
1kr2[

hs..

I.ocal Informaf rnn

PREPARATION AND CHARACTERIZATION OF TiO2 WORKING

ELECTRODE AND COUNTER ELECTRODE FOR

DYE SENSITIZED SOLAR CELL

SOMPHOP MORADA

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR

THE DEGREE OF MASTER OF SCIENCE

MAJOR IN CHEMISTRY FACULTY OF SCIENCE

UBON RATCHATHANI UNIVERSITY

YEAR 2013

COPYRIGHT OF UBON RATCHATHANI UNIVERSITY

ffi#



Call no.

Access r

UBON RATCHATHANI UNIVERSITY

THESIS APPROVAL

MASTER OF SCIENCE

MAJOR IN CHEMISTRY FACULTY OF SCIENCE

TITLE PREPARATION AND CHARACTERIZATION OF TiO, WORKING ELECTRODE

AND COUNTER ELECTRODE FOR DYE SENSITIZED SOLAR CELL

AUTHOR MR.SOMPHOP MORADA

EXAMINATION COMMITTEE

DR. MANTHANA JAzuYABOON

ASST. PROF. DR. TAWEESAK SUDYOADSUK

DR. TINNAGON KEAWIN

ASST. PROF. DR. SIRIPORN JUNGSUTTIWONG

ASSOC. PROF. DR. VINICH PROMARAK

CHAIRPERSON

MEMBER

MEMBER

MEMBER

MEMBER

ADVISOR 7tJ/,
/
(qA, L

(ASST. PROF. DR. TAWEESAK SUDYOADSUK)

ut'fr {t%=?
(ASSOC. PROF. DR. UTITH INPRASIT)

DEAN, FACULTY OF SCIENCE

+{, J,rlluna
(DR. JUTHAMAS HONGTHONG)

ACTING FOR VICE PRESIDENT

FOR ACADEMIC AFFAIRS

COPYRIGHT OF UBON RATCHATHANI UNIVERSITY

ACADEMIC YEAR 2013

out....1...8 11J,0' 255-7 ..-.

f



ACKNOWLEDGMENTS

This work was carried out at Center for Organic Electronic and Altemative Energy

(COEA) during September 2010 - March 2014. I would like to thank Asst. Prof. Dr. Taweesak

Sudyoadsuk, my supervisor, for his excellent suggestions, supervision, and understanding

throughout my study. I wish to acknowledge Dr. Manthana Jariyaboon, Dr. Tinnagon Keawin

and Asst. Prof. Dr. Siripom Jungsuttiwong for constructive comments and suggestion.

I would also like to thank many people who contributed their time, instrumentation, and advice to

this project. In particular, Asst. Prof. Dr. Aranya Pimmongkol for SEM experiment,

Asst. Prof. Dr. Anuson Niyompan for XRD experiment, Assoc. Prof. Dr. Vinich Promarak

for providing ideas and special guidelines.

Thanks so much to Center of Excellence for Innovation in Chemistry (PERCH-CIC)

and Ubon Ratchathani University for financial support. My sincere thankful the Department of

Chemistry, Faculty of Science, Ubon Ratchathani University for providing a wonderful academic

environment during the course work.

I would also like to thank Dr. Tanika Khanasa, Dr. Kanokkom Sirithip,

Mrs. A-monrat Tankthong and Mr. Sakravee Punsay for synthesis of organic dye molecules.

I feel thankful to my friends, sisters and brothers particularly Dr. Narid Prachumrak,

Dr. Pongsathorn Tongkasee, Mr. Theerawat Naowanont and Miss. Niparat Tidutit. Most of all, I

feel appreciate and grateful to my beloved family for their inculcation and encouragement that

found me to be a fortitude person.

5 M otuda.
(Mr. Somphop Morada)

Researcher



vlumnouo

jj
$ot:o{

Iqu
i,osolJ:flJil1

ot 
'

d1lt'l?s'l

n r : ra; u il t ta v fi a t rfr o n d'n u ifid? lvhil r ri t I r u'[ vr vr r rfi tl ru'l q o o n'[ ryd
I

r r a s dr 1 vl rtr r tn r dtfl o i6i 1 r irl try a dt t a I o r n^ n tlr u n fi fl o ru'[ l r a I

dtJR?I tJ:9r'l
AU6
?Yl u'1fl 1 cl9l : lJ 14'lu 0lcl'l 9l

tnru

il:srrun::runr:firlfnur : frrirunrdet:ror:d q:.mifinor qquonqt{

fllIYrdtnaJ , rirlvhl rri r q ru'lm m r rfi u ru'lq o o n'lryo{ I d, lrt ttr','ir us r u I
d a / 6 d, tn

tcra ar16r{ 01Yl9luYu9l duolJ t?tt6I{

:J: s fivrr^nry{nr:rilAuufl fr'sr ru trcrrflur^r fi'r s ru'lv'h{rtoltryodtrd{o'tvrqrdryfinfi
I

dor'lruararrr:or[mur'ld ]flunr:finuraruriolv,lIqhomr6nto.:fidou'lrtra': .:rui6'ufirjl
4- --'--- e -'-.^q -- v''^^-J^'- ' / a ' u^qfidoru'l:trar1dta'rni+frnu ranrrvfrtu ru rs au drm il nl: tt u gtJ tta a ttd{ o'lYlsl uT

nrrruuurtu.iuil:yeru :o 'luIn:rrun: n?rilfiur#ufldrllvrvrrrfitlru'[ooon'lryd t t 'lruIn:trusr:

rj?ru r or l a r s rrn o fi riru g'l u I n : n fru si o sr r : r { tryu er^ ril er : n t : rJ fu an rvr dr u'[ m m r tfi tl ru
h 4. v I I a d ^ 4.9 14 4a-l- 4 a io

ryrm:ynao"[:ridruila5xtryaattalolylgtUTuad0oil [?ttd{vlUlJ:UdYltRlllYl9l

finu rarurifr'lv,l Jsr Lm r6nt o s fi doru 6u vrG ti TPA (2D-D-p-A) ttov DPA (D-D-p-A)

nnq:?ofiaorf nu'irrirnrrrururrniun:srra'lyhil ttavil:vfimlnruni:trjduuttr]osud'llrutu{

rrarrflurrfrr.:ru'[v,htruI-rudu rfiorfiru.trurunr,il#616nsr:oudrurr,inritrlrya ttastraunr:

elnno^uudrni,.du InuI6u'lilr',uodu,,a{firrerr rfiofinr:rfiilfl?Iilu1?noagrnndrtlr{
lulufllu rryaduarorfisrriru^nfidorulruarfitdfifloru DpA3 uav rpA3 traqsil:vfimfinrunr:

'j o d u h re.l ^ dt I - ,)rilauuila{{lurrry{njulrd'lsru'lv'hhnErrflu:ounv 76 rrau:ouau 84 nrliird'u Iqutqilrvrryad
a lAqgal ^ dt Y A ld 4 v I a a irnY 4.9

tra{ornflufrlfduon CCT3A nnrilu5oune 94 [uoril:uurmuunuil:edmrRlY{Yl tq0lncYu0ru

il'ret5glu N3

II



III

TITLE

BY

DEGREE

MAJOR

CHAIR

KEYWORDS

ABSTRACT

PREPARATION AND CHARACTERIZATION OF TiO, WORKING

ELECTRODE AND COUNTER ELECTRODE FOR DYE SENSITIZED

SOLAR CELL

SOMPHOP MORADA

MASTEROF SCIENCE

CHEMISTRY

ASST. PROF. TAWEESAK SUDYOADSUK, Ph.D.

TIO2 WORKING ELECTRODE / COLTNTER ELECTRODE /

DYE SENSITIZED SOLAR CELL

The power conversion efficiency (%PCE) of DSSC devices can be improved by

development of novel sensitizer which have good photovoltaic characteristic. This research has

focused on the optimization condition for fabrication of dye-sensitized solar cell. A 30 pm sealant

thickness, I I pm TiO, film thicknesses, 8 pglcm' platinum loading, TiCl. treatment and device

masking were applied to obtain the good photovoltaic characteristic of DSSC devices.

This method was applied to evaluated photovoltaic characteristic of novel organic dye.

The photovoltaic properties of DSSC device based on TPA (2D-D-p-A) and DPA

(D-D-p-A) organic dyes were investigated. The {" and %PCE of DSSC devices increased when

increased the carbazole electron donor unit. The bathochromically red shift and broad extended

the IPCE spectra were observed when extend the conjugate lengths with thiophene unit.

The DSSC device based on DPA3 and TPA3 dye exhibited the %PCE of 76Yo and 84Yo,

respectively, particularly DSSC devices base on CCT3A dye, which 94Yo compared with

the standard N3 dyes.
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CHAPTER 1

INTRODUCTION

This chapter describes the photovoltaic technology, dye-sensitized solar cells technology

and the objective of this work.

1.1 Photovoltaic technology

Advancement in technology and global economic growth has led to a boom in energy

demand over the past years. There is high consumption and need for more energy.

Presently, the energy economy is still highly dependent on three forms of fossil fuels - oil,

natural gases and coal with percentages of 36.40/o,23.5% and 27.8oh, respectively. However, in

the near future there will be a replacement of fossil fuels as the world's primary energy resource.

With an annual consumption of 82.5 millionbarrels/years, oil might run out in around 40 years at

current reserves-to-production (R/P) ratio. A better synopsis is for natural gases that can last for

60 years and coal being the most abundant for 150 years [l].
Meanwhile, there is increasing awareness that environmental pollution arises from

the combustion of these fossil fuels. This necessitates urgent promotion of altematives in

renewable energy sources to cover the substantial deficit left by fossil fuels. Figure l.l shows all

the available technologies for producing renewable energy.

(a) (b) (c)

Figure 1.1 The renewable energy: (a) solar cell, (b) biomass and (c) wind technoloqy lT-a].
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However, photovoltaic or solar technology is a hot topic in current research.

One simple reason is that the Earth receives 1.2 x l0'7 W insolation or 3 x l0'o J of energy per

year from the Sun and this means covering only 0.13% of the Earth's surface with solar cells with

an efficiency of l0o/o would satisff our present needs. Figure 1.2 shows the isoflux contour plots,

the worldwide solar radiation measurements could give an indication of solar insolation across the

world. The unit are in MJ/m' and give the solar insolation falling on a horizontal surface per day.

Figure 1.2 The average quarterly global isoflux contour plots for each quarter in the year [5].

Apart from the abundance of potentially exploitable solar energy, photovoltaic cells also

have other competitive advantages such as little need for maintenance, off-grid operation and

silence, which are ideal for usage in remote sites or mobile applications. Therefore, the world

strategies energy perspective on how various solar technologies has been suffice to global energy

demand. The photovoltaic cells are a promising technology to capture the sunlight and turn it into

electric power. The photovoltaic cell is also sometimes called "solar cell".

The solar cell production has grown at 30oh per annum over the past 30 years.

A selling price of $2AVp. The conventional cell of today, the first generation solar cells was based

on a crystalline silicon (c-Si) technology (Figure 1.3). A second generation of solar cells, based

on thin film technologies includes amorphous silicon (a-Si), CIGS and CdTe. The advantages of

such solar cells include ease of manufacturing, a wider range of applications with attractive

appearance, and possibilities of using flexible substrates [6].
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Figure 1.3 Schematic basic composition of single-junction silicon solar cell [7].

However, both the first and second generation solar cells are based on single-junction

devices and the fabrication process was requires high energy intensive (high temperature and high

vacuum processes) [8]. Therefore, the photovoltaic sell price was very expensive. The theoretical

maximum efficiency for such cells is 3lYo - the so-called Shockley-Queissar limit.

These limitations were overcomed by third-generation solar cells technologies.

That is utilizing the nano-scale properties of devices. In principle, sunlight can be converted to

electricity at efficiency close to the Camot limit of around 94o/o. The primary goal for the third

generation solar cells is to produce electricity at a price that is competitive with conventional fossil

fuel sources: that is,less than $0.5AMp [9].

1.2 Dye-sensitized Solar cells

In l99l O'Regan and Griitzel published a breakthrough of an altemative solar

harvesting device, yielding a solar energy conversion to electricity of 1Yo, based on a sensitizer

and mesoscopic inorganic semiconductor (see Figure 1.4). The sensitized nanocrystalline

photovoltaic device was new comer name the dye-sensitized solar cells (DSSCS) [10].
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Figure 1.4 Schematic basic compositions of DSSCs [11].

With the discovery of the N3 dye and the later panchromatic "black dye", the power to

electricity conversion efficiency was pushed well over l0% Ll2-13). An interesting modification

to this classic system was replacing the electrolyte with a solid hole conductor, yielding an

all-solid state dye-sensitized device [14-17]. Recent achievements of long time stability under

accelerated experiments with quasi-solid molten salt (ionic liquid) [18-19], polymer gel120-2ll

electrolyte greatly promoted the practical application of this third generation photovoltaic

technology and put it currently right at the start of commercialization stage. Therefore, DSSCs are

interesting choices for a third generation technology. Figure 1.5 shows development chart of

photovoltaic technology as recorded by the national renewable energy laboratory 122).

1.3 Objectives of this thesis

The objectives of this work are as follow;

(l) To investigation the fabricated condition of DSSC devices.

(2) To characteization physical properties and photovoltaic characteristic of DSSCs

(3) To characterization photovoltaic characteristic ofnovel organic dye.
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CHAPTER 2

THE THEORY AND LITERATURE REVIEWS

The theoretically and literature reviews of device fabrication of dye sensitized solar

cells were described in this chapter.

2.1 The DSSCs configuration and component

The dye-sensitized solar cell (DSSCs) generate electric power from light without

suffering any perrnanent chemical transformation. The DSSCs main components consist of

working electrode, a counter electrode and a liquid redox electrolyte (see Figure 2. I ).

UMOq
- 

5l2l-
ltztl

e-
HOMO

glass p19 mesop-orous dye electrolyte- roz

Figure 2.1 The schematic drawing of the DSSCs key components. The configuration consist of

(a) Working electrode (WE): porous TiO, attached to a fluorine doped tin oxide (FTO),

(b) Counter electrode (CE): platinum nano particle attached to a fluorine doped tin

oxide (FTO), (c) Light absorbing layer: adsorbed sensitizing dye/ chromophore and

(d) Redox system: liquid electrolyte containing the iodide/tri-iodide (I-lI,') [231.

Figure 2.1 shows the schematic drawing of basic composition of DSSCs, commonly in

four parts. The working electrode (WE) usually is nanocrystalline semiconductor such as TiO,

although alternative wide band gap oxides such as ZnO. A monolayer of the sensitizer is affached

Pt
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to the surface of the semiconductor. Photoexcitation of the sensitizer results in the injection of an

electron into the conduction band of the semiconductor.

The counter electrode (CE) usually is fluorine-doped tin oxide (FTO) glass coated with

platinum to afford more reversible electron transfer. It is the interfaced where the oxidized species

in the electrolyte (or holes) is reduced and an equally important component of DSSCs.

The chromophore are the key component to light harvesting of the sun light.

In addition, chromophore in some time calls the sensitizers or dye. The best chromophore relates

to some basic criteria. The HOMO potential of the dye should be sufficiently positive to match

the potential of the electrolyte redox potential for efficient dye regeneration. The LUMO potential

of the dye should be sufficiently negative to match the potential of the conduction band edge of

the semiconductor (TiO,) and the broadening the absorption light in the visible to near infrared

region[24].

The electrolyte was combined with two redox mediators such as I-II, usually

dissolved in an organic solvent. The electrolyte was operated in series of transport the positive

and negative charges to regenerate the dye. The electron donation to the chromophore by iodide

is compensated by the reduction of tri-iodide at the counter electrode and the circuit is completed

by electron migration through the external load.

2.2The basic principle of DSSCs operation

The DSSC devices are brought together to generate electric power from light without

suffering any permanent chemical transformation. Figure 2.2 shows a scheme of dynamics

processes involved in such a DSSCs device. The conceptual of basic operation start with sunlight

enters the cell through the transparent FTO top contact, striking the dye on the surface of the TiOr.

Photons striking the dye with enough energy to be absorbed create an excited state of the dye,

from which an electron can be "injected" directly into the conduction band of the TiOr.

From there it moves by diffirsion (as a result of an electron concentration gradient) to the clear

anode on top. Meanwhile, the dye molecule has lost an electron and the molecule will decompose

if another electron is not provided. The dye strips one from iodide in electrolyte below the TiO,

oxidizing it into triiodide. This reaction occurs quite quickly compared to the time that it takes for

the injected electron to recombine with the oxidized dye molecule, preventing this recombination
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reaction that would effectively short circuit the solar cell. The triiodide then recovers its missing

electron by mechanically diffrrsing to the bottom of the cell, where the counter electrode

re-introduces the electrons after flowing through the external circuit 125 ,267.

Conducting
glass

/ Tioz Dye Electrolyte Cathocle

-0.5

S
fo
a

tJJ

0.5

+
. lMaximum

lvoltagetlr l

o. x4""-
.,:*_zlnterceptlon Diffusion

t

Figure 2.2The schematic operation of DSSCs [8].

Upon illumination, the sensitizer is photo excited (1) and electron injection is ultrafast

from S* to TiO, (2) on the sub pico-second time scale (intramolecular relaxation of dye excited

states might complicate the injection process and change the timescale, where they are rapidly

(less than l0 fs) thermalizedby lattice collisions and phonon emissions. The nanosecond ranged

relaxation of S' (3) is rather slow compared to injection, ensuring the injection efficiency to be

unity. The ground state of the sensitizer is then recuperated by I- in the microsecond domain (4),

effectively annihilating S* and intercepting the recombination of electron in TiO, with S. (5)

that happens in the millisecond time range. This is followed by the two most important processes

electron percolation across the nanocrystalline film and the redox capture of the electron by the

oxidized relay (back reaction, 6), Ir-, within milliseconds or even seconds. The similarity in time

constants ofboth processes induces a practical issue on achieving high conversion efficiencies in

DSSCs 127,28).
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2.3 The properties of sun light and simulate sun light

2.3.1 The solar radiation at the earth surface

The earth continuously receives about 174 x 10'' W of incoming solar irradiation

at the upper atmosphere. When it meets the atmosphere, 6%o of the irradiation is reflected and

160/o is absorbed. The sun ray outside the earth's atrnosphere travel parallel to each other.

The interaction of solar radiation with earth's atmosphere is shown in Figure 2.3.

As the sunlight travels through the atmosphere, chemicals interact with

the sunlight and absorb certain wavelengths. Perhaps the best-known example is the stripping

of ultraviolet light by ozone in the upper atmosphere, which dramatically reduces the amount

of short-wavelength light reaching the Earth's surface. A more active component of this process

is water vapor, which results in a wide variety of absorption bands at many wavelengths,

while molecular nitrogen, oxygen and carbon dioxide add to this process.

The atomic and molecular oxygen and nitrogen absorb very short wave radiation

effectively blocking radiation with wavelengths <190 nm. When molecular oxygen in

the afrnosphere absorbs short wave ultraviolet radiation, leads to the production of ozone.

Ozone strongly absorbs longer wavelength ultraviolet in the band from 200 - 300 nm and weakly

absorbs visible radiation. The water vapor, carbon dioxide, and to a lesser extent, oxygen,

selectively absorb in the near infrared. These effects were several impacts on the solar radiation

at the Earth's surface. The major effects for photovoltaic applications are reduced power

of the solar radiation due to absorption, scattering and reflection by water vapour, clouds and

pollution. It is loss of solar radiation and changing terrestrial solar spectrum at earth surface [29].

+
+
+
+
+
--+



l0

Absorbed
Total 18%

Scattered to
Earth 7%

Oirect to Earih
700h

Figure 2.3 The interaction of solar radiation at the earth atrnosphere [29].

2.3.2 Air Mass

The Air Mass is the path length which light takes through the atmosphere

normalized to the shortest possible path length (that is, when the sun is directly overhead).

The Air Mass quantifies the reduction in the power of light as it passes through the atmosphere

and is absorbs by air and dust. The Air Mass (AM) is defined as

AM= cos(0)

Where d is the angle from the vertical (zenith angle). The AM 1 is that the sun

directly overhead. The air mass number is thus dependent on the sun's elevation path through

the sky and therefore varies with time of day and with the passing seasons of the year, and with

the latitude of the observer. The schematic diagram of solar air mass is shown in Figure 2.4.

The estimation of air mass coeflicient are considered to be effectively

concentrated into around the bottom 9 km, i.e. essentially all the atmospheric effects are due to

the atrnospheric mass in the lower half of the Troposphere. This is a useful and simple model

when considering the atmospheric effects on solar intensity [30, 3l].

(7)

Ozone
20 -'O km

Upper
duet layer
15-25km
Air
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Figure 2.4 The schematic diagram of solar air mass [30].

2.3.3 Standard solar spectrum and solar irradiation

The efficiency of a solar cell is sensitive to variations in both the power and

the spectrum of the incident light. To facilitate an accurate comparison between solar cells

measured at different times and locations, a standard spectrum and power density has been defined

for both radiations outside the earth's atmosphere and at the earth's surface.

The standard spectrum outside the earth's atmosphere is called AM 0, because at

no stage does the light pass through the atmosphere. This spectrum is typical by used to predict

the expected performance of cells in space.

The standard spectrum at the earth's surface is usually used AM 1.5G,

which the G stands for global and includes both direct and diffuse radiation. The most widely

used standard spectra are those published by the Committee Intemationale d'Eclaraige (CIE),

the world authority on radiometric and photometric nomenclature and standards. The American

Society for Testing and Materials (ASTM) publish three spectra, AM 0 AM 1.5 direct and AM 1.5

global for a37" tilted surface [5, 30, 31].

Figure 2.5 shows typical of AM 1.5 in standard direct and global spectra.

These curves are from the data in ASTM standards, E89l in direct spectrum and E892 for global,

a turbidity of 0.27 and a tilt of 37o facing the sun and a ground albedo of 0.2. The standard AM

1.5G spectrum (radiation at sea level) has been normalized to give I kwm2 [32].

ALr 2.nI
AU r 5
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Figure 2.5 Standard spectra for AM 1.5 [32].

2.4 The evaluation of photovoltaic characteristic

2.4.1 Overall power conversion efficiency of DSSCs

The overall power conversion efficiency of the photovoltaic cell (%PCE) was

investigated by current-voltage (J-V) measurement. The measurement are monitored under

illumination white light irradiation by varying an extemal load from zero load (short circuit

condition) to infinite load (open-circuit condition). The photovoltaic characteristic are illustrated

by aJ-V cvve (Figure 2.6). The power conversion efficiency is defined as

p J xllxFF
g/oPCE-1,1 -'out - -----'-

P," P,"

The maximum power is generated when the product of the maximum current

density (.I**) and maximum voltage (V^ ), since the electrical power is given by cunent ({")

times voltage (Vo"), i.e P: IV. The degree of the squared shape of the curve is given by the fill

factor (FF), the ratio of current (J,-) -a voltage (V^*) at the maximum power point by short

circuit current density (") and open circuit voltage (V*) 125,33-341. The fill factor is defined as

(8)

/\t | \- Asrl,rssr,
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Figure 2,6The current-voltage and power-voltage characteristics of photovoltaic cell [34].

2.4.2lncident photon to current conversion efficiency of DSSCs

Quantum effrciency (QE) is the ratio of the number of charge carriers collected

by the solar cell to the number of photons of a given energy shining on the solar cell.

The QE relates to the response of a solar cell to the various wavelengths in the spectrum of light

shining on the cell. The QE is also sometimes called IPCE, which stands for Incident Photon

to electron Conversion Efficiency [25, 35-361. The IPCE reveals how effrcient the numbers

of absorbed photons are converted into current as a specific wavelength. The IPCE is defined as

PVmax

Vmil

\
V

l/ ""

I 1240
IPCE(o/o) =3x-.r100

Io )'
(to1

Where I* is short circuit current, Io is illuminate current of incidents light

(Silicon photo diode measurement base), l, is the wavelength of the incident light. The IPCE are

related trough the Light harvesting efficiency (LHE) of device. If the amount of dye present

on the surface is enough to yield close to 100% LHE, the IPCE will be equal. Therefore, the IPCE

are powerful tool to explore the sensitizer absorption behavior and significantly to design

the sensitizer molecule. Figure 2.7 shows the spectral response of the photocurrent of the N3 and

the black dye sensitizers. Both dyes show very high IPCE values in the visible range.

However, the response of the black dye extends 100 nm farther into the IR than that of N3.
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Figure 2,7 The IPCE spectra obtained with the N3 and the black dye as sensitizer [34].

2.5 The literature survey

2.5.1 Preparation of the infrastructure of DSSCs

2.5.1.1Preparation of the working electrode of DSSCs

The photovoltaic effect takes advantage ofthe fact that photons falling on

a semiconductor can create electron hole pairs, and at a junction between two different materials,

this effect can set up an electric potential difference across the interface. Figure 2.8 shows first

type of the regenerative cell, which converts light to electric power leaving no net chemical

change behind. Photons exceed generate the electron hole pairs, which are separates by

the electric field present in the space-charge layer. The negative charge carriers move through

the bulk of the semiconductor to the current collector and the external circuit. The positive holes

are driven to the surface where they are scavenged by the reduced form of the redox relay

molecule (R), oxidizing it: h' + R + O The oxidized form Ox is reduced back to Red by

the electrons that reenter the cell from the extemal circuit [8].
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Figure 2.8 The schematic drawing principle of operation of photo-electrochemical cells base on

n-type semiconductors [25].

The heart of the system is a wide band gap oxide semiconductor which is

placed in contact with a redox electrolye or an organic hole conductor. The material of choice

has been TiO, (anatase), although alternative wide band gap oxides such as ZnO and NbrO, have

also given promising results. The overall device generates electric power from light without

suffering any permanent chemical transformation. Accelerated endurance tests have shown that

ruthenium based charge transfer sensitizers can sustain 100 million tumovers without

decomposition, corresponding to 20 years of cell operation under natural light conditions.

The DSSCs have maintained their performance over 14,000 h of continuous light soaking [26].

The astounding photo electrochemical performance of nanocrystalline

semiconductor junctions is illustrated in Figure 2.9, which compare the photo-response

of an electrode made of single-crystal anatase, one of the crystal forms of TiO, with that

of a mesoporous TiO, film. The electrodes are sensitized by the ruthenium complex

cis-RuLr(SCN), (t- is 2,28-bipyridyl-4-48-dicarboxylate), which is adsorbed rrs a monomolecular

film at the titania surface. The electrolyte consisted of a solution of 0.3 M LiI and 0.03 M 12

in acetonitrile. The IPCE value obtained with the single-crystal electrode is only 0.l3Yo near

530 nm, where the sensitizer has an absorption maximum, whereas it reaches 88% with

the nanocrystalline electrode more than 600 times as great [8].

15
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Figure 2.9 The incident photon to current conversion effrciency of (a) bare TiO, electrodes and

(b) TiO, with sensitized by the surface anchored with ruthenium complex [8].

Consequently, titanium dioxide became the semiconductor of choice.

The TiO, has many advantages for sensitized photochemis0ry and photo electrochemistry:

it is a low cost, widely available, non-toxic and biocompatible material, and as such is even uses in

health care products as well as domestic applications such as paint pigmentation.

However, the mesoporous TiO, for DSSCs working electrode are require:

(a) the inherent conductivity of the film is very low, (b) small size of the nanocrystalline particles

do not support a built-in electrical field and (c) the electolyte penetrates the porous film all

the way to the back contact making the semiconductor/electrolyte interface essentially three

dimensional. Therefore, controlling the nanocrystalline structure of TiO, powders is very

important for the application to DSSCs because the effrciency of DSSCs is considerable

influenced on the change of the TiO, nanostructures. The nanoporous structure permits

the specific surface concentration of the sensitizing dye to be suffrciently high for total absorption

of the incident light, necessary for efficient solar energy conversion, since the area of
the monomolecular distribution of adsorbate is 2 - 3 orders of magnitude higher than the geometric

area ofthe substrate [37].

0.1 5

010
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Figure 2.10 shows the surface of mesoporous TiO, film prepared from

a colloidal suspension processed and by the conventional sol-gel method [33]. The comparison

the surface morphology of TiO, film, the result indicates that. The TiO, films from sol-gel

chemical methods, which evidently provides a much more reproducible and controlled particle

size, porous, high surface area texture.

Figure 2.10 The scanning electron micrograph of a meso-porous anatase TiO, film surface:

(a) colloidal suspension and (b) hydrothermally technique [8, 33].

Figure 2.11 shows the schematic flow chart of hydrothermal technique.

That are involves the hydrolysis of the titanium alkoxide precursor producing an amorphous

precipitate followed by peptisation in acid or alkaline water to produce a sol, which is a subject

to hydrothermal Ostwald ripening in an autoclave. This method yield was 20 nm TiO,

nano-particles with anatase or a mixture of anatase and rutile phase. This technique are ease

to control the particle size, hence of nanostructure and porosity of the resultant semiconductor

substrate [12].

The sol-gel chemical methods, since it is compatible with screen printing

technology, while commercially, available titania powders produced by a pyrolysis route from

a chloride precursor have been successfully employed. It anticipates future production

requirements. Therefore, the available commercial titanium dioxide powder was used to make

screen-printing pastes i.e.P25, ST2l and ST4l [38-41].
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Figure 2.11 Flow chart of preparation TiO, particle from hydrothermally technique [12].

Figure 2.12 shows the photogaph and transmittance spectra of screen

printed commercial available nanocrystalline TiO, layers. The measurements was performed with

cover glass plates, which were attached on the surface of TiO, layer, and the pores in

nanocrystalline-TiO, layers were filled with butoxyacetonitrile to decrease the light scattering

effect [40].

400 500 600 700 800
Wavelength / nm

(a)

Figure 2.12 (a) transmittance spectra and (b) photograph of screen-printing paste prepared form

commercial available TiO, powder [40].
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The paste composition was influent on properties of screen-printing

paste. The TRITONTM X with a carboxylic terminal group as a dispersant was employed

to prepare nc-TiO, photoanode films. It was found that simply introducing TzuTONTM X-based

surfactants with an octyl phenol ethoxylate (OPE) backbone and various chain ends

the [nc-TiOr/ethyl cellulose/terpineol] paste is helpful to increase the powder loading and make

it possible to produce nc-Tio, films with higher surface uniformity and particle density after

sintering process [a2]. The screen-printed nanoporous TiO, thin films with large size pores due to

the addition of PS balls, cellulosic polymer (PEG Mw 20,000) [4]-M). The TiO, pastes prepare

by varying the proportion of TiO, powder, u,-terpineol, and ethyl cellulose in their composition.

The paste compositions with PEG MW 20,000 use as the binder and pore-forming agent.

The viscosity and rheology of paste was control by ethylcellulose. Moreover, acet5rlacetone and

4-hydroxy-benzoic acid can effectively prevent the aggregation of TiO, nanoparticles and improve

the mechanical stability of film [zl4]. The paste prepared with 26% TiO, powder, l5o/o

ethyl cellulose gel and 59% o-terpineol found to appropriate for application in DSSCs [a5].

Figure 2.13 shows step-by-step preparation the TiO, screen-printing past

process, which prepared form the commercially available TiO, powder. A specific advantage

of the procedure is fabricating the nanocrystalline layers without cracking and peeling-off

for the photoactive electrodes [40].

The nanoparticle TiO, films need to be deposits immediately after paste

preparation to avoid agglomeration of the material. Storage paste may be feasible only under

controlled conditions as it is more sensitive to environmental conditions than powder storage,

resulting to the formation of large aggregates of TiO, nanoparticles. Large aggregates of TiO,

nanoparticles enhance porosity but reduce active surface area for dye adsorption and also reduce

the transparency of the film, which enhance evaporation of acetyl acetone and water, thereby

reducing cracks. The development of cracks on the film's surface results to a decrease

in the efficiency of the cell [46].
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Mix TlO, powder (6 g) and acetic acid (1 mL) and grind in a morlar (5 min)

IAdd water (1 mL) and grind in a mortar (1 min)] X 5 times

[Add ethanol (1 mL) X grind in a mortar (1 min)] x 15 times

[Add ethanol (2.5 mL) X grind in a mortar (1 min)] x 6 times

Transfer the TiO, paste to a beaker with using 100 mL ethanol

Stir with a magnet tip (1 min), sonicate with ultrasonic hom [(2 sec
work + 2 sec rest) X 3Otimesl, and stir with a magnet tip (1 min)

Stir with a magnet tip (1 min), sonicate with ultrasonic horn [(2 sec
work + 2 sec rest) X 30timesl, and stir with a magnet tip (1 min)

Add ethyl cellulose (3 g: 30 g of '10olo solution in ethanol)

{Stir with a magnet tip (1 min), sonicate with ultrasonic horn [(2 sec work
+ 2 sec rest) X 3otimesl, and stir with a magnet tip (1 min)) X 3 times

Evaporate the ethanol with a rolary evaporalor

Grind with a three-roller mill

Figure 2.13 Flow chart of paste preparation from commercially available TiO, powder [40].

Figure 2.14 shows schematic drawing conceptual of screen printing

technique. In addition, the screen characteristics are described specific properties i.e. screen net

materials, mesh count (number of fabric line per square inch), mesh open (percentage of open

surface), fabric thickness and theoretical paste volume. The deposition of paste was conducted

under the following conditions: squeegee speed, distance between screen and substrate, applied

squeegee pressure and squeegee angle.

The extremely promising for up-scaling and industrial production,

screen-printing is a reliable and cost effective low technology method currently used as deposition

technique for thick films of particulate and polymeric materials for use in superconducting,

photovoltaic, and electronic devices and sensors.
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Figure 2.l4The schematic conceptual of screen printing technique [47].

Figure 2.15 shows the photograph of available commercial DSSCs test

cell glass plate supplied by pilot production laboratory. The DSSCs made easy with the test cell

kit supplied by Solaronix, Switzerland (Figure 2.15(a)). The available as a laser pre-cut plate of

28 separate electrodes, supplied by Dyesol, Australia. The transparency and opaque TiO, coated

working electrode was coated by a suite of high quality pastes, containing TiO, load of 20 nm

(Figure 2.15(b)) and 350-450 nm nano-particulate paste, respectively. The complete Solaronix

spot cell kit, which allows scientists and enthusiasts to easily make their own cells. Ready-to-use

electrodes and sealing materials allow the experimenter to focus on the chemistry of dyes and

electrolytes (Figure 2.15(c)). The homemade education cell kit in ECN laboratory, Netherlands

was shown in Figure 2.15(d) [48-50].

In the pilot manufacturing production plant of DSSCs, screen printer

is typically used for screen of an electrical conductor to form a busbar, a catalyst paste to form

the counter electrode and a semiconductor paste to form the working electrode

(see Figure 2.15(e)). The flexible nature of this piece of equipment allows users to experiment

with application of other cell components such as electrolytes and sealants. Figure 2.15(f) shows

the photograph of screen-printing technology, which controllable squeegee speed and pressure,

allow for precise repeatable prints for both small and large production runs.

screen
stencil

coating blade 
screen horder

., t., silk screen paste

printing
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Figure 2.15 A photograph of the DSSCs working electrode technology. (a) Solaronix education

kits, (b) Dyesol pre-cut test-cell glass plate, (c) Solaronix spot cell kit, (d) ECN lab's

homemade test cell, (e) semi-automate screen printer and (f) screen printing process

and a piece of TiO, green on conducting glass substrate [a8-50].

II

{at t 'r*c*.,.*:"il- { !



23

2.5.1.2 Preparation of the counter electrode of DSSCs

The task of the counter electrode (CE) is the reduction of the redox

species used as a mediator in regenerating the sensitizer after electron injection, collection of the

holes from the hole conducting material in solid-state DSSCs. At present, several different kinds

of CEs has been introduced, for example: platinized transparent, catbon, and conductive polymer.

However, Platinum-loaded on the conducting glass has already been

widely used as the standard for DSSCs counter electrodes. The reactions at the CE depend on

the type of redox shuttle used to transfer charge between the photo-electrode and the CE.

In many cases the iodide triiodide couple has been employed as the redox mediator. The kinetics

of reduction of triiodide at the CEs have been studied with a symmetric two electrode system and

the mass transfer limitation on the photocurrent. The electrochemical potential of CE was

determine by the catalyic activity.

The catalytic activity was expressed in terms of the exchange current

density (Jo), which is calculated from the charge-transfer resistance (R.,) using the R", : RT/nIJo,

which R, T, n, and F are the gas constant, temperature, numhr of electrons transferred in

the elementary electrode reaction (n:2) and Faraday constant, respectively [51].

Several methodologies to produce the platinized counter electrode were

reported one has self-assembly deposit method. The Pt hydrosol was prepared by adding

the acrylic solution in precursor solution, ageing and nitrogen gas bubbled was flow to reduction

the platinum ions. Solution of dodecanethiol and stearic acid were fansferred to FTO surface,

which used to generate the monolayer of dodecanethiol. Follow the last step by immersed

in platinum colloidal solution the nanoparticles were covalently coordinated to the thiol group.

The time of self-assembly of platinum nanoparticles was about 4 dxy 1521.

Hydrogen reduction combine with screen print method, the HrPtClu as a

precursor mixed as antimony doped tin dioxide powders, After evaporating the solvent,

the impregnated platinum precursor was reduced by preheated hydmgen at 120 oC during 60 min.

Afterwards each I g of catalytic powder was mixed with 8 g of binder (a-terpineol+10 wt.%

ethyl cellulose 45cP). The mixture was stirred at 8,000 rpm fu 25 min. The cell area was

2.5 cm2. After film deposition, the master plats were dried at 150 'C and annealed at 630 "C [53].
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Figure 2.16 show a SEM photograph of platinum counter electrodes

surface prepared by the electro deposition method. The platinum colloid was prepared by

the reaction between H2PtCl6 and NaHrCyt. The conductive glass sheet was immersed in

dodecanethiol ethanol solution for l0 min. The 2 volt direct current was applied and follow with

sintered at 450'C for 30 min. Using such a counter electrode, DSSCs showed 6.40% of overall

energy conversion efficiency [54].

Figure 2.16The SEM photograph of platinum counter electrodes surface prepared by electro

deposition technique [54].

The Pt counter electrode was prepared by the sputtering method.

The Pt film's thickness was controlled by deposition time. It was found that the counter electrodes

sheet resistance (Rs) decreased as the Pt film thickness increased (Figure 2.17). however, when

the Pt film thickness exceeds 100 nm, there has no significant effect on the conductivity

improvement [55-56]. Usually, the Pt counter electrode for DSSCs was prepared by the thermal

decomposition method of HrPtClu solution. The Pt solution was deposited on FTO substrates by

several techniques such as spin coating, drop casting and screen-printing.
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Figure 2.17 The dependence ofsheet resistance ofplatinized counter electrodes on Platinum

film thickness [56].

2.5.1.3 Preparation of the electrolyte of DSSCs

The electrolyte is one of key components for DSSCs, effect on

the conversion efficiency and stability of the solar cells. The electrolytes can be classified into

3 groups: liquid electrolyte, Ionic liquid electrolyte and quasi - solid state in term of gel, polymer,

inoraganic and organic hole conductor electrolyte [57-58].

(1) Liquid Electrolytes

The essential'constituents of liquid electrolytes are organic solvent,

redox couple such as 3I /I-, and additives. The organic solvent is a basic component in liquid

electrolytes, an environment for iodide/triiodide ions' dissolution and diffusion. The physical

characteristics of organic solvent including donor number, dielectric constants, and viscosity was

affect to the photovoltaic performance of DSSCs.

Figure 2.18 shows the relation between donor number of solvent

shows obvious influence on the open circuit voltage (I'*) and short circuit current density Q").

The donor number was variation by change type and ratio of mix solvent: l: AcN, 2: l0 oh

THF/90 7o AcN, 3:20 %o THF/80 % AcN, 4:30 Yo THF/70 oZ AcN, 5: 50 o/o THF/50 % AcN, 6:

70%THF|3O o/o AcN, 7:l0Yo DMSO/90 % AcN, 8:20% DMSO/80 7o AcN, 9:50% DMSO/50

% AcN, l0: DMSO, 11: 50 % DMF/50 oZAcN, 12: DMF, 13: l0 % NMP/90 7o AcN, 14:.20 %

NMP/80 oZ AcN, 15: 30 % NMP/70 % AcN. Electrolyte contains 0.6 M DMPII, 0.1 M LiI, 0.05

Mr, [s9].
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Figure 2.1t Dependence of (a) /* and (b) ,'* of DSSCs on the donor number of solvents [59].

The additives such as specific cation and compounds are normally

introduced into the liquid electrolytes; to enhance the photovoltaic parameters in DSSCs.

Two kinds of additives are typically employed in liquid electrolytes for DSSCs. (l) alkali cations

or guanidium cations mainly devoted to the enhancement of short circuit photocurrents (./,").

The adsorption of specific cation in the electrolyes onto the TiO, surface could shift

the conduction band of the TiO, towards more positive potentials, thus affecting the electron

injection dynamics of the excited state of dye molecules [59]. (2) Nitrogen-containing

heterocyclic compound, most frequently 4-tert-butylpyridine (4-TBP) is another class additives

in DSSCs electrolyte, mainly dedicated to the improvement of the Z*'

In contrast to the specific cation, Lewis bases, such as 4-TBP, instead

are expected to deprotonate the TiO, surface, therefore causing a negative shift of the conduction

band of the TiOr. The effect of 4-TBP has been extensively investigated over the past several

years, and several mechanisms have been put forward. It has been proposed that the dramatic

increase of the 2"" arising from the introduction of the 4-TBP can be athibuted to either the

suppression of the dark current at TiOr/electrolye interface or the negative shift of the conduction

band in the TiO, film or a combination of both [60].
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(2) Ionic Liquid Electrolytes

Ionic liquids (ll-s) are materials which consist only of ions and which

are liquid below 100 oC. The ionic liquids was used in many difference such as catalysis,

extraction processes, protein synthesis, cellulose processing, electroplating batteries, double layer

capacitors, electrochromic windows and dye solar cells (DSSCs) [60]. Table 2.1 was listed the

photovoltaic performance of DSSCs based on ionic liquid electrolyte of different composition.

Table 2.1 The partial literatures reported on the DSSCs with ILs electrolytes [61].

Electrolyzes Composition Dye PCE (%) Stability

Binary ILs (PMIVEMIDCN) with I A,

IL with SeCN-/(SeCN)3', Iodine-free

Binary ILs (PMII/EMIB(CN)4) with I-lIr-

Binary ILs (PMII/G.CI) with I'lIr-

Binary ILs (BMII/BMISO3CFJ with l-fl,

N/A

N/A

1,000 h at 60 
oC, 

decay 9Yo

N/A

576 h at 25oC, decay < 5o/o

2907 6.6

2907 7.5

K77 7.60

Dt49 3.88

N3 4.Ll

(3) Solid - State electrolytes

There are two kinds of solid-state electrolytes DSSCs, one uses hole

transport materials (HTMs) as medium and the other uses a solid state electrolyte containing redox

couple as medium. Familiar large band gap HTMs such as SiC and GaN are not suitably used in

DSSCs since the high temperature deposition process for these materials will certainly degrade

conduction band the sensitized dyes on the surface of nanocrystalline TiO, [62J.

It was found that a kind of inorganic HTM based on copper

compounds such as CuI, CuBr, or CuSCN could be used in DSSCs. These copper-based materials

can be casted from solution or vacuum deposition to form a complete hole-transporting layer,

the CuI and CuSCN share good conductivity in excess of l0 - 2 S/cm, which facilitates their hole

conducting ability. For example, DSSCs based on CuI HTM obtained as high as 2.4% light

to electricity power conversion effrciency under irradiation of AM 1.5G, 100 mWcm2 t63-65].

However, stability is quite poor, even lower than the traditional

organic photovoltaic cell, which is also a corrrmon problem existing in DSSCs based on this kind

of inorganic HTMs. Therefore, It was paid the attention to organic HTMs. Organic HTMs have
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already been widely used in organic solar cells, organic thin film transistors, and organic light

emiuing diodes. Compared with inorganic HTMs, organic HTMs possess the advantages

of plentiful sources, easy preparation, and low cost.

Table 2.2lists the photovoltaic performance of DSSCs based on typical

inorganic and organic HTMs. The solid-state DSSCs based on organic HT}l{ 2,2',7 ,7'-tetrakis

(N,N-di-p-methoxyphenylamine) 9,9'-spirobifluorene (OMeTAD) was reported, although overall

light-to-electricity conversion efficiency of this DSSCs only reached 0.74% under irradiation

of 9.4 mWcm-'. It i. a pioneer for fabricating DSSCs with organic HTMs by improving the dye

adsorption in the presence of silver ions in the dye solution. The efficiency of solid-state DSSCs

employing spiro-OMeTAD was enhanced to 3.2Yo, which is the highest level of the solid state

DSSCs by utilizing an organic transport material up to now. However, the overall light to

electricity power conversion efficiencies of these DSSCs lower than that of the DSSCs based on

liquid electrolytes.

Table2.2 The performance of solid-state DSSCs utilizing different HTMs [59].

Type of hole transport materials Materials PCE (%)

Inorganic HTM CuI

CuSCN

4CuBrrS(CoHr),

2.4 - 3.8

1.50

0.60

Organic HTM OMeTAD

Spiro-OMeTAD

Pentacene

Polyaniline

0.74 - 2.56

3.20

0.80

l.l5

The quasi-solid state, or gel state, is a particular state of matter, neither

liquid, solid, conversely both liquid and solid. Generally, a quasi-solid-state electrolyte is defined

as a system which consists of a polymer network (polymer host) swollen with liquid electrolytes.

The quasi-solid-state electrolytes are usually prepared by incorporating a large amount of a liquid

electrolyte into organic monomer or polymer matrix, forming a stable gel with a network structure

via a physical or chemical method. Quasi-solid-state electrolytes show better long-term stability
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than liquid electrolytes do and have the merits of liquid electrolytes including high ionic

conductivity and excellent interfacial contact property. Table 2.3 shows the photovoltaic

performance of DSSCs based on different gelators and ionic liquid electrolytes.

Table 2.3 The quasi-solid state DSSCs with different gelators and ionic liquid electrolytes [61].

Electrolyzes Composition Gelator Dye PCE (%)

HMII, I, et al.

12' MPII' NMBI

I, and NMBI in MPII

I,, GuSCN, NMBI

in PMII/EMINCS ( l3:7,v/v)

EMImI, 12,LiI, TBP in EMITFSA

TMS-PMII/I, in l0:l ratio

12,LiI, TBP in MPII

I2,Lil, TBP, DMPII in EMIDCA

EMII, LiI,I, and TBP in EMITFSI

Low-molecular-weight gelator

PVDF-HFP

Silica Nanoparticles

Low-molecular-weight gelator

PVDF-HFP

Self-gelation

Agarose

Agarose

Nanoparticles

N719

Z.907

Z907

K-19

5.01

5.30

6.r0

6.3

2.4

3.2

2.93

3.89

4.57

N3

N3

N719

N719

N3

In addition, the iodide/triiodide has been demonstrated as the most

efficient redox couple for regeneration of the oxidized dye, its severe corrosion for many sealing

materials, especially metals, causes a difficult assembling and sealing for a large area DSSCs and

poor long-term stability of DSSCs. Therefore, redox couples such as Br-/Br, SCN-/SCN2,

SeCNTSeCN, bipyridine cobalt(III/II) complexes was investigate. The unmatchable energy with

sensitized dyes or their intrinsic low diffi.rsion coefficients in electrolyte, these redox couples show

lower conversion efficiencies than the iodide/triiodide redox couple [59].
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2.5.1 .4 Preparation of the dye or sensitizer of DSSCs

The ideal to desiga molecular of sensitizer for a single junction

photovoltaic cell converting standard global AM 1.5 sunlight to electricity should absorb all light

below a threshold wavelength of about 920 nm. In addition, it must also carry attachment groups

such as carboxylate or phosphonate to firmly graft it to the semiconductor oxide surface.

Upon excitation it should inject electrons into the solid with a quantum yield of unity. The energy

level of the excited state should be well matched to the lower bound of the conduction band

of the oxide to minimize energetic losses during the electron transfer reaction. Its redox potential

should be sufficiently high that it can be regenerated via electron donation from the redoxn

electrolyte or the hole conductor. Finally, it should be stable enough to sustain about 108 turnover

cycles corresponding to about 20 years ofexposure to natural light [33].

The efficiencies of the sensitizers are related to some basic criteria.

The HOMO potential of the dye should be sufliciently positive compared to the electrolyte redox

potential for ef{icient dye regeneration. The LUMO potential of the dye should be sufficiently

negative to match the potential of the conduction band edge of the TiO, and the light absorption

in the visible region should be effrcient. However, by broadening the absorption spectra,

the difference in the potentials of the HOMO and the LUMO energy levels is decreased.

If the HOMO and LUMO energy levels are too close in potential, the driving force for electron

injection into the semiconductor or regeneration of the dye from the electolyte could be hindered.

The sensitizer should also exhibit small reorganization energy for excited and ground state,

in order to minimize free energy losses in primary and secondary electron transfer step [68].

There have been two kinds of dyes, namely, metal-complexes and

metal-free complexes or organic dyes. Up to now, several Ru(III) polypyridyl complexes have

achieved lightto-electricity power conversion efficiencies (%PCE) more over l0o/o in standard

global air mass 1.5 and shown favorable stabilities [12-13]. Ruthenium complexes such as the N3,

N719 and black dye have been intensively investigated and show record solar energy to electricity

conversion efficiencies of ll%o (Figure 2.19) [33].
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Figure 2.19 The chemical structures of commercialize ruthenium based metal dye [33].

Although Ru complexes show high power conversion effltciencies,

the problem of costs and environmental issues will limit the large-scale application of this type of

solar cells. Compared with Ru dyes, metal-free organic dyes have many advantages such as high

molar absorption coefficient, wide variety of the structures, facile modification, no concern with

the noble metal resource, and environment friendly dyes.

However, many organic dyes still present moderately conversion

efliciency in DSSCs. There are two major factors for the efficiency: one is due to the sharp and

narrow absorption band of organic dyes; the other is the aggregation of dyes on the semiconductor

surface. Organic dyes have some advantages over conventional ruthenium based chromophore as

photosensitizers. For instance, they exhibit high molar extinction coefficients and are easily

modified due to relatively short synthetic routes and especially low cost starting materials.

The high extinction coeflicients of the organic dyes are suitable for thin TiO, films required in

solid state devices where mass transport and insuffrciently pore filling limit the photovoltaic

performance.

The interest in metal-free organic sensitizers has grown in the last few

years. Sayama and coworker was published a merocyanine dye (Mb(18)-N), which gave an

efficiency of 4.2o/o [69]. Before this milestone, the organic dyes for DSSCs performed relatively

low efficiencies (%PCE < l.3o/o). This finding opens new roads for exploring new dye types.

In recent years, a great deal of research aimed at finding highly efficient and stable organic

sensitizers has been carried out. A number of coumarin, indoline, and triphenylamine-based

organic sensitizers have been intensively investigated and some of them have reached effrciencies

in the range of 3 - 8% (Figure 2.20).

Black Dye
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Figure 2.20The chemical structures of coumarin, indoline and triphenylamine organic dyes [70].

2.5.2 Device assembly for DSSCs

Generally, DSSCs test cells was designed in sandwich type cell, the shape of

device look like sandwich or hamburger structure (Figure 2.21). The algorithm of cell assembly

step, when the electrodes are put together, the active sides of the anode and the cathode will be

facing each other. In other words, the stained titania will face the platinum counter electrode.

The gap left between the two glass plates will be filling with electrolyte.

Depending on the objective, durability of test cell and measurement speed.

It was classiff to two types of test cell. First, approach an "open cell" because the inner part of the

solar cell is exposed to air. The resulting devices won't last as long as in a sealed configuration.

The second approach is called "close cell", devices are sealed together with a gasket so that the

electrolyte is confined in the cavity by capillary effect. This type is popular used in laboratory

research and pilot plant scale [72].

NKX-2460

NKX-2388 NKX-2475 NKX-2195
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Figure 2.21 The layout of DSSCs in sandwich type cell design. The DSSCs configurations

consist of(a) conductive substrate, (b) Titanium dioxide, (c) sensitizer/dye,

(d) electrolyte, (e) sealing gasket and (0 platinum catalyst [71].

The fabrication process of the close cell DSSCs test cell, the TiO, working

electrode should be use right after preparation. The sealant gasket was carefully place around

the TiO, film, which dimensions of the gasket and the stained titania shall match but not overlap.

The Pt counter electrode was faced down on top of the gasket, which the alignment of conductive

sides of both electrodes was face to face. Apply heat and pressure all over the gasket with the help

of a hot press at about softening temperature of sealing materials. The hot melt material should

glue the electrodes together, which hot-melt material should match the refractive index of the glass

and look completely transparent all over the gasket surface.

The gap between the two electrodes can now be fills with electrolyte.

Use a syringe or dropper to flush the electrolyte from one hole, through the cell by capillary effect.

Complete filling can be confirms by a visual examination. Wipe off any excess electrolyte left

around the filling holes and clean the glass with an acetone wetted paper towel. A small glass cap

will be seal on top of each hole with another piece of sealing film. Apply heat and pressure on

both seals at softening temperature of sealing materials. The resulting DSSCs test cell is now

ready for use [72].
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Seigo Ito and coworker was purposed a step to fabrication of DSSCs with solar

to electric power conversion efficiency over l0oZ. The dye covered TiO, electrode and Pt counter

electrode were assembled into a sandwich fype cell and sealed with a hot melt gasket of 25 pm

thickness made of the Dupont ionomer Surlyn 1702 (see Figxe 2.22). The size of the TiO,

electrodes used was 0.16 cm2. The aperture of the Surlyn frame was 2 mm larger than that

of the TiO, area and its width was I mm. The hole in the counter electrode was sealed by a film

of Bynel using a hot iron bar (protectively covered by a fluorine polymer film). A drop of

the electrolyte was put on the hole in the back of the counter electrode. It was introduced into

the cell via vacuum backfilling. Finally, the hole was sealed using a hot melt ionomer film

(Dupont Bynel4702,35-pm) and cover glass [12].

r7
End seatant (Bynel4lA{, S+rF{ 

=+Y.-T-z
Glass substrate

FTO layer

Light-scattering layer (5 pm)
submicroncrystalline-TiOe layer

Transparent layer (14 pm) with
nanocrystalline-TiOz layer

FTO layer-
Glass

Figures 2.22 The photograph of layer by layer DSSCs configuration I I 2].

covergtass (o.1mm thickness)4 A

ft byerl
Sealingspaoer ---+(Surlyn 1702, 25sm)



CHAPTER 3

EXPERIMENTAL

The chapter is divided into six parts including list of materials, list of chemical and

reagents, list of equipment, preparation of DSSCs components, DSSC devices assembly, physical

properties and device measurement.

3.1 List of materials.

The dye sensitized solar cell (DSSCs) devices were fabricated by using appropriate

amounts of following commercial materials, as shown in Table 3.1.

Table 3.1 List of commercial materials.

Materials Company Material data specification note

Surlyn@-30 DYESOL@ 30 pm film thickness, I l0-l30oC Temperature for sealing

TCO 30-8 SOLARONIX@ Soda lime glass, 3.0 mm thickness, FTO conducting layer

- 80/sq surface resistivity

> 650/o from 500 - 1,000 nm Transmission

TCO 22-15 SOLARONIX@ Soda lime glass,Z.2 mm thickness, FTO conducting layer

- l5Cl/sq surface resistivity

> 80Yo from 500 - 800 nm Transmission

All organic dyes were synthesized by Mr. Sakravee Punsay and Mrs. Tanika Khanasa

under supervision of Assoc. Prof. Dr. Vinich Promarak.
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3.2 List of chemical and reagents

The reagents were obtained from various suppliers as shown in Table 3.2. All reagents

used were of analyical grade and unless indicated.

Table 3.2 List of chemical and reagents.

Chemical and Reagents Puri8 (%) Company

3 -methoxypropionitrile

4-tert-butylpyridine (TBP)

Chloroplatinic acid hexahy&ate (H2PtCl6' 6H2O)

Guanidine thiocyanate (CHN4S)

Iodine (l)
Titanium terachloride (TiCl4) 0.09 M

Ethanol (CH3CH2OH)

Lithium iodide pure analysis (Lil)

Nitric acid (HNO3)

Hydrochloric acid (HCl)

Isopropanol ((CH3)TCHOH)

EL-HS E-TEL (Hi gh Stab ility Electro lyte b atch#237 2)

98.0

96.0

99.9

97.0

99.9

20.0

99.7

99.s

65.0

37.0

99.5

N/A

Sigma - Aldrich

Sigma - Aldrich

Sigma - Aldrich

Sigma - Aldrich

Sigma - Aldrich

Sigma - Aldrich

Acros Organics

BDH

EMSURE@ISO

Carlo Erba

Carlo Erba

DYESOLTM
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3.3 List of equipment

The equipment used in this work were summarized in Table 3.3.

Table 3.3 List of equipments.

Apparatus/Instruments Model

X-ray diffractometer Phillip X'Pert-MDP

Scanning electron microscope JEOL JSM-5410 LV

Solar Simulator

Source Meter

Pico ammeter

Monochromator

Silicon photodiode

Furnace

Ultrasonic bath

Vacuum Oven

Screen printing net

Newport 96000 (150 W Xe lamp)

Keithley 2400

Keithley 6485

Oriel ComerstonerM 130 l/8 m

Newport 818W low power detector 190 - 1100 nm

BS 520 (Bunnkoukeiki. Co., Ltd.)

Intelmats@ FTl2005

Bransonic@ 822008-3

Isotemp@ vacuum oven 282,{

polyester; mesh count (230T mesh/inch)
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3.4 Preparation of DSSCs components

Figure 3.1 shows the schematic diagram of the DSSCs fabrication process.

The working electrode and counter electrode were prepared by using screen printing and drop

casting technique, respectively. The working and counter electrode were assembled into a

sandwich type cell and sealed with a hot-melt gasket of Dupont ionomer Surlyn 17025.

Figure 3.1 Flow chart of the fabrication and characterization of DSSCs device.

3.4.1 Preparation the conducting glass substrate

Figure 3.2 show the schematic shape of conducting glass for dye sensitized solar

cell. A size of FTO glass used in this work is 1.3 cm x 2.0 cm (see Figure 3.2(a)). The FTO glass

was drilled to make a hole with diameter of I mm, which used for fill the electrolyze solution in

final process (see Figure 3.2(b)).

Square 30 x 30 cm FTO Glass

Cut to size 1.3 x 2.0 cm

Counter Electrode:

- Drill a hole.

- Cleaning.

- Casting the platinum precursor &

thermal treatment.

Working Electrode:

- Cleaning & drying.

- Screen print the TiO, film.

- Thermal treatnent.

- Sensitizer uptake.
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1.3 cmI

T
1.3 cm

J
l+ 2.0 cm j

(a)

]<- z.ocm +l
(b)

Figure 3.2 The FTO glass used as (a) working and (b) counter electrode.

3.4.2 Cleaning conducting glass substrate

The substrates (working and counter electrode) were cleaned in order to avoid

contamination. The cleaning procedure was (a) 20 o/ovlv nitric acid, (b) cleaning detergent,

(c) deionized water, (d) acetone and (e) isopropanol. The residues metal on FTO surface were

cleaned with 2lYovlv nitric acid in ultrasonic bath followed by a trough rinse in deionized (DI)

water. Then subsequently ultrasonicated in acetone to remove organic contaminate on the

substrate surface. Afterwards rinse with isopropanol, a piece of glass was dried and stored in a

closed box to protect them from dust.

3.4.3 Preparation the counter electrodes

The cleaned FTO was coated the platinum catalytic layer by thermal

decomposition technique. The organic contaminate on FTO surface was removed by heating in air

for 15 min at 400 oC. The platinum precursor solution (2 mgPt/ml in isopropanol) was droped on

the cleaned FTO glass. Then, the Pt coated FTO glass was dried in an ambient air and

subsequently heated at 385 "C for 20 min.

3.4.4 Preparation the TiO, working electrode

The cleaned FTO was coated with the nanocrystalline TiO, by screen printing

technique. The electrodes were gradually heated under an air flow at325 "C for 5 min, at375 "C

for 5 min, at 450 "C for 15 min and 500 "C for 30 min (see Figure 3.3). The binder and additives

in paste were removed during the sintering process. After the sintering process, the active area of

the TiO, was measured by a digital cameftL The TiO, film was re-heated again at 450 "C for

30 min. At the 80 "C in cooling process, the TiO, working electrode was immersed in a dye

solution and kept at room temperature to complete the sensitizer uptake.
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Figure 3.3 The temperature programs of the working electrode heat treatment.

3.5 The DSSC devices assembly

The dye-covered TiO, electrode and Pt-counter electrode were assembled in sandwich

type cell and sealed with a hot melt sealant gasket, which was adapted from Seigo Ito [12].

The assembly process started with an attachment sealant gasket to the working electrode.

The aperture of the sealant frame was 2 mm larger than that of the TiO, area and width was I mm.

Figure 3.4 The photograph of the electrolyte fiUing machine. (a) entrance of vacuum pressure

valve and (b) release pressure knop.

0

r*ql

rI
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Then platinum counter electrodes was placed on top ofthe anode electrode. The cell

was sealed by apply heating and pressure. A drop of the electrolyte was filled to cavity in

the backside of the counter electrode by Electrolyte Filling Machine (EFM see Figure 3.4),

the hole was sealed by using a sealant film and a cover glass. The cathodes and anode contact of

DSSC devices was established. The FTO surface was contacted with copper foil and painted with

silver paint. Finally, the electric wires were soldered on the copper film to ensure the electric

contact. A photograph of complete of DSSC devices and schematic drawings cross section of

the DSSC devices are shown in Figure 3.5

Sensitizer monolayer
Cover TiO, film
Sealing spacer

--, (Surlyn 1702, 30 pm) .

- FTO-coated glass platc-
(TCO30-8.3 mm) ,

aa
Electrical contact '

(Copper foil, silver paint and

Light

Platinum film' .'
a2

Electrolyte filling hole

Figure 3.5 The photograph and schematic drawings cross section of the DSSCs test cell.

(a) top view and (b) side view.
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3.6 The DSSCs characterization

3.6.1 The,I-Z measurement

The photovoltaic properties of DSSCs were determined by current voltage

workstation. The measurements were performed under the white illuminate light source (AM

l.5G) conditions. Figure 3.6 shows the key equipment of the J-V test station. These station was

run a J-V measurement and calculated critical parameters such as short circuit current (d"), sho.t

circuit current density ({"), open circuit voltage (l/*), fill factor (FF), maximum output power

(P.*), solar light to electric power conversion efficiency (%PCE), and other standard photovoltaic

cell parameters.

(b)

Figure 3.6 The key equipment of-I-Ztester: (a) 96000 Oriel solar simulators and (b) front panel

of 2400 Keithley source meter [32].

The J-V Tester configuration consist of Newport's Oriel 2 x 2 inch a 150 W

xenon arc lamp 96000 solar simulator, the band pass filters to adjust the band pass spectral output

and heat absorbing, source meter (Keithley model 2400) and computer control (see Figure 3.7).

In this work, the photovoltaic characteristic of DSSCs was measured comparing to N3 dye and

the photovoltaic characteristic value was reported in term of average value in three replicate (n:3).

(a)

ffi:rui& _/

N'
'r' t;m;

@
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Figure 3.7 The photograph of "/-Zworkstation. The key component of hardware configuration

consist of (a) photovoltaic cell, (b) four point probe clamp and solid wire, (c) sample

holder with high performance modular ball bearing linear and rotation stages, (d) solar

simulator (Newport Oriel 96000), (e) beam tuming (Newport 66245) and (0 multiple

filter holder and optional filters.

3.6.2 The IPCE measurement

The incident photon to current conversion efficiency (IPCE) is defined as the

number of electrons generated by light in the extemal circuit divided as a specific wavelength by

the number of incident photons. In practice, this is achieved by using a monochromator as a tool

to generate specific monochromatic light. The measurements processes were compared the

spectral response ofthe silicon-photodiode and dye-sensitized solar cell devices.

The systems was based on a light source (Newport 96000 150 W Xenon arc

l*p), monochromator (Newport Oriel CornerstonerM 130 l/8 m), picoammeter (Keithley 6485),

and computer control (Figure 3.8).
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Figure 3.8 The photograph of IPCE tester. The key components consist of (a) Oriel 96000 solar

simulator, (b) Oriel CornerstonerM 130 l/8 m monochromator, (c) Keithley 6485

picoammeter, (d) front panel of software control and (e) photovoltaic cell.

3.6.3 The X-ray diffraction (XRD) measurement

The XRD was performed to determine crystal phase and crystallite size of TiOr.

The characterization was conducted by using a Phillip X'Pert - MDP, X - ray diffractometer with

Cu K-o radiation ( A : 1.5418 A) wittr Ni filter (Figure 3.9(a)). The operation was performed at

40 kV and 35 mA. The spectra were scanned in the 20 rangeof 20 - 90o at a rate of 0.02"/s.

3.6.4 The scanning electron microscopy (SEM) measurement

The surface morphology and thickness of TiO, film were measured by using a

scanning electron microscope (JEOL JSM - 5410 LV) (Figure 3.9(b)). The operation was

performed at an acceleration voltage of 15 - 20 kV.
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(a) (b)

Figure 3.9 The photograph of (a) JSM - 5410 LV scanning electron microscope and

(b) Philips X'pert MDP X - ray diffractometer'

I)



CHAPTER 4

RESULTS AND DISCUSSION

This chapter is divided into two parts including the optimization of fabrication process

of dye-sensitized solar cell based on N3 dy", which was described in section 4.1.

The photovoltaic characteristic of organic dye-sensitized solar cell fabricated by optimization

procedure was reported in section 4.2.

4.1 DEVICE FABRICATION AND PHOTOVOLTAIC CHARACTERIZATION

OF DYE SENSITIZED SOLAR CELL

4.1.1 The effect of sealant thickness

The redox couple was a basic factor in dye-sensitized solar cell (DSSCs).

The part length between electrodes; working electrode and counter electrode was affected on the

difhrsion and ion migration of redox mediator (3I-lIr-) in the electrolyte.

In order to study the effect of electrolyte layer thickness, the electrolyte layer

was controlled by sealant film thickness. The thickness was varied by changing type of sealant

materials. The sealant materials used in this study were Surlynt - 30, Para film M and EVA film.

The thickness of sealant material was measured by scanning electron microscope (SEM) as shown

in Figure 4.1.

(a) (b) (c)

Figure 4.1 The cross section SEM photograph of sealant materials. (a) Surlyn@30, (b) Para film M

and (c) EVA film.

lsku x15O IOBPi BBBAEa I -e'r U ,::AA SBPN OOgABB
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Table 4.1 The short circuit current density of DSSC devices as a function of sealant thickness.

Sealant Materials Average thickness (pm) {" (mA/cm1

Surlynt - 3o

Para film M

EVA fiIm

30

r40

520

25.4910.49

19.20+1.08

5.99+0.57

Table 4.1 shows the relationships between short circuit current density (/,.) and

thickness of sealant. The short circuits current density (") decreased when increased the sealant

thickness. This result can be described by diffi.rsion and ion migration in electrolyte. The ion

migration in steady state operation processes sometime called the mass transport U3-74). The

mass transport and charge transfer rates of redox couple (31-lI3') were represented in term of ionic

conductivity and charge transfer resistance. The charge transfer resistance or electrolyte resistance

(\) which one fraction of the series resistance (R,), was depended on distance (d) between

the two electrodes, the electrolyte conductivity (o) and the electrode cross section (A) t75].

The electrolyte resistance (R") is defined as

R-= d
'oA (11)

The migration in steady state operation particularly in electrolyte systems with

relatively low ionic conductivity display relatively low Ir- diffrrsion coefficients, which can affect

to noticeable limitation of low photocurrent s 17 3, 7 5 -7 61.

The Surlyn@film 30 pm of thickness was chosen as a sealant in this work.
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4.l.2The effect of TiO, film thickness

Generally, the photo-anode of DSSCs device consists of a nano-porous layer of

titanium dioxide (TiOr) nanoparticles, which monolayer sensitizer was adsorbed on their surface.

In this work, two types of the commercial TiO, paste supplied by Solaronixu *e.e used to make a

TiO, working electrode. The transparent nanocrystalline titanium dioxide paste (Ti-Nanoxide

T2O/SP) contained 18%wt of 20 nm TiO, anatase particles. The result of TiOr layer after sintering

was transparent, as shown in Figure a.2@). The reflective nanocrystalline titanium dioxide paste

(Ti-Nanoxide R/SP) was contained20%wt of optically dispersing TiO, mixed with small particle.

The result of TiO, layer after sintering was opaque and reflective, as shown in Figure 4.2(b). The

screen printing step was performed by screening of Ti-Nanoxide T/SP to make the photo

absorbers layer and followed by Ti-Nanoxide R/SP in final layer to make the light scattering layer.

Figure 4.2The photograph of monolayer N3 sensitizer on titanium dioxide film coated FTO

conducting glass surface, (a) Ti-Nanoxide T2Olsp and (b) Ti-Nanoxide R/sp.

Figure 4.3 shows the X-ray diffraction pattems of the Ti-Nanoxide 20lSP and

Ti-Nanoxide R/SP particle on the working electrode. The results indicated that the major phase of

TiO, is anatase.

(b)(a)
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Figure 4.3 The X-ray diffraction pattern of TiO, particle.

Figure 4.4 shows the SEM cross section photograph of TiO, film on the FTO

glass. The thickness as a number of screen printing time are listed in Table 4.2.

90

Figure 4.4 The SEM image of the TiO2 film coated on the FTO glass.
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Table 4.2 The thickness of TiO, film with difference screen printing time.

Coating time Details of screen printing step Thickness (pm)

2 time :

3 time :

4 time :

5 time :

(l layer Transparent past + I layer reflective paste)

(2 layerTransparent past + I layer reflective paste)

(3 layer Transparent past + I layer reflective paste)

(4 layerTransparent past + I layer reflective paste)

5

l1

16

l8

Table 4.3 shows the current voltage (J-14 claracteristic as a function of TiO,

thickness. When the thickness of TiO, was increased from 5 pm to 11 pm, the current density of

DSSCs increased from 9.07 to 10.40 mNcm' and the power of conversion efficiency (%PCE)

increase from 3.5o/o to 4.2Yo. The result shows that the power conversion efficiency increased

when thickness of TiO, increased. This result can be explained by there are more light harvested

of sensitizer on TiO, film. When TiO, film thickness was increased, the amount of TiO, particle

also increased. Consequently, could absorbed more dye molecules leading to an enhancement the

photocurrent of the DSSC s 126, 7 5, 77, 7 81.

Table 4.3 The photovoltaic characteristic of DSSC devices as a function of TiO, film thickness.

Thickness (pm) {. (mA/cm') V",(V FF PCE (%)

5

ll
t6

18

9.07+1.30

10.40+1.31

8.77fl.26

8.50+1.31

0.6410.02

0.64*0.02

0.57+0.04

0.42+0.29

0.61+0.03

0.63+0.01

0.49+0.15

0.41+0.16

3.5+0.4

4.2+0.7

2.5+1.0

1.8+1.7

However, the current density and power of conversion efficiency (%PCE)

decreased when thickness of TiO, increased greater than 1l pm.

The optimal TiO2 fikn thickness was I I pm. The screen print step was 3 time

which 2 layer Ti-Nanoxide T/SP as transparent layer and follow with I layer TiNanoxide T/SP as

reflective layer.
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4.1.3 The effect of TiClo treatment

Generally, the working electrode of DSSCs are requires at least one transparent

conductive glass coated with nanocrystalline TiO, film. It was remained of the bare FTO surface

around active area which electrolye directly contract to the FTO glass surface. Therefore, the

influence of the interfacial TiO, thin layer on the photovoltaic characteristic of DSSCs device was

investigated. The TiO, thin layer was constructed by immersed FTO glass substrate in 40 mM

titanium tetrachloride (TiCl4) solution at 70'C for 30 min. After drying at room temperature, the

TiO, paste was screen printed on TiClo treated FTO substrate. The TiO, layer was sintered at

550"C.

Table 4.4 exhibits the influence of TiClo treatment on the photovoltaic properties.

The short circuit current density ("/*) and fill factor of TiClo treatrnent DSSCs have greater than

DSSCs without treatnents. The results indicated that, the DSSCs working electrode with TiCl4

treatment was enhanced bonding strength between TiO, particle and FTO surface and suppressed

the dark current U2,791.

Table 4.4 The photovoltaic characteristic of DSSC devices with and without TiClotreatment.

FTO conductive glass ,I* (mA/cm2) v""(Y) FF PCE (%)

without TiClo treatnent

with TiClo treatment

9.55+1.7 6

I1.14+0.51

0.69+0.01

0.69+0.01

0.59+0.01 3.9+0.8

0.62+0.01 4.8+0.1

ln conclusion, the working electrode with TiClo treatment was applied to increase

the photocurrent of the DSSC devices.
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4.1.4 The effect of device masking

The DSSCs device requires at least one transparent conductive glass substrate.

An overestimation indirect light (absorption, reflection, and scaftering et al.) from areas

surrounding the active part of the photovoltaic cell are critical point in accurate characteristic of

cell performance data. Therefore, the influence of shading or device masking on the photovoltaic

characteristic was investigated. The current - voltage of DSSCs device was measured in with and

without mask. The aperture area of mask was square 5 mm x 5 mm.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Voltago M

Figure 4.5 The J-V ctwes of DSSCs device measured with and without mask.

Figure 4.5 shows the J-V curve of DSSCs device measured with and without

mask. The photovoltaic characteristics are listed in Table 4.5. The short circuit current density

("f*) of DSSCs device without mask was greater than that of device with solid mask.

The overestimation of ../* was increased around l5%o in the device without solid mask.

Table 4.5 The photovoltaic characteristic of DSSC devices with and without device masking

DSSCs test cell device d (ma/cm') v""(v FF PCE (o/o)

Eo
E

'6
coE
tro

o

-a- Device without Mask
+Devie with Mask

with mask

without mask

8.35+1.64

9.86+1.12

0.71+0.03

0.7zfl.04

0.65+0.01 3.8+0.5

0.64+0.01 4.5+0.3
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The phenomena were explained by the lighting collections in measurement

condition. The optical artifacts such as light piping reflect, light striking and scattering from

surrounding the active area by surface of FTO conducting glass are major of uncertainty light

source. Therefore, the lighting condition has been avoided any diffuse or stray light hitting the

device which may artificially increase device output. The solid mask should be used to correct the

accurately define of the illuminated cell area in the case of a well collimate light beam.

It is provided more accurate cell characteristic dataU5,80-81].

The square 0.25 cm2 of aperture area masks was placed on the DSSCs device to

accuracy the photovoltaic characteristic measurement.

4.1.5 The effect of platinum loading

The Pt film on counter electrodes was usually used as the conter electrode of

DSSC device, due to its superior electrocatalytic reduction for redox couple (I-lIr-) in electrolyte.

Therefore, the influence of the Pt loading on photovoltaic characteristic of DSSCs device was

investigated. The platinum film on DSSCs counter electrode was prepared by drop casting of

platinum precursor on a cleaned FTO conductive glass and following by thermal treatment.

The content of Pt was controlled by vary the volume, deposition time and concentration of

platinum precursor. In this research, the concentration of platinum precursor of 2 mgPt/ml was

prepared from chloroplatinic acid hexahydrate (H2PICI6.6H2O) in ethanolic solution.

Table 4.6 The photovoltaic characteristic of DSSC devices as a function of platinum loading

Pt content (frglcrn1 {" (mA/cm1 V",(V FF PCE (%)

0.8

8.0

88.0

18.16+1.37

20.03+2.34

15.62*3.03

0.63+0.03

0.76+0.00

0.76fl.02

0.32+0.03

0.53+0.03

0.51+0.06

3.7+0.80

8.0+0.40

6.1+1.00

Table 4.6 shows the relationship between the Pt loading and J-V characteristics

of DSSCs device. When a FTO glass was laminated with a low Pt loading (0.8 pglcm2), the {",
Vo", FF and YoPCE of the DSSCs were 18 mNcm',630 mV, 0.32 and 3.7o/o respectively.



54

The moderately Pt loading (8.0pg/cm') gave the J,", Vn FF and %PCEof 20.03 mA-/cm', 760 mV,

0.53 and 8.07o, respectively. The results indicated that catalytic reactivity increased with

increased the Pt loading. It is no significant difference in Z* and FF value between 8.0 and

88.0 pglc# Pt loading. However, the {" and %PCE of DSSC devices dramatically decreased as

high Pt content of 88.0 pg/"i [54, 55, 56,82].

The platinum counter electrode of DSSCs device was prepared by drop casting

combined with thermal decomposition technique. This preparation method was simple, feasible in

lab scale and low cost. The optimal platinum loading was 0.8 t dcm'.

4.1.6 Method validation

The fabrication process of DSSC devices consists of the electrolyte layer

thickness, thickness of TiO, film, TiClo treatment, device masking, and platinum loading.

The methods validation of the optimal conditions was investigated by statistically variation of J-V

characteristic.

Eo
E

\

o..,o.+o'''ro<!'1 .,.,.'rJ

Device

.....lV.rlooroo1,oro

Device

Figure 4.6 The "/-Zof DSSC devices in same process.
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The repeatability of the DSSCs assembly process was evaluated based on

fabrication of the DSSC device under the optimal condition in one batch (20 cells).

The {", I/*, FF and %PCE distribution value of DSSC devices are shown in Figure 4.6.

The light-to-electric power conversion efliciency (%PCE) of l5 cells in 20 cells

was greater than 5o/o and the best cell has %PCE of 5.6%o. The average o/oPCE was 5.lol0,

the relative standard deviation (%RSD) was 0.33% and repeatability was over 75%.

The results indicated that repeatability of optimal fabrication process was precise and suffice for

evaluate photovoltaic characteristic ofthe novel organic dye.



4.2 PHOTOVOLATIC CHARACTERIZATION OF ORGANIC DYES FOR DYE

SENSITIZED SOLAR CELLS

4.2.1 Photovoltaic characterization of carbazole triphenylamine dye for DSSCs

4.2.1.1Target dye molecular and aim

Due to the promising donor ability of phenylamine, we has designed the

target dyes with triphenylamine co-operate with trvo carbazole for the purpose of prevent dye

aggregation and increasing donor ability, oligothiophene (thiophene 1-3 units) as 7tr-conjugated

bridge and cyanoacrylic acid as electron accepter for 2D-D-7I-A sensitizer. The chemical

structures of TPA1-3 dye are shown in Figure 4.7.

n

TPAI, n: I

TPA2,n:2

TPA3, n = 3

Figure 4.7 The chemical structure of target dyes (TPAI-3).

The TPAI-3 dyes have been designed by Assoc. Prof. Dr.Vinich

Promarak, The compound were synthesized and characterized by Dr. Tanika Khanasa.

The physical properties of TPA1-3 dye are listed in Table 4.7 [83].

Therefore, the objectives of this part are to fabrication DSSC devices

based on the organic (TPA1-3) dyes and evaluated their photovoltaic characteristic performance.

o*q
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Table 4.7 The physical properties of TPAI-3 dye [83].

Physical Properties TPAI TPA2 TPA3

Chemical formula

Molecular weight (g/mole)

Abs.*(") {nm)

Molar absorptivity("' (M-'"*-' )

Abs-^G){n-)

Tro(') cC)

uouo(d)(ev)

LUMO(") (eV)

cruH,uNuOrRuS,

'705.64

530

14,500

-5.52

-3.84

c66H64N4O2S

792.12

458

)5 ))\

436

284

-s.22

-2.97

c?0H66\o2s2

1059.43

455

29,322

442

285

-5.20

-2.99

c74H68\o2s3

I141.55

464

33,926

450

3s3

-5.16

-3.03

(") 
Absorption measured in CHrCl, solution. 

(o) 
Absorption of the dyes adsorbed on TiO, film.

(") 
Measured by TGA at heating rate of l0"C/min under Nr. (o) 

Calc.,lated using the empirical

equation: HOMO : -(4.44 * Eo*on,o).(")Calculated from LUMO: HOMO + Ec.

4.2.1.2 Photovoltaic characteristic of DSSC devices based on TPAl-3 dyes

The photovoltaic characteristic of the DSSC devices base on TPA1-3

dyes were measured under simulated sunlight AM l.5G irradiation (100 mWcm2). The DSSC

devices were fabricated under the conditions as described in section 4.1. The photograph of

completed DSSC devices based on TPAI-3 dye and dye solution are shown in Figure 4.8(a) and

Figure 4.8(b), respectively.

Figure 4.8 The photograph of (a) DSSC devices and (b) dye solution based on TPA1-3 dye.
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The J-V clwes and the incident photon to current conversion efficiencies

(IpCE) of all dyes are shown in Figure 4.9(a) and Figure 4.9(b), respectively. The photovoltaic

characteristics of DSSC devices base on TPA1-3 dye are listed in Table 4.8.

Volt.ge (Vl

(a) (b)

Figure 4.9 (a) the J-V characteristics and (b) photocurrent action spectra of DSSCs device based

on TPAI-3 sensitizer measured under irradiance of 100 mw/cm2 AM 1.5G.

Under standard simulated sunlight irradiation (AM 1.5G, 100 mWcm2),

the DSSC devices base on TPA3 dye showed the highest photovoltaic character among three dyes

and gave aln, Vn FF and %PCE of 9.73 mA/cm', 0.68 V, 0.65 and 4.3o/o,respectively.

Table 4.8 The photovoltaic characteristic of DSSC devices base on TPAI-3 dye.

Sensitizer "I* (mA/cm2) v*(y) FF PCE (%)

s
uoc

EIa
E

'a
o!
c

5o

WaYel6ngth (nm)

TPAl

TPA2

TPA3

N3

7.31+0.36

9.02+0.06

9.73+o.32

12.03+0.19

0.71+0.02

0.71+0.01

0.68+0.01

0.64+0.01

0.69+0.02

0.68+0.00

0.65+0.01

0.66+0.00

3.6{.2

4.3r0.1

4.3+0.1

5.1+0. I

In addition, the larger ./* and %PCE of DSSC devices with TPA3

(2D-D-Z[-A) dye demonstrates the beneficial influence of the red shifted absorption spectrum and

the broadening of the IPCE spectrum. The result indicate that additional of carbazole groups as



59

electron donors and tert-butyl groups as a molecular blocking, which shielding the TiO, surface

from I7r- in the electrolyte was enhance the light harvesting and reducing charge recombination

or dark reaction, resulting in larger photo current and power conversion efficiency of the DSSC

devices. However, the lower efficiency of device base on TPAI dye was attributed by lwo

manners, firstly poorer of spectral response in photocurrent action spectra, and secondly lower dye

content on TiO, film, which rationalized by the steric hindrance of the donor moiety around the

carboxylic acid anchoring group [83].

The IPEC spectra of the DSSC devices based on TPA1-3 dyes lie in

blue/green regions and show maximum IPCE larger than N3 dye. The TPA2 based device with

two thiophene units exhibit the best maximum IPCE of 86%. This observation deviates from

expectation on the basis of the t values of their absorption spectra. The DSSC devices with TPA3

dyes were exhibit the broadest spectra among three dyes, which almost reach to 750 nm. It is an

indicated the high performance of photon absorption, resulting in high photocurrent and power

conversion efficiency. The DSSC devices base on TPA3 dye was shown the excellent

photovoltaic character which comparing to 84% with N3 dye. In contrast, the slightly lower IPCE

value of DSSC devices base on TPA3 dyes compared with that DSSC devices base on TPA2 dyes

is probably due to extended 7l-conjugation elongation of TPA3 dye, which may lead to decreased

electron injection yield. Moreover, the IPCE values of all DSSC devices base on synthesized dyes

were higher than that of the N3 dye due to the larger molar extinction coefficients of these organic

dyes. However, the N3 dye showed a broader IPCE spectrum, which is consistent with its wider

absorption spectrum [83].

It was found that the DSSC devices base on TPA1-3 dye, which an

introduction of two carbazole moieties to form the 2D-DI7[-A configuration brought about

superior performance, in terms of bathochromically extended the IPCE spectra, enhanced the light

harvesting in term ofshort circuit current density. These organic dyes based on this type ofdonor

moiety or donor molecular architecture are promising candidates for improved performance

DSSCs. This suggests that the DSSC devices base on a novel structural modification of the

organic dyes strongly influences electon-injection and powerconversion efficiencies of the DSSC

devices.
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4.2.2 Photovoltaic characterization of carbazole-diphenylamine dye for DSSCs

4.2.2.1Target dye molecular and aim

Due to the promising donor ability of phenylamine, we has designed

the target dyes with diphenylamine-encabed with 3,6-di-rerl-butylcarbazole as double donor,

oligothiophene (thiophene unit: l-3) as 7I-conjugated linker and cyanoacrylic acid as electron

accepter for D-D-7I-A sensitizer. The chemical structures of DPAI-3 dye are shown in

Figure 4.10.

DPAI, n: I

DPA2,n=2

DPA3, n:3

Figure 4.10 The chemical structure of target dyes (DPAI-3).

The DPA1-3 dyes have been also desigrred by Assoc. Prof. Dr.Vinich

Promarak, The compound were synthesized and characterized by Dr. Tanika Khanasa. The

physical properties of DPA1-3 dye are listed in Table 4.9 [84].

Therefore, the objectives of this part are to fabrication DSSC devices

based on the organic (DPAI-3) dyes and evaluated their photovoltaic characteristic performance.
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Table 4.9 The physical properties of DPAl-3 dye [8a].

Physical Properties DPAl DPA2 DPA.3

Chemical formula CruH,uNuOrRuS, C52H6'N3O2S C56H63N3O2S2 C6.H65N3O2S3

Molecular weight (g/mole) 705.64 792)2 874.25 956.37

Abs.*(u){nm) 530 458 463 472

Molar absorptivity("'(M-'"rn-') 14,500 5,022 5,485 6,024

Abs-*o){nm) - 429 435 452

Tro(') Cc) - 284 336 362

HOMO (eV) -5.s2 -s.22 -s.13 -s.08

LUMO (eV) -3.84 -2.91 -2.87 -2.84

(") 
Absorption measured in CHrCl, solution. o) Abso.ption of the dyes adsorbed on TiO, film.

(') 
Measu.ed by TGA at heating rate of lO"C/min under Nr. (o) 

Calculated using the empirical

equation: HOMO : -(4.M * Eo'on,o).(")Calculated from LUMO: HOMO + Es.

4.2.2.2 Photovoltaic characteristic of DSSC devices based on DPAI-3 dye

The photovoltaic characteristic of the DSSC devices base on DPA1-3

dyes were measured under simulated sunlight AM 1.5G irradiation (100 mWcm2). The DSSC

devices were fabricated under the conditions as described in section 4.1. The photograph of

complete DSSC devices based on DPA1-3 dye and dye solution are shown in Figure 4.11(a) and

Figure 4.1 1(b), respectively.

(a) (b)

Figure 4.11 The photograph of (a) DSSC devices and (b) dye solution based on DPA1-3 dye.

N3

DPA3 . N3

#



62

The J-V curves of all dyes are shown in Figure a.lZ(a) and IPCE

spectra are shown in Figure 4.12(b). The photovoltaic characteristics of DSSC devices base on

DPAI-3 dye are listed in Table 4.10.

1

't0

8

4

2

0.4

Volt.ge (V)

(a) (b)

Figure 4.12 (a) the J-V characteristics (b) photocurrent action spectra of cells based on DPAI-3

sensitizer measured under irradiance of 100 mWcm2 AM 1.5G.

The photovoltaic characteristic of DSSC devices base on DPAI-3 dye

was increase when increased the extension conjugate length of dye molecule. The 7l-conjugation

in thiophene unit was increased the bathochromic shifted (red shifted) absorption. It was similar

occurred in DSSC devices base on TPA1-3 dye in section 4.2.1. The DSSC devices base on

DPA3 dye showed the excellent photovoltaic character that exhibits d Jn, Vo", FF and %PCE of

9.40 mA/cm" 0.68 V, 0.65 and 4.2%o,respectively.

Table 4.10 The photovoltaic characteristic of DSSC devices based on DPA1-3 dye.

Sensitizer -r* (mA/cm2) v (v\
oc. , FF PCE (%)

Eoa
E

ag
oE
t
ts,o

wavelength (nm)

DPAI

DPA2

DPA3

N3

6.60+0.09

8.16+1.26

9.40+1.24

11.55+0.49

0.72+0.00

0.70+0.00

0.68+0.00

0.69+0.01

0.63*0.02

0.62+0.03

0.65+0.00

0.69+0.02

3.0+0.1

3.5+0.4

4.2+0.5

5.5+0.0
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Moreover, comparing photovoltaic characteristic of DSSC devices

between TPA1-3 dye (2D-D-T1-A in section 4.2.1) and DPAI-3 dye (D-D-7[-A). The dye uptakes

of DSSC device based on DPA series can adsorbed on TiO, film more than TPA series.

This because the TPA dyes have two carbazole unit (2D-D-zf-A) that increase the steric hindrance

of the donor moiety around the carboxylic acid anchoring group whereas DPA dyes (D-D-7[-A)

have less steric effect from one carbazole moiety resulting in more dye uptake [84]. Therefore,

the difference observed in photocurrent and power conversion efficiency ofDSSC devices related

to molecular volume and how much of dye molecule is absorbs.

The light-harvesting efficiency of DPAI is expects to be less than

those of the other dyes leading to a small incident monochromatic photon to current conversion

efficiency for the DPAI based cell. In contrast, higher IPCE value of DPA3 is probably due to its

t, which enhances the electron-injection yield in comparison with those of the other dyes.

Because of their larger molar extinction coefficients, which the IPCE values of DSSC devices

based on DPA1-3 dye are higher than that of the N3 dye based cell. However, DSSC devices with

N3 dye shows a broader IPCE spectrum, which is consistent with its wide absorption spectrum

[84].

These organic (DPA1-3) dyes exhibits power conversion effrciencies

of DSSC devices correspond to overall conversion efficiency of 54 - 760/o compaing with the N3

dye based cell. These strategies for designing of dyes molecule are proposed significantly

simplified chemical structure.
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4.2.3 Photovoltaic characterization of carbazole - carbazole dye for DSSCs

4.2.3.1Target dye molecular and aim

Due to the promising donor ability of carbazole in D-7I-A sensitizer, we

has designed the target dyes with an organic chromophore based on carbazole as the donor grouP,

with a oligothiophene as linker and a cyanoacrylic acid moiety as acceptor/anchor group for D-D-

7[-A sensitizer. The molecular structures of target CCTI-3A dye are shown in Figure 4.13.

n: I -3
CCT1A n: I
CCT2A n:2
CCT3A n:3

Figure 4.13 The chemical structure of target dyes (CCT1-3A).

The CCT1-3A dyes have been also designed by Assoc. Prof. Dr'Vinich

Promarak, The compound were synthesized and characterized by Mr.Sakravee Phunsay. The

physical properties of CCT1-3A dye are listed in Table 4.1I [85].

Therefore, the objectives of this part are to fabrication DSSC devices

based on the organic (CCTI-3A) dyes and evaluated their photovoltaic characteristic performance.



65

Table 4.11 The physical properties of CCTl-3A dye [85].

Physical Properties N3 CCT1A CCT2A CCT3A

Chemical formula CruH,uNuOrRuS, C52H5eN3O2S C56H6rN3O2S2 C6.H63N3O2S3

Molecular weight (g/mole) 705.64 79o.ll 872'23 954.36

Abs.*("){nm) 530 432 457 443

Molar absorptivity("'1M-'.--'; 14,500 17,461 2o,lo4 27,866

Abs.*G){nm) - 420 440 437

TroG){oc) - 237 263 263

HOMO (eV) -5.s2 -s.33 -s.28 -s.26

LUMo (eV) -3.84 -3.01 -3.11 -3.23

(u) 
Absorption measured in CHrCl, solution. G) Absorption of the dyes adsorbed

(') 
Measu.ed by TGA at heating rate of l0"C/min under Nr. (o) 

Calculated using

equation: HOMO : -(4.44 * Eo'on,",).(")Calculated from LUMO: HOMO + Ee.

on TiO, film.

the empirical

4.2.3.2 Photovoltaic characteristic of DSSC devices based on CCTI-3A dyes

The photovoltaic characteristic of the DSSC devices base on CCT1-3A

dyes were measured under simulated sunlight AM 1.5G irradiation (100 mWcm-2). The DSSC

devices were fabricated under the conditions as described in section 4.1. The photograph of

complete DSSC devices based on CCT1-3A dye and dye solution are shown in Figure 4.14(a) and

Figure 4. l4(b) respectively.

(a) (b)

Figure 4.14 The photograph of (a) DSSC devices and (b) dye solution based on CCTl-3A dye.

L

t-
-CCT1A CCT2A CCT3A N3
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The J-V curyes of all dyes are shown in Figure 4.15(a) and IPCE

spectra are shown in Figure 4.15(b). The photovoltaic characteristics of DSSC devices base on

CCTl-3A dye are listed in Table 4.12.

N
E
a
E

icoE
E1o

Voltrga (V)

(a) (b)

Figure 4.15 (a) the J-V characteristics (b) photocurrent action spectra of cells based on CCTI-3A

sensitizer measured under irradiance of 100 mWcm2 AM 1.5G.

The photocurrent and power conversion efficiency of device was increase

when increased the extension conjugate path length. The 7[-conjugation length in thiophene unit

increased the bathochromic shifted (red shifted) absorption spectra increased. It was similar in

DSSC devices based on TPAI-3 dye in section 4.2.1 and DPA1-3 dye in section 4.2.2. Especially,

the photovoltaic characteristic of CCT3A dye gave the ./*, Vn, FF and %PCE of 10.66 mA,/cm',

0.71 V,0.67 and 5.loZ, respectively. Itwas correspond to overall conversion effrciency of 94Yo

comparing with the N3 dye based cell.

Table 4.12 The photovoltaic characteristic of DSSC devices base on CCTl-3A dye

Sensitizer ,f,. (mA/cm2) %. (v) FF PCE (%)

Wavelength (nm)

CCTlA

CCT2A

CCT3A

N3

7.06fl.41

9.6G10.09

10.66+0.25

I 1.40+0.31

0.74+0.01

0.74+0.01

0.71+0.01

0.72fl.0t

0.68+0.01

0.67+0.01

0.67+0.03

0.66+0.01

3.6+0.3

4.8+0.1

5.1+0.2

5.4+0.1
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The CCT3A based devices with three-thiophene units as electron bridge

was exhibit the best maximum IPCE of 86%, which presented the broadest spectra among three

dyes and almost cover to 650 nm. It is an indicated the high performance of photon absorption,

resulting in high photocurrent and power conversion effrciency. Moreover, the IPCE values of all

DSSC devices base on synthesized dyes were higher than that of the N3 dye due to the larger

molar extinction coefficients of these organic dyes [851. However, the N3 dye showed a broader

IPCE spectrum, which is consistent with its wider absorption spectrum.

The DSSC devices based on CCT1-3A dye exhibited excellent

photovoltaic characteristic and photocurrent action spectrum (IPCE). The red shift and broad in

IPCE spectrum was observed when increased conjugation path length by the number of thiophene

unit, which cover in the blue/green region of solar light. The CCT3A exhibited the highest solar

to electric power conversion efficiency of 94%o comparing with commercial available ruthenium

complex (N3) dye based cell. The results suggest that the DSSC devices based on double

carbazole donor moiety (D-D-7I-A) and three-thiophene electron bridge are promising candidates

for improvement of the photovoltaic performance of the DSSCs technology.



CHAPTER 5

CONCLUSIONS

In this work, we have been reported the fabrication condition of DSSCs and

characterization of the photovoltaic properties of novel organic dy", which including:

TPA (2D-D-fi-A) dyes, DPA (D-D-7I-A) dyes and CCTA (p-D-n-A) dyes'

The 30 pm Dupont ionomer Surlyn'was used as the sealant material. The TiO, film

thickness was I I pm, which the screen-printing of 3 layered of a Ti-Nanoxide T/SP as transparent

layer and I layered of Ti-Nanoxide R/SP as scattering layer. The interfacial-blocking layer TiO,

film was introduced by immersed FTO conducting glass in 40 mM titanium tetrachloride (TiCl4)

at 70'C for 30 min. The square 0.25 cti of masks was place on the front of DSSCs device.

The loading of platinum content on counter electrodes was 8.0 *gl"*'.
The J* and %PCE of DSSC devices based on starburst like TPA and DPA organic dye

was increased when increased the electron donor by carbazole unit. The bathochromically red

shift and broad extended of IPCE spectra were observed when the extension conjugates

path length by the thiophene unit. The DSSC device based on DPA3, TPA3 and CCT3A dye

exhibited the excellent overall conversion efficiency correspond to 760/o, 84%o arld 94o/o,

respectively, comp:re with commercial available ruthenium complex (N3) dye based cell'

The result indicated that, the strategy capacities of these organic dyes are promising candidates for

improvement of the photovoltaic performance in the DSSCs technology.

The further outlook are following as; (1) an increase photocurrent by modified

the surface of TiO, film, (2) reduce sheet resistance loss by an integrated current correcting grids,

(3) eliminate the oxygen and humidity, that degraded almost any elecho-active of organic dye,

(4) scale up test cell to module, panel and BIPV in term of pilot production line'
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Effect of Large Particle TiO2 Content in Light Scattering Layer on
the Efficiency of Dye-sensitized Solar Cell

Somphop Morade. Siriporn Jrmgsufriwong, Tinnagon Keawin, Sayant Saengsuwan,
Vlnidr homarak, Taweesak $rdyoadsuk

Cenfur for Organic Electronics and AJterndive Energt, Dpartment of Chentstry and &nter of kcelbnce for
Inrcyation in Chenastry, Faai$ of *rence, Aon Ratchdhani tlntversiS, Warinchunrap, Aon Ratchathani i41fr,
Thailand.

Introducti on and ObJ ective
Dye+ensitized solar cells (DSC) have recently emerged as a promising ine4pensive alternaiive

to conventional p-l jurrction solar cells. Light management is some choices to cptimizalion the
DSC. h preliminry study, the effect of large particle TiQ content in scattering layer (SL) on the
DSC efficiency was investigated.
Methods

The multilayered TiOz rutnostructure films for DSC were fabricated by screen-printing method
The nanocrySalline TiOr (nc-TiO2) paste was pepared as reference [l] by using 2l-nm TiOz
powder @-25, Evonik). The mixture of 2l run-TiO2 and 400 nm-TiOr (nuka) powers were used for
ligfu scattering (SL) paste preparation. The measurement are crried out in sealed cell with the
giass/SnQ:F/ic-fiCiriSl-riqnllr lSnOz:f' Pt)/glass compoaition rmder AMl.5 G (100 mWcm?)
illurninatiot"
Results

Figure 1 strows the dependence of power conversion efficiency @CE) on the 400 mn-TiO2
particle content in the ligtrt sca$ering layer, which varied in the rage from 1040 wf/o. The PCE is
decreased by increase in lrge particle TiO2 cortent. The highest PCE of 3.2{.3 o/o vretl achieved
when using the 10 wt% 400 nm-TiO2 particle as aligltt scattering layer.

Flgure l. Porrer cqrversion efficiency of DSC with difference 400 rrn-TiG ccmtent.

Conduslon
Inthis preliminry studie( it foundthat the l0wl9lo 400 rrn-TiO: particle is suitable fcr the

liglt sca$ering layer of DSC. The improvement DSC performance is tmder investigated,

Kelvords: DSC, Light Scattering layer

Sdected References:
1. Ito, S.; Mr.nakami, T.N.; Comte, P. Ihin tulid Films,20@, 516,4613'4619.
2. Koo, ILJ. ; Park, J. ; Yoo, B. Irorganica Chimica Acto, 2008, 36 l, 677 483.

Mr.Soryhop Morade M.Sc Sfirdmt

Ubm Ratchathani University, Thailand, Chemish-y, B.Sc. 2006
Research field: Dye-sauitized solar cell, Photovottaic cell, Optoelectronics
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Imffiodueffion

Fig. 4 shots lhe l-V curve of two different TiO2 structure ot
photo anode eleclrode. The Tio, electrode consisting of
microcrystalline light-scattering gave photo curent (J.") greater

than that only transpalent nanocrystalline electrode. The result

indicated that, large particle in top layer was promoted to
recapture a part ofthe light, which to enhance ths light harvesting

of the oSCs device [3].

To0Yiil
S.ni -Ta$rsl doffi
me@'15'mmTO,

Fig. 4. The l-V curves of DSC device with and with out scattering layer,

film thickness 14.68t0.16 pm, base on N3 dye.

Fig. 5 shows fie dependence of power convercion efliciency
(%FCE) baso on the 4ll0 nm-Iio2 particlo content for the light
3cattering layer, varied in $e rage from 10.4t1 wt7r. The PGE was

decreased as increased in large particle Ii02 contont.

400 nm-Ti02 content (n=3).

ln this preliminary studied, it found that the modified pasb
'10wty.400 nm-IiO, parlicle is suilable for the light scattering
layer of DSCs. The improvement device performance is under
inYestigated.

--Til. witr-outsu wnnsL
t,* 11.54 1205
Y- {s, 0.69 0 69

Ff 0.66 0.65

PCEt, 5.3 5 5

tor$0
Fig. 5, Power conversion effciency of DSCs device witt

The modified Ti02 paste was prepared as referance [1] by using
the nanocrystallineTiO, (21 nm, P'25, Evonik Degussa) and
mixtur€ submicron-size (21 : io0 nm) of Ti0, powdes to make the
transparent and light scatlering Paste, respectively.

The commercial available TiO, paste (20T/SP and R/SB

Solaronix) and modified paste was deposited on SnOr:F glass for
fabricatod photo anode electrodes by screen-printing meihod and

sinteled at 500C and then
immerse in strain solution to
completed dye sensitizer uptake.

The measurement are canied
out in sandwich sealed cell with
the glasslSn0r: F/nc.TiOy'SL-nOy'f
llri(Pt)/Sn02:F/glass composition
under A}11.5 G (.l00 mWcm2)
illumination [2].

Fig. 2. The configuration of DSC device.

'1. [0, S.; Chrn, P.i l$.1., L I''og. Prolovon R?s.lpp,., 2007,0O: 0'100?dp
2. llo, S.i tauntad, TI.; Comio, P. Ill.o Sod F,lns, 200E,516, a613'1619.
3. Xoo, HJ.; Prrl J.; Yoo,g. lma.nb. Chi,lia AcL,2008, 36r, 677.683.

Conlorot Ercclhncolor lnnovation in Chemitty {PERCH - CIC)

Canlsr t6 orlnnic Elocfooi€ and Alisrnativo Ens]gy, lroPattmonl of Chomirlry

Etfforet oC fs
zed Solar GeJl
sayant Qgsuwan.

Dye-sensitized solar celh {DSGr) have recently emerged as a

promising inexpensive altemattul to conventional pn junction

solar cdls. The highly €fficlcot photovoltaic conversions,
combined with sase of maor&uring and low production
mako tho DSC5 technologyan attractive approach lor
solar energy conversion [t].rr energy conversion F].

ln DSCs, the dye-adcorbod Ti0, film plays an important role in

ftctlctl cn rgy tinco dye! gonerate pholo' erdtsd olectons and the Ti02 film

i, ssrves as a Pathw?Y for Photo'
ll lnlccted electrons.

Ught management and optical
enghrdng of Ti02 were
choices to opiimization the DSCs.

The rcsearch
the otfoct of large partlcle
content in

1.30 DSC mmponent. DSCI efficiencl.

TopYicr
Lrh lemg

PrUe*>100mTo7
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unua2luyrulrsrfltiulunrriullnoonltfdruuluatt nltiittfirnrndrufutsndualorfi;tilutrucia
rJ:uirGnrn uarnr:rJ:rqnildrrunqariuoudrnlu{zh{frrirulruluttndualarfinrit0afi6orbuaq
ranr:ilnurnu.irnr:rJfuanrn{dilf,rrhmu#'lulxnrfiu!tm:vaaol:;ri':srsadua{orfindtrin:cuah{fr
uasU:utu3nunr:rildaunfiwrrusoliildu n1:0BRuuuuararuuurtolfulnnrrfiuilaoonltri nu'j'rri':

aosflcdudlflariodrn:uuauarfintitri{rtolttad uavnr:firnirnrndtriuttadualorfindlutuYia
il:zfrn3nrndaulfiarnrnJ:urr$drn:cua1i{frdm'un:uttut3ldrulfiliiutoXatolrta6dlaluuriudr
urnn.jr rta6ffirerfirdrordds1rtruarn'ldn:rb{iuararitouut6; lunr:tJ:vqnildtutsrflrd':ulrubi

!:sf,rin.mnr:njduunatqruuqrC q ze6 rfiuufiuilfin'unr:1ftruti1rtrftd':trl;urtrhjnrulduarsrfinri
,u'raordnr.,lrdlu6{ AM1.5 (1000 wm'z)

rirrhiry rmdurnorfinlhfirduoll:um drtif,nhutiiaariuau nrurnunr:truXr.l

Absrad
ln this research, techniques of f iO2 fitm fabrkation technotogies consist of pre-treatment of

the working etectrode by 1lCta, variations in design and tayer thicknes of nanocrystattine TiOr,

device masking and appUcation of carbon materiat as counter were investigated. The resutt was

found that the J,. and PCE of DSCs increases with TiCU treatments. Optimization of the design and

thickness of the 1iO, tayer as the working etectrode, influence both the J,. and Vo. of the devices

DSCs dwice with sotid mask were etiminated the overestimated the photocunents, provide more

accurate ceLt performance data. DSCs emptoying graphite carbon black composite as counter

etectrode achieve efficienqy as 4.296 which quite attractive to conventional counter etectrode under

itLumination of AM1.5 (1OOO W/mz) simutated suntight

KeytfOfG I Dye-sensitized sotar cetts (DSG), Carbon Counter Etectrode, Fabrication process

lntrodurction
Dye-sensitized sotar cetts (DSG) have recentty ernergd as a promising ine<pensive

alternative to conventionat p-n junction sotar cet(s. the h(hty efficient photovottaic conversions,
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ln this research, techniques of TiO, film fabrication

technologies consist of pre-treatrent of the working electrode
by TiClo, variations in design and layer thickness of nano
crystalline TiO, and application of carbon material as counter
were investigaGd i

Fig. 4. DSCs devir:e and measurements process (a) l-V curves (b) and
IPCE curves (c) of DSC device with platinum and graphite carbon black
composites coJnter electrodes.

Carbon counter electrode
The DSCs device with graphite carbon black composites

as counter electroder was shown surprising potential (- 80%)
comparison with platinum counters electrodes. Which function
of the graphite was eleckonic conduction as well as catalytic
activity, the high-surface area carbon black was added for
increased catalytic efiect. The result was enhancing of DSCs
technology in three areas such as costs applicability and

sustainability, which attractive to conventional PV technologies.

Fig. 5. Histogram depicting reproducibility of oSCs conversion
effciencies. Reported values ol 20 DSCs devices produced with same
condition.

Reproducibility of fabrication process
The conversion efiiciencies greater than 5.3t0.2% were

obtained with optimum fabrication condition. The statistical
graph shows convincingly the excellent reproducibility of the
method elaborated here for the fabrication of moderate
efficient dye sensitized solar cells.

w
Exper{memtaI

The commercial available TiO2
paste (2OT|SP and R/SB Solaronix)
and modified paste was deposited on
SnOr:F glass as a pholo anode
electrodes by screen-printing method

t11.
The measurement are canied

out in sandwich sealed cell with the Fig. 1. 3D DSC

glass/SnOr:F/nc-TiOy'SL-TiO1l'/13 /(Pt)/SnOr:F/9lass (Fig.1 )
composition underAMl.5 G (100 mWcm2) illumination [2].

Fie. 2. The qlnent densrty as a
func1bn of TiO? thickness.

,-

Resu[tb amd Dfisauss0om
Optimum thickness

The thin film TiO, layer was
in sufficient TiO, would not adsorb
enough dye and thus the cell.
would not absorb sufiicient lighti
resulting in low photocunents. f

The thick film TiO, layer were !
increased the length of thed
electron pathways, recombination
and difiusion length of l/l;
species. Which efiect to decrease
fi and Voc and in extreme cases
even Jsc. Therefor, the optimum
TiO, thickness was approximately
11 pm (Fig.2).

Optimum struc{ural design
Fig. 3 shows the photograph of two

difierent TiO, photo anode eleckode.
The DSCs device consisting of nano
crystalline TiO, cover with light scattering
layer gave photo current (1 2.05 ml/cm2)
greater than that only nano-crystalline
electrode (8.88 m!/cm2) The result
indicated that, large particle in top laver -. - -
was promoted to recapture . pr[.iiri. t;3;L[];l'iilT',llX'Jl)
light, which to enhance the light pnoto'anodeLecrrode 9fi;:*r'" :G

1. lto, S.; Chcn, P.; Khah, ll. Pmg. Phoiovo,t Rs. Apd., 2007, DOI: 0.1002/pip. 768
2. lto, S.; ilurkml, T.N.;Comtc, P. 7h,, SolidEru,200E, 5rC 4613-1619.

ncmmoroloOgemnemre
1. C.nlrf ot ExcdLncr ror lnnoyr0on ln Ch.mlrtry (PERCH - CIC)
Z Cantr b orglnic Elacircnlcr ud Altrrnstlvc Enorgy, o.9atmcnl ol Ch€mldly
F*ulty of Sclrnca, Uboo futchltbnl Unlvmrty

D

, 
oq''"' 'iti'lIr]-t.

E

Refuremoos

'.- ! ....._ r 11, .r 'i .-_!&.-tL. n I f it-Jll'



85

Journal article I

THE JOI'RML OT
PHYSICAT CHH\,IISTRY

@
p0bra6sq,LPCC

D-D-x-A-Type Organic Dyes for Dye-Sensitized Solar Cells with a
Potential for'Direct Electron lnjection and a High Extinction
coefficient: Synthesis, characterization, and Theoretical
lnvestigation
Suoawadee Namuangrulqt Ryoichi Fukuda,+'$ Masahiro Ehara,x'*'$ Jittima Meepras"rt,t T.oik" I(h*"r.,ll
SomptoU.Uor.d.,ll iirr*gon Kaewin,ll Siriporn Jungzuttiwongll Taweesak Sudyoadsuhrl

and Vinich Proraxl2lP*'ll''
rNational Nanotechaology Center (NANOTEC), Thaiiand Science Parl Patumthani 12120, Thailend

t 
"titrte 

forMolecular Science and Research Centerfor Computationd Scimce,38Nishigo-naka, Myo&iil Obzali 44+8585,

J"P*
lapan Science and Tecluology Ageocy CREST, Sanboncho-S, Cluyo;r hr, To\o 102{075, Japan
llCmter for OqBanlc Electrooic aod Altemative Energy, Deparuneot of Chemistry end g"o1gr f61 Innovatioo in Chernistry, Facuky of
Scieace, Ubon-B-etchetbani University, Warinchumrep, Ijbon Ratthathani 34190, Tbailand

Q SuppoftinglnJomdion

ABSTRACT: A series of orgeoic seari8ztrs with the direc y
elect3oa inpaion raech,'l"rl and a hgh ooler edioction +--0.6.#.lent mmorisino double doaon, a *-sprcer, and '\>". l' DDfi-A

3*$r"
coeddeot oonptisill( double doaon, a *-spacer, rnd '-t>"- """- il#;x" :g*tl'*#*tr"]rT"nt; }+tqx* s:- ': .':sized an? .hroc"ir.a by eryerimeaal and theoretical -.-'1-l$li 

*..-b- . '. . i'
metho& frr dye-ceoeitized solu cells. (f) Z-Cyano-3 (5'-(+ .f W*: :. ,L. -.1.
((+-(3,e-il-tc*-A*ylcerbazol-9-yl)phenyl)dodecylanlno) 7/ UHIS i;.:1 ;*.. .1 11t-!tr} fq,t+$lf;:;i;ff,lgg;11 tlt)Hr)l::"r.Y*") /- u*r. ii r:i $*B# s**f;
io"..o". witl a ma.imd incideot pboton to electroo
coov€fiion e{f,chncy of 83%t 1,. va}re of 10.89 rnA co1
t"" "i"" of o.7o v, *,1 fill iiJor of 0.6Z vAictr correspond to an overall conversion eficeocy of S.l2% under AM. I.SG

lliroinetioc fte moleculer geometry, eledrooic rcu"t*, and a.cited statel were inve*tigted with dmsity fitciol,I +"9?
ti-Jip"oa*t deasity fru&oael tt"ory, a"d the eyrnmetry-adapted duster-co-nfiguratioa intuaction method. The double

aoi* ioiJo aot oiy contribute to *1rr.o.-*t of the electroo-dooaunS 
"bilrty, Y"t also tnhlbl! a_ggregation.between dye

-"fi.rf" ""a 
p*"*a ilaid./oif &a" u the eJectrolyte toa ccomblaingvith ioieced dectroos in TtOa Deuiled arsigtreeotE

;;; W*Jqpecrra below the ionizatioa threrhold are givtn. lbe low-Iying li$rt-h1rvestsnS state h.as i*onoleculer-charge
o-ga" aroo"i with a lrigh oolrrr €dindioo coeficieot be-cause of the long:-spacer..Or5 e+ertneatal and lheoreticalfn'l'lgs
ffioi tl" pot*tid of diiect elearoa injeaioo froathe dye to TiO2 io oa1 *9p *r-t} electronic acitetion for the presmt D-
Oli-e r""'rtlr"o The ilirect electron infectio4 1rhjbfted aggrcgedoo, aod hi$ moler ertinction coeff,cieat rnry be the odgia

of ttre oblerved l,rgl' e$ciancy. Tbis type of D-D*fi-A rd;; with ditect elec*ton i.n ection woutd simp).ify tle sEategy for
aestgnhg organk 6elsitir€rs.

I INTRODUCTION
Since the report on dye-sensitized solar cells (DSSCS) -it! a

ilramatic increase in the lig,ht-harre*lag eficiency by O'Reagur
and Giiuel in l99l,t this type of soler cdl has attnaed
considerable and sustained attentioo al it offers the possibility
of low-cost conyasion of the photoenergy.z To date, a DSSC
with a vdi&ted eficlmcy (4) record of >lI% has be"l
obteined with ruthenh,m coopler dyes such as the bla& dyel
Thougb there is sEIl room for improvement of ttre elf,cielrcy of
ruthenh'm-based DSSG,{ rutheni'* dyes re nevertheless
costly and hardly attaiaed and normaiiy have a moderate
absorptioa intensity.s Enotmous effort is dro beiry dedi,cated
to devdoping eficient dyes suitable for their modest cost, ease

iryz ACS fublicatkrns o 2or2 Am'n6 chemid sooav 25553

of synthesis anil modificatioq lerge molar eriactior coelhcieng
and long-term stability. Rutheoium-&ee dyes or organic dyes
meet dl these criteria; therefore, there has bee! rem'*able
dewlopment in orgrnic dye-based DSSG in recent years,6 and
eficiencies erceeding 12% have been achieved us.ing dyes which
have broad, red-shifted, and iatense spectral absorption in the
visble light region, 400-800 nm.7

Althoug! rem,'t<,hie progress has been made in the organic
dyes as seositizers for DSSCs, oPtioization of their ctregtcal

RsiYE* Msl9,1i12
Rryirc& Nomber 15, 2012
PuHirhe& Mmber 2O, 2oI2
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Synthesis and characterization of p-pyrrolic functionalized porphyrins
as sensitizers for dye-sensitized solar cells
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Nil p,pyrolic rffitiomlized porptryriE with domr-ft-accep!6 chilacts were rynthesized and
chrrtaized as dye se6irize6 ftr dye-*Eitized elar cells- Two typ6 of tr-Gonjugated spacrs, mmely
beEene and thiophene ringr with cyanGcrylic acid as an ac@pttr rere linked to the porphyrin ring ar

rhe p-pyrrolic po;tim. These porphyrins shmed high themal md elettrmhemical staulity. As sesitiz-
es, the porptvrin dye beuing a thiophem ring 6 the r-mjug-ated sptel gave beter cell performance

wirh a ;honiifcuir photo(unenr dmsity (/,c) of 4-57 mAcm-2, an open-cirolt voltage (yc) of 0-59 V,

and a fill factor (ID of 0.59, corresponding to an werall conversion dficiency (4) ot 1'94L
() 2ol3 Els.vier Ltd- All rights reserued.

fctryot&:
Porphyrin
p-ryrouc porirbo
Donor- tr-a(ePaol
Thioph.oe
Dy.-sostizd el{ Qll

Dye-sensitized solar cells (DSSCs) have attracted corellenble
and sustained amention as they ofrer the p6sibiliry of low.cost
conversion of pbotoenergy.r To date, DSSCs with a validated
efficiency record of >112 have bem obtained with Ru complex
dyes.2 More recently, a DSSC submodule of 17 cmz corsisting of
eig;ht parallel cells with conversion efficiency of >9.98 was fabri-
cated by 5ony.3 Though there is still room for improvement of
the emciency of Ru-based DSSCs, Ru dyes are nevertheless cmtly,
hard to obtain, and normally harre moderate absorption
intensity.zr Significant efffit is being dedicated to devdop new
and efficient dyes beiog suitable for their modest cost' ease of
synthesis and modification, large molar extioction coeffcients,
and long-term stability.s organk dyes with donor-fi-accePtor
(D-n-A) character meet all these criteria. Remarkable progress
has been made in the pursuit of organic dyes as sensitizers for
DSSCS6 and efEci€ncies exceediqg 1 1 N have been achieved' Most
of the ejficient dyes have a cyanoacrylic acid unit as accePtor and
anchoring groups.6

Among these dyes, porphyrin has attracted a great deal of
attention becalrse of its natural role in photosynthesis' its intense
absorption in the visible regior! its high stability and the rdative
ease with which functional groups can be attech€d to its

* corEDondint author.lQl.'. +fr6 4r'.224 D7', f4: 16 4 224 145-

E-noil ddr6' pvinkhesuLa(.dl (v. Prom{ak).

(D4O-4B9rt - E ftptrt malt6 o 2Ol3 Elswid Ui All rights Escryd
hEp://dldoior8rtO.r0lqiEthL20l3.03.037

[ramework.s Furthermore, its inhermt LUMO l4el is situated
above the cordKtion band of TiOz, ard its HOMO level is below
the redox couple of the electrolyte mlution required for charge
separation at the semiconductc{ye-electrolyte surface, which
makes it a good donor moiety.s A large number of porphyrins have
been developed as sensitizers for Dsscs such as carboxyphenyl
metalloporphyrins,lo thiophene-, olefin-, and acetylenelinked
porphyrins," quinoxaline fused porphyrins,t2 a zn-Zl porphyrin
dimer,t' olilo(phdylethynylllinked porphyrins.r{ and
bacteriochlorin.rs

From the Goutermann orbital model o[ porphyrin (Fig. 1 ), in ttrc
grourd state, the HOMOs (oru d o2,) have the orbital density
moctly on the porphyrin meso-positions and the nitrogens with a

smalt amount of electron density on the ppynolic positions. ln
rhe excited statE, the electrors go into the LUMO orbitals (Ec)

which have electron density on the Fpyrrolic and meso-Positions.
This meam that a ptrphyrio functionalized at the g-pyrrolic
positions would be expected to show strong excited state commu-
nication. Therefore, incorporation of n-conjugated spacers with
cyanoacrylic acid as an acceptor at the Ppyrrolk position of
porphyrin would potentially offer strong excited stite electron
ransfef ftom the porphyrin dye to TiO2. consequently resulting
in a highly efficient dye for DSSCS.

In this work, we pres€nt the synthesis and characterization of
new functionalized porphyrins b€aring two types of l-conjugated
spacers, namely benzene and thiophene rings, with cyanoacrylic

t
a

lrt Sl:\'ll:l{
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Sy nthes is and Charac teriza tion of 2D-D-rc-A-Type-Or gan-ic- Dyes -Bearing
Bis(3,6{i-rerr-butylcarbazol-9-ylphenyl)aniline- as Donor Moiety for Dye-

Sensitized Solar Cells

Tanika Khanasa,l"l Nittaya JantasingJ"l Somphob VtoS{3J'l Nararak Leesakul,ftl
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A serles of novel 2D-D-,[-A-type organlc dyes, namely
CCTTnA (n = 1-3). bearing bis(3,6-di-terl'butylcarbazol-9-
ylphenyllaniline as an electondonor moiety (2D-D), oligo-
tbiophene segmeDts witi a number of thiophene units from
oDe to tbree units as ,r-coDjugated spacers (tr), and cyano-
acrylic acid as the electron acceptor (A) were synthesDed
and cbaracterized as dye seDsltizers Ior dYe-sensitlzed solar
ceus (DSSCS). These compouDds exhibit high thenDal and
electrochemical stabllity. Detailed investigations of these
dyes revea.l that both peripheral carbazole doDors (2D) have
beneficlal iDfluence on the red-shifted absorption spectrum
of the dye in solution and dye adsorbed on TiO2 f i.lm, and the

broadening o, the inciclent moDochromatic photon-to-current
conveEior efficiency (IPCE) spectm of the DSSCS, leading
to enhanced energy conversion efficiency (7). Among these
dyes, CCTT3A shows the best photovoltaic P€rformanc€, and
a maxinal incident monochromatic photon-to-curent con-
version eJficiency (IPCE) value of 80 o/"' a sbort{i.rcuit photo-
cufient density (J,"] of 9.98mAcm-2, open-circuit voltage
(V*) ot 0.70 V and fill factor (FF) of 0.67. correspotrding to
an overall conversiotr efficiency 4 ot 4.60/" were achieved'
This vrork suggests tbat organic dyes based on this type of
donor moiety or doDor molecular archltecture are promislng
candidates for improved performalce DSSCS.

Inhoduction
Since the report by O'Reagan and Grdtzel in 1991 on

dyesensitized solar cells (DSSCs) with dramatically in-
cieased light harvesting efftciency,ttl this type of solar cell
has attractod considerablc and sustained attention because
it offers the possibility of low-cost oonversion of photo-
energ)r.t2l To datg DSSCs with a validated efliciency record
of more than 11 % have bcen obtained with Ru complexes
such as the black dyetrl More recently, a DSSC submodule
of 17 cm2 consisting of eight parallel cells with a conversion
effrciency of more than 9'9% was fabricated by Sony.Pl 61-
ttrough there is still room for improvement of the efftciency
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of Ru-based DSSCs,tai Ru dyes are nevertheless costly, diffi-
cult to attaiD, and normally have only moderate abeorption
intensity.tsl Enormous ellicrt is also being dedicated to the

development of ueir aud eflicient dy€s that are suitable with
resp€ct to their modest cost, ease of synthesis and modifica-
tion, large molar extinction coefftcient, and long-term sta-

bility. Organic dyes meet all these criteria. Thus, there have

been remarkablc dwelopments in organic dye'basd DSSCh
in recent years,t6l and efliciencies exceeding 107o havc been
achieved by using dyes that have broad, red-shifted, and
intense spectral absorption in the visible light region.t?l Al-
though remarkable progress has been made in the dwelop
mcnt of organic dyes as sensitizers for DSSCh, their chemi-
cal structures still require optimization for further inprove-
ment in performance. Most of fie dweloped organic dyes

are composed ofdonor, n-conjugation, a:rd acceptor moie-
tieg thereby forming a D-n-A structure, and broad ranges
of conversion effrciencies have been achiwed.tHl Most of
the highly effrcient DSSCh based on organic dyes have long
r<onjugated spaceN between the donor and aceptor, re-

sulting in broad and intense absorption spectra, aromatic
amincs as donor moietieg a stmng electron-withdrawing
group (cyanoacrylic acid) as accePtot and anchoring moie-
ties However, the introductiotr of long n-conjugated seg-

ments results in rod-like molecules, which can lead to re-
combination of the electrons to tie triiodide and magnify

$.wlLEYft2508 oNlnt r*rm O 2013 Wiley-VCH Verlag GmbH & Co. KC&A" Wcioheiu Eur J Org Chn 201f,26CF-2620
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dcT1-*ritized solar cell produces higher d*ice perfomre with .n overall cowe*ion efnciency of
5.69x [a 5hort ciroit curent Us)' I 1.31 mA cm 2, an open<imit voltage (y6) - 0 7r v' and a field fac-

tor (ff) - O.Ztl reaching >96t of the refereme N7lg-based d(ice (werell comesion efnciency- 5.92X).
6 2013 Elsevier Ltd. Alt rights reseNed.

AfrxL hbtory:
n(eiEd 12 M.rch 2013
Rdi*d l4Junc 2013
A((epted 2A JUE 201 3
Available mline 4 July 2013

\7

I

Kcwotds:
Organic dyc
D-D-T.A
Carbuol€
OligotNophcE
DlGcEitiz(d slar ceu

FrLSIVIt"-R

Dye-sensitized solar cells (DSSG) have attracted considerable
and sustained attention due to the potential of lowrost coilrcrsion
ofthe photoenergy that they offer.r To date, a DsSc with a validated
efficienqr of >ltihas ben obtained with Ru comPlexdyes.2 More
recently, a DSSC submodule of 17 cmz made up ofeight parallel cells
po.r*iing 

" 
.onr"rsion efffrciency of >9.92 wil fabricated by Sony l

Though t}ere is still room for imprcvement of the efficiency of Ru-

bued DSCs, Ru dys are neverthelas cstly' are diffrcult to prepare
and normally have moderate absorption intemity.2r Significant ef-
fort is also being dedicated to develop new and efficient dyes which
are suitable for their modest cosL ease ofsynthesis and modificatiorl
large molar extinction coefficient, and long-term stability.5 Ru-free
dyes or organic dyes meet all these criteria- Althmgh remarkable
progr€ss has been made in the 6eld of organic dyes as s€-nsitizers
ior 6ssG," efficiencies exceeding 1lN have been achiwed/ optimi-
zation together with simptification of their chemical structures for
further improvement in their Performance is still necessaty- To this
end, we have prepared a new, simple donor-fi-reptor (D-tr-A)
type organic dye, namety (E)-5"{N-dodecyl-3{3'6-di-rm-buty-
larbzol-N-yl tarb aol6 -yI)-? 2' : 5' 2" -terthiopheF5-cyanoacrylic
acid (CCIA), bearing an N{odecyl-3{3,6-di-ter-butykarbazol-N-
yl).arbazol-6-yl d a donor moiety for DSSCS (Fi& 1) ln our design,

3,6-di-tefi-butylcarbazole is employed as an additional donor to N-
dodecylcarbarcle, thereby forming a donor-donor moiety (D-D). Re-

cently, many grcups have r€ported that DSSCs using carbazole-based
dyes have shmn a conversion emciency (4) uP to 9.1X, indimting
the importance oftheir furth€r investigations in DSSCs.E

In addition, carbazole derivatives have stimulated interest in
their excellent hole-tratrPort ability and have become classic
hole-transporting materials.e Moreover, the bulky, nonplanar
structure of the desiSned rmiety may Prove to be valid in solving

* Corcpondhg euthor.-IeL: *GS 44 224 277: f8. +6 44 221 64E,
E-@n odd6r pvinichosul.cth (V. kom.rakl

OfiHO39/5 - *e front m.fter @ 20lJ Esicr Ud- All righb lgcd
hftp: //dxrtoi.org/l 0.1 0 t 6/j.tetlet201 3.06. I 43

FituE 1. Ch.mi, rtutu6 of th€ target dyes.
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A sedes of new D-D-t-A-type organic dyes - CCTIA (n =
1-3), CCTSN and CCTZPA. beaing the 3-(3',6'-di{ert-butyl-
carbazol-M -Yl)-N-dodecylcarbazol-6-yl system as an elec-
trcn donor moiety (f!D) - were synthesized by coDvenieDt
methods and successfully utilized as dye sensitizers for dye-
sensitized solar ceus (DsSCs). Tbe central r-conjugated bnd-
ges were made of oligothiophene arld oligothiopbene-phen-
ylene unils, whereas the acceptor groups were either cyano-
acrylic acid or cyanoacrylamide. Detailed investigation into
the relationship b€tlveeu the structures, spech.rl and electro-
ctremical prope(ies. atrd perlormatrces oI the DSSCS is de-
scribed. The DSSC devics pertormed remarkably wetl. with
typical overall conversion efficiencies of 3.60-5.69 %. and op-

timal i-Dcident photon-to-curent coDversion efficiencies
(lPCEs) exceecting 80%. The devices containing oligothio-
phene bndging groups performed better than those with
oligothiopheDe-phenYtene bndgmg groups. Of solar cells
based on these dyes, the CCT3A-based one gave a maximum
IPCE value of 84o/o, a short-circuit photocurrent deDsity (Js.)
of 11.31 mAtm-2, an open-ctcuit voltage (Voc) of 0.71V and
a fill laclor (FF) of 0.71, corresponding to an overall conver-
sion efficiency (7) of 5.69% ()960lo of that ot t]Ie refereDce
}w lg-based ell, 4 = 5.92o11. This work suggests that the or'
ganic dyes based on dotror moieties or doDor moleculiil
architectures of this type are promlsing candidates tor im-
provement of the performances of DSSCS.

7i

Introduction

Dye-sensitizod solar cells @SSCs) have attracted con-
siderablg sustained attention because they offer the pos-
sibility of low-cost conversion of photoenergy.trl To datg
DSSG with validated effrciency records of >ll7o have
been obtained with Ru compler dyesl4 More recentlS a
17 cm2 DSSC zubmodule consisting of eight parallel cells
and displaying a comrersion effrcienry of >9.9o/o was fabri-
cated by Sony.trl 416or* there is still room for elliciency
improvement in Ru-baset DSSG, Ru dyes are costly, diIli-
cult to produce and normally display only moderate ab-
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sorption intensity.leal Enormous eftort is also being dedt-
cated to the development of new and effrcient dyes featuring
modest cost, ease of synthesis and modification, large mo-
lar extinction coe{hcients, and long-term stability.ta

Ru-free organic dyes meet all of these criteria. Although
remarkable progress has been made in the use of organic
dyes as sensitizers for DSSCs, with efficiencies exceeding
l1% having been achieved,t6l the optimization and simplifi-
cation of their chemical structures for furlher improvements
in performance is still needed. In terms of electronic struc-
turg the LUMO energy tevel of a dye has to be higher than
the energy of the conductive band (CB) of a TiO2 electrode
for effrcient electron injection, whereas the LUMO energy
lwel of the dye has to b€ lower than the iodide/triiodide (I1
IrJ redox potential for oxidation and regeneration of dye,

respectively. Additionally, a high absorption coeffrcient over
a *ide range ofvisible light wavelength is required for light-
harvesting efliciency.

In terms of molecular structur€, avoidance of unfavour-
able aggregation of dyes is also necessary to achieve high
effrciency. n-n Aggregation can lead not only to self-
quenching and reduction of electron injection into TiO2,
but also to instability of the organic dye, due to the forma-
tion of excited triplet states and unstable radicals under
light furadiatiotr conditionsl4 Stability of the dye rn its ex-
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