
Università degli Studi di Milano Bicocca

Dipartimento di Scienze dei Materiali

Ph. D. in Materials Science - XXIV cycle

Dye Sensitized Solar Cells:

materials and processes

Ph. D. Thesis of:

Dell'Orto Elisa Camilla

042053

Thesis presented for the degree of Doctor Europaeus

Supervisor: Prof. Alessandro Abbotto

Dean of the Doctorate: Prof. Gianpaolo Brivio

January 2012



Contents

Introduction 1

Chapter 1. Theoretical background and state of art 4

1.1. Photovoltaic energy conversion principles 4

1.2. DSSCs principles 8

Chapter 2. DSSCs photo-sensitizers 30

2.1. DSSCs fabrication 31

2.2. Device characterization 36

2.3. Thiocyanate-free cyclometalated ruthenium sensitizers

for solar cells based on hetero-aromatic-substituted

2-arylpyridines 47

2.4. A Near Ideal Panchromatic Response in DSCs with a

Squaraine Sensitizer 60

2.5. A high-E�ciency and Stable Symmetrical Panchromatic

Squaraine for Dye-Sensitized Solar Cells 69

mi



2.6. Conclusion 78

Chapter 3. Spectroscopic evaluation of dyeloadig on

TiO2 80

3.1. Introduction and state of art 80

3.2. Materials and instruments 86

3.3. Results 88

3.4. Conclusion 109

Chapter 4. New counter electrode of DSSC 113

4.1. Introduction 113

4.2. Carbon Nano-Walls 113

4.3. PEDOT 122

4.4. Conclusion 131

Chapter 5. Electrochemical Impedance Spectroscopy

using a three electrodes devices 132

5.1. Introduction 132

5.2. Transmission line model 134

5.3. Experimental details 135

5.4. Results 137

5.5. Conclusion 145

mii



Bibliography 146

Bibliography 146

List of Figures 160

List of papaers 170

Acknowledgments 172

miii



Introduction

The conversion of solar energy to generate electricity is becom-

ing very important in recent years, as global population growth and

the limited amount of fossil fuels have increased the interest in al-

ternative energy sources.

In solar cells devices it is possible to obtain electrical current

through the charge separation that occurs by the absorption of elec-

tromagnetic radiation at the interface between two materials with

di�erent conduction proprieties.

The most common solar cell devices are solid-state cells, where the

junction between a p-doped and a n-doped semiconductors creates

a depletion zone in which there is the creation of excitons, and elec-

trons are separated from the hole because of the change in the energy

bands of two semiconductors, indeed caused by their junction.

However, there are several alternatives to these devices, an impor-

tant position is occupied by Dye Sensitized Solar Cells (DSSCs) [1, 2]
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which, although have not yet reached e�ciency comparable with the

solid-state cells (at the moment the record e�ciency for a DSSC is

12.3% [3], that is about an half of a polycrystalline silicon cell), have

a great interest due to their low cost, the availability of materials

and ease of preparation [4, 5, 6, 7].

Though much progress was achieved in terms of intrinsic cell

stability and up scaling, there are a lot of problems that need to

be solved to allow industrialization and a large production of these

devices. Main problems concerns low stability, low e�ciency, low

scalability. Low stability is mainly related to degradation in sealing

material and to corrosive action of ionic liquid electrolyte. For this

region in last years a lot a studies have concerned solid hole trans-

porting materials to replace liquid electrolyte. To improve e�ciency

a lot of sensitizer were been studied, to improve the harvesting of

light. Also the study of alternative photo-anode structures could be

an interesting �eld in this direction. The up-scaling problems is con-

nected to the use of some low available materials (such as platinum

or ruthenium) and the presence of high sheet resistances.

The work made during these years had the presuppositions to

analyze di�erent aspects of DSSCs optimization, to understood the

complexity of devices and the in�uence of di�erent components in

2



overall results. For this reason di�erent materials have been studied

and di�erent diagnostic technique have been investigated.

The study began in a laboratory where DSSCs fabrication was start-

up process. For this reason a part of the work regarded the adjust-

ment of a protocol to realize DSSC devices, by the choosing of ma-

terials and equipments, in collaboration with di�erent institutes.

During the thesis the DSSCs optimization was analyzed mainly

through two strategies: the study of new sensitizers and the study

of alternatives materials for photo-cathode fabrication. Two class

of sensitizers were be analyzed: squaraine dyes and cyclometalated-

based dyes. Then a study on dye-loading process will be presented,

with implication in an industrialization process.

For the photo-cathode fabrication two di�erent materials were stud-

ied, a carbon based material and a polymeric material.

Then a part of the work concerned the study of devices analysis

system. In particular electrochemical impedance spectroscopy was

studied to propose a new set up to analyze electric processes in dif-

ferent cell components.
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CHAPTER 1

Theoretical background and state of art

1.1. Photovoltaic energy conversion principles

1.1.1. Solar spectrum. Sun can be approximated to a black

body at the temperature of 5800 K. So solar spectrum can be �nd

using Planck's distribution:

(1.1.1) I(ν)dν =
2hν3

c2
1

e
hν
kT − 1

dν

where I(ν) is the power of electromagnetic radiation at fre-

quency ν radiated per unit area of emitting surface in the normal

direction per unit solid angle per unit frequency by a black body at

temperature T , h is the Planck constant, c is the speed of light in

the vacuum and k is the Boltzmann constant.[8]

As it passes through the atmosphere, solar radiation is atten-

uated by scattering and absorption; the more atmosphere through

which it passes, the greater the attenuation is. Absorption concerns
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UV region (it's due to oxygen, ozone, nitrous oxide and methane),

IR region (water vapor) and infrared region (carbon dioxide). The

e�ect of scattering is to remove high energy radiation in direct sun-

light.

If L0 is the thickness of an atmosphere layer, and L is the path

length of the light through this layer, the air-mass (AM) coe�cient

is de�ned as:

(1.1.2) AM =
L

L0
≈

1

cosα

where α is the zenith angle in degree.

AM0 corresponds to the extraterrestrial radiation, without at-

mospheric attenuation. For photovoltaic characterizations, the stan-

dard reference spectrum is AM1.5G, that corresponds to the total

global irradiance at a zenith angle of 48.2° and good represents the

overall yearly average for mid-latitudes. Figure 1.1.1 compares dif-

ferent spectra. The total irradiance is the integral of the curves

on all wavelength radiation, for the reference spectrum IAM1.5G =

1000.4Wm−2.[9]
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Figure 1.1.1. Spectra of a black body at T=5800
K, the extraterrestrial radiation (AM0) and the
standard solar radiation (AM1.5G) [10].

1.1.2. Photovoltaic conversion. A photovoltaic device is, in

general, a device with the ability to convert solar radiation into elec-

trical power. This kind of device include p-n-junction solar cells,

photo-electrochemical cells, DSSCs, photo-galvanic cells, and or-

ganic (plastic) solar cells. In general, the process of photovoltaic

energy conversion can be divided into three steps:

(a) electronic excitation of the absorbing component of the con-

verter by light absorption with concomitant electronic charge cre-

ation.
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(b) Separation of the electronic charges.

(c) Charges collection.

The excitation can be an electron-hole pair in a semiconductor, an

electronic excitation of a molecule, or the production of excitons.

The �rst to observe photovoltaic e�ect was Becquerel in 1839[11],

by illuminating Pt electrodes coated with AgCl or AgBr into an acid

solution. About 50 years later, Charles Fritts constructed the �rst

true solar cells using junctions formed by coating the semiconductor

selenium with an ultra thin, nearly transparent layer of gold.[12]

The �rst silicon solar cells were made by Russel Ohl in 1941[13].

It was formed by cutting the ingot to include sections with both a

p-type and n-type region and applying metal contacts.

Most photovoltaic devices to date have been formed by coupling

a p-type semiconductor and a n-type one (p-n junction). Through

the contact surface of two semiconductors, electrons �ow from n-type

material to p-type, while some holes move in the opposite direc-

tion (�g. 1.1.2). The n-type material thus acquires a slight positive

charge, while the p-type becomes slightly negative. Around the junc-

tion area (depletion layer) a �eld is therefore generated, thought the

p-type material to n-type. This layer prevents any further spread in

the two verses of the charge carriers. [14, 15]
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When a solar cell absorbs light radiation, if the photon energy E =

hν is less than the semiconductor energy gap Eg they do not can be

captured by electrons since these would be brought to a energy level

of the forbidden band gap level. If instead if hν > Eg the electron

captures a photon and is excited to the conduction band, leaving a

hole in the valence band. When operating as a solar cell, the elec-

trons excited to the conduction band �ow from the p-type to the

n-type side, while the holes left behind in the valence band �ow in

the opposite direction. If the two crystals are connected by a wire,

the equilibrium is restored by a electrons �ow from n to the crystal

p. The absorption of radiation light causing a continuous electric

current in the wire [16].

1.2. DSSCs principles

DSSCs exhibit a di�erent mode of operation respect p-n junc-

tion cells [17]. Absorption occurs at a very speci�c location at the

dye molecules attached to a porous semiconductor (usually TiO2)

medium (�gure 1.2.1). In the dye-sensitized cell, photo-absorption

excites an electron into a high energy level of a dye molecule adjacent

to titania �lm. The excited electron quickly drops into the conduc-

tion band of the TiO2 and is transported away from the generation

8



Figure 1.1.2. To reach thermal equilibrium, elec-
trons/holes di�use across the junction into the p-
type/n-type region. This process leaves the ionized
donors (acceptors) behind, creating a region around
the junction, which is depleted of mobile carriers.
This depletion region extends fromx = −xp to x =
xn. The charge due to the ionized donors and ac-
ceptors causes an electric �eld, which in turn causes
a drift of carriers in the opposite direction. The
di�usion of carriers continues until the drift cur-
rent balances the di�usion current, thereby reach-
ing thermal equilibrium as indicated by a constant
Fermi energy EF .

site [18, 19]. The state from which electron was originally excited

is replenished by electrons shuttled across a liquid medium. It is

interesting to note how the light absorption and charge transport

processes are largely decoupled.
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Figure 1.2.1. Scheme of function of a Dye Sensi-
tized Solar Cell.

In fact in DSSCs there is an electron-conductive phase (n-type

semiconductor) and a hole-conductive phase (redox species), that

form an heterojunction. For this reason DSSC are majority carried

device (e�ciency is strongly depended on the ability to generate

majority carriers), where electrons and holes are in two di�erent

chemical phases.[20, 21, 22]

1.2.1. DSSCs detailed electronic processes. DSSCs are

photo-electrochemical devices where several electron transfer pro-

cesses take place in the same time with di�erent time scales (�gure

1.2.2) [23, 24, 25, 26].
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Figure 1.2.2. Electron transfer processes in a
DSC during light-electric power conversion energy.
When the dye absorbs a photon an electron is ex-
cited from the HOMO level to the LUMO level of
the molecule (1). This is followed by electron injec-
tion to the semiconductor (TiO2) conduction band
(2), and the oxidized dye is regenerated by electron
capture from the redox electrolyte (5). The injected
electron travels by di�usion in the TiO2 �lm until
it �nds it way to the substrate contact where it is
released to the external electrical circuit (3). The
electron is returned to the cell via an electrolyte re-
duction reaction at the counter electrode and the
electrical circuit of the cell is completed by ionic
transport of the redox pair in the electrolyte. The
main back-reactions limiting the photocurrent are
indicated with red arrows: (4) radiation less relax-
ation of the excited state of the dye, (6) recombina-
tion of the electrons with the oxidized dye, (7) and
with the tri-iodide in the electrolyte.
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Under illumination, the sensitizer absorbs light and it's photo-

excited (1.2.1) with a time scale of few femtoseconds. Then there is

the electron injection (1.2.2) from S* to TiO2, that is a fast process

(femtosecond-to-picosecond time scale), accompanied by the elec-

tron transport in the photo-electrode (1.2.3). The ground state of

the sensitizer is then regenerated by I− with a microsecond time

scale (1.2.5), S+ could also participate in back-electron transfer re-

action from the conduction band of TiO2 (1.2.6), that happens in the

time range from millisecond to microsecond, depending on electron

concentration in semiconductor and thus light intensity and usually

is prevented by an even faster neutralization of the oxidized dye by

the redox electrolyte. Relaxation of the excited sensitized state due

to lattice collisions and phonon emissions (1.2.4) is very fast (less

then 10 fs) and is a competitor of charge injection. Then there is

capture of electron by the oxidized redox specie (1.2.7), that is a

slow reaction, until millisecond or second time scale [27, 4, 28].

At the photo-electrode the following reaction take place:

(1.2.1) S|TiO2 + hν�S ∗ |TiO2 Light absorption by the dye
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(1.2.2) S ∗ |TiO2 → S+|TiO2 + e−cb(TiO2) Charge injection

(1.2.3) e=(TiO2)�e=(PE) Electron transport

(1.2.4) S ∗ |TiO2 → S|TiO2 Relaxation

(1.2.5) 2S+|TiO2 + 3I− → 2S|TiO2 + I�3 Dye regeneration

(1.2.6) S+|TiO2 + e−(TiO2)→ S|TiO2 Recombination

(1.2.7) e−(TiO2) + I2 → I−2 Back reaction

Then there is the ionic di�usion in the electrolyte:
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(1.2.8) 3I−(CE)→ 3I−(PE)

(1.2.9) I−3 (PE)→ I−3 (CE)

And the reduction of tri-iodide at the counter electrode:

(1.2.10) I−3 (CE) + 2e−(CE)�3I−(CE)

1.2.2. DSSCs components.

Photo-electrodes. The photo-anode is usually composed by a

nano-structured porous semiconductor on a transparent conductive

oxide (TCO) glass [29, 30]. The choice to use a porous semicon-

ductor is useful to increase the e�ective area of the anode, to permit

the connecting of a great number of sensitizer molecules. The most

e�cient material tested until now is titanium dioxide (TiO2), even

if di�erent metal oxide have been reported in literature [31, 32].

TiO2 is a stable, economic and versatile material. It is possible

to obtain this semiconductor with di�erent crystal phases: rutile,
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Figure 1.2.3. TiO2 anatase structure.

anatase and brookite. To realize DSSCs electrodes anatase phase is

used (�gure 1.2.3) [33], for it's large band gap, about 3.2 eV, and for

the high value of the conduction band edge energy Ec [34]. In DSSC

the most common titanium oxide nano-structure used is compose by

nanoparticles with a size from ten to few hundred of nanometer, even

if it is possible to use other structures, such as nonowire or nanorods

[35, 36, 37] or di�erent deposition techniques [38].

After to be excited from sensitizer molecules, electrons are in-

jected into the TiO2 conduction band, with a time constant (τinj)

that is in the femtosecond-to-picosecond time regime (eq. 1.2.2).

Thus, as the electrons traverse the interconnecting network of TiO2

particles to the transparent charge-collecting back contact TCO, un-

dergoing many trapping and detrapping events [39, 40, 41]. An
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alternative are the recombination-relaxation processes, discussed in

previous section (eq. (1.2.6),(1.2.7), (1.2.4)) [40]. To keep neutral-

ity the photoinjected electrons are shielded by electrostatic charges

from ions migrated from the electrolyte solution near the surface of

the nanoparticles.

The generation collection problem is therefore usually formu-

lated using the 1-D continuity equation [42, 43]:

(1.2.11)
∂nc
∂t

= ηinjα(λ)I0e
−α(λ)x +Dn

∂2nc
∂x2

− nc − nc0
τn

Where nc(x, t) is the density of electrons in the conduction band

of the oxide, α(λ) is the absorption coe�cient of the dye-sensitized

medium at a speci�c wavelength, ninj is the injection e�ciency, I0 is

the incident photon �ux corrected for re�ection losses at x = 0, τn is

electron life time, Dn is the di�usion coe�cient of electrons and nc0

is the equilibrium electron density (dark condition). Competition

between collection and back reaction of electrons can be expressed

in terms of the electron di�usion length

(1.2.12) Ln =
√
Dnτn

16



E�cient electron collection is obtained only if the electron di�usion

length exceeds the �lm thickness [44].

The injection of charges by the dye causes an increase in chemical po-

tential of electrons in the semiconductor, this phenomenon, which is

the change in potential due to the di�erent concentration of charges,

is described by the capacity C = dQ/dV [45]. Assuming that the

contact between TiO2 and transparent electrode is reversible, the

energy variation of TiO2 electrons per unit volume in the electrode

will be equal to the variation of the Fermi level in the semiconductor:

(1.2.13) −ncedV = dEFn

Therefore, the capacity per unit of volume in the �lm will be:

(1.2.14) C = −e dn
dV

= e2
dn

dµFn

Where µ is the chemical potential. The concentration of electrons

in the conduction band can be described by the classical Boltzmann

distribution law:
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(1.2.15) nc = n
(EFn−EF0)/kBT
0

If we assume that the conduction band does not move during

the accumulation of electrons, the change in the Fermi level depends

only on the chemical potential of electrons and the capacitance can

be expressed as follows:

(1.2.16) Ccb =
e2

kBT
nc =

e2

kBT
n
(EFn−EF0)/kBT
0

The electron trapping states in the TiO2 bandgap are generally ap-

proximated by an exponential distribution g(E) depending on en-

ergy (eq.) with a tailing parameter Tc. The density of the traps are

higher for states energetically near the conduction band but much

lower for deep traps that were energetically far away from the con-

duction band.

(1.2.17) Ctr = e2g(EF ) =
e2

kBTc
n
(EFn−EF0)/kBTc
tr0

18



The total chemical capacitance of electrons in the DSSC is given by

the following equation:

(1.2.18) C = e2
∂(nc + ntr)

∂µn
= Ccb + Ctr

Chemical capacitance could give information about trapped states

in DSSC device, in next section experiment techniques to measure

it will be showed.

Main characteristics of a good counter-electrode material are

a low charge transfer resistance and a good catalytic skill for the

reduction of tri-iodide.The counter electrode (photocatode) is usu-

ally a platinized TCO glass, but also carbon material or conductive

polymers could be used. Until now best results are obtained using

nanoscale platinum clusters, deposited with a thermal treatment of

Pt-chloride compounds, on FTO glass [46, 47].

Dye. An ideal dye have to absorb solar radiation in all its range

of wavelengths starting from 300 nm. Anyway half of the total power

of the sun is between 400 to 750 nm, so absorption spectrum of the

photosensitizer should cover mainly visible region and even the part

of the near-infrared.
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The dye must cover the semiconductor with a single layer of mole-

cule, to optimize the charge injection. For this reason it should have

anchoring groups to strongly bind the dye onto the photo-anode

surface, reacting with hydroxil group of the semiconductor oxide

. The most common anchoring group is carboxylic acid (-COOH),

that shows a good stability. Di�erent binding modes between car-

boxylic acid and semiconductor surface are possible: hydrogen bond-

ing, chemical bond formation with a unidentate linkage, a bidentate

(or chelating) linkage, or a bridging linkage. The chelating linkage

is the one that gives the more interfacial quantum yields of electron

injection due to intimate contact between anchored dye and semi-

conductor surface.[48]

An other important requirement is that the excited state level of the

photosensitizer should be higher in energy than the conduction band

edge of n-type semiconductor, so that an e�cient electron transfer

process between the excited dye and conduction band of the semi-

conductor can take place.

Then, to permit the dye regeneration, the oxidized state level of

the photosensitizer must be more positive than the redox potential

of electrolyte.
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The dye exerts its function mainly in two moment: �rst there is

an electronic excitation, then the separation of electron-hole pairs.

When the dye absorbs light some electrons shift from the highest

occupied molar orbital (HOMO) to the lower un-occupied molar or-

bital (LUMO). Di�erence in population between two levels, respect

the termal equilibrium situation, gives a di�erence in chemical en-

ergy (Fermi levels):

(1.2.19) ∆µ = µH − µL

In a thermodynamic description, this di�erence comes from the

fact that absorbing species and the source of the incident radiation

(in this case the Sun) are at di�erent temperatures, and it's possible

to prove that:

(1.2.20) ∆µ =

(
1− T0

Ts

)
(µH − µL)

The separation of charges can be made using selective contacts,

can be crossed by only one type of charge (electrons or holes), and

block the passage of the other. It's possible because the phenome-

non of charge transfer depends on the kinetics of the process, both
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by the overlapping of energy levels that participate. Therefore, a

material with the conduction band close in energy to the excited

state absorption of the absorber will be crossed by electrons rather

than holes, while the transport of holes will be favored if the energy

of the band is close to the sensitizer ground state.

The conversion e�ciency of solar energy depends on the amount

of electrons which actually pass through the external circuit. The

intensity of this current can be determined integrating the conversion

e�ciency of incident photons in current (IPCE, Incident Photon-to-

Current E�ciency) with the solar spectrum under standard AM 1.5

condition. The IPCE is given by:

IPCE = LHE(λ)× ηcc × ϕinj

where LHE (Light Harvesting E�ciency) is the e�ciency of ab-

sorption of radiation, and depends on the wavelength, ϕinj is the

electron injection e�ciency and ηCC is charge collection e�ciency.

Improvement of LHE is a central aspect for DSSC. From the

Beer-Lambert law:

LHE(λ) = 1− 10−ε(λ)LC
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where L is the optical length, C the concentration of the dye,

and ε(λ) is the molar absorption coe�cient of the dye. LHE can be

maximized by combining porosity and thickness of the semiconduc-

tor, or by choosing a dye with the appropriate ε.

Di�erent photosensitizers have been studied for DSSCs appli-

cation, including metal complexes, porphyrins, phthalocyanines and

metal-free organic dyes. In this thesis two type of dyes are studied:

metal complexes and organic metal free dyes.

Metal complexes. Metal complexes and mainly ruthenium (Ru(II))

complexes, are the �rst dyes investigated for DSCs application be-

cause of their broad absorption spectra and favorable photovoltaic

properties, such as a long excited-state lifetime and a good electro-

chemical stability [49, 50].

Generally, metal complex photosensitizers consist of a central

metal ion with ancillary ligands (typically bipyridines or terpyridines)

having at least one anchoring group. Light absorption in the visi-

ble part of the solar spectrum is due to a metal to ligand charge

transfer (MLCT) process. Anchoring groups have the aim to link

the dye with the semiconductor and permit the injection of the ex-

cited electron into the conduction band of the semiconductor. The

central metal ion is therefore a crucial part of the overall properties
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of the complexes. Ancillary ligands can be tuned by di�erent sub-

stitutes (alkyl, aryl, hetero-cycle, etc.) to change the photo physical

and electro-chemical properties and thus improve the photovoltaic

performance.

Most of the dyes used in DSC development have a structure

like Ru(bpy)2(SCN)2 , where the two isothiocyanate groups (SCN)

cause a shift of the highest occupied molecular orbital from the metal

center to them. This permits the visible absorption of the dye by

shifting its absorption spectrum to the red.

The groups anchored on the bipyridyl ligands �rst allow the dye

to anchor on the semiconductor surface with an anchoring group,

that could be a carboxylate (CO−2 ) or a phosphonate (PO�
3 ). Then

they have the aim to avoid that dye molecules form a multilayer on

the semiconductor substrate, usually alkaly chains are used to reach

this scope.

The most famous ruthenium complexes developed for DSSCs are

N3, N719 and Z907.

At the beginning in DSSC research, the N3 sensitizer and its salt

analogue N719 were developed (Figure 1.2.4a and 1.2.4b). N719

possesses two tert-butylammonium groups to balance the net charge

of this compound to zero. Z907 dye (Figure 1.2.4c) is a typical
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amphiphilic analogue of N719. When adsorbed on a surface, the two

alkyl side chains are positioned in the direction of the surrounding

medium and form a barrier to the surface.

Organic dyes. Organic metal-free dyes are simple to synthesized

and usually have a higher molar extinction coe�cients than those of

Ru complexes.

Generally, donor-π-bridge-acceptor (D-π-A) structure (�gure 1.2.5)

is the common character of these organic dyes [51]. When a dye

absorbs light, intermolecular charge transfer occurs from subunit D

to A through the π-bridge. The injections of electrons from the

dye excited stare into the conduction band of the semiconductor,

happens trough the electron acceptor group A. Many e�orts have

been made to change the di�erent parts of organic dyes to optimize

DSC performance. In particular the structure of the π-bridge is

important to establish the absorption band region [52].

Many of these dyes show aggregation problems on semiconductor

surface. This problem could be solved modifying sensitizer structure

or adding additive in dye solution.

Electrolyte. The redox couple present in the electrolyte has the

task of regenerating the ground state of the oxidized dye, and to
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(a) N719

(b) N3

(c) Z907

Figure 1.2.4. (a) N719 sensitizer, (b) N3 sensi-
tizer , (c) Z907 sensitizer
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Figure 1.2.5. schematic function of D-π-A or-
ganic dye for a TiO2 photo-anode.

transport holes to the counter-electrode. Main proprieties of a good

electrolyte are:

- The redox potential must promote the reduction of oxidized

dye as fast as possible, to avoid recombination (1.2.6).

- The solution should not signi�cantly absorb in the same range

of wavelengths of the photosensitizer, to not limit the cell e�ciency.

- The solvent must not cause desorption of the dye from the

semiconductor.

- The solution have to allow a rapid di�usion of charge carriers,

in particular by a low viscosity.

- A good compatibly with the sealing, to avoid evaporation and

cell degradation.

Many additives are used in electrolytes, to change photochem-

ical performances. They a�ect mainly the redox couple potential,

the conductive band of semiconductor and dye regeneration. For
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this reason the chemical composition of the electrolyte plays a role

in shift the open circuit voltage. In fact, species that do not par-

ticipate in the conversion of light, such as Li+ ions or protons, can

be adsorbed on the surface of the semiconductor and decrease the

Fermi level, lowering VOC . At the same time the presence of cations

on the titania surface a�ect the local iodide concentration, with pos-

itive e�ects on dye regeneration [53].

4-tert-Butylpyridine (TBP) shifts the TiO2 band edge toward higher

energy. The opposite e�ects of TBP and Li+ make their combina-

tion a good additive in DSSCs electrolyte.

An other typical additive is guanidium thiocyanate, that, even if

shift the conduction band edge of TiO2 toward lower energies, in-

creases electron lifetime [54, 55].

Liquid redox electrolytes have showed some problems, in par-

ticular corrosive problem and evaporating phenomena, that cause

cell degradation. In order to avoid these di�culties, recently mate-

rials that perform the same function as an electrolyte in solution,

but that is state solid, have been studied. These materials are called

Hole Transport Materials (HTM), and can be p-type semiconductor,

crystalline inorganic salts, molecular solids, or conductive polymers

[56]. The regeneration of the oxidized state of the dye happened
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by the transfer of electrons from the HOMO of HTM, that then is

reduced at the counter-electrode. Unlike what happens in a liquid

electrolyte, in these cases, charge transport is electronic, not ionic.
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CHAPTER 2

DSSCs photo-sensitizers

Two class of dyes were tested, to improve e�ciency for DSSCs.

One class is a class of sensitizer was a thiocyanate-free cyclomet-

alated Ru(II) complexes class, in combination with dcbpy-anchoring

ligands, 2-phenylpyridine and 2-(2,4-di�uorophenyl)pyridine anionic

ligands bearing thiophene-based π−conjugated groups on the pyri-

dine ring. This work was made in collaboration with the University

of Milano.

The other class of dye are squaraine-based sensitizers. Squaraine

dyes absorb strongly in the NIR spectral region. Usually the ab-

sorbance peak in the NIR region is very narrow, for this reason one

aim is to enlarge the adsorption band to obtain a strong panchro-

matic incident IPCE, to improve e�ciency. Two di�erent type of

squaraine sensitizer were tested, at LPI laboratory, EPFL.
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2.1. DSSCs fabrication

In this section is reported the procedure for DSSCs fabrication

as performed in Milano Bicocca laboratory. During the work in other

institutes a quite di�erent procedure was be used. These di�erences

will be explained in the following sections.

2.1.1. Photo-anode. In order to exclude metal contamination

all of the containers are in glass or te�on and are treated with EtOH

and 10% HCl prior to use. Plastic spatulas and tweezers are used

throughout the procedure.

FTO glass plates [57] (Solaronix TCO 22-7, 2.2 mm thickness,

7 Ω/�) are cleaned in a detergent solution for 30 minutes using

an ultrasonic bath, rinsed with pure water and EtOH. Glasses are

treated under UV radiation for 20 minutes [58, 59]. FTO plates are

treated with a freshly prepared 40 mM aqueous solution of TiCl4 for

30 min at 70 °C and the rinsed with water and EtOH [60, 61].

A �rst transparent layer is screen-printed using a transparent

TiO2 paste (Solaronix Ti-Nanoxide T/SP). The coated �lms are

dried at 125 °C for 6 min and then a TiO2 paste scattering layer

is screen-printed. The coated plates are kept in a cabinet for 5 min-

utes and then thermally treated under an air �ow at 125 °C for 6
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min, 325 °C for 10 min, 450 °C for 15 min, and 500 °C for 15 min.

The heating ramp rate is 5 - 10 °C/min. The sintered layer is treated

again with 40 mM aqueous TiCl4 (70 °C for 30 minutes), rinsed with

water and EtOH and heated at 500 °C for 30 minutes. After cooling

down to 80 °C the TiO2 coated plate is immersed into a 0.1 mM

solution of the dye in EtOH or other solvent, containing 1:1 chen-

odeoxycholic acid for 20 h at room temperature in the dark. The

thickness of the layers, consisting of 11 µm transparent layer and a

5 µm scattering layer, is measured by means of a VEECO Dektak 8

Stylus Pro�ler.

It's possible to optimize the heat process through a thermogravimet-

ric analysis (TGA), that permit to establish the changes in weight

in relation to change in temperature.

When the titania �lm are ready they appear as a porous �lm of

nanoparticles (�gure 2.1.1) [62] with a high porosity (>50%).

Using Raman spectroscopy it's possible to check molecular struc-

ture of the titania �lm, and also of the dye up taken.

The Raman spectrum could be obtained on a TiO2 �lm coated with

the sensitizer and was used to check molecular structure [63, 64].

A helium-neon laser (HeNe) was used for Raman spectroscopy at

632.8 nm, while a yttrium aluminum garnet (Nd:YAG) laser was
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Figure 2.1.1. SEM image of a TiO2 �lm on FTO
glass. Solaronix Ti-Nanoxide HT paste is used.
It's possible to observe the porous structure. The
pictures are made at the MAC-TEC laboratory of
ENEA research center in Rome.

used to obtain resonance Raman spectroscopy at 532 nm. With this

technique it is possible to observe the peaks that correspond to the

vibrational energy band of TiO2 anatase structure (table1) and to

the sensitizer molecules [65, 66, 67].
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Table 1. The assignment between Raman shift
and vibrational energy band is reported.

2.1.2. Photocatodes and electrolytes. Counter electrodes

were prepared according to the following procedure. A 1 mm hole

was made in a FTO plate using diamond drill bits. The electrodes

were then cleaned with a detergent solution for 15 minutes using an

ultrasonic bath, and then with acetone for 15 minutes again using

an ultrasonic bath. After heating at 400 °C for 15 min a drop of a

5 mM solution of H2PtCl6 in EtOH (1 mg/mL Pt) was added and

the thermal treatment at 400 °C for 15 min repeated. They are then

gradually cooled to room temperature.

Figure 2.1.2 shows the SEM image of a counter-electrode realized

with this technique.

Most of electrolytes used are iodine-based electrolytes in a mix-

ture of acetonitrile/valeronitrile. Electrolytes were prepared using
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Figure 2.1.2. SEM image of a photocatode ob-
tained by thermal decomposition of platinum pre-
cursor. It's visible the FTO structure and platinum
nanoparticles.

anhydrous solvents. Speci�c components of each electrolytes will be

describe in experimental part of next sections.

2.1.3. Device assembly. Standard DSSC is a sandwich type

device. Figure2.1.3 shows assembly processes.

Device sealing is made in a dry box, with a nitrogen �ux. As

sealing in used a Surlyn® �lm of thickness 25 µm. A frame is hand

cut and it's placed between the two electrodes. Then the system is

placed on an hot plate at the temperature of 125 °C and pressed to

permit a good sealing. Electrolyte is injected in the cell using the

�vacuum back �lling� technique. Device is placed in a little essicator

and a drop of electrolyte is put on the counter-electrode hole. Then
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Figure 2.1.3. Photo-anode and photocatode are
assembled using a Surlyn® frame. On an hot plate
the components are heated and pressed. After the
electrolyte is injected using vacuum back feeling
technique, and then the hole on counter-electrode is
closed using Surlyn®. Silver paste is used to make
contacts better. A strip in put on the conductive
side of each electrodes.

the vacuum is made using a vacuum pump to permit the air to go

away from the cell. When the pump is turned o�, electrolyte enter in

the device. The hole is the sealed using Surlyn® again. When device

is ready silver paste is used to improve contact on both electrodes.

2.2. Device characterization

2.2.1. Current voltage characterization. Current-voltage

characterization in one of the most important measurements to es-

tablish the good work of a solar cell. In fact the power conversion
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e�ciency of a solar cell depends on the current generated respect to

the applied voltage.

I/V characteristic of a solar cell is well described using a diode model

[68], as showed in �gure 2.2.1. In the dark the diode responds to a

applied voltage bias (V) with a dark current (Id), modeled as:

(2.2.1) Id = Is(e
qV/kBT − 1)

where Is is the reverse saturation current density, kB is the Boltz-

mann constant, q the electron charge.

Under illumination a photo-current is generated (Iph). For a

non-ideal system, the total current of the cell (Icell) can be written

as:

(2.2.2) Icell = Iph − Is(e
−q(V cell+IcellRs)

mkBT − 1) +
Vcell + IcellRs

Rsh

where m is the ideality factor, Rs is the series resistance, that include

the ohmic resistance of cell's components (TCO glass, electrolyte,

titania �lm, ...), while Rsh is the shunt resistance, that include re-

combination processes. Typical I-V characteristic curves in dark and

under illumination is showed in �gure 2.2.3.
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Figure 2.2.1. Equivalent circuit for a solar cell.

When Vcell = 0, short circuit condition, Icell = Isc , it's called short

circuit current, that is equal to Iph if the resistances are negligible.

When circuit is open (Icell = 0), Voc = mkT
q ln(

Iph
Is

+ 1).[69]

E�ect of series resistance and shunt resistance on I/V device

response is showed in �gure 2.2.2.

When series resistance increase, there is an decrease in short circuit

current density and �ll factor decrease. Instead a decrease in shunt

resistance causes a decrease in open circuit voltage and a decrease

in �ll factor too.

Electric-power generated is given by:

(2.2.3) Pout = V J
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Figure 2.2.2. E�ect of Rs and Rsh on I/V char-
acteristic curve.

where J is the current density. Using the maximum generated

power (Pm) is possible to de�ne the Fill Factor (FF) as:

(2.2.4) FF =
JmVm
JscVoc

The e�ciency of a solar cell is then described as the ratio be-

tween the maximum emitted power and the input power (Pin):

η =
JmVm
Pin

=
JscVocFF

Pin
(2.2.5)

2.2.2. Quantum e�ciency. The photocurrent generated by

a solar cell under illumination at short circuit is dependent on the

incident light spectrum. To relate the photocurrent to the incident
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Figure 2.2.3. I-V characteristic curves for a solar
cell. Red line represents the illumination condition,
while the blue line the dark condition. Green line
is the emitted power. Light-red area shows the ge-
ometrical meaning of FF.

spectrum is useful to use the cell's quantum e�ciency (QE), or in-

cident photo to current e�ciency (IPCE). IPCE is the probability

that an incident photon of energy E will deliver one electron to the

external circuit:

(2.2.6) IPCE(λ) =
#e

#γ(λ)
=

Iph(λ)

#γ(λ)/s
=
Iph(λ)

Pin

1240

λ

It's possible to obtain the photocurrent density (Jsc) of a solar cell

using:
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(2.2.7) Jsc = q

ˆ
b(λ)IPCE(λ)dλ

where b(λ) is the incident spectral photon �ux density.

IPCE depends upon the absorption coe�cient of the solar cell ma-

terial, the e�ciency of charge separation and the e�ciency of charge

collection in the device but does not depend on the incident spec-

trum. It is therefore a key quantity in describing solar cell perfor-

mance under di�erent conditions.

Quantum e�ciency measurements on DSSCs are usually made su-

perimposing a white light bias on the monochromatic light, to create

a constant photocurrent in the cell and to ensure a linear response

regime [70].

2.2.3. Photo-transient decay measurements. Photo-voltage

and photo-current decay measurements are time resolved character-

izations, useful to understand time-dependent processes in DSSCs,

such as electron recombination and transport, dye regeneration and

charge injection [71, 72].

Charge density in the TiO2 layer of a illuminated DSSC could

be measured using a open circuit voltage decay measurement. The
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device is set to open-circuit condition and then is illuminated with

constant white light to produce a steady-state photo-voltage (VOC

). When the illumination source is then shut o�. The photo-voltage

starts to decay due to recombination of free electrons with tri-iodide.

After a certain time delay, the cell is short-circuited. The integral

of the measured current spike corresponds closely to the remaining

charge stored in the �lm. However, a small fraction of the charge will

recombine with tri-iodide during the extraction process. This pro-

cedure is repeated with various time delays to obtain the extracted

charge as a function of photo-voltage [73, 74].

Electron transport and recombination show a nonlinear response

to light intensity. For this reason these processes could be studied

using small light intensity perturbation superimposed on a larger

constant light intensity [75]. In this way the photo-voltage decay

is a linear function of the total electron density, and the transient

response can be �tted with a constant value of the electron lifetime

τn. In fact the voltage after the application of a short bias shows an

exponential behavior:

(2.2.8) V (t) = V0 +Ae−
∆t
τn
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where V0 and A are constant parameters available from �tting data.

In analogy to the small perturbation open-circuit voltage transient

measurement, it's possible to measure the decay of a perturbed

photo-current in short circuit condition. The current decay can be

�t using an exponential equation:

(2.2.9) J(t) = J0 +Be
=4t/
τc

where J0 and B are �tting coe�cients, while the characteristic elec-

tron transport time τc an be extrapolated from the decay curve,

and depends on both the transport and the recombination rate of

free electrons at the quasi-Fermi level �xed by the white light bias,

according to

(2.2.10) τ−1c = τ−1n + τ−1tr

where τtr is the electron transport time. In DSSC with iodine elec-

trolyte under short-circuit conditions, the electron lifetime is usually

much larger than the electron transport time, so the measured pho-

tocurrent response time is nearly equal to the transport time. The
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chemical di�usion coe�cient, Dn, can be calculated from the elec-

tron transport time using:

(2.2.11) Dn =
d2

Kτtr

where d is the thickness of the semiconductor �lm and K is a

constant with a value of about 2.5, depending on absorption coe�-

cient of the �lm.

2.2.4. Impedance spectroscopy. Electrochemical Impedance

Spectroscopy (EIS) is an electrochemical technique that consist in a

small perturbation of a system by an Alternate Current (AC) signal

of low intensity and the observation of the reaction of the system.

This approach has the following advantages:

(1) The perturbation has a small amplitude, and this allow

that the relationship between current and potential can be

considered linear.

(2) Electrochemical impedance spectroscopy gives the possibil-

ity to separate the kinetics of the di�erent processes that

occur in the system observed in di�erent time scale. On

the other hand it is necessary to know how to extract the
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data from impedance spectra, and this is often the most

complex problem in a EIS analysis. An impedance spectra

actually does not tell us anything about the physical con-

sistence of the electrochemical processes that occur in the

system examined, it is only by building a physical model

that it's possible to extract the properties of the object

studied.

In EIS measurements a harmonically modulated small-amplitude

voltage UAC = 4Ueiωt is applied, in this way a small AC current

IAC = 4Iei(ωt−φ) �ows in the system, with a phase shift φ respect

the applied voltage UAC . The impedance signal obtain by EIS is:

(2.2.12) Zimp =

∣∣∣∣4U4I
∣∣∣∣ eiφ

An EIS measurement can be performed under working condition

of the solar cell, under dark condition or under illumination, with dif-

ferent bias imposed. Under open-circuit conditions the modulated

small-amplitude voltage UAC is superimposed to the bias voltage
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Figure 2.2.4. EIS obtained for a DSSC under
dark condition with a bias voltage equal to Uoc.

Uoc. A lot of studies have reported interpretation of impedance spec-

tra, studied di�erent time-dependent parameters. A typical mea-

sured EIS spectrum is shown in �g. 2.2.4. Typically three peak are

present.

The typical model to interpret this spectra is transmission line

model. In this model TiO2 �lm is showed as a system of inter-

connected particles, thought electrons propagated with a resistance

rT , so the total electron transport resistance is RT = rT d, where

d is the �lm thickness. rREC represents the charge recombination
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resistance, due to the recombination of electrons with oxidized elec-

trolyte species at the TiO2/dye/electrolyte interface, while cµ is

the related photo-electrode chemical capacitance; the total inter-

facial charge recombination resistance is RREC = rREC/d and the

chemical capacitance of the �lm is Cµ = cµd. RSU and CSU are

respectively the charge transfer resistance and double layer capaci-

tance at the substrate-electrolyte interface, while RCE and CCE are

the charge transfer resistance and double layer capacitance at the

counter electrode-electrolyte interface, that represent the regenera-

tion of oxidized iodine at counter electrode. The di�usion of I−3 /I
−

species in liquid electrolyte is described by the di�usion impedance

element ZD . At last RS is the Ohmic series resistance of the cell,

due to resistances of substrate, contacts and electrolyte resistivity.

A more detailed discussion about EIS will be performed in Chap-

ter 5.

2.3. Thiocyanate-free cyclometalated ruthenium

sensitizers for solar cells based on

hetero-aromatic-substituted 2-arylpyridines

2.3.1. Introduction. The most performing sensitizers to date

are 2,2'-bipyridyl (bpy) Ru(II) complexes, such as the most used dye
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cis-di(thiocyanato)bis(bpy-4,4'-dicarboxylate) ruthenium(II) (N3 and

N719, see section 1.2.2). More recently heteroleptic ruthenium com-

plexes have been investigated, where one of the two bpy-4,4'-dicarboxylate

(dcbpy) anchoring ligands has been replaced by a functionalized an-

cillary (bpy) ligand carrying two electronrich aromatic conjugated

substituents on the 4,4' positions of the bpy core [76, 77, 78],. In

particular thiophene-based substituents led to tunable optical and

energetic properties by inducing bathochromic and hyperchromic ef-

fects, which resulted in enhanced light-harvesting capacities, higher

external quantum e�ciencies, improved device photocurrents, and

top-ranked power conversion e�ciencies [79]. On the basis of these

distinct and superior characteristics, Grätzel and others referred to

these compounds as �supersensitizers�. [80]

A main drawback of these Ru(II) complexes is the presence of

the thiocyanate -NCS ligand. Thiocyanate coordinates through only

one atom, which makes easier the replacement by other competing

ligands yielding less e�cient species, and its coordination to metal

ions requires puri�cation steps in order to separate the active N-

from the inactive S-coordinated isomer [81]. Unfortunately, previous

e�orts to replace NCS by other ligands such as halides or cyanide

always yielded much lower energy conversion e�ciencies.
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Recently, Nazeeruddin, Graetzel and coworkers have described

the cyclometalated ruthenium complex where the thiocyanate lig-

ands have been replaced by the deprotonated form of 2-(2,4-di�uoro-

phenyl)-pyridine. This sensitizer is the �rst reported thiocyanate-

free Ru(II) complex showing power conversion e�ciencies of ap-

proximately 10%. These type of ligands have been widely inves-

tigated in cyclometalated Ir(III) complexes mainly for organic light-

emitting diodes (OLEDs) thanks to their strong photoemissive prop-

erties, but also in nonlinear optics and, more recently, in DSCs

[82, 83, 84, 85, 86].

On the basis of the enhanced photophysical and photovoltaic

properties exhibited by the supersensitizers based on thiophene-

substituted bpy ancillary ligands, we were interested in checking

whether 2-phenylpyridine and 2-(2,4-di�uorophenyl)-pyridine deriva-

tives carrying thiophene-based conjugated substituents on the posi-

tion 4 of the azine ring could provide a new class of cyclometalated

Ru(II) complexes with tunable photophysical, electronic, and pho-

tovoltaic properties. Indeed, cyclometalated has been shown to be

an important tool for signi�cantly perturbating the optical and elec-

tronic properties of the corresponding complexes [87, 88].
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Rather surprisingly cyclometalated complexes carrying 4-(hetero-

aromatic-substituted)-2-arylpyridines have never been described in

the literature. Cyclometalated Ru-complexes with unsubstituted 2-

phenylpyridine or substituted with simple electron-withdrawing sub-

stituents on the phenyl ring of the anionic ligand have been very

recently described by Berlinguette et al., who demonstrated the rel-

evant e�ects of the conjugated groups on the electrochemical and

optical properties and HOMO/LUMO energies [89, 90]. In liter-

ature have been recently reported two families of thiophene-based

2-arylpyridines ligands, where the pyridine ring of the new com-

pounds is substituted in position 4 with π-conjugated electron-rich

and electron-poor thiophene-based fragments in order to tune opti-

cal and energetic properties [91]. Indeed absorption/emission, re-

dox features, and HOMO/LUMO energy levels data have demon-

strated that the photophysical and electronic properties of the lig-

ands may be tuned over a broad range. Here will be presented an

unprecedented class of thiocyanate-free cyclometalated Ru(II) com-

plexes containing, in combination with dcbpy anchoring ligands, 2-

phenylpyridine and 2-(2,4-di�uorophenyl)-pyridine anionic ligands

bearing thiophene-based π-conjugated groups on the pyridine ring.

The investigated cyclometalated complexes are collected in �gure
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2.3.1, together with the corresponding species containing the unsub-

stituted 2-phenylpyridine (Ph-Py) and 2-(2,4-di�uorophenyl)-pyridine

(FPh-Py) ligands. The new complexes have been investigated in

their optical and electronic properties and DFT/TDDFT calcula-

tions have been performed in relation to their substitution pattern.

DSCs containing the complexes as photosensitizers have been pre-

pared and photovoltaic properties measured in comparison with ref-

erence species.

2.3.2. Optical proprieties. The Uv/Vis absorption spectra

of the ligands studied were �rst performed (�gure 2.3.2).

It is evident a red shift of the main peaks and an enlargement

of the adsorbance energy band. Considering the �uorine-free ligand,

the addiction of one thiophene group causes a shift of the low energy

peak from 276 nm to 310 nm and an increase in the molar absorp-

tivity from 8289 M−1cm−1 to 15500 M−1cm−1. Instead the peak

at high energy shows a shift until 262 nm and appears visible, with

a molar absorptivity of 15433 M−1cm−1. The ligand Ph-Py-TT

shows a further red shift of the low energy peak, which maximum

shifts to 367 nm, with a molar absorptivity about 24200 M−1cm−1,

while the high energy peak has a blue shift until 255, with an increase

in extinction coe�cient until 20194 M−1cm−1.
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Figure 2.3.1. Structures of the cyclometalated
Ru(II) investigated in this work (2a-d) and refer-
ence literature compounds (1a and 1b).
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Figure 2.3.2. UV/Vis spectra of ligands. On the
left the �uorine-free ligands, on the right the ana-
logues with �uorine.

The addiction of �uorine does not cause a substantial peaks

shift, but mainly increases the molar absorptivity. Ligand FPh-

Py-T shows two peaks at 257 nm (21184 M−1cm−1) and at 310 nm

(24200 M−1cm−1). At least the maximum in extinction coe�cient

is reached by FPh-Py-TT low energy peak (31600 M−1cm−1).

The integrated spectra area increases a lot becoming more than 10

times greater for FPh-Py-TT respect that for Ph-Py.

The absorption spectra of the cyclometalated complexes 2a�d

in ethanol solutions, along with those of the reference systems 1a

and 1b, are depicted in �gure 2.3.3, while the main photophysical

parameters in EtOH are collected in Table 2.
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Figure 2.3.3. Absorption spectra of the cyclomet-
alated Ru(II) complexes 1a-b and 2a-d.

Similarly to unsubstituted complexes 1a and 1b, the new com-

plexes with one thiophene substituent 2a and 2c present three bands

in the visible region due to MLCT transitions. These peaks are

blue-shifted upon �uorine substitution on the phenyl ring atoms, in

agreement with an increase of the HOMO-LUMO gap. Such blue-

shift is particularly signi�cant for the MLCT transition at lower

energy, with a 22 nm shift recorded on going from 2a to 2c. Be-

sides, comparison of the absorption spectra of 1a and 1b with 2a
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Table 2. Absorption Parameters of the The
New Cyclometalated Complexes 2a-d, in compari-
son with reference cyclometalated complexes 1a-b
(EtOH). a Molar extinction coe�cient ε [ 104 M−1

cm−1] in parentheses. b The ε value could not been
determined due to the low solubility in EtOH.

] Complex λmax [nm]a

1a [Ru(dcbpy)2(Ph-Py)]PF6
b 247, 302, 314, 408, 499, 566

1b [Ru(dcbpy)2(FPh-Py)]PF6 250, 312, 402, 485, 553

(2.2), (2.3), (0.9), (0.6), (0.8)

2a [Ru(dcbpy)2(Ph-Py-T)]PF6 254, 315 , 432 , 505 , 579

(3.4), (5.1), (1.8), (1.2), (1.3)

2b [Ru(dcbpy)2(Ph-Py-TT)]PF6 255 , 314 , 381, 444, 505, 576

(3.3), (3.3), (2.0), (1.9), (1.4), (1.2)

2c [Ru(dcbpy)2(FPh-Py-T)]PF6 253, 313, 424, 492, 557

(2.4), (3.4), (1.3), (0.8), (0.9)

2d [Ru(dcbpy)2(FPh-Py-TT)]PF6 255, 314, 379, 438, 494, 557

(2.2), (2.0), (1.2), (1.1), (0.9), (0.8)

and 2c, respectively, shows that the introduction of the thiophene

substituent causes a red shift of the visible bands. When a second

thiophene ring is introduced, as in 2b and 2d, the two bands at

lower energies are almost unvaried, but a red-shift is recorded for

the band centered around 430 nm and a new band at about 380

nm appears. Again, a blue-shift is observed on going from 2b to

the corresponding �uorinated complex 2d. All of the complexes are

characterized by high molar extinction coe�cients.
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2.3.3. Electrochemical proprieties. Electrochemical propri-

eties were studied by Cyclic Voltammetry (CV) and Di�erential

Pulse Voltammetry (DPV).

Both voltammetries were performed in 0.1 M tetra-butylammonium

hexa�uorophosphate (TBAPF6) in DMF, at 50 mV/s, using an

auger pin electrode. Results show a reversible oxidation and a irre-

versible reduction.

From oxidative DPV it is possible to deduce for all samples that the

oxidation potential is about -0.2 V versus ferrocene. This entails

that the HOMO value is about -5.0 eV.

The reductive DPV gives for all samples a reductive potential about

-1.25/-1.30 V versus ferrocene, with a corresponding LUMO level

about -3.9 eV versus vacuum.

Anyway for more detailed information about electrochemical propri-

eties computational analysis would be useful.

2.3.4. Photovoltaic performances. The devices were pre-

pared similar as described in section 2.1, with a di�erence in pho-

toanodes realization. In fact preliminary results were obtained be-

fore that the group owned a screen-printing machine. So TiO2 paste

was handily applied using a glass rod and 3M Magic tape to create

the �lm thickness. This method allows to obtain fairly good results,
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even if a low reproducibility of outcomes pointed out the necessity

to repeat the measurements with screen-printed samples. 0.1 mM

solution of the dyes in EtOH containing 1:1 chenodeoxycholic acid

were used for photoanodes.

Three di�erent electrolyte solutions were used: A6141 (0.6 M N-

butyl-N-methyl imidazolium iodide, 0.03 M I2, 0.10 M guanidinium

thiocyanate, and 0.5 M 4-t-butylpyridine in acetonitrile/valeronitrile

85:15), A6986 (0.6 M N-butyl-N-methylimidazolium iodide, 0.05 M

I2, 0.1 M LiI, and 0.05 M 4-t-butylpyridine in acetonitrile/valeronitrile

85:15), and VT1 (0.6 M N-butyl-N-methylimidazolium iodide, 0.05

M I2, 0.1 M LiI, and 0.45 M 4-t-butylpyridine in acetonitrile/valeronitrile

85:15) [46, 92, 93]. Electrolyte A6986 di�er from A6141 for the

presence of LiI, absence of the thiocyanate salt, and reduced amounts

of 4-t-butylpyridine. The addition of LiI should lead to higher pho-

tocurrents, but lower cell photo-voltage, due to adsorption of Li

cations onto the TiO2 surface charging it positively, and thus shift-

ing down its Fermi level. On the other hand the addition of 4-t-

butylpyridine to the electrolyte in A6141 raises the conduction band

edge of the TiO2, yielding higher open-circuit voltages, and reduces

the recombination of electrons from the semiconductor to the oxi-

dized electrolyte (dark current) through the coordination between
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the pyridine nitrogen atom and the Ti sites. The electrolyte VT1

was used in order to combine the bene�cial e�ects of the presence

of LiI and 4-t-butylpyridine. DSCs based on N719 and using the

standard electrolyte A6141 were investigated under the same exper-

imental conditions as a reference system [94, 95].

Photovoltaic measurements of DSCs were carried out using a 300

W Xenon light source (Oriel Solar Simulator 81150). The power of

the simulated light was calibrated to AM 1.5 (100 mW cm−2) using

a reference Si photodiode. I�V curves were obtained by applying an

external bias to the cell and measuring the generated photocurrent

with a Keithley model 2400 digital source meter.

Devices were prepared using also reference cyclometalated com-

plexes and N719 dye. N719 dye gave 7.3% e�ciency, 15.0 mA/cm2

Jsc, a VOC about 763 and a �ll factor about 0.64.

Results are showed in table 3.

It is evident how the complexes 2c and 2d show an increase

in photovoltaic performances respect the references complexes 1a

and 1b, that makes them two promising sensitizers. They exhibit

in general an increase both in open circuit voltage than in short

circuit current density. Then in 2c sensitizer it is clear the e�ect

of electrolyte additives on VOC and Jsc. In fact A6141 electrolyte
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Table 3. Main photovoltaic parameters of DSSCs
based on the new cyclometalated complexes 2a-d,
in comparison with reference cyclometalated com-
plexes 1a-b.

] Complex Electrolyte Jsc VOC FF E�.%

1a [Ru(dcbpy)2(Ph-Py)]PF6
b A6141 6.1 484 0.50 1.5

A6986 6.5 470 0.55 1.7
VT1 8.6 507 0.55 2.4

1b [Ru(dcbpy)2(FPh-Py)]PF6 A6141 8.0 567 0.62 2.8
2a [Ru(dcbpy)2(Ph-Py-T)]PF6 A6141 4.2 451 0.49 0.9

A6986 5.4 441 0.58 1.4
VT1 5.4 486 0.53 1.4

2b [Ru(dcbpy)2(Ph-Py-TT)]PF6 A6141 13.1 562 0.40 2.9
A6986 15.2 479 0.56 4.1
VT1 11.2 508 0.64 3.6

2c [Ru(dcbpy)2(FPh-Py-T)]PF6 A6141 9.4 615 0.65 3.8
A6986 11.8 552 0.63 4.1
VT1 12.4 597 0.62 4.6

2d [Ru(dcbpy)2(FPh-Py-TT)]PF6 A6141 11.9 617 0.67 4.9
A6986 16.4 532 0.50 4.4
VT1 14.6 561 0.49 4.0

allows to reach the highest VOC , while VT1 the highest Jsc, and

also the highest e�ciency. Electrolytes e�ects are not so clear for

other sensitizers. 2d dye has the best e�ciency, near to 5%, with

A6141 electrolytes, and it also has the best open circuit voltage. 2b

dye exhibits the best e�ciency (4.1%), with electrolyte A6986, that

allows to reach the highest current density for this dye, even if the

open circuit voltage is relative low (479 mV). 2a dye shows a low
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e�ciency (lower respect to the reference dyes), due mainly to low

current density.

Preliminary results are encouraging to continue the study on

these complexes, especially for their potential high current density.

New measurements will perform soon to analyze in details dyes pro-

prieties.

2.4. A Near Ideal Panchromatic Response in DSCs with a

Squaraine Sensitizer

2.4.1. Introduction. The record e�cient squaraine dye in lit-

erature is YR6 dye, with an e�ciency of 6.7%, that shows a good

panchromatic IPCE (>50%) from 450-700 nm [96, 97, 98, 99].

The basic idea is modify YR6 molecule structure to synthesize a

squaraine dye with further extended conjugation through an elon-

gated π-bridge, trying to obtain:

1) a bathochromic shift of the main absorption peak

2) strengthening high-energy absorbance bands.

To improve the IPCE of YR6 sensitizer a larger π-system with

a cyclopentyldithiophene (CPDT) bridge was included in place of

60



Figure 2.4.1. YR6 and JD10 dyes. A thiophene
is substituted with a CPDT bridge.

thiophene (Figure 2.4.1). CPDT could signi�cantly contribute to in-

creasing the absorbance of high-energy absorption bands, contribut-

ing in this way in increasing the photocurrent. Furthermore, the

electron-rich character of CPDT could induce a bathochromic shift

when compared to thiophene through narrowing the optical band

gap, E(0,0), by destabilizing the ground rate redox potential (S+/S)

predominately.[100, 101]

2.4.2. Optical proprieties. The UV/Vis/NIR absorption spec-

tra of JD10 and YR6 solutions in ethanol were measured. Figure

2.4.2 shows the molar absorptivity obtained. JD10 sensitizer shows

a maximum absorbance peak at 672 nm, with a red shift respect

the maximum obtained for YR6. Even if the extinction coe�cient

of this peak is of 175,000 M−1cm−1, about 40% lower respect the

value obtained for YR6 (279,000 M−1cm−1), the absorption peaks

are considerably broadened compared to YR6 dye. It is also evident
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Figure 2.4.2. UV/Vis/NIR absorption spectrum
of JD10 compared with YR6 one. It's possible to
observe the peak at 474 nm.

a high-energy transition due to the CPDT bridge at 474 nm with a

molar absorptivity of 33,000 M−1cm−1, a good result if compared

with the minimal absorbance of 2,000M−1cm−1 observed with YR6

in this region. Finally JD10 sensitizer absorbs strongly in to the NIR

region until 728 nm with a molar absorptivity always higher of 5000

M−1cm−1 . As result of these consideration, the integrated area of

JD10 absorption curve shows only a 20% decreasing respect YR6.

The optical density was measured for 2.8 µm thickness TiO2-

coated �lms with JD10 dye and compared with YR6 coated �lms
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(Figure 2.4.3). Di�erent solutions were used, with di�erent cheno-

deoxicholic acid (CDCA), to test the aggregation phenomena.

A broadening of the absorption spectrum peaks was observed for

�lms of JD10 as had been previously noted for YR6. It is impor-

tant to observe how the optical density measurements indicate only

a 9% decrease for JD10-sensitized TiO2 �lms compared with YR6

�lms of the same thickness at their respective absorbance maximum,

while in EtOH solution the di�erence between the molar extinction

coe�cients of JD10 and YR6 was about 40%. This phenomena sug-

gests a signi�cantly higher dye-loading for JD10 to explain the big

change in percent between the �lm optical densities and solution

molar absorptivity.

From optical density graph is then possible to observe the aggre-

gation problem. JD10 dye shows a strong aggregation peak at 630

nm on TiO2 �lms which is only observable in the solution absorbance

as a slight shoulder. The addiction of CDCA cause a reduction of the

aggregation peak at 630 nm for JD10 as can be seen from the �lm

optical density measurements. At the same time there is a strong

reduction in optical density intensity for all wavelengths. YR6 dye

has been previously shown to have an optimal CDCA loading of 10
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Figure 2.4.3. Optical density of sensitized 2.8 µm
TiO2 �lms prepared by immersion in a solution of
0.1 mM JD10 without CDCA, 0.1 mM JD10 with
5 mM CDCA , 0.1 mM JD10 with 20 mM CDCA ,
0.1 mM YR6 without CDCA and 0.1 mM YR6 with
10 mM CDCA in ethanol for 14hours.

mM for DSSCs, however no obvious change in the aggregation peak

intensity (610 nm) is observed at this loading.

2.4.3. Photovoltaic proprieties. Standard sandwich-type so-

lar cells were realized to test this dye.

As working electrodes a double layer TiO2 �lm (8 µm of active

transparent layer and a 5 µm of a scattering layer) on a Nippon

sheet glasses with a resistance of 10 Ω/� were used. The counter
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electrodes were platinized TCO glass with a resistance of 15 Ω/sq,

Electrolyte was the JH34 electrolyte, a redox iodine based electrolyte

(0.6 M DMII, 0.05 LiI, 0.03 M I2, 0.05 M guadinimium thiocyanate,

0.25 4-t-butylpyridine in acetonitrile/valeronitrile 85:15). The anode

was dipped in a 0.05 mM solution of dye in ethanol for 16-20 hours.

At the beginning of the study di�erent concentrations of CDCA in

dye solution were tested, to check the e�ect on photovoltaic perfor-

mances. Best results were obtained using 20 mM CDCA concentra-

tion, in agreement with optical density measurements consideration.

Devices were measured using a mask with an active area of 0.185

cm2.

At 1 Sun illumination (AM 1.5G) the device with JD10 as sensi-

tizer gave a short-circuit photocurrent density of 16.4 mA/cm2, an

open-circuit voltage of 635 mV, and a �ll factor of 0.70, that give an

e�ciency of 7.30 %.

This e�ciency is about 10% higher respect previous results ob-

tained in literature with YR6, this improvement is mainly due to

increase in the photocurrent (�gure 2.4.4). This is evident also by

the increase in IPCE over the same broad range of wavelengths (Fig-

ure 2.4.5).
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Figure 2.4.4. Current-voltage characteristics for
cells obtained using JD10, YR6 and D35 dyes. The
most evident di�erence is in short circuit current
density.

It is possible further improve e�ciency, getting better absorbance

in low wavelengths region. For this reason was realized a device with

JD10 dye co-sensitized with D35 sensitizer (�gure 2.4.6)[102, 103].

Figure 2.4.7 shows the optical density of a 2.8 µm thickness TiO2 �lm

sensitized with JD10, JD10:D35 and D35. It's possible to observe

how the presence of D35 dye both increase the peak at high en-

ergy, and decrease the peak at low energy. Than it appears that the

JD10 aggregation shoulder in low energy peak decreases with D35

co-sensitization, in fact D35 sensitizer has a de-aggregating function.
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Figure 2.4.5. IPCE curves for cells obtained using
JD10, YR6 and D35 dyes.

IPCE of this solar cell (Figure 2.4.5) in very �at between 400 to

750 nm, near to a panchromatic-shape IPCE. In particular is inter-

esting to observe that there is an increase in IPCE intensity, respect

the JD10 device, not only in the D35 absorbance area (400-550 nm),

but also in all other regions. The reason of this panchromatic shape

IPCE is clear by observing optical density. In fact the e�ect of D35

dye in contrast JD10 aggregation allows the IPCE to increase also in

high energy region, where there is not absorbance by D35 sensitizer.

Co-sensitized solar cell, measured in standard condition, gave a

photocurrent density of 18.0mA/cm2, an open circuit voltage of 653
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Figure 2.4.6. D35 dye structure

Figure 2.4.7. Optical density for D35, JD10 and
D35:JD10 dyes. E�ect of co-sensitization is evident
in high energy region.

mV, and a �ll factor of 0.67, with a total e�ciency of 7.90%. The

photocurrent obtained is the highest value obtained in literature for

a squaraine dye by either single metal-free organic dye or its co-

sensitization with other organic dyes. Respect solar cells obtained

using only JD10 dye there is an increase in current density and only

a little increase in open circuit voltage.
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Figure 2.5.1. VG10, VG11, VG12 and VG10-C8 dyes.

2.5. A high-E�ciency and Stable Symmetrical

Panchromatic Squaraine for Dye-Sensitized Solar

Cells

2.5.1. Introduction. In this section the study on photovoltaic

performances of four di�erent bis(benzoindoline) squaraine dyes is

presented. Studied sensitizers are showed in �gure 2.5.1.

These dyes have a symmetrical structure. Some modi�cation are

made on VG10 dye, adding di�erent functional groups, to modify

HOMO level. VG10-C8 chain presents a long added chain, to avoid

aggregation phenomena.
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One of the �rst studies symmetrical and unsymmetrical per-

formances of squaraine dyes in DSSCs was made by Das and co-

workers [104], who characterized a series of both symmetric and

un-symmetric squaraine dyes possessing a nonconjugated -COOH

grafting group enabling the stable anchoring of the dye on the tita-

nia surface. They found that the sensitization e�ciencies of unsym-

metrical squaraines in DSSCs are signi�cantly higher than those of

symmetrical squaraines, and ascribed this to a unidirectional �ow

of electrons on excitation of unsymmetrical squaraines whereas in-

crease in charge density towards the center of the molecule was

observed for the symmetrical squaraines. Properly designed non-

symmetric squaraines show a somewhat directional HOMO�LUMO

excitation. It has been shown that the absorption of self assembled

dyes on TiO2 can be e�ciently converted into a photocurrent only

in the presence of a directional HOMO�LUMO excitation providing

a charge displacement from a region distant from the surface (in the

ground state) to the surface close proximity (in the excited state)

[105, 106].

Later works by Burke and Grätzel demonstrated that even sym-

metric squaraines can e�ciently perform, as long as the dye is ab-

sorbed as the corresponding ammonium salt and in the presence of
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chenodeoxycholic acid in order to prevent dye aggregation at the

surface[107].

Until now, the most e�cient symmetrical squaraine dye was SQ1

which has demonstrated the evident advantages of using symmetri-

cal structures in synthesis process [108].

Analyzed VG10 series sensitizers present similar structure but have

more extended conjugation than SQ1. These dyes incorporate a di-

rectly attached carboxylic acid on both the benzoindoline instead

of having it in the N-alkyl substituents. These two squaraines are

quite similar to the unsymmetrical SQ02 which presented one ben-

zoindoline moiety without any carboxylic acid [109, 110].

2.5.2. Optical proprieties. Optical density was measured us-

ing a 2.8 µm thickness TiO2�lm. All dyes were measured in solution

with or without cheno-deoxycholic acid, to analyze aggregation ef-

fect (�gure 2.5.2). Only the solution without CDCA or with 10 mM

CDCA (maximum concentration used) are there analyzed.

VG10 sensitizer shows the higher adsorbance, but also a strong

aggregation peak at low energy, at about 630 nm. The addiction of

CDCA (10 mM) causes a decrease in this peak and in general a de-

crease in optical density. The main absorption peak has a decrease

more than about 30% and the total integrated area becomes quite
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Figure 2.5.2. Optical density of VG10, VG11,
VG12 and VG10-C8 dyes, with di�erent concentra-
tion of CDCA. Measurements were performed on
2.8 µm thickness TiO2 �lms.

an half.

VG10-C8 sensitizer has an optical response similar to VG10. It

shows a lower aggregation peak, explicable by the introduction of

the long chains in molecular structure. Also in this case the ad-

diction of CDCA cause a reduction in optical density intensity, in

particular the aggregation peak, still visible, is subject to a great

reduction respect the main peak. Total area of optical density, in

the presence of CDCA, becomes quite an half the total area of VG10

optical density in the same conditions.
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VG11 and VG12 sensitizers show similar shape optical density spec-

tra. In general the absorptivity is lower . Then it is possible to

observe a bathochromic e�ect that cause a shift of the main peak

until 725 nm. Also in this case it is evident the e�ect of CDCA on

aggregation peaks and also on optical density.

2.5.3. Photovoltaic characteristics. All dyes have been stud-

ied in standard sandwich type devices.

E�ect of CDCA on photovoltaic performances was tested �rst on

VG10 dye. Working electrodes were 4 x 4 mm square shape transpar-

ent TiO2 �lms, 3.1 µm thickness on NSG 10 Ω/� glass, electrolyte

was JH34 (section 2.4.3). Standard platinized FTO glasses were

used as counter electrode. Results are reported in table 4. adding

CDCA there is an increasing in e�ciency mainly due to the increase

in open circuit voltage. With 10 mM CDCA concentration there is

a great increase in voltage, but at the same time a decrease in cur-

rent density, probably due to the competitive adsorption between

the CDCA and the dye on the TiO2 sites.

Figure 2.5.3 reports IPCE measurements performed by these

devices. It is evident how the addiction of CDCA cause an increasing

in IPCE both at low and high energy.
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Table 4. E�ect of CDCA in VG10 solution in
THF. Three di�erent CDCA concentration were
tested. Data reported refer to fresh devices and
1 day old devices.

E� % VOC [mV] Jsc [mA/cm2] FF

Fresh 1 day Fresh 1 day Fresh 1 day Fresh 1 day

VG10 0 CDCA 3.33 2.17 519 513 9.45 6.72 0.68 0.63

VG10 1 CDCA 3.45 2.52 566 570 9.14 7.04 0.67 0.63

VG10 5 CDCA 3.91 3.25 589 598 10.06 8.61 0.66 0.63

VG10 10 CDCA 3.91 3.51 639 654 8.78 7.88 0.70 0.68

Figure 2.5.3. IPCE measurements on devices re-
ported in table 4. E�ect of CDCA addiction is ev-
ident in the spectra shape and in IPCE increasing
at low energy.

It is interesting to note how there is a degradation for devices

after one day.

JH163 electrolyte was tested. It has the same composition of JH34,
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Table 5. Photovoltaic results for squaraine dyes
in the optimized device conditions. For VG10 and
VG10-C8 dyes, di�erent concentrations of CDCA
are reported. For each dye are reported data of the
fresh cell end the 1 day old cell with anti-re�ective
layer.

E� % Voc [mV] Jsc [mA/cm^2] FF

Fresh 1 day Fresh 1 day Fresh 1 day Fresh 1 day

VG10 0C 2.77 3.11 533 544 7.82 8.57 0.67 0.67

VG10 2.5C 4.97 5.57 597 619 13.10 14.13 0.64 0.64

VG10 10C 5.22 5.54 605 612 13.64 14.35 0.63 0.63

VG11 10C 3.02 3.42 562 582 7.35 9.10 0.73 0.65

VG12 10C 3.48 3.47 592 601 8.51 8.48 0.69 0.68

VG10C8 0C 2.68 3.28 560 585 7.73 8.81 0.62 0.64

VG10C8 2.5C 5.30 5.65 608 623 13.19 13.67 0.66 0.67

VG10C8 5C 4.82 5.03 604 618 11.79 11.97 0.67 0.68

VG10C8 10C 5.38 5.64 611 628 13.35 13.51 0.66 0.66

with also CDCA inside. For this study working electrodes used were

compo double layers TiO2 (8 µm active layer and 5 µm scattering

layer). Dye solutions were prepared with di�erent CDCA concen-

tration. Table 5 shows results obtained for all dyes.

For all sensitizers there is an increase in performances after 1 day,

di�erently for what previously observed. VG11 and VG12 dyes have

the lower e�ciency, respectively about 3.42% and 3.47%, caused

mainly by the low photo-current (�gure 2.5.4). VG10 and VG10-C8

show similar parameter at the same concentration of CDCA, and
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Figure 2.5.4. I/V characteristic curves for opti-
mized devices for all dyes.

both of them reach an e�ciency over 5%. From �gure 2.5.5 it is

possible to observe how the higher IPCE value obtained by VG10-

C8 at low energy is compensated by a broader VG10 peak at high

energy. The result is that two dyes have almost the same current

density.

For these two sensitizes di�erent concentrations of CDCA are

reported. In fact it is interesting to note how without CDCA the

open circuit voltage of devices obtained with VG10 and VG10-C8

have a great di�erence, about 40 mV, while adding 10 mM CDCA,

the di�erence in open circuit voltage becomes lower, about 16 mV.
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Figure 2.5.5. IPCE curves obtained for optimized
devices.

Photovoltage transient measurements were made to explain this be-

havior . Figure reports open circuit voltage and voltage decay as a

function of capacitance obtained for studied devices.

One preliminary analysis points out as at a certain capacitance

value, devices without CDCA exhibit a higher di�erence in voltage

respect devices with an high concentration of CDCA. This phenom-

ena could explain the open circuit trend observed.
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Figure 2.5.6. Open circuit voltage and voltage de-
cay rate as a function of capacitance for VG10 and
VG10-C8 dyes at di�erent CDCA concentrations.

2.6. Conclusion

Two di�erent class of sensitizers were studied, analyzing main

proprieties. Di�erent diagnostic techniques were performed to un-

derstand how optimize the devices and the capability of the dyes.
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The study on cyclometalated ruthenium sensitizers is in phase

of conclusion, anyway preliminary results are very encouraging and

make possible to suppose that �nal results will show high photo-

voltaic performances. In particular an high photocurrent and a

broaden IPCE are expected.

Study on JD10 sensitizer allowed to obtain a �at and panchro-

matic IPCE, with a high e�ciency for a squaraine dye. This sen-

sitizer showed a record e�ciency and a useful application in co-

sensitization with organic-dye.

At last the study of modi�cations on VG10 dye structure permits to

observe the e�ects of these changes and to obtain an high e�ciency

symmetric squaraine dye.
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CHAPTER 3

Spectroscopic evaluation of dyeloadig on TiO2

3.1. Introduction and state of art

One of the major problem in DSSC fabrication is lack of repro-

ducibility. Device production a sequence of di�erent steps, and many

variables could compete in a�ect �nal result. As a consequence, the

fabrication of a DSSC is often based on the meticulous repetition of

reported protocols, but the in�uence of e great variability make di�-

cult to evaluate unequivocally the real performance of new material

tested. From a point of view of a possible industrialization process,

the optimization and reproducibility of any step is very important.

Dye-loading process is topically a long process (about 20 hours

for most sensitizers). The long time request for dye-loading is due

essentially to ensure a complete absorption from the substrate. A

few studies have reported a strong e�ect of di�erent dye dipping

time on the photovoltaic performance of the cells.[76] This in turn
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derives from the magnitude (amount of adsorbed dye on TiO2 sur-

face) and from the kinetic of the adsorption process [111, 112]. To

this concern, the e�ective loading of the dye in the TiO2 electrode

is of paramount relevance for controlling, and eventually optimiz-

ing, photovoltaic cell parameters. In particular, current density is

directly proportional to the light harvesting ability of the dye sen-

sitizer, which is related to the dye concentration on TiO2 surface

(1.1.2) [113]. Moreover it is also proved as the dye adsorption be-

havior directly a�ects the cell open-circuit voltage.[114]

Indirect ex-situ surface coverage studies based on dye adsorp-

tion/desorption process represent the most common tool: the amount

of adsorbed dye is determined by desorbing the dye from the TiO2

surface by treating with an aqueous or alcoholic solution of NaOH

and then measuring the desorbed dye concentration by spectroscopy

in the ultraviolet-visible (UV-Vis) spectral range.[115, 116]

A similar, alternative method has also been proposed [117],

based on the measurement of di�use re�ectance on the dyed TiO2,

then calibrated with the amount of dye desorbed after a proper

treatment, measured by UV-Vis absorption; such an approach may

represent a tool for studying the dye adsorption process, described

in terms of characteristic parameters such as the adsorption and
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desorption rate constants and the number of adsorption sites avail-

able on the TiO2 surface. The above techniques have the advantage

of allowing a quantitative determination of dye loading, but it is

time-consuming and it presents inherently indirect method, since

the measurement is not carried out on the adsorbed dye, so one has

to trust on the reliability of the extraction procedure and on the

stability of the dye and on its optical response when adsorbed and

desorbed. For these reasons, it cannot represent a fast and reliable

methodology for routine dye loading measurements.

More recently, a new method for a quantitative estimate of

the adsorbed dye has been proposed, based on photo-electron spec-

troscopy [118]. Nonetheless, it presents strong limitations to a wide

use: �rst, it is destructive and not easily available; in addition, it

gives only the relative concentrations of di�erent elements, then used

to indirectly determine the amount of adsorbed molecules. Consider-

ing direct methods, di�erent authors also proposed non-destructive

techniques, particularly meaningful since they can be applied in-situ,

during adsorption of the dye on the TiO2 surface [119, 120]. Watson

and coworkers performed the analysis by monitoring the color inten-

sity during dye uptake as well as by measuring di�use re�ectance.

Getting in-situ information is particularly useful when interested in
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time-evolution of the process, which is observed to follow a charac-

teristic time dependence, which varies with �lm thickness and dye.

Nonetheless, both techniques need a transparent photoanode sub-

strate, which represents a serious limitation, can work only at a few

wavelengths, and cannot separate the dye signal detected from the

adsorbing �lm or from the native solution. The data from both tech-

niques are also used to get absolute dye concentrations, which can

be one of the relevant goal of such analysis, but only after desorption

and independent quantitative dye estimate.

An alternative in-situ method was proposed by Peic and cowork-

ers and is based on attenuated total re�ection at the interface be-

tween the dye solution and the TiO2 �lm. It gives the total amount

of adsorbed dye, after proper calibration through desorption, but

it is applicable only after the ad hoc deposition of a metallic �lm;

�nally, it works at a �xed wavelength. The work is particularly in-

teresting, although not fully convincing, when it discusses the dying

mechanisms and dying evolution in time.

As for the description of the adsorption mechanisms, an interest-

ing approach, which nonetheless does not deal with a quantitative

evaluation of the dye concentration, is the combined use of sev-

eral spectroscopies, as proposed years ago by Leon and coworkers
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[121]; such an approach was not used any longer, possibly because

it requires several di�erent measurements, some of them requiring

speci�c electrodes.

A few studies have focused attention on the kinetic of the dye

up-taking process. Concina and coworkers have very recently com-

pared N719 loading kinetics on TiO2 photoanodes under continu-

ous �ow conditions and static impregnation, showing that the latter

process provides better dye up-taking [111]. Here an in situ UV-Vis

real-time monitoring has been proposed although quantitative mea-

surements were taken at one single wavelength of the dye spectrum.

It should be noted that in this, and other works, di�erent adsorp-

tion process phases, a rapid initial dye uptake followed by a slower

adsorbed dye increase, have been evidenced. This e�ect has been

rationalized in terms of a rapid surface adsorption and a simultane-

ous slower mass transfer process (dye di�usion through the solution

to the TiO2 nano-particle and percolation of the dye through the

porous �lm).[122]

Park et al. have measured the amount of adsorbed dye on TiO2

surface as a function of immersion time of the semiconductor �lm

in the dye solution �nding a pseudo- �rst order adsorption kinetics.
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Once again, the adsorbed dye was quantitatively determined from

the absorbance at a single wavelength (510 nm).

For what concerns direct non destructive in-situ methods, dif-

ferent techniques have been proposed in literature. Some of them

are based on UV/Vis measurements, that use a single wavelength

signal to relate the change in adsorption intensity to dye-loading on

semiconductor �lm. In this chapter I present a measurement method

which consists of measuring the UV-Vis optical spectra of TiO2 elec-

trode �lms after di�erent treatments in a prototypical dye solution,

then calibrating the absorption intensity with the desorbed dye ab-

sorption. This protocol has some advantages respect ones analyzed

in literature. First we used a spectroscopic technique, that allows

to record the absorption spectra over a wide wavelength range, not

only a �x energy beam. In this way it is possible to obtain a more

detailed information about peak intensity, also in the case in which a

peak shift is observed. Than the use of several samples would allow

to relate optical density of TiO2 �lm with desorbed dye solution,

to �nd out the amount of dye molecules on semiconductor �lm. In

this way it is possible to obtain a sort of calibration for each dye,

to estimate the optimum dye-loading process. In the last part the

kinetic process of dye-loading will be analyzed.
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3.2. Materials and instruments

To realize the samples FTO-coated glass plates (2.2 mm thick,

resistance 7 ohm/� purchased from Solaronix) were used as sub-

strates. A glass was cleaned as reported in 2.1. No treatment with

TiCl4 was performed to avoid to alter optical proprieties of glass.

The TiO2 paste (Ti-Nanoxide Solaronix, particle size about 15-20

nm) was screen-printed (section 2.1) using a mesh that permit to

obtain about 2.5 µm thickness layer for this kind of paste. Two

TiO2-�lm layers are been printed to obtain TiO2 �lms have a square

shape of dimension 4x4 mm, with a rough surface, and a thickness

of 5.0 - 5.5 µm. A set of 16 samples were prepared for this study.

Optical measurements on bare TiO2 �lms were made to check the

good reproducibility of the sample. In fact big di�erences in �lms

optical proprieties could make results less reliable..

Each sample was immersed into 4 ml of a solution of N719 in

EtOH (0.5 mM) in the dark and in the air for a speci�c period

of time, then rinsed with acetonitrile and dried under a nitrogen

stream. A set of 16 samples with di�erent dye-uptake time (from 5

seconds to 24 hours) has been prepared and submitted to spectro-

scopic investigation.
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After the spectroscopic investigation on the dye-sensitized �lms,

the dye was desorbed using 4 ml of a 0.1 M solution of NaOH in

ethanol/H2O (1:1) and the adsorption spectra of these solution were

be measured.

Comparison with spectra of freshly prepared solutions of the dye

in the same solvent, at known concentrations, could to be used to

determine the amounts of desorbed dye.

Optical measurements were performed using a Perkin-Elmer spec-

trometer Lambda900. Measurements on the �lms have been per-

formed in transmission con�guration at normal incidence in the spec-

tral range 300 ö 2000 nm. A light spot size of about 3 mm2 has

been used for collecting transmitted light from the middle of the

dye-coated �lm. Due to the reduced thickness of the substrate and

the size of semiconductor nanoparticles, the e�ect of the stray-light

due to the di�use re�ectance of the TiO2 �lm can be considered neg-

ligible. Thus, absorption spectra of the dye-coated �lms have been

corrected with the optical response of the bare TiO2 �lms. Transmis-

sion measurements of dye-desorbed solutions have been performed

by using the same spectrometer in the spectral range 200 ö 800 nm.

87



3.3. Results

3.3.1. Preliminary results. As described in the previous sec-

tion samples were prepared using a screen-printing machine. Any-

way a preliminary study was made before that this machine would

be available from the research group. The study has two di�erent

strategies: �rst a set of samples were measured as previously de-

scribed, then a single sample was dipped in the dye solution several

times, increasing in this way the total dipping time.

For these measurements the samples were prepared in a similar

way respect what described in the previous section. The di�erence

is the deposition of TiO2 paste. This is printed by a �doctor-blade�

technique, using a 3M Magic tape to determine the �lm thickness

and a gloss rod to spread the paste. The �lm obtained with this

technique had a thickness about variable between 11 to 15 µm. Un-

likely this thickness was not uniform and the �lm surface was not

�at, but showed irregular regions. The sample has been cut to make

25 samples of dimensions 2.0 x 2.0 cm.

Optical proprieties of these �lms have been studied. Figure 3.3.1

shows transmittance measurements performed on the same sample
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Figure 3.3.1. Transmittance performed on the
same sample in three di�erent regions. Two regions
(black and red dotted lines) show a good agreement,
while the last region has a lower transmittance, that
suggests a thicker TiO2 �lm.

in di�erent region. Results pointed out the great variability of sub-

strates and the necessity to select a de�ned region to perform mea-

surements, to avoid that surface irregularities a�ect the results.

Figure 3.3.2 reports the transmittance of some of the the ana-

lyzed samples. These data will be used to normalize the optical data

obtained on the dye-coated �lms, showed in �gure 3.3.3.
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Figure 3.3.2. Transmittance performed on bare
TiO2 �lms.

The shorter dipping time (5 seconds) already shows a change

in sample optical response respect bare substrate. The two char-

acteristic peaks of N719 appear at about 400 and 540 nm. Peaks

intensity increases increasing dipping time, but some unexpected

behaviors are present. The spectra corresponding to 5 and 8 hours

dipping time overlap themself, like the spectra corresponding to 3

and 6 hours. Then it is not possible to observe a saturation in dye

-loading.
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Figure 3.3.3. Absorption spectra obtained for
dye-coated TiO2 �lm. Samples dipping times vary
between 5 seconds to 24 hours.

All these problems are clearly related to the di�erences in �lms

thickness, that change the kinetics of the process and could not be

simply removed by a substrate normalization.

To ride out this problem the same measurements were repeated us-

ing only a sample, dipped several time in dye solution to obtain

increasing dipping time. From �gure 3.3.4 it is immediately clear

as absorbance intensity increases in a monotonous way, and there

is saturation-like behavior. This phenomena is particularly clear in

�gure 3.3.5, that shows the integration of the spectra from 460 nm
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Figure 3.3.4. Adsorbance spectra obtained for
the same sample at di�erent dipping times, normal-
ized at the bare TiO2 substrate.

to 800 nm. It is important to point out the shift of the peak at

540 nm in the 9 hours dipping time spectrum. This depends by

dye molecules aggregation on TiO2 surface, that could be depen-

dent from dipping technique. Then we have not any information

about change in kinetics of adsorbance process due to a �multi-step�

dipping technique.

The results obtained point out the necessity to repeat the mea-

surements using di�erent samples with reproducible morphologies.
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Figure 3.3.5. Integrated area of adsorbance spec-
tra showed in �gure 3.3.4. Areas increase in a mono-
tous way, but a complete saturation is not reached.

For this reason the experiment was repeated using screen-printed

TiO2 �lms. Results will be reported in next section.

3.3.2. Optical measurements. Optical measurements on bare

TiO2 �lm were performed. A typical spectrum shape is showed in

�gure 3.3.6.

The transmittance is high, reaching 75%, in the visible and near

infrared spectral range. The long spectral range used (until 2000 nm)

allows to observe interference fringes. Since the thickness of the �lm
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Figure 3.3.6. Transmission spectrum of a sample
of bare TiO2 �lm on FTO glass. In the visible range
the transmittance is about 75%, and starts to de-
crease after 1000 nm. At high wavelengths interfer-
ence fringes are visible.

was measured using a mechanical pro�lometer, it is possible to use

these information to estimate the refractive index of the mesoporus

semiconductor �lm.
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Some papers [123][124] have reported an analysis of mesoporus

�lm conductor using ellipsometry. In particular from refractive index

it is possible to have information about �lm porosity. The determi-

nation of refractive index a porous medium is not so accurate. Any-

way it could be an useful tool if another technique is not available.

One if the main parameter that penalizes this method is obviously

the roughness of the �lm.

Transmission measurements have been performed on all the TiO2

�lms before and after dye-uptaking; for each sample, the spectrum

collected before dying was used for normalizing the one collected

after dying. The mentioned thickness uniformity over the probed

area ensures a variability of the transmittance of the untreated sub-

strates lower than 1.5% (as evaluated at 700 nm) within the whole

set, allowing us to consider all of the substrates as equivalent within

this accuracy. Finally, transmission measurements of dye-desorbed

solutions have been performed by using the same spectrometer in

the spectral range 200 ö 800 nm, with an optical path of 10 mm.

Figure 3.3.7 shows the optical response of the N719 dye adsorbed

into the TiO2 �lm after correction to the bare substrate (without

dye) for a number of selected dipping times.
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Figure 3.3.7. Optical responses for some of stud-
ied samples. On the right an enlargement makes
the peak shift more evident.96



According to the spectrum of N719 in EtOH solution [49]-[35],

the optical signature of N719 dye can be detected at about 540 and

400 nm for all of the di�erent dipping times. A shoulder on the

low energy tail of the former peak can be clearly detected at about

650 nm, regardless of the used contact time. The two main bands

in the near UV and Vis region are ascribed to t2 � p* metal-to-

ligand charge transfer transitions, and are common to bipyridine

based DSC Ru(II) complexes. The e�ect of the adsorption into the

TiO2 layer is a bathochromic shift of the MLCT band, with the

low energy main peak shifting from 530 nm in EtOH to 539 nm in

the �lm, according to literature. The shoulder at low energy was

recently computed to be ascribed to a singlet-singlet transition at

649 nm mainly described by the HOMO-LUMO orbital excitation

[125].

It is worth noting that the spectral line-shape does not signif-

icantly vary over the di�erent contact times, event for the shortest

times, for which a signi�cant change in intensity was recorded. The

relative intensity of the peaks is indeed almost unvaried. The most

striking feature is that the spectral position of the peaks slightly

changes as the dipping time increases. In particular, the main peaks

at 540 and 395 nm show a red-shift to 544 and 400 nm, respectively,
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for dipping times higher than 10 minutes. This behavior can be

either due to aggregation phenomena of dye molecules on TiO2 sur-

face, which are more important as the dye loading increases, or to a

partial protonation of N719, as the dye interacts with the TiO2 sur-

face. This clearly demonstrates that performing a single wavelength

measurement, even under a real-time monitoring of dye uptaking,

might lead to a misinterpretation of spectroscopic data and, thus,

partially incorrect quantitative conclusions.

In order to quantitatively determine the amount of adsorbed

dye, N719 has been completely desorbed from the TiO2 �lms by

treatment with with 0.1 M NaOH in H2O/EtOH (1:1). The solutions

of the desorbed dye have been then measured by means of UV-Vis

absorption spectroscopy. Figure 3.3.8 shows the absorption spectra

of the solutions of desorbed dye as a function of the dipping time

of the original samples. The optical response is characterized by

the presence of three distinct peaks centered at about 510, 380, and

310 nm. The former two peaks correspond to the MLCT bands,

whereas the high energy peak in the UV region is due to π → π∗

intraligand transitions. As for the spectra of the dye-coated TiO2

�lms, a shoulder on the long wavelength tail of the low energy peak

can be recorded at about 600 nm. We also note that, once again
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similarly to dye-adsorbed �lms, the spectral position of the peak at

about 510 nm slightly varies with the contact time, albeit in this case

the spectral position of the other peaks remains almost unchanged.

More precisely, the low energy peak is centered at 505 nm at low

concentrations of the dye and undergoes a red-shift to 512 nm for

higher concentrations, corresponding to dipping times longer than

20 minutes.

In contrast with the spectra of the dye onto the TiO2 surface

clearly in this case, due to the alkaline hydroalcholic medium, we

have to rule out the hypothesis that the bathochromic shift at higher

concentrations could be due to protonation equilibrium, being all of

the carboxylic functionalists present as deprotonated carboxylate

COO-. Therefore, dye aggregation is more likely the reason for such

shift.

3.3.3. Adsorption kinetics. Kinetic process of dye-loading

could be expressed with the following expression:

(3.3.1) S + TiO2 ↔ TiO2 : S
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Figure 3.3.8. Absorption spectra of NaOH solu-
tions used to dye desorbing. On the right an en-
largement allows to observe peaks shift.100



where S represents the sensitizer molecules, TiO2 the titanium diox-

ide sites available for dye adsorption, and TiO2 : S represents the

semiconductor sites coated by dye molecules. In the studied case

the back reaction could be considered negligible, because it is very

slow if compared with direct reaction. This assumption is proved by

the fact that a N179-coated �lm immersed in a bath of pure solvent

does not color it.

The kinetics of dye loading has been discussed in literature

[111, 126]. The reaction could be considered a �rst order reac-

tion, so the reaction rate could be de�ned by equation 3.3.2, where

[TiO2 : S] represents the concentration of semiconductor loaded

sites, [TiO2] the concentration of semiconductor free sites and [S]

the concentration of sensitizer molecules in the solution.

(3.3.2) r =
d[TiO2 : S]

dt
= k[TiO2][S]

Change in dye solution concentration could be considered unvar-

ied. In fact the high concentration (0.5 mM) supplies a number of

molecules higher respect the number could be adsorbed by the �lm.

We can de�ne the new kinetic constant k′ (equation 3.3.3) and re-

de�ne the adsorption rate as a function only of the fraction of TiO2
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coated sites at a certain time t, de�ned as the coverage θ (equation

3.3.4). The coverage is equal to 1 for a complete coating (t = ∞)

and equal to 0 for a bare semiconductor substrate (t = 0).

(3.3.3) k′ = k[S]

(3.3.4) θ = [TiO2 : S]t/[TiO2 : S]∞

(3.3.5) r = −d[TiO2]

dt
= −d([TiO2 : S]t=∞ − [TiO2 : S]t)

dt

(3.3.6) r = k′([TiO2 : S]t=∞ − [TiO2 : S]t)

(3.3.7) −d(1− θ)
dt

= k′(1− θ)
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(3.3.8) θ = 1− e−k
′t

From the equation 3.3.2 is then possible to extract an expression of

θ as a function of time and k′.

The study of kinetic process was made using two di�erent meth-

ods:

(1) To estimate the integrated area of the adsorption spectra

in the wavelengths range 460 nm÷ 800 nm, that represents

the main characteristic N719 adsorption range.

(2) To estimate the area of the peak at 540 nm, by e decon-

volution of the spectra. Deconvolution was made using e

three peaks model, according with previously observations.

Even if the two analysis techniques are quite di�erent, results are

equivalent. It is explained by the fact (already observed) that the

shape of optical response doesn't change with the increase of dipping

time. To analyze the data it was assumed that the saturation value

corresponds to a full coverage of semiconductor �lm. The curves

show an high slope for short dipping time and then a slower change

in coverage. This behavior is consistent with the theoretical model
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previously explained. Figure 3.3.9 reports data obtained from coated

�lms measurements.

The region with higher slope is included between 0 seconds to

about 3 hours. Then the saturation is reached at about 16 hours.

Anyway it is possible to observe how from 7 hours to 16 hours the

variation in coverage is very small. From 3 hours to 7 hours there is

a slight variance in data from an exponential behavior. This could

be explained by the fact that in this region variation in coverage is

very small, so noise (in this case small di�erences in �lms structure)

could a�ect the measurements.

The trade of the coverage as a function of time was studied also

for dye desorbing solutions. The same techniques were used. Figure

3.3.10 shows the graphs referred to these data. The plot obtained

using the area of the decoconvoluted peak at 512 nm is reported.

The data show an irregular behavior is related to which obtained

from TiO2 coated �lms. In particular even if the �rst region shows

a good agreement, at three hours dipping time the value of coverage

obtained with the second method is about 20% lower respect one

obtained with the �rst technique. Then the value at 24 hours dipping

time shows a great di�erence respect the 16 hours dipping time one.

This behavior is very di�erent from the previous one.
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Figure 3.3.9. Coverage TiO2 �lms versus dipping
time in dye solutions. (a) Graph obtained using the
integrated area of adsorption spectra in the wave-
lengths range 460-800 nm. (b) Graph obtained us-
ing the area of the peak at 540 nm, obtained by
deconvolution technique.

105



Figure 3.3.10. Coverage TiO2 �lms versus dip-
ping time in dye solutions. These data were calcu-
lated using dye-desorbing solutions.

These discrepancies could be explained supposing that the desorbing

technique is not a perfect reaction. It is possible that the process

is incomplete and that it is a destructive method, that modify the

sensitizer structure.

From this observation it is possible to gather that the spectroscopic

analysis of TiO2 coated �lms is a more reliable technique, as well as

a direct preservative method.
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Figure 3.3.11. Fits of coverage data, made using
the relation θ = 1− e−k′t. On the top The data of
the TiO2 �lms, on the bottom the data of the dye
desorbing solutions.

At least the coverage data were �tted using expression 3.3.4 to

obtain the adsorption kinetic constant k′f (dye-coated �lms) and k′s

(dye-desorbing solutions). Fit results are showed in �gure 3.3.11.

107



The value of k′ obtained are k′f=(2.89±0.23)10−4 s−1 and k′s=

(4.65±0.10) 10−4s−1. Di�erence between two value points out the

importance to have a precise and reliable protocol to study dye load-

ing kinetics.

We can conclude that the adsorption reaction can be treated as fol-

lowing a simple pseudo-�rst order kinetics, described by the relation-

ship (3.3.8) in terms of saturation ratio and e�ective rate constant

k′f . This is in contrast with recent kinetic studies where the absorp-

tion of N719 on TiO2 was proposed to be a two-step process, a �rst

rapid growth followed by slow absorption, each characterized by a

di�erent kinetics (for N719 the two rate constants are very close).

Indeed, the �rst step was modeled by a pseudo-�rst order kinetic

process and the obtained constant (k′f = 3 x 10−4 s−1) is in excel-

lent agreement with our �ndings. In a second kinetic study, where

adsorption kinetics were followed only up to the �rst 4 h of dipping

time, a pseudo-�rst order model was similarly proposed, although in

that case the kinetic constant (k′f = 1.6 x 10−3 s−1) obtained was

slightly di�erent from our and Concina's values [126, 111].

Using desorbed data it also possible to calculate the amount

of dye adsorbed for di�erent dipping time. Do do this solutions of

N719 in NaOH solution were prepared with di�erent concentrations.
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Optical density was measured to establish a relationship between

dye concentration and adsorbance value. The integrated area of low

energy peak was used. The result is the following relationship:

(3.3.9) A = pC

where A is the peak area, C the dye concentration and p is a con-

stant, calculated as p = (1.28614± 0.01740) · 106.

Using p it is possible to �nd concentration of dye in desorbed so-

lution, and then the number of moles adsorbed for each samples.

Table 1 shows results obtained.

3.4. Conclusion

We have presented here a new spectroscopic quantitative pro-

tocol for real-time investigation of the dye-sensitizer uptaking into

TiO2 semiconductor �lm for application in DSSCs. The UV-Vis

spectra of the dye-coated �lm have been measured and analyzed as

a function of the dipping time of the FTO/TiO2 substrate into the

dye solution, from few s to 24 h. In particular, we show for the

�rst time that the absorption band shapes are not constant over

the di�erent dipping time, with a red shift of the main peaks being
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Table 1. Amount of desorbed time for di�erent
dipping time

Time [s] Amount of desorbed dye [mol/cm2] Error [mol/cm2]
5 0.374582E-9 0.2451739E-10
30 4.680739E-9 1.646607E-10
60 5.616699E-9 2.143609E-10
300 9.350400E-9 2.569695E-10
600 1.387941E-8 3.191857E-10
1200 2.095250E-8 4.612622E-10
3000 3.093853E-8 5.788255E-10
3600 3.606138E-8 6.773828E-10
7200 4.102651E-8 7.206305E-10
10800 4.207353E-8 7.981563E-10
14400 3.613277E-8 6.953878E-10
18000 4.558208E-8 8.550132E-10
21600 4.188194E-8 7.650049E-10
25200 3.714878E-8 7.029011E-10
57600 4.374559E-8 7.913189E-10
86400 5.550572E-8 1.437783E-9

present for dipping times longer than 10 minutes. This behavior was

ascribed to aggregation phenomena or protonation equilibrium with

the semiconductor oxide. Because of these �ndings, a new method

for determining the relative absorption intensity of the dye-coated

�lms has been proposed, based either on the integration of the whole

absorption area in the Vis range or on the integration of the most

signi�cant low-energy MLCT peak centered at ca. 540 nm. Both
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approaches led to the same conclusions identifying two main tempo-

ral regions, one at shorter dipping times (up to 1 h) characterized

by a steep increase of the dye loading, and one at longer dipping

times, up to 24 h, where the increment of the dye-uptaking is much

more modest. The spectroscopic �ndings have been translated to

amounts of adsorbed dye vs dipping time through desorption quan-

titative studies and kinetics of the adsorption process investigated.

For the �rst time, and in partial agreement with previous kinetic

studies, we have found that the whole adsorption process, from few

s to 24 h, is very nicely described by a simple pseudo-�rst order

kinetic model, with an observed rate constant of ca. 3 x 10-4 s-1.

The combined studies have evidenced that the �rst minutes (1 h dip-

ping time) are strategic for an e�ective uptaking of the dye by the

TiO2 nanoparticle, with a saturation level reached within the �rst

6 h. This result is in contrast with the commonly used procedure

for dye-uptaking of Ru(II) DSC sensitizers, which implies typical

dipping times of 16 to 24 h. We have demonstrated that not only

are longer dipping time almost useless for increasing the dye loading

into the semiconductor �lm, but that a change in the dye electronic

structure takes place upon increasing the contact time, which could
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a�ect then the photovoltaic response of the photoanode. These re-

sults could be exploited for optimizing DSSCs industrial fabrication

protocols, where shorter dipping times, or even continuous �ow con-

ditions, at no expense of the device e�ciency, are crucial for setting

up low-cost fast automated procedures.
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CHAPTER 4

New counter electrode of DSSC

4.1. Introduction

As explained in previous sections, standard counter electrode

used in DSSCs is platinized TCO glass. Platinum has showed to be

a good catalytic material for the reduction of tri-iodide (eq. 1.2.10)

[127]. Anyway platinum is an expensive material (about 50 $ for 1

g) and is not much abundant on earth's crust (5 p.p.b.). Then it is

subject to corrosion by liquid ionic electrolyte [128]. For this reason

the possibility to substitute this material with cheaper and more

available material is an outstanding topic in DSSCs development

and industrialization path [129].

4.2. Carbon Nano-Walls

Carbonaceous materials are attractive to replace platinum due

to their high electronic conductivity, corrosion resistance towards io-

dine, high reactivity for triiodide reaction and low cost [130, 131].
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Moreover, nano-structuring in general improves the catalytic prop-

erties of materials. Several works have been recently published on

carbon and carbon nanotubes replacing platinum at the counter-

electrode [132, 133, 134, 135], while the use of 2-D Carbon nanos-

tructures, (Carbon Nanowalls, CNWs), based on graphene layers,

have not yet been explored. In order to test if CNWs are possible

candidates for fabricating innovative counter-electrodes for DSSC

assembly CNWs have been synthesized by PE-HFCVD (Plasma En-

hanced Hot Filament Chemical Vapor Deposition) on di�erent sub-

strates, and their electrical proprieties were studied [136, 137]. This

study was made at research center ENEA, in Rome.

4.2.1. Experimental section. The PE-HFCVD system (�g-

ure 4.2.1) consists of a water cooled stainless steel chamber with

a base pressure of 5Ö10−7 mbar. The gas �ow, CH4/He gas mix-

ture, was regulated by mass �ow controllers. The vertical �laments

were supported from the top while at the bottom they were �xed

to a Molybdenum (Mo) plate which was left suspended and acted

as a common ground for the heating DC current. The substrate

heating assembly was made as follow: a water cooled copper plate

acted both as thermal reference and as mechanical support while

a second stainless steel plate was mechanically supported onto the
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Figure 4.2.1. PE-HFCVD system. Here Vfil and
Ifil are the �lament voltage and current, Vm is the
grid bias voltage and Vs is the substrate bias volt-
age.

copper plate with thermal breaks. A Boron Nitride (BN) plate elec-

trically isolated the Mo substrate holder from the steel plate. The

substrate heating element was buried inside the BN together with a

reference (Type K) thermocouple and could heat and maintain the

apparatus at the desired temperature by means of a regulated AC

power supply.

A substrate temperature of 700 °C and a �lament temperature

above 2100 °C was utilized. A plasma (30 V, 1 A) was generated by
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Figure 4.2.2. SEM image of CNWs �lm.

biasing the grid. For this work CNWs �lms were deposited onto

quartz and Titanium substrates. Furthermore, �lms of di�erent

thickness were synthesized in order to vary the sheet resistance of

the samples.

Films morphology was investigated by Scanning Electron Micro-

scope (SEM) and Transmission Electron Microscopy (TEM). SEM

images (�gure 4.2.2) show layers of graphene assembled onto a sub-

strate in a sort of random honeycomb structure on the whole sub-

strate. This structure allows to provide a great e�ective area for

tri-iodide reduction.
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Figure 4.2.3. TEM image on a scraped sample.

TEM images (�gure 4.2.3) on a scraped sample show that the

material is composed of few to several graphene layers. This struc-

ture allows to realize samples of di�erent thickness, increasing the

numbers of graphene layers.

Raman spectrum (�gure 4.2.4) shows the characteristic peaks of

CNWs: G-band of the graphite and D-band due to the imperfection

of the graphitic order.[138, 139]

The CNWs �lm thickness can be varied by changing the deposi-

tion time. Resistance measurements in DC current allows to calcu-

late the sheet resistance of the �lms, as a function of the thickness of
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Figure 4.2.4. Raman spectrum of a CNWs sample.

Figure 4.2.5. CNWs �lms resistance as a function
of �lm thickness.

the �lm. Results obtained (�gure 4.2.5) show as the �lm resistance

decreases increasing the thickness, with a linear relationship.
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Photovoltaic devices were realized using FTO glasses Solaronix,

10 Ω/� as substrates. Active area has a rectangular shape 0.5 x 1.0

cm. As TiO2 was used a mixture of HT Solaronix, with particle size

about 20 nm, and R Solaronix, with particle size about 400 nm, with

a weight ratio of (7:3). As sensitizer was used N719 (Solaronix), in

ethanol solution 0.5 mM. The electrolyte was composed by I2 0.05

M, LiI 0.5 M , 4-tert-butylpyridine 0.5 M in acetonitrile. Devices

was sealed using Surlyn 60 µm thick.

Cells characterization was made using an Oriel Xe lamp 100 mW/cm2

with a UV cut �lter and data was collecting by a PARSTAT 2273

Potenziostat/Galvanostat.

4.2.2. Results. Results is showed in table 1. It is important

to observe how the counter electrode a�ects both the current density

and the open circuit voltage. The standard device (Pt as CE) has

an e�ciency about 3.5%. This not an high results, if compared

with results in literature. Anyway the aim of this work was not to

obtain an optimized device, but just a comparative study on di�erent

materials.

The thickness of CNWs �lm on quartz has a strong consequence

on photocurrent, probably not only for the di�erence in sheet resis-

tance, but also for increasing in catalytic e�ect. As results, using 2
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Table 1. Results obtained using di�erent counter
electrodes.

Sample Thickness [µm] VOC [mV] Jsc[mA/cm2] E�. % FF

FTO+Pt - 686 14.0 3.5 0.40

Quartz+CNWs 1 595 6.4 0.9 0.24

Quartz+CNWs 2 765 12.0 1.9 0.21

Ti+CNWs 2 825 12.2 3.5 0.35

µm thick CNWs �lm instead of 1 µm, we obtained a double short

circuit current density (12 mA/cm2), very similar to one obtained

with a standard device (14 mA/cm2). Anyway best results was ob-

tained using Ti as substrate. It is caused not only for a good current

density, but also cause to the high open circuit voltage and �ll factor.

The open circuit voltage is very dependent from counter elec-

trode type. In particular it is very low using 1 µm thickness CNWs

�lm, and increases increasing thickness, exceeding the value of a

standard device. This behavior is explainable with the fact that

open circuit potential depends on the electrochemical potential of

electrons, that is related to the concentrations of the oxidized and

reduced species of the redox system, and so to the catalytic e�ciency

of counter electrode.

It is possible to understand the low �ll factor obtained using quartz

as substrates from the I/V characteristic curves (�gure 4.2.6). The
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Figure 4.2.6. I/V characteristic curves for sys-
tems with CNWs on quartz as counter electrodes
in comparison with one with standard (Pt) counter
electrode.

shape of the curves shows a high series resistance. Then for the

thicker CNWs �lm the presence of capacitive e�ects. This behavior

is not present in devices with Ti as substrate (�gure 4.2.7).

Results obtained shows as carbon nano-walls appear to be a

promising substitute for platinum. The limit of this technique is the

choice of substrate, that has to be resistant to high temperature and

to electrolyte solution.
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Figure 4.2.7. I/V characteristic curves for devices
with CNWs on Ti and Pt on FTO as counter elec-
trodes.

4.3. PEDOT

Other than carbon materials to replace platinized counter elec-

trodes, poly(3,4-ethylenedioxythiophene) (PEDOT) could be an in-

teresting choice. The interesting for this material is caused by its

high conductivity, low band gap (1.6 eV), electrochemical reversibil-

ity, transparency, stability, and high catalytic activity compared to

other polythiophenes. Then electro-deposited PEDOT on TCO sub-

strate has already showed good performances in DSSCs, reaching
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e�ciency of almost 8%. [140]

Electro-polymerized PEDOT �lms have showed to have a high con-

ductivity, even if it is about four order of magnitude higher respect

a FTO- coated glass. Then it exhibits homogeneous morphologies

with high porosity. The porosity enables to have a high speci�c sur-

face area and as consequence an high catalytic e�ciency. The use

of porous material allows then the post �ctionalization of the pore

walls with the suitable dopant, to increase conductivity.

In this section will be presented results of use of PEDOT counter

electrodes prepared by electrochemical polymerization on plastic

�exible substrate. The study was performed at LPI-EPFL, Lau-

sanne.

4.3.1. Experimental section. PEDOT �lms were prepared

by electrochemical polymerization using EDOT monomer ([141,

142]).

The polymer was deposited potentiostatically at a DC potential of

+1.2 V using Eco Chemie AUTOLAB 1260 in a three-electrode sys-

tem comprised of PEDOT coated sheet, as a working electrode,

platinum rod as the counter electrode, and Ag/AgCl at 25° C as

the reference electrode. The working electrode was placed parallel

to the working electrode in a solution containing the ionic liquids
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and 0.1 M monomer. The potential was applied for a period of

300 seconds, to coat the PEDOT �exible sheets with polymer layers

and to use them as ITO and metal free electro catalyst. After the

polymerization process the �lm was removed from growth solution,

washed repeatedly with isopropyl alcohol to get rid of any unreacted

monomer as well as ionic liquids and �nally heated at 60° C for 30

minutes. Further to increase the conductivity the obtained �lm was

dipped in ethylene glycol for 30 minutes and �red at 80° C for 15

minutes.

DSSCs were prepared using standard working electrodes, with

di�erent thickness, to optimized results. Dyes used are showed in

�gure 4.3.1. D21L6 is a metal free organic dye, that showed an

e�ciency about 6% in solar cells with ionic liquid based electrolyte

[143]. Y123 is an other organic dye that shows an e�ciency almost

about 9% with a Co(II)/Co(III) based electrolyte [144].

Four di�erent electrolyte were been used: Z960 (1 M DMII, 0.05

M LiI, 0.03 M I2, 0.1 M GuNCS, 0.5 M TBP), JH34 (0.6 M DMII,

0.05 M LiI, 0.03 M I2, 0.05 M GuNCS, 0.25 M TBP), JH70 (0.22 M

Co2+, 0.05 M Co3+, 0.1 M LiClO4, and 0.2 M TBP, with a Cobalt

tridentate redox couple) and JH180, with a Cobalt tris-Bipyridine

redox couple.
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Figure 4.3.1. Dyes used for this study: on the top
D21L6, on the bottom Y123.

4.3.2. Results. First devices were made using as working elec-

trode a transparent TiO2 �lm, with a thickness of 5.8 µm, stained

with a 0.3 mM solution of D21L6 in ethanol, and Z960 electrolyte.

The same working electrodes electrodes were tested with a PEDOT

and a standard (Pt on FTO) counter electrodes (respectively device

1 and 2).
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Table 2 shows the results obtained. The big di�erence in e�ciency is

due to the high series resistance of PEDOT �lm on a plastic (insula-

tor) substrate, that reduces current density and �ll factor, especially

at high intensity of illumination (�gure 4.3.2).

Table 2. Comparison between two DSCs with
the same working electrode and di�erent counter-
electrode, at 1 Sun illumination.

FTO+Pt PEDOT
E�. % 5.75 0.73

JSC [mA/cm2] 11.32 3.98
VOC [mV] 732.67 719.87

FF 0.69 0.23

Also the analysis of current dynamics (�gure 4.3.3) shows as

increasing the current density has not a linear behavior with illumi-

nation power. This could mean that the counter electrode has not

enough catalytic e�ciency.

For this reason the �rst step was to optimize PEDOT �lm thick-

ness, and as consequences the e�ective area. In fact increasing poly-

merization time, it is possible to increase the thickness of the �lm.

It is important to point out as there is a limit in thickness due to

the adhesion of the PEDOT on the substrates. A too thick �lm has

a bad adhesion on plastic substrates that does not allow to realize

an e�cient solar cell device.
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Anyway doubling deposition time it possible to obtain a good

�lm, both for the catalytic proprieties and for structural proprieties.

Devices realized (device 3) with this �lm as counter electrode showed

an increase both in current density and in �ll factor. The e�ciency

Figure 4.3.2. I/V characteristic curve of DSCs
with a standard counter electrode (top) and a PE-
DOT counter electrode (bottom).
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Figure 4.3.3. Current density at di�erent illumi-
nation for device 1

reached was 1.65%, with a short circuit current density about 8.04

mA/cm2, a VOC about 693 mV and a �ll factor of 0.30. I/V charac-

teristic curve (�gure 4.3.4) shows a decrease in sheet resistance, and

also the current dynamics shows a more linearity in current response

respect illumination intensity.

Next step consists in use doped PEDOT �lm. In this way it is

possible to increase �lm conductivity. Then changing dye and elec-

trolytes it is possible to increase open circuit voltage. In particular

three electrolyte were tested. JH34 is similar to Z960, but the less

amount of TBP contributes to reduce loss in current density. JH70

and JH180 are two cobalt complexes based electrolyte, that could

allow an increase in VOC .
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Figure 4.3.4. I/V characteristic curve and current
dynamics obtained for device 3. In this way it is
possible to reach 1.65% of e�ciency.

Table 3 shows results obtained.

Devices 5 and 6 show an increase in open circuit voltage respect

devices 4, as expected. Then there is a low increase in current

density, especially for devices 6 and in �ll factor. These elements
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Table 3. Results obtained for devices 4, 5 and 6.

JH34 (4) JH70 (5) JH180 (6)
E�. % 2.38 3.96 4.22

Jsc [mA/cm2] 10.18 10.75 10.91
VOC [mV] 680.14 942.39 829.52

FF 0.34 0.39 0.47

Figure 4.3.5. I/V characteristic curves for device
5 and 6 at di�erent illumination.

allow to reach an e�ciency of 3.96 for device 5 and of 4.22% for

device 6. I/V curve for devices 5 and 6 are showed in �gure 4.3.5.

Di�erent illumination curves are reported it is interesting to note

how for low illumination intensity the shape of curves are similar for

both devices, while for full illumination (1 Sun) the shape start to

change.

130



4.4. Conclusion

Two di�erent materials to replace platinum in counter-electrodes

are tested. Carbon nano-walls belongs to a class of versatile and

economic materials. Results obtained in this work are very encour-

aging. In fact open circuit voltage and current density are suitable

with standard devices in the same condition. The low �ll factor is

due mainly to the substrate used, and increases using Ti in place of

quartz.

The study on PEDOT counter-electrode has the peculiarity to

use a �exible plastic substrate. This fact, combined with the trans-

parency of PEDOT, allows to think about original application of

DSSC (such as building integration), and also to realize a low-cost

device. E�ciency reached exceeds 4%. Also in this case the low �ll

factor is penalizing for photovoltaic performances.
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CHAPTER 5

Electrochemical Impedance Spectroscopy using a

three electrodes devices

5.1. Introduction

Electrochemical impedance spectroscopy (EIS) is a useful tool

to study DSSCs. This technique permits to study the kinetics of

many process with di�erent response time, using a wide frequencies

range [145, 146, 147]. Until now a lot of study are made using

conventional DSSCs in a two-electrode electrochemical con�gura-

tion. Typically result obtained is a three semicircles shape Nyquist

diagram [23]. In many cases the process at higher frequencies (1kHz-

10kHz) is related to charge transfer process at platinum/electrolyte

interface, medium frequencies phenomena (10-100Hz) is related to

semiconductor/electrolyte interface processes (di�usion in TiO2 and

back reaction with trioxide species), and then the lower frequen-

cies semicircle (0.001-0.1 Hz) to charges di�usion into electrolyte
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[148, 149]. A lot of information could be drawn from impedance

data, for example the electrons lifetime in semiconductor �lm, the

internal cell resistances, properties of hole transport materials, elec-

tron di�usion length in semiconductor and the density of electronic

states [150, 127, 151, 152, 153, 154].

However the complexity of the system and the high number of

processes involved make data interpretation di�cult and ambigu-

ous. In particular the low frequencies semicircles could overlap with

middle frequencies one, making hard distinguish the single contribu-

tions [155, 156]. Moreover in a 2-electrode DSSC the cell voltage

is referred to the cathode potential, that is not de�ned under bias

illumination. T. Hoshikawa et al proposed to use three electrode

system in EIS measurements, to distinguish easily di�erent contri-

butions, but a�rm the di�cult to insert e reference electrode in a

DSSC standard device, because its thickness [157]. So they use a

glass vessel three electrode cell instead a typical sandwich-type de-

vice. This device is structurally di�erent from a standard DSSC,

and could present some di�erences in electronic processes.

In this chapter I will explain how we manage to realize a three

electrode device very close to a standard device, and i will present
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the �rst results, those permit to assign a more reliable meaning to

EIS experiment.

5.2. Transmission line model

The most used model to represent the equivalent circuit for a

DSC is the transmission line model, where the modeled elements

are: the contact and the FTO substrates (a ohmic resistance Rse),

the interface TiO2|electrolyte, the interface Pt|electrolyte and the

electrolyte medium [158, 45, 23].

For the FTO part, the impedance is calculated by:

(5.2.1) Z = (
RrRtr
i+ i ωωr

)coth[(
ωr
ωtr

)0.5(1 +
iω

ωr
)0.5]

where Rr is the charge recombination with the triodide ions resis-

tance and Rtr is the charge transport in semiconductor �lm resis-

tance, while ωr (ωr=
1
τr
) and ωtr are the corresponding characteristic

frequencies.

If the recombination resistance is higher respect Rtr, the eq. 5.2.1

represents the Warburg element:

(5.2.2) Z = (
Rtr
C

)0.5(iω)−0.5

134



where C is the total capacitance [159, 45]. Instead for lower recom-

bination resistance, the eq. 5.2.1 turns into Gerischer impedance:

(5.2.3) Z = (
RtrRr

1 + iω
ωr

)0.5

For the counter electrode interface, impedance is expressed like:

(5.2.4) Z = (
iRct

i−RctCdlω
)0.5

where Rct is the charge transfer resistance at the interface and Cdl

is the double layer capacitance.

The di�usion of I−3 within a thin layer cell is usually described

by a Nernst di�usion impedance ZN , that could expressed how:

(5.2.5) ZN =
Z0

(iω)α
tanh(iτdω)α

where ω is the angular frequency and R equals 0.5 for a �nite length

Warburg impedance. Z0 and τd are the Warburg parameter and

characteristic di�usion time constant.

5.3. Experimental details

The major di�culty in realizing a three electrodes device is to

insert the reference electrode without any contact with electrodes.
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In fact in a standard con�guration the two electrodes are separated

using a thin polymeric sealant of few tens of micron.

To ride out this problem we have used a 25 µm thick platinum foil

as reference electrode and we have removed part of the conductive

�lm of (SnO2:F) from glass substrates, to create an insulating area

were positioning the reference electrode.

Two frames of Surlyn® 2 cm x 1.5 cm and 2 mm width were cut

and the system was close on an hot plate at 125 °C using a press.

Reference electrode is placed between the two Surlyn® frame, to

permit a good sealing of the device, and in correspondence of the

etching glasses to avoid any electric contact between reference elec-

trode and DSC electrodes (�gure 5.3.1). After the sealing a ionic

electrolyte was put into the device through the hole in cathode by

vacuum back �lling. The electrolyte was a valeronitrile/ acetonitrile

solution (15:85) with 0.6 M BMII, 0.03 M I2, 0.1 M guanidinium

thyocyanate and 0.5 M 4-tert-butylpyridine. Then the hole is closed

using Surlyn®.

Photocurrent - voltage characteristic measurement was made

using a Oriel Solar Simulator 81150 equipped with a Xenon lamp and

a �lter 1.5 AM direct. Measurements under illumination were made

under 450 mW/cm2 light power (1 Sun). EIS measurements were
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Figure 5.3.1. Three electrode solar cell device. It
is visible the reference electrode inside the cell.

performed using Parstat 2263 potenziostat. Spectra were recorded

at open circuit voltage under illumination of 1 Sun and in dark

condition at di�erent bias. The frequency was spanned between 10

mHz and 10 kHz and the amplitude of the alternative voltage signal

was 15 mV. For two-electrode measurements the reference contact

was positioned at photo-cathode.

5.4. Results

Realized device shows an e�ciency of 6.30%, a Voc of 708 mV,

a short circuit current density about 13.02 and a �ll factor of 0.68.
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Figure 5.4.1. Nyquist plot for 2-electrodes and 3-
electrodes system. Measurements was performed
under 1 Sun illumination.

In �gure 5.4.1 are showed the Nyquist plot obtained for 2-electrodes

and 3-electrodes setup measurements under 1 Sun illumination.

The most evident di�erence for this plot is the shift of the graph

on the x-axis. This shift corresponds to an increase in ohmic resis-

tance. The resistance of device in 3-electrodes system correspond

to FTO substrate resistance plus electrolyte ohmic resistance. In

2-electrodes system the total resistance includes an other FTO re-

sistance, related to reference electrode on counter electrode. Except

this the shape of the two graphs appears the same. Anyway more

di�erences come out observing the Bode graph (�gure 5.4.2). In this

case, even if the peak frequencies stay almost the same, there is a

di�erence in peaks shape.

These di�erences pointed out how the impedance spectra for

an e�cient counter electrode is related mainly to TiO2|electrolyte
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Figure 5.4.2. Bode diagram for 2-electrodes and
3-electrodes system under 1 Sun illumination.

interface. Then it is clear how the 3-electrodes setup could be an

useful tool when the aim is obtain quantitative information by EIS

measurements.

Measurements under dark at di�erent bias were performed for

3-electrodes setup, and are showed in �gure 5.4.3. As it is expected

there is an increase in charge recombination resistance when the

applied bias is reduced respect open circuit voltage value. Data ob-

tained were �tted using the equivalent circuit showed in �gure 5.4.4.

This model is similar to standard transmission line model, but some

changes were made [160]. With the new setup proposed the inter-

face Pt| electrolyte is not considered, because the reference electrode
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Figure 5.4.3. Nyquist plot obtained under dark
condition, for di�erent applied bias. Bias near to
open circuit voltage are considered.

does not involve this element of the cell.

In particular, it has been considered that the electrons can be accu-

mulate into the TiO2 �lm with a certain time constant τp, and for

longer times (lower frequency), the electrons can move through the

total resistance Rp. The resistance of electrolyte inside TiO2 pores

ρs could be neglected. The reaction at the surface of the working

electrode has been considered as a simple charge transfer in solu-

tion, and therefore the interface has been modeled as a pure double

layer Cdl in parallel with the charge transfer resistance Rct. An ex-

tra element, Zs = Z/As , has been considered for the �tting of the

spectra, which takes into account the ratio between the impedance
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Figure 5.4.4. Equivalent circuit used to �t
impedance data under illumination. ρs is the elec-
trolyte resistance inside TiO2 porous structure,
ρE and CE are the resistance and the capaci-
tance in the TiO2 pores, Z represents the interface
TiO2|electrolyte, Zs relates impedance inside semi-
conductor �lm and impedance of the external layer.

in the pores and the impedance of the external layer of TiO2 di-

rectly exposed to the bulk of the electrolyte solution. The interface

FTO|TiO2 is not considered, in fact it involve too high frequencies.

This circuit is represented by the following expression:
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Figure 5.4.5. Experimental data and �t results
for measurements under 1 Sun illumination.

(5.4.1) Z =
Rp

(1 + iωτp)

1

B

{
1 +AsB tanh (B)

tanh (B) +AsB

}

where τp = RpCp and n is a ideality factor related to Cp and B =√[
Rp

Z(1+iωτp)

]n
.

This model �ts good the experimental data, as showed if �gure 5.4.5-

5.4.8. Table 1 shows the parameters obtained �tting some measured

data. Measurements under illumination and under dark at di�erent

bias (0.65 V, 0.60 V and 0.55 V) are �tted.

Rse represents the series resistance of the system and it is almost

the same for all measurements. Instead other parameters show to

be more bias-dependent. As previously discussed Rct increases with
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Figure 5.4.6. Experimental data and �t results
for measurements in dark with 0.65 V bias.

Figure 5.4.7. Experimental data and �t results
for measurements in dark with 0.60 V bias.

lower bias, when recombination becomes less important. Electron

lifetime in pores τp is strongly dependent on imposed bias. It is lower
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Figure 5.4.8. Experimental data and �t results
for measurements in dark with 0.55 V bias.

Table 1. Fit results for light and dark measurements.

Light Dark 0.65 V Dark 0.60 V Dark 0.55 V
Rse[Ωcm

2] 5.88 5.55 5.54 5.54
Cdl[Fcm

−2]10−6 49.4 42.5 118.0 0.42
Rct[Ωcm

2]102 1.64 5.32 4.28 5380
Rp[Ωcm

2] 11.2 22.3 81.3 0.72
τp[s]10−4 0.747 0.955 1.14 1.32
As 4.76 3.47 0.45 0.55
n 0.889 0.925 0.941 0.753

under illumination at open circuit condition, when there is a strong

recombination with electrolyte species, and increase when the bias

decreases and recombination becomes slower. Also As is strongly
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dependent from applied potential, because the non homogeneous

polarization of TiO2 �lm.

5.5. Conclusion

A new setup for EIS measurements on DSSCs was proposed.

The device realized has photovoltaic performances near to a stan-

dard device and has the same electronic process. The inclusion of

a reference electrode allowed to separate the contribution of di�er-

ent device elements and to analyze in detail the porous electrode.

Then a new equivalent circuit was proposed to model and analyze

impedance data. This model shows a good agreement with experi-

mental data and permit to analyze the charge transport inside the

semiconductor medium.
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