nm,
375 nm, 410 nm, and double layer (375/410 nm), respectively, as compared to the
traditional typed DSSC. The 3D PC with 198 nm sized PhC showed the lowest
efficiency enhancements because the traditional DSSC absorbed most of the light,
this corresponds to the reflection peak of this PhC, as shown in Figures 13(c) and
14(c). The 375 nm and 410 nm sized PhC showed high enhancements in the solarto-electric conversion efficiencies because the traditional DSSC transmitted more
than 50% of the light; this corresponds to the reflection peaks of these PhC. This
enhancement in the solar-to-electric conversion efficiencies is higher than that in
the Ag film even though the Ag film has a considerably higher reflection intensity;
this can be explained by the diffraction effect of the PhC as shown in Figure 14(b).
The PhC with 375/410 nm double layers showed highest enhancements in the solarto-electric conversion efficiencies because the double layer PhC has a significant
overlap with the quantum efficiency spectra of the ruthenium dye; moreover, the
diffraction effect of the PhC is also present. From Table 3, the multilayer whose
PBG has a large overlap with the quantum efficiency spectra of the ruthenium dye
leads to larger enhancements in the photocurrent. Furthermore, the PhC -based
DSSC exhibits considerably higher short circuit photocurrents than the traditional
DSSC and is much more effective than the conventional Ag film.
The generation of photocurrent is primarily influenced by the light absorption of
the dye. Therefore, when coupling PhC with the back surface of the DSSC, light
absorption is increased attributed to the reflection and diffraction of light. This
directly reflect the enhancement of the short-circuit current densities and the overall efficiency, while the open-circuit voltage, fill factor is unaffected. The DSSC
with the PhC of 375, 410 nm and double layer diameters showed higher conversion
efficiency than that with the Ag film; this can be explained not only by the reflection but also the diffraction effect in the DSSCs. As a result, we demonstrated here
that recycling of photons by PhC is an effective way to increase the cell efficiency.

5. Nanostructures TiO2 electrode in DSSC from 0 to 3 dimensions
As the main core of DSSCs, the nanocrystalline morphology of the
photoelectrode film is critical for the efficient operation. Large efforts have been
paid to optimize the morphology of the nanostructured photoanodes with improved
architectures for high dye loading and fast electron transport. Although 2-step HTNPs films treated with the interfacial modification have been regarded as a paradigm of porous photoelectrode for use in DSSCs, there are still challenges to boost
the photovoltaic performance or competitiveness. Therefore, the metal oxides in
their nanoform can be synthesized under various morphologies with different
shapes and sizes, thus offering the possibility for modulating their properties. In
literature, a variety of preparation techniques, such as sol–gel, [87] hydrothermal/
solvothermal, [88] electrochemical anodization, [89] electrospinning, [35] spray
pyrolysis, [90] and atomic layer deposition [91], have been developed and applied
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Figure 16.
SEM images of different types of 0D 1D 2D 3D- TiO2. Produced in our lab.

to obtain different morphologies in photoanode materials. In this study, a variety of
nanostructures from zero dimensional (0D) to three dimensional (3D) has been
tested. Electro-spinning and spraying technique has been adopted to prepare the the
different dimensional metal oxide semiconductor film by controlling the polymer
host and solvents. The detailed results can be seen in followed section (Figure 16).
5.1 Titanium dioxide (TiO2) nanomaterials as a photoelectrode
Various typed metal oxide semiconductors such as TiO2, ZrO2, SnO2, ZnO,
Nb2O5, Fe2O3, Al2O3, (binary compounds) and and ternary compounds such as
SrTiO3 and Zn2SnO4 can all act as photoelectrodes in DSSC due to their electronic
structures which are characterized by a filled valence band and an empty conduction band [7, 92]. Among these heterogenous semiconductors, TiO2 is the most
widely used photoelectrode material because of the large amount of grain boundary
and the large interface between the TiO2 surface, dye and the electrolyte in the solar
cell, further defects in the crystal structure are expected. In TiO2, the Ti ions are in a
distorted octahedral environment and formally have a Ti4+(3d0) electronic configuration. The different obital hybridized structure of valence band (VB) and conduction bands (CB) at Ti 3d states occur the decreased the transition probability of
electrons to the VB when the electron–hole recombination probability is reduced
[92]. Therefore, in view of the electronic configuration and recombination probability TiO2 are the best choice as photoelectrodes among 3d transition metal oxides.
TiO2 exsist naturally four commonly known crystalline polymorphs, i.e., anatase
(tetragonal, Eg = 3.23 eV), rutile (tetragonal, Eg = 3.05 eV), brookite (orthorhombic,
Eg = 3.26 eV) and metastable forms (monoclinic, orthrhombic, cotunnute) [93].
These structures can be described in terms of chains of TiO6 octahedra. The crystal
structures differ in the distortion of each octahedron and by the assembly pattern of
the octahedra chains [94]. The crystalline strucuture of TiO2 can be seen in
Figure 17 [95]. Both rutile and anatase have tetragonal structure with a = 0.46 nm
and c = 0.29 nm (rutile); a = 0.3782 nm and c = 0.9502 nm (anatase). Brookite has
orthorhombic structure with a = 0.5456 nm, b = 0.9182 nm, and c = 0.5143 nm and
it is very hard to synthesize in the laboratory, while the rutile and anatase can be
easily prepared. For solar cell application, anatase structure is more prferred
because of 0.1 eV higher the Fermi level, lower recombination rate of
electron–hole pairs and lower formation temperature [96].
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Figure 17.
The schematic TiO2 structure and the DOS calculated band structure for (a) anatase, (b) rutile and
(c) brookite TiO2. The big green spheres represent Ti atoms and the small red spheres represent O atoms.
Reprinted from [95].

Thermodynamic calculations based on calorimetric data predict that rutile is the
stablest phase at all temperatures, exhibiting lower total lower total free energy than
metastable phases of anatase and brookite. The small differences in the Gibbs free
energy (4  20 kJ/mole) between the three phases suggest that the metastable
polymorphs are almost as stable as rutile at normal pressures and temperatures [97].
The physical and chemical properties of TiO2 nanocrystals are affected not only by
the intrinsic electronic structure, but also by their size, shape, organization, and
surface properties. For example, if the particle sizes of the three crystalline phases
are equal, anatase is most thermodynamically stable phase below 10  15 nm,
brookite is most stable between 11  35 nm, and rutile is most stable at sizes greater
than 35 nm [98]. Herein, interesting morphologies and properties have recently
attracted considerable attention and many nanostructured TiO2 materials, such as
nanotubes, nanorods, nanofibers, nanosheets, and interconnected architectures,
mesoporus material such as inverse opal and photonic crystal have been fabricated
and applied in PV devices [35, 83, 99, 100]. In order to be effective photoelectode,
several parameters such as morphologies, pore volume, and the crysltalinity of TiO2
influence the charge transport and recombination processes.
5.2 0-dimensional (0D) titanium dioxide (TiO2) Nanosphere
Particles which are more or less spherical in shape like fullerenes, quantum dots,
nano-onions, nanoparticles, etc. are considered as 0D. These 0D nanomaterials are
sized at nanoscale level in all three dimensions and must be amorphours or crystalline; single or polycrystalline; and composed of single- or multichemical element.
Within 0D materials, all electrons are fully confined and their length equals the
width. Due to confinement of both electrons and holes, the lowest energy optical
transition from the valence to conduction band will increase in energy, effectively
increasing the band gap. A 0D TiO2 nanosphere (NS) film is noticed as a effective
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photoelectrode because of its structural advantages such as high surface area,
submicro- or meso-porous structure for light scattering function and better infiltration of electrolyte. There are several different efforts to produce spheres
[101, 102]. Nevertheless, there are limitations for the quality control, large-scale
production and flexibility. In this book, a simple electro-spraying technique is
introduced [103, 104]. As a first step, well-dispersed TiO2 suspensions is very
important to make a continuous fluid jet. Figure 18 show the three phase statues
during E-sparying process: (i) TiO2 suspension zone, which strong electric field
extracts droplets from Taylor cone (the non-sphere formation), (ii) mixed zone of
TiO2 suspension and solid, which non-spheres and spheres are formed by solvent
evaporates, leading to the droplet shrink, and (iii) solidified TiO2 zone, depositing
the TiO2 NSs onto the conductive glass.
In this systmem, the formation of tight cluster sphere filled sphere is caused by
the ultrafast evaporation of alcholic solvent under an electric field. For the
desireable sphere typed TiO2 film, it is necessary to controll several parameters such
as electric field, feed rate, a size of tip and a distance between the nozzle and FTO
substrate. It is noted that the the sphere size is controlled by changing the TiO2
concentration and the mixture of solvent in the dispersion solution. In order to find
the optimazed condition, TiO2 SPs with the different concentration are tested at
6 μm thick film. Figure 19(a) show the SEM results for E-sprayed film prepared
from the different concentration at 1 wt%, 3 wt%, 5 wt% and 10 wt%. With
increasing the concentration, the diameters of sphere are almost linearly increased,
while the number of molecules calculated from UV–vis absorption spectra of
desorbed sensitizers reveal that a TiO2 NSs with 5 wt% have about 11.6% and 13.9%
higher value than that of 1 wt% and 10 wt% TiO2 NSs film, respectively (see
Figure 19(b)).
Experiemntally, E-spraying at the low weight percent of TiO2 make it hard to
achieve the competely formed sphere over 8 μm thick film. Therefore, in this
reaserch, about 5 wt% TiO2 suspension in EtOH is used as the best condition. The
detailed phase diagram accroding to the electrospraying parameters can be seen in
the literature [105]. Figure 19(c) displays the thickness profiler on the various

Figure 18.
The schematic diagram of the formation of hierarchically structured 0D TiO2 Nanosphere (NS).
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Figure 19.
(a) SEM images and (b) absorbance curve of aqueous dye solutions after desorption and (c) the different
thickness of E-sprayed TiO2 spheres at the different concentration a. 1 wt%, b. 3 wt%, c. 5 wt% and d. 10 wt%.

thickness of TiO2 NSs photoelectrode film. In an E-spraying process, the film can
control the feeding volume. Figure 19(c) shows the cross-sectional image of an
E-sprayed TiO2 SPs film that demonstrates the uniform shape of the spheres from
bottom to top. However, with increasing film thickness, TiO2 NSs photoelectrode
tends to increase the film roughness since intrinsic insulator properties of TiO2 can
influence on an electric field film during depositing process.
Figure 20(a) and (b) show SEM images of a distribution of mesoporous TiO2
NSs in the anode electrode of E-sprayed TiO2 NSs film. This film exhibits a range of
diameters between 100  800 nm, formed from nucleation and crystallization of
10 nm TiO2 particles. Also, the existence of such mesopores improved the electrolyte penetration. With the TiCl4 treatement, a filled sphere with a relatively rough
surface is generated. (seen in Figure 20(b)) This is benefical for improving the
interconnection between primary particles inside the TiO2 NSs. Figure 20(c) shows
a TEM image of the spheres with the crystalline nano particles. The surface area and
porosity of both TiO2 SPs and NPs film can be estimated by N2 adsorption–desorption isotherm at 77 K (see in Figure 20(d)). The SPs films show a type-IV isotherm
as well as an increase in the adsorbed amount at high relative pressure, indicating
the existence of mesopores in the sample [106]. The measured specific surface area
of TiO2 SPs is 188.47 m2g 1, 2.9 higher than that of similar amount of TiO2 NPs
electrode (65.33 m2g 1). Furthermore, the cumulative BJH mesopore volume and
maximum pore radius is 1.194 cm3g 1 and 10.05 nm, respectively, while hydrothermal nanoparticle film shows the pore volume of 0.607 cm3g 1 and maximum
pore radius of 7.50 nm. In the case of TiCl4 treated SP, the surface area and the
cumulative pore volume is decreased by as much as 65.3% and 65.2%, respectively
compared with the non-treated SPs film. The amounts of dye adsorbed onto each of
the pristine- and TiCl4 treated TiO2 SP layers at 11 μm were 5.80  10 6 and
8.19  10 5, respectively.
It shows about 2.1 times increased dye absorption properties compared with the
NP. This high density of dye molecules onto TiO2 NS can be explained by the high
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Figure 20.
SEM images of E-sprayed (a) TiO2 NSs and (b) TiCl4 treated TiO2 NSs (c) TEM images of the TiO2 NSs,
which themselves are formed from crystallized 10 nm particle. (d) N2 adsorption–desorption isotherms of
TiO2 NPs and NSs.

intrinsic surface area of each TiO2 NSs surface as well as the crack free surface
morphology. In general, casting TiO2 NPs from a polymer supporter for the thick
TiO2 layer onto substrates is by far the preferred method of depositing electrodes
for DSSCs. Therefore, heating process at temperature ranging from 450–500°C is
necessary to burn out the residual organic binder and to enhance the inter-particle
connection between NPs. In this process, cracks are formed at the interface with
TiO2 NPs, leading to deteriorate dye absorption. (see Figure 21(a)). In the case of
E-sprayed TiO2 SPs from binder-free, the surface of the e-sprayed TiO2 layer is
uniform and without cracks, unlike the surfaces produced using paste methods as
shown in Figure 21(b).
The J–V curves, EIS analysis and IPCE data and detailed information of dyesensitized NPs and SPs film of the same thickness with mask (0.220 cm2) at 1 sun
light intensity are shown in Figure 21(c) and (d) and Table 4, respectively. Their
photocurrent density is almost the same (10.6 mA/cm2), and Voc of the SP-based
solar cell (0.831 V) is only about 2% higher than that of the anatase-based cell
(0.815 V). The respective overall energy conversion efficiencies of the NPs and SPs
-based cells are a 7.28% and 7.46%. The predominant increase of cell efficiency at
the TiO2 SPs film can be obtained by TiCl4 treatment because of the enhancement
of the interconnection between TiO2 SPs, which illustrated in Figure 20(b). The
TiCl4 treated sample represents a 21.0% increase in the energy conversion over the
non-treated SPs. This increment of SPs films is about twice higher than that of NPs
because the presence of intrinsic microporous SPs structure, which make its more
open structure increase amount of I3 a in the pores. From the suggested impedance
models, I confirm the electron diffusion coefficient rate of triiodide D1 for TiCl4
treated SP film is 4.3  10 7 cm2S 1, 53% higher than that obtained from TiCl4
treated SP film, at 2.1  10 7 cm2S 1. This increase is in good agreement with the
increase of Voc and FF observed in Figure 21(c). Hence the SPs based cell plays a
key role in attaining the higher cell efficiency with solid state electrolyte.
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Figure 21.
SEM images of TiO2 film (a) doctor bladed and (b) E-sprayed TiO2 film. (c) and (d) JV and IPCE data for
TiO2 NSs films.

Interestingly, despite of the decreased charge density of SPs film, the photocurrent
density is nearly the same. This reason can be explained by scattering effect on the
SPs film. Figure 20(d) shows the IPCE curves for each sample range from 350 to
800 nm. The films with SPs layer the entire IPCE curve is slightly shifted upward in
the region between 550 and 800 nm. With TiCl4 treatment, the increase is more
pronounced, which is good agreement with those reported by Sommeling [56]. The
effect of scattering clearly results in a much larger improvement of the red response
than originates from the higher dye loading.
5.3 1-dimensional (1D) titanium dioxide (TiO2) nanorod
One-dimensional (1D) nanostructures (e.g., nanowires, nanorods, nanotubes,
nanobelts, cauliflower-shaped structures) have been widely considered to have
superior electron transport characteristics compared to conventional nanorod (NP)
-based systems. Eariler reported research have demonstrated that highly efficient
TiO2 nanorod-based NR DSSCs and compare charge transport properties to those of
typical TiO2 nanoparticle-based (NP, commercially available P-25) NP-DSSCs [35].
The electrospun TiO2 NR based photoelectrodes exhibited about 2 times larger the
pore volume and 2.5 times more dye coverages at the same weight than those of
TiO2 NP. Therefore, NR based cell indicated about 40% higher efficiencies than NPDSSCs attribied to 8 times slower electron–hole recombination in NR-DSSCs.
With the TiCl4 post-treatment, further enhancement of electron diffusion coefficient, a charge collection efficiency and the efficiency can be demonstrated [35].
5.4 2-dimensional (2D) titanium dioxide (TiO2) nanosheets
Two-dimensional (2D) anisotropic nanostructures of metal oxides and semiconductor possess pronounced quantum surface effects and dramatic changes in
electronic structures and thus in the physical and chemical properties, which are
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Table 4.
Parameters for the best fit of the impedance and Photovotaic data for doctor bladed and E-sprayed TiO2 film. Measured in Figure 21.
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anticipated to inspire new fundamental and technological research [107]. In my
earlier research, TiO2 or ZnO nanofiber mat is used for employing DSSC. [108, 109]
For empolying 2D TiO2 film for DSSCs, two different technique are used for TiO2
photoelectrode: (1) Nanofiber (NF) mats produced by electrospinning: (2)
Nanotubes (NT) film from 2-step hydrothermal method. As see in Figure 22(a),
TiO2/poly(vinly acetate, PVAc) composite fiber mats are directly electrospun onto a
FTO glass and then polymer binders are removed by two step process: (i) a THF
solvent tratement for melting PVAc polmyer, (ii) calcination this mat at 500°C for
30 min. With the post treatment, the adhesion issues between TiO2 NFs or NFs and
FTO glass can be overcome. The TiO2 NTs film is prepared from adjusting pH
values [110]. Following this method, the well-growed NT poweders are deposited
by mixing a mixture of PEO/PEG polymer binder as described in a section of
“DSSC Fabrication for Conventional typed Cell.”
The detailed surface and cross sectional images can be confirmed by the SEM
images (1.22(b)). as can bmodified 2-step hydrothermal process. Figure 22(c) show
the nitrogen adsorption–desorption isotherm and Barret–Joyner–Halenda (BJH)
pore size distribution plot of the NF mats and NT film, respectively. The specific
surface area and pore volume of both samples is very small and it is difficult to
obtain a sufficient photocurrent density. In agreement with the BET analysis, the JV
curve of all cells display an obviously low photocurrent density, leading to the poor
cell efficiency.
5.5 3-dimensional (3D) titanium dioxide (TiO2)
In the section of “Photon Management using Three-Dimensional Photonic
Crystals”, the effective use of three-dimensional photonic crystals (3D PhC) for
photon management in our cells was demonstrated. Here, 3D PhC is used as a
photoelectrode for DSSCs. An important approach to enhance DSSC efficiency is to
increase the path length of light by enhancing light scattering in TiO2 films by

Figure 22.
2D TiO2 film (a) TiO2 nanofiber (NF) film prepared by E-spraying technique (b) TiO2 nanotube (NT) film
by hydrothermal treatment. (c) JV and BET analysis of each cells.
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coating the large particles onto the small sized of TiO2 NPs [111]. To understand the
effect on the PhC coupled DSSCs that feature enhanced photocurrent over a large
spectral region, a double layered photoanode integrates a high surface mesoporous
underlayer TiO2 with an optically active TiO2 PhC overlayer is fabricated as illustrated in Figure 23(a). For the FTO/3D TiO2 PhCs structure, the polystyrene (PS)
opal template of sphere size 370 nm was prepared using a vertical deposition
technique onto the nc-TiO2 film and then TiO2 is coated by ALD. The inverse opal
structure can be made by ion etching (CF4 5 min).
Figure 23(b) shows the J-V curves for the different sized 3D PhC at liquid
electrolyte. (as seen above) When the size of hole is increased from 198 nm to
410 nm, the Voc values increased from 0.787 V to 0.849 V. The 311 nm 3D PhC
bilayer exhibits the best PCE, which is a 46.1% increase in Jsc (8.657 mA/cm2) and
36.2% increase in PCE (5.102%) compared to the NPs layers (7.064 mA/cm2 of Jsc,
3.258% of PCE) The significant improved PCE of 3D PhC indicates that the 3D PhC
top layer is electrically connected and contributes to light harvesting over the entire
spectrum.
Moreover, large porosity structures of the inverted 3D TiO2 PhCs have enabled
good infiltration for high-viscosity electrolytes. For solid state cell fabrication, we
have chosen (P1,4I)-doped succinonitrile plastic crystal electrolyte [112, 113]. This
electrolyte has the best performance for solid state DSSC as reported in the literature [114]. At a room temperature, this compound electrolyte has a high conductivity of 3.3 mS/cm and fast ion transport of iodine and triiodine in its plastic phase
of 3.7  10 6 and 2.2  10 6 cm2/Vs, respectively. The observed fast ion transport
in this solid material can be seen as a decoupling of diffusion and shear relaxation
times, which probably originates from local defect rotations in the succinonitrile
plastic crystal [115–117]. Thus, this plastic electrolyte showed best high cell efficiency among other competing electrolyte materials. Figure 23(c) top shows the
molecular structure of the compound. For better cell performance, we firstly
injected the liquid state electrolyte into TiO2 NP film and evaporated this electrolyte
by putting it in the dry oven at 80°C for 12 hour. Next, the plastic electrolyte was
heated until it became a liquid (>70°C) and injected into the warmed sandwiched
cells. After the cells included the plastic electrolyte was cooled down to room

Figure 23.
3D TiO2 film (a) schematic design (b) JV characteristics of 3D PhC TiO2 at the different size (c) solid state
results.

35

Solar Cells - Theory, Materials and Recent Advances

temperature, a waxy solid was obtained. Figure 23(c) shows the JV curve for solid
state of 311 nm 3D PhC bilayer. Interestingly, no obvious efficiency change could be
seen in all typed solid state electrolyte. The PCE of the solid state system is found to
be 2% of that of the liquid electrolyte system. In conclusion, the design of 3D PhC
bilayer film enables effective dye sensitization, electrolyte infiltration and charge
collection because the layers are in direct physical and electronic contact, light
harvesting in specific spectral regions was significantly increased by the 3D PhC
effect and PC-induced resonances. This approach should be useful in solid-state
devices where pore infiltration is a limiting factor as well as in weakly absorbing
photovoltaic devices.

6. Photosensitizer for DSSC: state of the art.
6.1 Ruthenium (Ru) complex based photosensitizer
Since the advent of DSSCs, ruthenium-series dyes are considered as the most
powerful photosensitizer because of the following reason: their strong metal to
ligand charge transfer transition (MLCT) process, a broad absorption spectrum,
suitable excited and ground state energy levels, relatively long excited-state lifetime, and good (electro) chemical stability and power conversion efficiency (PCE)
>11% [7]. In order to improve the efficiency of DSSCs, the sensitizer should be
panchromatic, that is, absorb photons from the visible to near-infrared (NIR)
region of the solar spectrum while maintaining sufficient thermodynamic driving
force for the electron injection and dye regeneration process. Many efforts have
been made to change the change the ligands of Ru complexes: [118, 119] As seen in
Figure 24, ruthenium(II) – polypyridyl complexes such as the thiocyanato derivative, cis-(SCN)2 bis (2,20 -bipyridyl-4,40 -dicarboxylate) ruthenium(II), (coded as
N3), the doubly protonated form, (Bu4N)2(Ru(dcbpyH)2(NCS)2), (named N719)

Figure 24.
Incident photon to current conversion efficiency as a function of the wavelength for the standard ruthenium
sensitizers N3 (red line), N719 (brown) the black dye N749 (black curve), and the blank nanocrystalline
TiO2 film (blue curve). Reprinted with permission from [7, 120, 121].
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and the Ru center has three thiocyanato ligands and one terpyridine ligand
substituted with three carboxyl groups, (also called the “black dye”) are widely
used as reference and high efficiency sensitizers for DSSCs. The amphiphilic
heteroleptic ruthenium sensitizer, known as Z907, reported noticeable thermal
stability with stable 7% energy conversion efficiency [114]. For optimized DSSC
with N3 or N719, the certified IPCE values are 80% for wavelengths 650 nm.
However, the IPCE increases only gradually from the absorption onset to shorter
wavelengths due to relatively low extinction coefficients (1.40  104 M 1 cm 1)
[7, 47]. In addition, this class of compounds contains expensive ruthenium metal
and requires careful synthesis and tricky purification steps. Therefore, efforts in the
synthesis of sensitizers for DSSCs step forward to the metal-free organic donor–
acceptor (D–A) dyes system.
6.2 Porphyrins based sensitizer
The idea for mimicking the light harvesting processes based on chlorophyll
occurring photosynthetic reaction centres inspire the research for porphyrins based
sensitizer. The porphyrin-based dyes exhibit large absorption coefficients in the
visible and infrared region as well as their rigid molecular structures consisted of
four meso and eight β reaction sites, which can control their properties [122–124].
The designed porphyrin dyes with a π-conjugated link at the β-position of the
porphyrin ring enhance the electronic coupling of the dye with the surface of TiO2,
reaching η =7.1% of a PCE [125]. Numerous series of porphyrins are reported for the
DSSC application as an effective sensitizer. of DSSC synthetized. Among them, a
class of sensitizer consisting of a push–pull porphyrins with an electron-donating
diarylamino group and an electron-withdrawing carboxyphenylethynyl anchoring
group shows the outstanding solar properties. For example, advances in optimization of the device performance for a zinc porphyrin sensitizer (YD2-oC8) cosensitized with an organic dye (Y123) using a cobalt-based electrolyte to enhance
photovoltage of the device attained an unprecedented power conversion efficiency
of η = 12.3% [126]. (see Figure 25(a)) Further improvement can be found at

Figure 25.
(a) Typical structure of a porphyrin showing the four meso- and the eight β-positions to be functionalized for
porphyrin-sensitized solar cells. Reprinted from [122, 123] (b) solar performance for the different series of
porphyrin based DSSC at liquid electrolyte and TiO2 NSs.
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incorporation of the proquinoidal benzothiadiazole (BTD) unit into the functionalization of the porphyrin core with the bulky bis(20 ,40 -bis(hexyloxy)-(1,10 -biphenyl)-4-yl)amine donor and a 4-ethynylbenzoic acid yielded the green dye, which
exhibited a slightly improved PCE of 13% [127]. The detailed physical and structural
studies responsible for recent advances of the porphyrin-based DSSCs have been
reviewed in several reports [122–124]. Thanks to Yeh group’s support, various
porphyrin with the different structure based sensitizers can be tested in my optimized condition and the detailed performance listed in Figure 25(b). Interestingly,
the cell performance is gradually improved upon light exposure and heat treatment.
Specially, after 90 min light exposure, cell performance increased from 6.12% to
7.71% attributed to the increase of Jsc value (see Figure 26(a)-(c)). The improvement can be explained by the different charge recombination process. According to
Mori et al., Li+ ions are removed from the TiO2 surface and replaced with DMPIm+
ions under light exposure [128, 129]. This process is found to enhance the electron
lifetime by decreasing charge recombination with the redox mediator (Figure 26(d)).
This can be explained by initial limited injection and fast charge recombination
processes. As a result, this process enhances the cell performance by decreasing
recombination with the redox mediator. However, about 20.1% improved cell
efficiency by light exposure indicate YD2-oC8 sensitizer exhibit the extra open
space at the TiO2 SP surface. Therefore, the best device performance in our system
show about 7.7% of energy efficiency at the I /I3 liquid electrolyte and TiO2 NSs
samples.
6.3 Tetrathienoacenes (TTAs) based sensitizers
Metal-free organic dyes have attracted much attention to researchers due to
chemical or optical versatility, environmental compatibility and potential cost
reductions [7]. In spite of these attractions and efforts, a little lower cell
performance and difficulty in synthesis cannot meet the requirement for
commercialization.
A donor-π-acceptor (D-π-A) structure is a promising strategy for metal-free
organic sensitizers because of the effective photoinduced intramolecular charge

Figure 26.
Solar cell performance (a) Voc, (b) Jsc and (c) eff versus light exposure time (d) schematic representation of
light-induced cation exchange. Reprinted with permission from [129].
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transfer property [7, 130]. Thanks to support from Chen’s group, a new series of
organic dye based on tetrathienoacene are applied for DSSC [105, 131]. In this
design, triphenylamine electron-donor (D) unit and cyanoacrylic acid electronacceptor (A) unit is connected to an electron rich a lipophilic dihexyloxysubstituted thiophene-based fused tetrathienoacene. (TPA-TTAR-TA); (1) the
triphenylamine unit composed of a large conjugated tertiary amine system is known
as a strong electron donor in its initial state as well as act as stabilize the chargetransferred state [132]. (2) The cyanoacrylic acid, which is an anchoring group to
bind to a TiO2 surface functions as an effective electron acceptor. (3) As the πsystem, we used fused tetrathienoacene cores produced by the newly designed onepot synthetic routes [133]. Fused-thiophenes offer the attraction of good charge
transport properties with extensive molecular conjugation and strong
intermolecular SS interactions, [134, 135] which might enhance the efficiency of
DSSC. (see in Figure 27(a)).
Several fused thiophene derivatives have already been demonstrated to have
excellent charge transport performance. For example, dithienothiophene (DTT)
and tetrathienoacene (TTA) based OTFTs exhibited mobilities up 0.42 (p-channel)
and 0.30 (n-channel) cm2V 1 s 1, respectively [136]. Relative to organic semiconductors, the potential of fused thiophene-based DSSCs has not been well explored
until recently, and only for a limited range of TT and DTT materials. To the best of
our knowledge, the first example of a TT-based small molecule DSSC with a PCE of
7.8% was reported by P. Wang and M. Gratzel et al. in 2008 [137]. For DTT, was
reported by the same team in the same year with a PCE of 8.0% [138]. Presumably,
due to high coplanarity of poly fused thiophenes may lead to aggregation of dye
molecules on nanocrystals, caused a dissipative intermolecular charge transfer, and
then rendered an unfavorable effect on the cell efficiency. As a result, the more
conjugated TTA-based small molecules have never been explored for DSSCs yet.
Nevertheless, in terms of tuning the energy-level of chromophores to attain a better
capability of panchromatic light-harvesting, conjugated TTAs elevate the HOMO
and lower a suitable LUMO compared to TT and DTT based DSSCs. Red shifted
absorption with high molar coefficient and better charge transport (vide infra)

Figure 27.
(a) Schematic representation of the donor-π-bridge-acceptor molecular dye design concept and (b) the chemical
structures with solar performance and (c) UV–vis absorption spectra of dyes 1–5 and their corresponding molar
absorption coefficients measured in o-DCB in concentration of 10 5 M of TTAR series dyes.
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might enhance the efficiency of DSSC thus offering TTA a potential good conjugation unit for a new organic dye. The detailed synthetic route and procedures aren’t
described in my thesis.
The effects of thiophene introduction between the bridge and the donor and/or
acceptor moieties can be systematically understood. Starting from the simplest
TTAR structure, TTAR-1, a thiophene spacer is either inserted on the acceptor side
between TTAR and cyanoacrylic acid to yield TTAR-2, and finally on both acceptor
and donor sides to yield TTAR-3. These π-extended systems should enhance panchromatic light-harvesting, as the result of the uplifted TTA HOMO and lower
LUMO compared to TT and DTT based molecules. In addition, to maintain adequate dye processability, a long alkyl substituent (R = n-C15H31) on the TTA core in
all sensitizers are introduced, which also suppresses dye aggregation and charge
recombination on the TiO2 surface. (Figure 27(b)). The linear C15-alkyl chain
substituent not only prevents dye aggregation but also curtails charge recombination. However, it does not efficiently suppress intermolecular π-π interactions when
the molecules assemble on the TiO2 surface. Therefore, the TTA unit effectiveness
can be compared with two different branched alkyl group (b-C8H17), TTAR-4 and
(n-C9H19) TTAR-5.
The optical absorption spectra of the five organic dyes are displayed in Figure 27
(c), indicating the presence of two strong absorptions from a charge-transfer band
(482 nm (TTAR-1), 498 nm (TTAR-2), 513 nm (TTAR-3), 485 nm
(TTAR-4), 519 nm (TTAR-5)) and a higher energy π–π* transition (340 nm
(TTAR-1), 369 nm (TTAR-2), 402 nm (TTAR-3), 373 nm (TTAR-4),
375 nm (TTAR-5)). Significantly, TTAR-2  5 with one or two thiophenes show
red-shifted the absorption onset compared to TTAR-1 due to their extended conjugation lengths. Presumably the reduced molecular co-planarity of TTAR-4 due to
the branched alkyl substituents may perturb the conjugation efficiency of the chromophore, and hence hypsochromically shift the absorption maximum wavelength.
Electronic structure and solar performance of each dye from cyclic voltagramms
(CV) and the B3LYP/6-31G** level of density functional theory (DFT) is shown in
Table 5. Among 5 dyes, TTAR-4 show the best cell efficiency (η) as high as 10.21%,
attributable to the relatively lower aggregation of the dye due to the bulky 3methyl-5,5-dimethylhexyl substituents. Generally, dye aggregation on the surface
of TiO2 reduces the electron lifetime and facilitates charge recombination in DSSCs
fabricated using metal–organic or organic dyes [139].
To understand the exciton dynamics in dyes, femtosecond time-resolved
photoluminescence (FTR-PL) was used [140, 141]. The electron injection efficiency
can be calculated by the followed equation, η = (1/τ1)/(1/τ2 + 1/τ3), where τ 1 is the
electron injection time from the dye to TiO2, τ2 is the exaction-exciton annihilation
time, and τ3 is the lifetime of an exciton in the dye [141]. The calculated time
constants and electron injection efficiency for the dye coated TiO2 film are summarized in Table 5. The electron injection efficiency of 5 dyes shows almost 97% at
λ = 420 nm, which is well matched results for IPCEs data (>93%) at the same
wavelength.
6.4 Multi-sensitized DSSC
Designed sensitizers with higher molar extinction coefficient have allowed significant improvement of cell performance. Nevertheless, possible efficiency boosts
can be obtained by extending the dye absorption range while simultaneously
avoiding a negative impact on other parameters, such as ground- and excited-state
redox potential, intensity of absorption, or stability. Many series of dyes have been
developed to find an efficient absorber with high extinction coefficients particularly
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λmax (nm) Eg (eV)

Energy level
(eV)

Energy level
(eV)

EHOMOa ELUMOa EHOMOb ELUMOb

a
b

Photoexcited Electron
Dynamics
τ1 (ps)

τ2 (ps)

τ3 (ps)

Electron injection efficiency (%)

Solar Performance
Voc (V) Jsc (mA/cm2) FF (%) EFF(%)

TTAR-1

482

2..08

5.16

3.08

5.01

2.69

0.68

4.35

23.56

97.2

0.893

10.1

68.1

6.15

TTAR-2

490

2.08

5.22

3.14

5.06

2.78

0.74

3.08

19.30

96.3

0.833

16.5

73.7

10.1

TTAR-3

513

2.04

5.09

3.05

4.95

2.80

0.84

2.77

15.07

94.7

0.832

11.8

70.3

6.91

TTAR-4

485

1.92

5.19

3.27

5.02

2.71

0.71

3.37

24.74

97.2

0.811

17.5

72.0

10.2

TTAR-5

519

1.91

5.20

3.29

4.99

2.71

0.77

4.59

29.86

97.5

0.781

15.5

62.0

7.67

5

1

Measured in o-DCB at a concentration of 10 M .
EHOMO CV = (4.8 + Eox) where Eox = Onset potential of the first oxidation peak when the Fc/Fc + internal standard is referenced to 0.0 V.

Table 5.
Summary of optical, electrical properties, solar properties of dyes. Reprinted from [141].
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in the solar spectrum from 350  1,000 nm that is also environmentally benign and
inexpensive to use. However, it’s a big challenge. Therefore, scientists are tried to
mix two or more dyes with different absorption range [142–144]. Although this
concept is very sensible, the multi-sensitizers system should meet some essential
conditions: (i) strong molar extinction coefficients to minimize the thickness of the
mesoscopic TiO2 film; (ii) a suitable structure to avoid unfavorable dye aggregation;
(iii) to reduce the recombination of electrons in the TiO2 film with I3 and other
acceptors materials through the formation of a compact molecule monolayer covering the bare TiO2 surface. With the continuous efforts, the co-sensitized DSSC has
achieved an 11.5% efficiency record with the liquid state electrolyte, [145] but the
energy conversion efficiency of mixed sensitizer still lags behind a champion cell
made from the single dye. The reason is that the formation of molecular aggregates
onto the TiO2 surface having a finite number of anchoring sites as well as the
deactivation of dye excited states due to energy or electron transfer processes
between the different sensitizers [146].
In this book, three sensitizers with the different main absorption position and
D-π-A framework (a Zn based porphyrin dye (YD2-oC8) [126] and the more conjugated TTA-based small molecules (TTAR) [141], which hold records of solar
performance as a single dye) are applied by modified stepwise approach. For the
efficient cosensitizaion, a good understadning of the intermolecular interactions
such as matchable size, shape, and orientations as well as compensating
light-harvest between or among the coadsorbed dyes must take precedence. In
addition dye aggregation on the surface of TiO2 significantly must be avoided
because the formation of dye aggregates significantly decrease the efficiency of
electron injection. Attached long alkoxyl chains at phenyl group is plausible
strategies to suppress effectively the dye aggregation. The key structural feature
of YD2-oC8 involves long alkoxyl chains in the ortho-positions of the meso-phenyls
so as to envelope effectively the porphyrin ring to decrease the degree of dye
aggregation and also protect the porphyrin core for retarded charge
recombination [126].
For supporting the lack of light-harvesting ability beyond 700 nm, near-IR dyes,
named as YDD6, is employed [147]. The ortho-substituted alkoxyl chains in YDD6
can be contributed as not only a light-harvesting ability extending beyond 800 nm
but also failed to prevent dye aggregation for this porphyrin. A weakly absorption
around λ = 520 nm at the YD2-oC8 can be improved by TTAR dye molecules. In
addition, several papers reported the co-sensitization of different molecular sizes
allowed a better surface coverage, yielding a high short circuit current density (Jsc)
and open circuit voltage (Voc) and resulting in a high PCE [147–149]. Similarly, the
covering empty space on TiO2 NS surface demonstrated from the light soaking test
lead to enhance the efficiency. Therefore, insering small sized TTAR dye molecules
(estimated molecular length = 24.9 Å) into the gaps within the YD2-oC8 (about
167 Å) saturated TiO2 surface can help to boost cell performance.
The possibility of dye aggregation of TTAR are test with various amounts of
chenodeoxycholic acid (CDCA) co-adsorbed on the photoanodes. The effect of
CDCA concentration on the photovoltaic properties of the DSSCs fabricated with
TTAR-4 was first investigated, and the results are shown in Figure 28(a, left).
Although dye aggregation should be suppressed by CDCA incorporation among the
dye molecules, this would also decrease the dye coverage on the TiO2, leading to
decrease Jsc and cell performance. The TTAR-4 may be sufficient to suppress
aggregation, and adsorption of the added CDCA may compete with dye adsorption
on the TiO2. The electron-transport resistance (Rct) and electron lifetimes (τe) as a
function of the concentration of CDCA can be obtained by EIS analysis (see
Figure 28(a, right)).
42

A New Generation of Energy Harvesting Devices
DOI: http://dx.doi.org/10.5772/intechopen.94291

Figure 28.
(a) The normalized efficiency (η) and normalized photocurrent density (Jsc) from the photocurrent density–
voltage (J-V) characteristics (left) and the electron-transport resistant (RCT) and electron lifetime (τe) fitted
from EIS analysis of the DSSCs using TTAR-4 dye with various CDCA concentrations, measured under 1 sun
illumination (b) molar absorption coefficients measured in o-C6H4Cl2 in a concentration of 10 5 M (insert:
Schematic process for cosensitized system).

For the effective co-sensitization deposition, there are two well known
approaches: (i) the cocktail approach uses a mixture of dye solutions with certain
molar ratios of the two dyes, [147, 150] and (ii) the stepwise approach accomplishes
sequential adsorptions of the two sensitizers [151, 152]. In our experiement, the
fabrication of a co-sensitized onto the TiO2 sphere film is performed by the modified stepwise deposition method. (see Figure 28(b)) Considering the enegetic band
position, the TiO2 electrode is firstly immersed into a 1 M TTAR solution in a
mixture of 1,2-dichlorobenzene (DCB) and ethanol (volume ratio: 1:10) and kept at
room temperature for 1 h. After spin-coating at 3000 rpm for 45 sec, a small
quantity of the dye solutions (YD2-oC8) prepared from the same ratio of the
mixture solvent (DCB: EtOH) is then dropped onto TTAT/TiO2 sphere at room
temperature and left for 5 min before spin coating at 3000 rpm for 60 sec. The well
covered sensitizer layer could be obtained by repeating the coating procedure until
the optimized condition. After YD2-oC8 sensitizer coating, as-synthesized YDD6
solution dissovled in the mixture solvent (DCB:EtOH) is deposited onto YD2-oC8/
TTAR/ TiO2 sphere in the same procesure. Figure 28(b) shows the molar extinction
coefficient of individual and multiple sensitized system. The absorption spectra of
YD2-oC8 is well matched in the literature [122, 152]. The YD2-oC8 observed along
with the Soret band (400–520 nm, log ε/M 1 cm 1 = 5.33 at 448 nm) and Q-band
absorption (550  600 nm, log ε/M 1 cm 1 = 4.49 at 644), while the absorption
spectrum of TTAR is found in the range of 350  560 nm with the molar extinction
coefficients at 449.5 nm (log ε/M 1 cm 1 = 5.01). As a near IR dye, the absorption
spectrum of YDD6 shows a broad split feature for the Soret band (380–550 nm, log
ε/M 1 cm 1 = 5.51 at 491 nm) and Q-band absorption (550–800 nm, log ε/
M 1 cm 1 = 4.94 at 741 nm) Therefore, this dye can help to cover the lack of light43
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harvesting ability beyond 700 nm. As a result, the combination of complementary
porphyrin and organic dyes produces a panchromatic spectral feature to promote
the performance of DSSC.
Figure 29(a) and (b) show the current–voltage characteristics and the
corresponding IPCE action for the TTAR, YD2-oC8, YDD6 and Multiple (TTAR/
YD2-oC8/YDD6) sensitized DSSC, respectively. The photovoltaic parameters are
listed in Table 6. An impressive cell performance of ca 11.2% (Jsc = 18.6 mAcm 2,
Voc = 0.818 V, FF = 72.8%, 998 mW cm 3) is attainable by increasing Jsc value of the
TTAR and YD2-oC8 (each 14.3 mAcm 2) to ca. 18.6 mAcm 2 when the multiple
sensitization is used. For the multisensitized DSSCs, the IPCE spectra showed two
major differences compared to the individual dye DSSCs: no dip is observed in the
visible region as the efficiency remained above 80% from 400 to 650 nm compared
with YD2-oC8 dye, As compared with the corresponding IPCE maxima of the single
dye systems, the IPCE value of the multisensitized cells remain between 75–85%
from 410 nm to 670 nm and current respond is respond above 710 nm. This effect is
consistent with the absorption spectral feature shown in Figure 34(b). To understand the charge transport kinetics of cell, electrochemical impedance spectroscopy
(EIS) is next performed from my fitting model (see in Figure 29(c)). The estimated
total resistance (RIR) of multi-sensitized DSSC at 1  0.3 MHz frequency region was
about 18.51 Ω, which is about 1.58, 2.23 and 3.41 times lower values than that of
TTAR, YD2-0C8 and YDD6, respectively. From simulated data, the multisensitized DSSC displays about 40.2%, 74.9% and 84.9% lower interfacial recombination rate in TiO2, keff and 0.8%, 129% and 294% higher Rk/Rw value rather than
those of TTAR, YD2-oC8 and YDD6 based DSSC. The higher interfacial recombination rate of porphyrin series sensitizer compared with TTAR sensitizer reveals
recombination between iodide and oxidized electron at the TiO2 open space surface
between dyes. For similar reasons, a multisensitized DSSC give rise to a denser
packing and coverage and lead to the highest keff. The schematic illusting melucular

Figure 29.
(a) photocurrent density–voltage (J-V) characteristics (b) IPCE analysis and (c) EIS analysis for the
individual and multiple sensitized DSSC (d) Schematic illustrating molecular structure and adsorption sites of
YDD6, YD2-oC8 and TTAR dyes on TiO2.
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cm2s 1)

keff (Hz)

τeff (ms)

Rk

Rw

Rk/Rw

Con (Ωcms 1)

Rd (Ω)

ns (1018 cm 3)

RIR (Ω)

VOC (V)

Jsc (mA/cm2)

FF (%)

EFF (%)

TTAR

1.918

19.9

314.7

8.3

3.3

2.5

0.102

3.5

5.378

29.40

0.842

14.3

72.7

8.73

YD2-oC8

2.014

47.5

132.1

10.3

9.3

1.10

0.302

4.3

1.822

41.21

0.769

14.3

67.5

7.45

YDD6

1.142

79.1

79.42

7.9

12.3

0.64

0.387

5.7

1.121

63.21

0.687

6.42

68.7

3.03

Triple

1.952

11.9

527.1

6.1

2.4

2.52

0.044

2.9

12.07

18.52

0.818

18.6

72.8

11.2

Table 6.
Parameters for the best fit of the impedance and Photovotaic data for a single dye (TTAR, YD2-oC8 and YDD6) and multi sensitized DSSC. Measured in Figure 29.
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strucutre for single and multi senstized film can be see in Figure 29(d). Therefore,
the charge density in TiO2 conduction band (ns) with multisensitized system was
increased by about 124%, 562% for TTAR and YD2-oC8 single dye. The relative
competition between electron–hole recombination and electron diffusion is conveniently described by the electron diffusion length, Ln, the relation Ln = (Deff  τeff)1/2.
The effective diffusion length Ln of the conduction band electrons for single(TTAR, YD2-oC8, YDD6) and multi-senstitized DSSC can be calculated from this
equation. The Ln for all samples is estimated to be 24.6 μm of TTAR, 16.3 μm of
YD2-oC8, 9.52 of YDD6 and  32.1 μm of TTAR/ YD2-oC8/YDD6, respectively.
This calculated data suggests that multisenstitized sensitizer leads to enhance the
collection of being photogenerated electrons in comparison to those in single
sensitizer. The detailed parameters can be seen in Table 6.

7. Electrolyte and solid state hole transport material
The liquid electrolytes possess some important features such as easy preparation,
high conductivity, low viscosity, and good interfacial wetting between electrolytes
and electrodes and thus high conversion efficiency for the DSSCs [153, 154]. Today,
the best working redox-couple known so far is the iodide/triiodide system. The
unique performance of I /I3 based liquid electrolytes is mainly attributed to the
favorable penetration into the nanoporous semiconductor film, very fast dye
regeneration, and relatively slow recombination losses through reaction with
injected photoelectrons. Cobalt based redox mediators bring the concomitant
improvements in the Voc, which produced the highest efficiency of 13% for traditional DSSCs [127]. However, there are several negative features limiting industrial
application following reason: (1) iodine is extremely corrosive toward metals such
as copper or silver, which are used as current collectors in some DSSCs; (2) acetonitrile as a main solvent has a relatively high vapor pressure, which makes proper
encapsulation of the cells challenging; (3) the I3 ion absorbs a significant part of
visible light, stealing photons from the sensitizing dye. These drawbacks can be
potentially remedied via the use of solid-state hole transport materials (HTM). The
premise of the effective solid state DSSC is that viscous HTM materials would
penetrate into the all the deep lying empty spaces in the porous TiO2 network, and
form a continuous film that connects these filled pores all the way up to the back
electrode. Hence, our sphere typed TiO2 electrode give many advantages for solid
state electrolyte system and used by default.
In our research, three different classes of solid state electrolyte are investigated
(i) iodide based plastic crystal electrolyte prepared by mixing synthesized Nmethyl-N-butylpyrrolidinium iodide (P1,4I), I2, and succinonitrile [51]; (ii) a novel
cross-linkable organiosiloxane cross-linkable molecule, 4,40 -bis((p-trichlorosilylpropylphenyl)phenylamino) biphenyl (TPDSi2) [155]; (iii) perovskite typed inorganic materials, CsSnI3 and Cs2SnI6. (this part did not deal with this book)
[104, 156]. P1,4I based electrolyte exhibit the highest value, reaching about 9% using
a masked frame measurement technique [51]. The detailed information is explained
in earlier section.
As an organic molecule system, several different systems have been proposed
including melt processing, [157] in-situ polymerizastion, [158] use of low Tg
materials, and even use of small molecule/polymeric blends [159]. Among them,
silane chemistry based cross linkable hole transport material 4,40 -bis((p-trichlorosilylpropylphenyl)phenylamino biphenyl) (TPDSi2) is applied for organic HTM.
Silane chemistry has not been previously employed in DSSC, but our group and
others have exploited their property of forming a robust cross-linked network of
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charge carriers for use its various optoelectronic devices. Both the performance and
the stability of the devices improved dramatically when TPDSi2 was used the interfacial layer in OLED (organic light emitting diode) and OPV (organic photovoltaic)
devices. The TPDSi2 molecule has two key components-widely used hole transport
moteity triphenyldiamine (TPD) and a trichlorosilyl (SiCl3) pendant. The SiCl3
subgroups can be easily introduced into a charge conducting moiety like TPD via
the highly efficient catalytic hydrosilylation reaction. The Si-Cl bonds are very
stable during storage under inert atmosphere, but they are readily hydrolyzed by
hydroxyl (OH-) groups. Moisture content of ambient atmosphere and surface OH
groups that are present on oxides surfaces of ITO (indium tin oxide), SiO2 (silicon
dioxide) and TiO2 [160, 161] substrates, along with water molecules that are
physiadsorped on the surface, are the relevant sources of such OH groups. Once the
SiCl3 groups come in contact with the OH groups, they get hydrozyzed at a rapid
pace and inadvertently, Si-Cl groups from two different molecules get hydrozyzed
by the two OH groups of the same water molecule. The very strong Si-O-Si bond
hence formed, covalently linking two TPDSi2 molecules. Alternatively, Si-O-Si
bonds are formed when two neighboring silanol groups undergo condensation
reaction. The Si-O-Si bonds will extend over the length and breadth of the film in all
directions and hence form a tightly held network of TPD units. While TPDSi2 is a
very soluble organic solid, when it is cast onto a film allowed to hydrolyze, it will
form a heavily cross-linked network that is rigid, insoluble and rugged. Our strategy
in this study was to fill up the TiO2 pores with the soluble small molecule TPDSi2
and then to allow the molecules to cross link and form an extensive network that is
in contact with both the deep lying dye molecules and the back electrode and hence
shuttle holes from the former to the latter with great efficiency. Figure 30(a) shows
the schematic image and the chemical structure of DSSCs utilizing P3HT and
TPDSi2 organic seminconductor as HTM. A mesoporous TiO2 nanocrystlline film is

Figure 30.
(a) Device architecture (top)of ss-DSSC and chemical structures with transmission electron microscope image
(bottom) of P3HT and TPDSi2 (b) illustration of p-doping effect on TPDSi2 by additive treatment (top) and
complete energy diagram of FTO/TiO2/Z907/HTM/Au ssDSSC (bottom) (c) photovoltaic performance of
Z907 dye based ssDSSCs employing P3HT and TPDSi2 as HTMs with and without additive treatment.
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deposited on top of FTO-coated glass substrate. Z907 dye molecules are attached to
the surface of TiO2 to form a bicontinuous nanocomposite active layer, which is
then subsequently infiltrated by the organic HTM. Finally, a Au counter electrode is
deposited to form contact with HTM and encapsulates the device. In this system,
the HTM extracts hole from photo-oxidized sensitizer molecules and transfers the
holes to the Au counter-electrode, allowing complete dye regeneration. TEM specimens are prepared by transferring spin-coated thin films from poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-coated Si substrates onto
lacey carbon TEM grids. P3HT exhibits typical semicrystalline polymer features.
Such relatively large, continuous domains as a result of polymer aggregation are
indicative of poor HTM infiltration into pores of TiO2/sensitizer. On the contrary,
TPDSi2 molecular HTM shows significantly smaller features, while forming
homogenous and organized networks. Such features are could be advantageous for
large-scale processability of TPDSi2 as an efficient HTM.
Figure 30(b) shows a scheme on the possible change of electronic structure by
additive treatment by the UPS spectra of P3HT before and after additive treatment.
The detailed information can be seen in Table 7. In HOMO emission regions, the
HOMO band onsets also show no significant difference, corresponding to IPs of
4.94 and 4.98 eV for P3HT before and after additive treatment, respectively. This
result is in perfect agreement with CV data (Table 7). However, for TPDSi2 films,
the additive treatment result in a clear shift both in high binding energy cutoff
(HBEC) and HOMO emission regions. In particular, the HBEC position shifts to
lower binding energy after additive treatment, whereas the HOMO cutoff shifts
close to 0 eV. This effect could indicate a strong p-doping effect of additives on
TPDSi2. Scholin et al. [162] observed a similar effect of Fermi level shift to move
closer to the HOMO level on Spiro-OMeTAD by Li-TFSI doping. Here, by using the
same substrates and a common vacuum level, the shift of Fermi energy to the move
closer to the HOMO position is confirmed. In addition, IPs also shift from 5.36 to
5.12 eV after additive treatment, which is in excellent agreement with CV-derived
HOMO energies.
The overall energy alignment including all DSSC device components, specifically, FTO/TiO2/Z907/HTMs (P3HT + additives or TPDSi2 + additives)/Au is
presented as Figure 30(b).
The exact energetic alignment of HTMs are carefully derived from optical
absorption, cyclic voltammetry and ultraviolet photoemission spectroscopy and is
discussed below. To carefully investigate the charge transport properties of HTMs,
both TFT and space charge limited current (SCLC) measurements are performed.
For TFT mobility measurements, bottom-gate/top-contact configurations were
employed for all devices fabricated by spin-coating of a 5 mg/mL chlorobenzene
solution onto Si/SiO2 substrates using Au source and drain contacts. All TFT and
SCLC mobilies are summarized in Table 7. For P3HT, typical p-type TFT behavior
was observed both in pristine films and films treated with additives. A noticeable
increase in p-type mobility from 4.3  10 3 to 1.1  10 2 is observed. However,
TPDSi2 exhibit relatively low TFT performance, as a result of disconnected domains
in the lateral direction. In real DSSC condition, hole transport through the HTMs to
the counter electrode can significantly influence charge recombination and device
performance. Therefore, SCLC method which directly measures the charge transport in the direction perpendicular to substrate can be employed as a good indicator
mimicking real device conditions [163]. For the cross-linked TPDSi2 HTM, it show
about 2.8 time higher p-type hole mobility than that of pristine, which is indicative
of favorable charge transport properties in DSSCs. Therefore, power conversion
efficiency (PCE) of DSSCs of >2% is achieved when using standard amphiphilic dye
and TPDSi2 as HTM (see Figure 30(c)).
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EHOMOa (eV)

IPb (eV)

Eopt,gapc (eV)

ELUMOd (eV)

μTFT (cm2/Vs)

μSCLC (cm2/Vs)

Voc (V)

Jsc (mA/cm2)

FF (%)

PCE (%)

P3HT

?

4.94

1.91

3.03

4.3  10

3

1.0  10

3

0.166

0.38

32.1

0.02

P3HT + additives

?

4.98

1.90

3.08

1.1  10

2

2.3  10

3

0.497

1.69

39.4

0.33

0.485

2.81

46.7

0.64

0.683

4.97

60.3

2.05

TPDSi2

5.31

5.37

2.90

2.47

NA

4.6  10

4

TPDSi2 + additives

5.09

5.11

2.90

2.22

NA

2.8  10

3

a

Determined by CV.
Determined by UPS.
c
Determined at the UV absorption onset.
d
ELUMO = IP + Eopt,gap.
b

Table 7.
Summary of electrochemical, optical, charge transport and photovoltaic data for the HTMs used in this study.
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8. Carbonaceous cathode for DSSC
In this part, we show our effort on developing the counter electrode (CE).
Generally, CE mainly functions as reducing the redox species from I3 to I2. A
suitable redox charge mediator should effectively perform the function of shuttling
the generated positive charge away from the light absorbing sensitizer residing on
the semiconductor surface to the CE, thus completing the electrical circuit. For
being an effective CE, it exhibit high electrical conductivity and electrocatalytic
activity toward I3 reduction and corrosion resistant to iodide/triiodide electrolyte
[164]. To date, a platinum (Pt) is the most common catalyst material for DSSC
[165]. However, its cost remains a concern for the large-scale commercialization of
the DSSC. Therefore, numerous researchers are trying to find new CE materials.
Carbonaceous materials such as graphite [166, 167] carbon black [168, 169],
activated carbon [170], hard carbon sphere [171], carbon nanotube [172], fullerene
and graphene [173], conductive polymers [174], metal compounds [175] and
composites have been developed and tested as promising counter electrodes. So far,
carbonaceous materials are regarded as the most attractive option.
In this book, we introduce large-effective-surface-area polyaromatic hydrocarbon
(LPAH) for DSSC. A detailed description for generating LPAH species has been
reported in an earlier publication [176]. The catalytic properties of LPAH can be
calculated by EIS method. Device symmetric structure and the Randles-typed equivalent circuit model consisting of charge transfer resistance (Rct), a constant phase
element (CPE) and a series resistance (Rs) can be seen in Figure 31. Here, the Rct is a
barrier for the charge transfer process at the LPAH/electrolyte interface [177]. The
CPE is the interfacial capacitance, considering the roughness of the electrodes. In
more detail, the impedance of CPE is described as ZCPE = B(iω) β (0 ≤ β ≤ 1) where,
ω is the angular frequency, B and β are frequency-independent parameters of the

Figure 31.
(a) a. Equivalent circuit of a symmetrical cell used to fit the impedance spectra; b. Nyquist plots of different
counter electrode catalytic materials (Platinum, carbon black and LPAH) prepared with identical electrodes; c.
CVs of carbon black and LPAH films. (b) a. Nyquist plot of different counter electrodes. Equivalent circuit of
the complete DSSC is given in the inset and b. J–V Characteristics of different counter electrode catalytic
materials.
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CPE. β indicated the capacitance of CPE and the deviation from the semicircle
probably due to the porosity of electrode surface, respectively [41, 44, 178]. Rs
indicate the ohmic resistance of the electrolyte, the conductive glass and the carbon
layer. In order to confirm the catalytic mechanism operating in an electrochemical
system with I / I3 redox, cyclic voltammetry (CV) measurement was carried out. A
carbon electrode was used as the working electrode, a Pt coil as the counter electrode,
and an Ag/Ag+ electrode as the reference electrode. Figure 31(a).c shows the CV
curves obtained using CB and LPAH (versus Ag/AgCl). The negative current was
assigned to the reduction of I3 to I and positive current was the oxidation of I at
the carbon surface, respectively [179]. The LAPH sample showed a negative peak
potential ( 0.82 V) and a much higher current density ( 0.02 mA/cm2), indicating a
better reduction rate comparable to that CB ( 1.4 V, 0.017 mA/cm2). In cyclic
voltammetry, the anode peak and the cathodic peak are related to the redox couple
(I /I3 ) reactions and they can be used to estimate the diffusion coefficient (D) using
the Randles-Sevcik equation. The Randles-Sevcik equation: ip = (2.687  105)n3/2ʋ1/2
D1/2AC where, ip is the peak current (A), n is number of electrons transferred in the
redox event (usually 1), ʋ is scan rate in V/s, A is the area of working electrode, C is
the bulk concentration of analyte in mol/cm3. In the anodic and cathodic reaction, the
calculated D values of 1.05  10 4 cm2/s and 1.76  10 4 cm2/s for LPAH were larger
than 6.70  10 5 cm2/s and 6.3  10 5 cm2/s for CB. This result indicates that the
LPAH would speed up the I /I3 redox reaction ascribed to a higher catalytic activity,
leading to a more efficient DSSC.
In general, the equivalent circuit of the complete solar cell may be represented as
indicated in Figure 31(b) [37, 176]. From right to left, it demonstrates impedance
for charge transfer at electrolyte/catalytic materials-FTO interface, diffusion of I3
species in the electrolyte, electron transport and electron capture by the I3 at the
TiO2/electrolyte interface and the electron transport at the FTO/TiO2 interface,
respectively. These components can be simplified from proposed in DSSC model:
RFTO/TiO2 is the resistance of the FTO/TiO2 contact and CPE1 is the capacitance of
this interface. TiO2 network consists of a diffusion element ZW1 that is in series
connected with the charge-transfer element RTiO2, the two being in parallel with a
capacitive (constant phase angle) element CPE3. ZW2 is the Warburg impedance
describing the diffusion of I3 in the electrolyte. RCE is the charge-transfer impedance at the counter electrode, and CPE2 is the double layer capacitance at the
electrolyte/catalytic materials-FTO interface [180].
The catalytic activity described the exchange current density (J0) using followed
equation,
J 0 ¼ RT=ηFRct :
Here, J0 is a kinetic parameter that depends on the reaction and on the electrode
surface upon which the electrochemical reaction occurs, R is the gas constant,T is
temperature (here T = 300 K), n is the gas constant and F is Faraday constant [44].
From the value of J0, we can know how easily the electrochemical reaction can occur
on the electrode surface. The Rct of LPAH based CE shows approximately 35 times
lower value at 3 μm thick film than that of a symmetric CB electrode at 8 μm thick
film, leading a better energy efficiency at the DSSC (see Figure 31(b)). Furthermore,
the relatively thin film of LPAH can be expected by reducing the internal series
resistance of devices. The shifting the peaks of Bode phase at the high frequency
region of the cells supported this expectation [181]. Consequently, LPAH would speed
up the I /I3 redox reaction, leading to improve the fill factor and cell efficiency.
Figure 31(c).b described fitted Nyquist plot and J-V curves of the different CE
(Pt, CB and LPAH) on DSSCs. The detailed parameters for internal resistance (RIR)
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(%)
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(%)
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(Ohm)

2.9  10

5

0.87

0.61

22.0

0.824

13.4

73.8

8.12

17.1

0.76

70.3

0.190

0.804

11.5

68.9

6.35

111

0.85

2.12

6.31

0.820

13.1

73.2

7.89

21.9

(b) CB

7.5  0.8

69.6

0.094

5.93

2.3  10

5

(c)
LPAH

3.2  0.6

216.8

0.474

13.3

2.3  10

3

Table 8.
Characteristic of different counter electrode materials (platinum, carbon black and LPAH). Reprinted from [176].
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and photovoltaic properties are summarized in Table 8. The internal resistance
(RIR,) can be calculated by the sum obtained from each resistance,
RIR = R0 + R1 + R2 + R3. Although LPAH counter electrode has somewhat lower
catalytic property compared with the Pt counter electrode, Voc, fill factor is close to
Pt based DSSC electrode due to relatively similar RIR values. Finally, LPAH based
DSSC show an overall energy conversion efficiency of 9.3% without mask, which is
higher than the 7.5% achieved for CB counter electrode devices reported recently
[169]. Therefore, we believe LPAH is a good candidate as a next catalytic material.

9. Optimization of the DSSC performance for having maximum
performance
Based on these fundamental achievements, our efforts are headed for achieving
an energy efficiency of over 12.3% by combining new materials and concept. For a
photoanode, the ITO NR array with over 3 μm spacing and 10 μm thickness is used
as the 3D cell [52]. In this design, it is very important how well the TiO2
nanoparticles have infiltrated among the ITO nanowire. In our earlier research,
TiO2 solution including polymer binder is air-sprayed into ITO NWs. Although this
method is easy and efficient enough to fill TiO2 NPs into ITO NW, it formed surface
defect (such as crack) on the surface of TiO2 film during sintering process (see
Figure 32). Through Electro-spraying process, crack free TiO2 film is deposited into

Figure 32.
(a) SEM images of TiO2/ITO NRs on the different deposition technique; doctor-blade, air-sprayed from TiO2
solution including polymer binder and E-sprayed technique from EtOH and EtOH/terphineol (b) E-sprayed
TiO2/ITO NRs film inserted in the JV characteristic.
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ITO NW. For an electro-spraying, aqueous solvent in the hydrothermal treated TiO2
nanoparticle solution is replaced by ethanol and then alpha-terpineol is added into
the ethanol solution of TiO2 particles. The replaced solution was loaded into a
syringe equipped with a 27-gauge stainless steel needle. The spaying rate (25 μL/
min) was controlled using a syringe pump. The electric field (12–15 kV) was applied
between a metal orifice and the aluminum foil at a distance of 10 cm using a power
supply and was electrosprayed onto ITO NWs substrate. The TiO2 coated electrode
was gradually calcined under an air flow at 150°C for 15 min, at 320°C for 10 min, at
500°C for 30 min. As seen in Figure 32(a), TiO2 sphere solution prepared from
pure EtOH formed the film on the top of ITO NWs, which make it difficult to
penetrate into the ITO NWs. Therefore, adding alpha-terpineol solvent with viscous
and low evaporation rate into TiO2 solution, TiO2 solution is directly dropped into
highly charged ITO NWs in between and spreading through x-y-z moving robot
system. As a result, completely filled and crack free TiO2 film in ITO NWs can be
obtainable (see Figure 32(b)). A Jsc of 17.2 mAcm 2, a Voc of 0.846 V, and a FF of
0.75.2% are derived from the JV curve with purified N719 dye and liquid electrolyte,
thus giving an overall power conversion efficiency (η) of 10.9% under illumination
with standard AM 1.5G simulated sunlight (1000 mWcm 2). While attached with a
3D PhC, the efficiency is further improved to 12.45% (Jsc = 19.75 mAcm 2,
Voc = 0.838 V, FF = 75.2%). The dramatically improved PCE can be achieved by
using cosensitization system with a TTAR/ YD2-oC8/YDD6 and 3D PhC designed
structure.
Figure 33(a) presents the solar performance for the best cell. Form an effective
approach to enhance the light-harvesting ability and to retard the charge recombination, the maximum PCE is about 13.26%, with short-circuit current density (Jsc)
=22.3 mAcm 2, open circuit voltage (Voc) = 0.811 V, fill factor (FF) = 73.3% and
maximum power (Pmax) = 1.99 mW. In conclusion, our concept and designed
material and concept lead to significant promotion of the overall performance of a
DSSC.

Figure 33.
I-V and P-V curve for the best performance DSSC with the cosensitization and 3D PhC.
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10. Future prospects of ESC
Compared with traditional silicon solar cells, the DSSC device promises to be less
expensive (the ease of fabrication and cost effectiveness of materials, which do not
need to be highly purified process), thinner, more flexible, and amenable to a wide
range of lighting conditions, all of which makes it viable and efficient solar cells for
the future. Therefore, they said that ESC along with its good performance will
definitely replace c-Si dominated photovoltaic markets very sooner. However,
although each material is extremely inexpensive, the cost of silicon continues to fall
as well. Silicon photovoltaics module are a mature technology and their costs have
continued to reduce from US $1.52 W 1 in 2010 to just US$ 0.39 W 1 in 2018, with
module efficiencies ranging from 15–20% and lifetime guaranteed to 25 years [182].
Unfortunately, the ESC technology is not so trivial that the highest module efficiency, the fastest production methods, or the lowest materials cost necessarily
provides the best module solution. In addition, long term stability is the big challenge. Therefore, for surviving the future photovoltaic market, we believe ESCs
have to develop the system of transparency with esthetics ability.
Building integrated photovoltaic (BIPV) technology has become an emerging
research hotspot of solar PV technology because it intends to achieve “zero energy
building (ZEB)” consumption through transformations of buildings from energy
consumers to sustainable energy producers [183]. A sustainable building can minimize energy consumption, while at the same time supplying its own energy demand
through self-generation. PV was generally installed on building’s roofs, but it’s very
harsh to meet strict requirements of ZEB regulation. The potential power of rooftop
in the United States is approximately estimated as 1400 TWh/yr. (0.16TW) at
about 16% of module efficiency cell, nearly 40% of the total electricity generation of
the US [184]. In buildings rooftop system with conventional PV application, the
available area for PV installation is limited and it cannot fulfill the building’s energy
needs. On the other hands, transparent or semi-transparent PV windows have a
tremendous potential to increase harvesting area as well as reduce the annual
electricity consumption for cooling and heating. Therefore, we believe transparent
PV is the most promising future energy system and research efforts for minimizing
the tradeoff relation between the average visible transparency (AVT) and power
conversion efficiency (PCE) can decide ESC’s fate [185].

11. Summary
The main aim of this book is to put a comprehensive review how to improve and
what kind of factors are influence on cell performance. Fundamental and professional understanding of the DSSC has been gained by means of experimental,
electrical and optical modeling and advanced characterization techniques. In this
book, TiO2 photoanode under the category of 0D and 3D structures, organic photosensitizer, solid state transporting materials and catalytic carbon as a material
field was studied by using various optical and electrical tools. The combined
research efforts have led to the important technical achievements: by controlling
the nanocrystal structure, size, shape, organization and interface of titanium dioxide, we have made great progress in controlling the light harvesting, charge transfer
and transport properties in the devices and have greatly boosted the performance of
the devices.. By using specially designed photonic crystals to confine the photons in
the cells, the overall cell efficiency can reach to about 13.26%.
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