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Abstract

Dye sensitized solar cells (DSSCs) is a new technology which considered to
be the third generation of the photovoltaic technology. DSSCs have multiple
advantages such as simple fabrication, 4oost and environment friendly. Even
though the multiple advantages of the DSSCs, the efficiency of the DSSCs sitill
l i mited due to the <compl exi ttechnotogy ist h e
considered to bea preferdle research field in which many studies are being

conducted to increase the efficiency of the device.

The objectives of this thesis are to prepare dye sensitized solar cells (DSSCs)
using titanium dioxide (Tig) as a semiconducting layer based on eosdye with
adding some modificatiento the structure of the device. These modifications
includechanging the dyeing duration of Ti®Ims, preparinga derivative of eosin Y
solution acting as a new photosensitizer, changing the pH of the dye solution and

adding ZnO blocking layers.

The results showed that dyeing the 7H#ms for 3 hours can lead t@better
performance of the assembled DSSC. In addition, a derivativeosih Y was
prepared by addinghenylhydrazine hydrochloride solution to the eosisoYution
in a molar ration 1:1 which contributed in enhancing the efficiency of the assembled
DSSC

The treatment of the dye solutions with phosphoric acid resulted in better
performance in comparison with hydrochlogiidand nitric acid treatment.

The mechanism used in suppressing the recombination of injected electrons
with both the redox electrolyte and the oxidized dye is adding ZnO blocking-upper
layers which act as a barrier. By adding the ZnO upper layers, the performance of the
DSSCwas improved
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Chapter 1

| ntroducti on

In this chapter, an introductioto solar cells is presented beginning with a
description of the energy resources and solar radiatiomeasrmaresource of energy.
The next part describes tloperating principles of the standard solar cells. A short
discussion about the curresdlar cell technologies is given and as a related issue, the
advantages and the drawbacks of solar cells are peelsem this chapter. This

chapter also gives a general idea aboutteetricity crisis in Gaza Strip.
1.1 Energy resources

Energy on our planet can be divided into two main categories: renewable and
nonrenewable energy. Fossil fuels suh petroleumcecal and naturagas are the
main nonrenewable energy resourc@Shen,2011). For a long timethe use of
these resources has caused many problems such as air pollution, water pollution and
climate chang (Jacobson & Delucchi, 201FHor an optimalndustial development,
only renewable energy cape considered a good option as a cheap and a clean
energy source (Chen, 2011). Water, wind, wave, tide, geothermal and solar energy
are the most familiar types of the renewable enddgect solarenergy is thenain
source oftherenewable energy andnyother renewable energy sourcea n 6t e x i st
without it (Jager et al., 2014J.oday, the renewable energy contributes h®b
to the total energy production in the workt{b, 20195.

1.2 Solar energy and solaradiation spectrum

Sol ar energy is awathebé¢ar tah tavheh dromsldcag $
promising renewabl e emnermegedsaurTlees darmrrt ht
1 x4°0TWper rydaamdi aboufTW306 xh0s power i
HosenuzzamanTlke taheor t0ildgl. tsaunt @ elktlt a ehn
body s peacttreunmp e raattku, r eb uatf 5d8u0e0 ta@trhl éh es @lraers e |
radi ati ocnont itneunouuastleyd abty t heéi ffabeaot ptgiaosne s
at moesrpeh su®Oh B dz;(HRuz mych, 2014). As a res



sun Sspectrum can vary from this theoreti«
radiation i s passing throudh. Plhaerheftdmre,u gt
at mosepbBea very iIimportant palramespect munde
par amet erharacterized by the optical air m
pat h | engtwheonf stuhnel isgutt oi st haetn gadart hadglsainl i
when tihse atunt he zenith iItself (Zeman, 2003

Zenith

Atmosphere
Earth
Sunrise
Sunset
Figure (1.1): Diagram for air mass
6w i AT-O 1)1

whedies the angle of theéremntpostequoatoomhte
spectra can be measur ed. For,tdeamplte ,c awh e
masuals one anids tdes csrpielcad ubmy air mass one
is at 60 theomptheakeni t hmass ieq udaelssc rtivwoe d:
by air mass two (AM2). For solar radiatio
1.5 kRaschesen ast andradd bwhitc4o8n.cdDsr espomds
sunods posihei aeni th awdh{iZze maal, at2dd 3t)o 1000
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Figure (1.2): Spectral power density of sunlight faffdrent solar spectra.

1.3 Operating principles of the standardsolar cells
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The operatritomgofsumdnwert i nto electrical

divided into three main steps:

1 Light absorption.

2. Charge separation.

3. Charge coll ection.

The detailed processes that occur in each

sol ar aclemhe,s 2(0H) 2) . General l vy, t heeldlesi gn
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1.4 Current solar cell technologies

1.4.1 Crystalline and multi-crystalline silicon solar cells
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1.4.4 Dye-sensitized solarcells
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The previous solar cell technololgies are presented in figure (1.5).

Single _crysul Si
AN Polycrystalline Si
S3%

amorphous Si
4%

Special
Polycrystalline Si
3%

Figure (1.5): Productionof PV technologies in 2015 (Hosenuzzaman et al., 2015

1.5 Advantages and drawbacks of solar cells

Sol ar cell s can be considered an enviro

nor emissions produced from them. rMoreove:
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Chapter 2

Dye Sensitized Solar Cells

In this chapter, an overview of dye sensitized solar cells (DSSCs) is presented.
The components of DSSC with a full description of related conditioneach
component are also provided in section 2.2. The operational principles of DSSCs are
presented in section 2.3. After that, the main parameters of DSSCs are discussed and

the equivalent circuit of the DSSC is analyzed.
2.1 Introduction

Dye sensitizeddar cell (DSSC) is a new technologgvelp e d by OO0Rega
and Gratzel, in which they usedratheniumbaseddye with an active layer made
from titania (TIQ) ( O6 Regan & Gr2tzel, 1991). 't s
a promising route toward simpfabrication, lowcost, environment friendly power
generation, as a clean photoelectric conversion system and potential alternative to the
traditional photovoltaic devices (Hagfeldt & Graetzel, 199h). its simplest
structure,as shown in figurg2.1), a DSSCconsists of the following components:
transparent conductingxide (TCO)substrate which acts as the anode, a hano
crystalline TiQ semiconductoffilm, an organic dye acts as a photo sensitizer, an
electrolyte solution containing iodide' Y1 tri-iodide (1 *) redox couple and a
platinized counter electrode acts as the cathode (Ramasamy et 3)., 201
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TiO> Adsorped Dye
Liquid Electrolyte

Figure (2.1): Basic structure of DSSC.

2.2 Basic components of DSSC

2.2.1 Transparent conducting substrates

The structure of the DSSC includes two transparent glass substrates treated
with a transparent conductive oxide layer which is usually abbreviated as TCO layer.
Indium-doped tin oxide (In:Sng ITO) and fluorine dopetin oxide (F:SnQ@, FTO)
are the most common conducting oxides used in DSSCs. The front TCO layer is the
anode of the cell and the back TCO layer is the cathode. Both TCO layers function
as a current collector in the DSSC (Gatal., 2012).

Two important features have to be cdesed in TCO substrates: the high
transparency of the TCO front layer allowing the sunlight to pass through the DSSC
without absorption and the high phetflection of the back TCO layer in order to
reflect back the transmitted light into the dye. Tleeamd feature of the TCO
substrates is the low electrical resistivity that allows the electrons to pass through the
substrates with a minimal loss apart from high temperatures (Gong et al., 2012). For
example: indium tin oxide (ITO) is over than 80% sparent and the sheet
resistance is about 15Y/ 1 i80% traesmiftanceor i n e

and the sheet resistance &f FTO is | ess

13
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The effect of high temperature on the sheet resistance of ITO and FTO appears
clearly in the sintering stagesince fabrication process BISSCs requires sintering
TiO, paste on TCO substrates at ph t e mp e-b 8 0 )y r impCoe e 0
el ectronic contact (O6Regan & Gratzel,
exposed to high tempsture and the sheet resistance increases drastically which
affects the cell efficiency, whereas the sheet resistance of FTO films remains
unchanged after the thermal treatment. This means that FTO is more preferred than
ITO in DSSCs due to the thermallsitay of FTO (Sim et al., 2010).

2.2.2 TiO;,semiconductor as a photeelectrode

An n-type semiconductor in the form of wide band gap metal oxides such as
TiO,, ZnO and Sn@areused as a deposited layer on a transparent conducting oxide
(TCO) substrate in theDSSC (Kuzmych, 2014). The wide band gap the
semiconductorsas shown in figure (2.2), prevents any generating of charge in the
metal oxide itself when it is exposed to visible light, emguthe main task of the
wide band gap semiconductomshich isthe carrier transport in the DSSC (Gong et
al., 2012).

The most efficient metal oxide used in the DSSCs is the titanium dioxide
(TiOy) in its porous nanarystalline form which was firstly employed by Gratzel and
his coworkers. This structure of Tiincreases the internal surface area of the
electrode allowing a large amount of dye to be adsorbed on the electrode (Zeman,
2 0 D Bypical TiG films used in the DSS€havea thickness of around 10 um and
the size of its nanparticles is in the range of (43D) nm in diameter (Kuzmych,
2014).

TiO, has three natural forms: rutile, anatase and brookite. most stable
formisrutiie,s i nc e i t dtebe tempemtunddeperdenbut for the DSSCs
performance, the anatase form is more active tharerb&tause the band gap of
anatase is about 3.2 eV which is | arger
al., 2010).
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Nowadays, the most common TiQroduct is DeGussa P25 which has 80%
anatase and 20 rutile in which the diametesf the particle i25 nm (Gong et al.,
2012). TiQ has manyadvantages such as its high photosensitivity, structural
stability under solar irradiation, low cost and its fioricity. All these features

makes TiQ a preferable material used in DSSCs.

Energy (V versus NHE)

N
L. 3.5 SrTi05

p=] T 1.4eV

= ZnO TiO; Cds <
F —0.533ev 32ev 2.4eV S
T T - 7

Figure (2.2): Band positions of several semiconductors
2.2.3 Dye as a photosensitizer
In DSSC, the surface of the porous Ti€ectrode is usually coated with an
organic dye molecules that absorb the incident light. The dye injeetexcited
electrors into the widdband gap Ti@Qand become regenerated by the electrolyte.
2.2.3.1 Main structure of organic dyes

As illustrated in figure (2.3), an organic dye consists of a hydrophobic electron
donor , connected vi a IiC elettron atagmor, wheietthe t o a
electron acceptor of the dye acts as the anchoring site on thepfd@o anode
(Obotowo et al., 2016).
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Adsorption of the dye molecules to TiGurface takes place via the anchoring
groups located at the end of the dye rooles, where a chemical bond is formed
between the anchoring group and the J$0rface by donating a proton to the 7iO
lattic (Halme, 2002). The most common anchoring groups attached to the dye
molecules are the carboxylic group (COOH) and phosphoaoiggitPGs).

Moreover, the position of the energy levels in the dye is a main point in its
structure, the two energy states that have a great importance are: the ground state
which is referred to the highest occupied molecular orbital (HOMO) and theexcit
state or the lowest unoccupied molecular orbital (LUMO). Between these twqgenerg
states, there is a small gepables a large harvesting of low energy photons that
gives a high photocurrent of the cell (karlsson, 2011).

Solar Radiation

h‘»',/

D e TObridge e A Tio,
e e e-'

Figure (2.3): Donor" b r- acdepgta organic dye and their electrons transfer
under illumination.

2.2.3.2 Main conditions to be considered in choosing the photsensitizer
In order to get high sensitization of the dye, themesome condions have to

be fulfilled in the chosen dye, which are as follow:

1- The dye should have a broad absorption spectrum covering the whole visible
region and some of the near irfied region (Karlsson, 2011)
2- The highest occupied molecular orbital (HOMO) sllolé localized around

the donor group in the dye itself and should lie below the energy level of the
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electrolyte since the oxidized dye have to be regenerated by the electrolyte
(Obotowo et al., 2016).

The lowest unoccupied nmegular orbital (LUMO) shouléelocalized around

the anchoring group in the dye itself and should lie above the conduction
band of the TiQto facilitate a quick electron injection into Ti@ttice.

A high extinction coefficient of the dye that enables the use of thinner TiO
films with a high degree of light absorbtion (Karlsson, 2011).

The donor part of the organic dye have to be hydrophobic, to prevent any
contact between the electrolyte and the anode and to prevent any possible
desorption of the dye in water or in the electrolsgdox (Obotowo et al.,
2016).Thedyehasnot to be aggregated on the Ti€urface in order to avoid
nonradiative decay of the excited state to the ground state.

The dye should have high solubility in the solvent which can be water or
alcohol to ensure eomplete adsorption of the dye on Fi€urface.

Low toxicity of the dye and possibility to be recycled.

The dye should have thermahd chemical stability when the deviseunder

illumination.

2.2.3.3 Commondyes as sensitizers

The most efficient DSSCs are basad ruthenium bipyridyl organometallic
complexes such as the N3 dye, N719 dye and the black dye. Generally, ruthenium
dyes have absorbance range from visible to-imdeared wavelengths. Figur@.4)

shows the molecular structures of these three dyes i(iR2989).

CO0H

KOOD. ) TBAOOC. | A cooTes

[ 4
/000K & |

Badde 3 TRA: tetradatplasnacelen atho

Figure (2.4): The molecular structures of N3 dye, N719 dye and black dye.

17



2.2.4 Electrolyte

The electrolyte used in the DSSCs consists of iodipertd triiodide () as a
redox couple dissolved in aolvent such as acetonitrile CA). Electrolyte is

responsible for regenerating the oxidized dye.

Some conditions in the used electrolyte have to be taken into account, which

are as follow:

1- Ability of the electrolyte solvent to dissolve ingredients to ensure high

concentration of chargaarriers (V 13) in the electrolyte (Toivola, 2010).

2- Low volatility of the solvent especially when the device is exposed to solar
radiation (Toivola, 2010).

3- High viscosity of the solvent to facilitate the diffusion of charges between the
two electrodegToivola, 2010).

4- Absence of absorbance in the visible region to prevent any absorption of
incident light by the electrolyte (Halme, 2002).

5- High stability of the reduced part4land oxidized part {I of the redox
couple to ensure a long operating (iféalme, 2002).

6- High diffusion coefficient of the solvent to enable efficient mass transport
(Halme, 2002)

7- The solvent should be not toxic and a low cost material.
2.2.5 Counter-electrode

The last component ofthe DSSC is the counter electrode, which is
respondble for regenerating the redawuple (I/ I3) by reducing thetri-iodide to
iodide.

Counter electrode is prepared by depositing a thin layer of platinum onto a
transparent conducting oxide (TCO) substrate, where the most used TCOs are
Indium-doped th oxide (In:Sn@, ITO) and fluorine dopetin oxide (F:Sn®@, FTO)
(Hagfeldt et al., 2010). As mentioned before, FTO is more preferred than ITO in
DSSG due to its thermal stability.
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Platinum layer is added to catalyze the reaction on the counter electrode.
Without a platinum layer, the counter electrode has a charge transfer resistance of
about 16 Y / ,Twhile with the platinum, the resistance is abou¥/L 1 . th8 o,
performance of counter electrode is improved by adding the platinum layer (Hagfeldt
et al.,2010; Tolvanen, 2003). Since the Pt layer is almost transparent, the platinized
counter electrode can serve as a mirror reflecting back the transmitted light through
the cell. In addition, platinunihas a high catalytic activity and a high chemical
stability in the electrolyte (Toivola, 2010).

Ot her materials were used as catalysts

ma ti el conducting pol ymer s Rod oy 3-, 4 s p o
et hyl enedi dxXPyEtDhOTo p haemde )t he car bon dnateri al
carbon black. The problem of using these 1
be introduced to reach the required cat a
the cell perfor mance. Thus, platinum is t
(Toivola, 2010; Hagfeldt et al ., 2010).

2.3 Principles of operation in DSSCs

In DSSC, the mechanism obnverting light into electrical current is achieved
through four main processessshown in figure (2.5), which are as follow:

1
2
3

4- Dye regeneration.

Light absorption and dyexcitation.

Charge separation and electron injection.

Charge collection.
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Figure (2.5): Operations in DSSC.

2.3.1 Light absorption and dye excitation

When theDSSC is under illumination, énlight passes through the FTO
substrate and reaches the dye molecules which are adsorlibd Bi®, surface.
There, the light is absorbed by dye molecules when that light matches the energy
difference between the highest occupimolecular orbital (HOMO)and lowest
unoccupied moleculaworbital (LUMO) of the dye molecules. Then, the dye
molecules will be excited and one electron will be transferred from HOMO to
LUMO in each molecule as shown in equation (2.1). The lifetime of the excited state
(S) is in the order of nanoseconds. For many organic dyes, the absorption onset is
in the range of 720 nm which corresponds to a photagnefgyl.72 eV (Khan,

2013).

Y GO Y (2.1)
2.3.2 Charge separation and electron injection

The first factor which is responsible for the charge separation is the position of

energy levels irthe TiO,, the dye and the redox couplelhe LUMO level of the
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excited dye $) must beabove the conduction band edge of the ;Ji@nd the
HOMO level have to be below the chemical potential of the redox couple, this
difference of energy levels positiomssults in a driving force for electron and hole

separation (Halme, 2002).

The second f&or is the binding between tlvarboxylic group (COOH) of the
dye andthe TiO,, where the carboxylic group donates the sJléproton making the
dye negatively charged is alsesponsible for the charge separat{@ahen et al.,
2000). Presence of drivirfgrce will cause the excited dy8* to inject an electron
into the conduction band of TQequation 2.2), electron injection is a very fast

process which occurs in a range of tens of femtoseconds (Cahen et al., 2001)
YO Y Q (2.2)
2.3.3 Charge transport and electron collection

In DSSC, charge transport includes electron transport through thepoemes
TiO, electode and hole transport rdugh the electrolyte, the twdransport

mechanisms occur in opposite directions as shown in figure (2.6).
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Figure (2.6): Electron andvholetransport in DSSC, both mechanisatgur in
opposite directions.

2.3.3.1 Electron transport and collection

The naneporous TiQ consists of spherical particles with a diameter of about
25 nm. The small size of the particles prevents the formation of a space charge layer
as in the pn junction andso no electric field can exist inside the particles. Therefore,
the electrons transport throutgleTiO,l at t i ce ¢ an Gheexistenceaot t r i but
an electric field through the lattice (Halme, 2002; Khan, 2013).

The mechanism that is responsibde €lectron transport is diffusion through
the network of individual spherical particles in the Ti@xtice, wherethe electrons
jump from one particle to the next in a consequent known as trapping and de
trapping process (Hagfeldt & Gratz&000).Diffusion of electrons is characterized
by the diffusion length which is the average distance an electron isdregpefore
being recombineddiffusion length can be calculated from the diffusion coefficient
(D) and the r ecombie(Bredin@e07)t i me coef ficient

0 Oz (2.3)
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After that, these energetic electrons are collected at the front FTO substrate and
then through the external load to perform work. Finally, electrons are collected at the

counter electrode.

2.3.3.2 Hole transport

The redox couple in the electrolyte actsadsoleconducting medium, electron
injection from the excited dye intbe TiO, usually leaves the dye in an oxidized form
(S"), that oxidized dye seems to have a hole and that hole will be later filled by an
electron from the iodide lin the electrolte, leaving another hole in the electrolyte.
This mechanism in filling holes by electrons each time makes the holes to look like

moving particles (Fredin, 2007).
2.3.4 Dye regeneration

To ensure a continuous operating device, the oxidized 8)eh@ve to be
redu c e d a rcah beachieveddgthe redox couple in the electrolyte. The oxidized
dye is regenerated tils original form by oxidizing iodide {) into triiodide (k),
(equation 2.4). Whe the reduction of triiodide intodide takes place at the ptazed
counter electrode using the collected electrons from the externa{dgadtion 2.5).

¢Y cOOoc¢Y O (2.4)
"0 ¢Q © g0 (2.5)
2.4 Losses in DSSCs

The efficiency of DSSCss affected by losses resulting from many losses

mechanisms, such as:

l. Loss due to the relaxation of the erditdye before injecting electrons in BiO
(Zeman2 0 D 3
Il. Loss due tahenonabsorption of long wavelengths.
Ill. Loss due to the reflection of incident light.

IV. Loss due to recombination of injected electrons with the oxidized dye.
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V. Loss due to recombination ohjected electrons with tiodide in the
electrolyte (Zemar?2 0 3
Sincethe efficiency of DSSCs is affected greatly by the last two mechanisms, they

are introduced as follow
2.4.1 Recombination between the injected electrons and the oxidized dye

The recombinabn process betwedheinjected electrons aritie oxidized dye
must be slower than the process of electron injectionth@d@iO, and also slower
than theprocess of dye regeneration. It was reported tbadmbination between
injected electrons and oxmkd dye occurs in a range of microseconds to
milliseconds, whileelectron injection occurs in a range of tens of femtoseconds and
the dye regeneratiors in a range of nanoseconds, which means that electron
recombination is much slower compared to bibtelectron injection andhe dye
regeneration. In other words, the more slower electron recombination, the more
efficient the cell Tachibana et al., 1996; Kuciauskas et al., 2001

2.4.2 Recombination between injected electrons and tiodide ions (dark

current)

Recombination of injected electrons with-ipdide ions () on the TiO,
surface is a main loss process in DSSCs which corresponds to dark current. As

shown in the following reaction:
O ¢Q Y © ¢0O (2.6)

Because of the thileg®2 ,suddralk ec amrreantofusual
at thHelRicQrolyte Iinteurdfranert, Toasypprecsdud:r
considered Bluahkiarsg aldaly ergs of &t her semico
(Nazeeruddin et »@l., 1993; Huang, 1997
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2.5 Main parameters in DSSCs

2.5.1 Short-circuit current (I sc)

| t tilecurrent obtained from the solar cell when the electrodes of the solar cel
are short circuited,e. whenthe load resistance is zero (Khan, 2013). The valug of |
can vary according to many factors such as light intensity, amount of light absorbed
by the dye, rate of electron injection and regeneration of the oxidized dye (Karlsson,
2011).

To adjust thdight intensity in the short circuit current measurements, the AM
1.5 spectrum has been chosen ascadibration st andar d i n al |
measurements. That spectrisirelated to 1000 W/f{Zeman,2 0 } Bhe value of
Isc depends on the area of theasatell and to remove that dependence, stioctit

current density gJ is usually used instead Q|
0 — — (2.7)
where A is the area of the solar cell.

2.5.2 Open-circuit voltage (Voc)

It6 ghe potential difference between the electrodes of the DSSC under
illumination, with no current is flowing through the external circuibc\Man be
obtaired practically when anxéernal load of infinite resistance is attached to the
solar cell 6s terminal s. In other words,
deliver. As a related phonemona, the phattiage of DSSC equals the difference
between quasFermi level of TiQ (E ) and theelectrochemical potentidE edoy)
of electrolyte, which is given by

) A (2.8)

Increasing the pito-voltage (Mnot9 Will increase thequasiFermi level of

TiO, (E &) of the cell until he value ofthe quasiFermi level of TiQ (E k) equals
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the value oftonduction band edge of the Bi(Ecg), E = Ece. In that case: Mot
Voc and equation (8) becomes

w @ — (29)

where Eg is the conduction band of T¥&nd EeqoxiS the electrochemical potential
of the redox couple. Thoeetically, Voc is calculated from guation (2.9) which
representshe potential difference between the conduction band edge of theidO
the redox potential of thé&l” pair in the electrolyte (Kuzmych, 2014; Halme, 2002).

2.5.3 Maximum voltage (Vmax)

Maximum voltage corresponds to an optimum point at which the output power

of the solar cell is maximum (R)).

2.5.4 Maximum current density (Jmax)

ltés equivalent to maximum current obi
power (R divided by solar cell area.
2.5.5 Fill factor (FF)

Ités defined as the ratio between the maximum output power to the product of
Voc and Jsc. H factor expresses how ideal the solar cell is.
00 (2.10)
256 Powerconversion efficiency (n)

In order todescribe the efficiency of a solar cell, the phenomena power
conversion efficiency (d) i s wdaepbwer whi c h

into electrical power under illumination, and can be defined as :

S (2.1)
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where R, is the power ofncident radiation which has been adjusted to be 1006W/m
at the standard solar spectrum AM 1.5,,Ps the maximum electrical power

extracted from the solar cell (Zeman, 2003).
2.5.7 Incident photon to current efficiency (IPCE)

It is defined as the ratio of the numberiméident photons to the number of
charge carriers generated.
00 6 O0—m— — - PCTF (2.12)

where J is the short circuit current density (mA/€m, & avelengthi{nen), Ris

the incident power (mW/cth(Khan, 2013)IPCE can also be expressed as:
‘00 6 @ O 8 8- (2.13)

where LHE is the Ig h t har vest inigtheequantunc yieddnot gharge A
i njecltii ®nt he ddye r ege negischarge colectieeffiCienayi ency a
(Karlsson, 2011)IPCE is often referred to as photocurrent action spectrum or external

quantum effieency.
2.6 Standard measurements

In order to faciliatethe comparison between different results obtained from
DSSCs performance, a solar spectrum of air mass 1.5 (AM 1.5) has been chosen as a
calibration standard isolar cellsresearches, which correspondsiricident power
density of 1000 W/m(100 mW/cni) at a temperature of 25°C. Figure (2.7) shows

the LV characteristic of such a solar cell in the dark and under illumination.
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Figure (2.7): I-V characteristic curve in dark and under illumination.

2.7 Equivalent circuit of DSSC

Inordert o understand the i mportance of sol g
the efficiency of the DSSC, a diagram of a simelectric circuit is proposed to

mimic processes in DSS&lled theequivalent circuit.
2.7.1 Equivalent circuit components

In equivalent circuit, the solar cell is proposed to behave as an ideal diode
connected irparallel to current source ()linduced bylight, shunt resistance s},
also known as parallel resistance, which expresses the leakage of current through the
solar cell, series resistanceg) iwhich expresses the resistance of solar cell materials
such as Ti@ electrolyte and metal contact to cunrow. As shown in figure (2.8),
Ip is a current flowing through a diodegy, s shunt current, 1 is the output current, R
is the load resistance,is the series resistance anglis the shunt resistance (Nelson,
2003).
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Figure (2.8): Equivalent circuit of DSSC.

2.7.2 Equivalent Circuit Analysis

According to kirchhof f 6s ebuavalent circtithe out

can be written as:
O O 0O © (2.14)

The current passing through a diodg) (tan be calculated from Shockley diode

equation (Shockley, 1976) which is:
0 OA@B— op (2.15)

where p is the diode saturation current, n is the diode ideality fastoich is a
measure of how closely the diode follows the ideal diode equatjois the
elementary chae, ks is Boltzmann constant, T is absolute temperatuyés Voltage
across both diode and shunt resistor. While the current passing through the shunt

resistor is given by Ohmoés | aw:

0 — — (2.16)

29



where V is avoltage across the output terminals. By substituting equations (2.15)
and (2.16) ito equation (2.14) we get:

0 0 OAgB—— p — (2.17)

which is known as the single diode model.

Il tds obvi ous t h &Jaffdctmegatisety the @tput cueentiols t an c e
the DSSC. So, for more efficient DSSghas to be as small as possible. While the
shunt resistance ( affect positively the value of output current, for an efficient
DSSC the value ofgrhas to be as higas possible (Kuzmych, 2014). Generally, the
fill factor is influenced by the series resistangeand the shunt resistance,,rof the
DSSC.

2.8 Operational differences between DSSCs and thempjunction solar

cells

1- Light absorption and charge transpoBoth functions occur in the same
material in the g junction solar cell, while these functions are seperated in
DSSC. The ligh absorption is performed by the dye molecules and the charge
transport by the Ti@molecules and electrolyte.

2- Charge separationin a pn junction solar cell, the charge separation is
i nduced by the electric field across t
diffusion and other kinetics as mentioned in section (2.3.3.1).

3- Medium of transporting charge carriers: mpgunction sola cell, electrons
and holes travel in same medium. In DSSC, electrons travel in thg TiO
network and holes travel in the electrolyte, both in different directions
(Halme, 2002).

2.9 State of art

The impact success in DSSCs field is reffared  Gr 2 t zegdn ind998. OO R
They used porous Tidilms anda rutheniuriipolypyridine complex dy¢dO6 Re g a n

& Gratzel, 1991)Following this success, a conversion efficiency of 10.4% was
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achieved using the black dye as a pkseasitizer where the spectral absorption of
the complex dye was extended into the nphared region (Nazeeruddin et al.,
2001;Gratzel, 2001)

Thereafter, researches have focused on modifying the various components of
DSSC such as modifying the working electrode, counter electrode, sensitizers and
electrolyte. Several methods have been utilized in modifying the structure of working
electrode (WE). For example, S. Ito et al. have reported a conversion efficiency over
10% by modifying the working electrode with thieree following techniques, the
first technique was thpretreatment of the WE with Tiglwhich improved the
adhesion and the mechanical strength of the waysialline TiQ layer, while the
second techniques was varyitige thickness of the TiOlayers and thethird
technique was addingn antireflecting film (ARF) to the electrode's surface which
enhanced the IPCE of the DSSC device to reach up to 94% at wavelengths close to
the absorption maximum of the sensitizer (Ito et al., 2008). C. Chou et al. have
investigated the applicabilityf TiO,/Au and TiQ/Ag composite particles in forming
a film used as photelectrode in the DSSC, they found that the power conversion
efficiency (dh wooking eetirede D& Ee@vithvof TiOx/Au and
TiO2/Ag films exceeded that of the contviemal DSSC (Chou et al., 2009).

Studies of modifying the counter electrode (CE) in the DSSQO® \aso
continued, for example, K. Lee et al. have employed a layer of poly(3,4
ethylenedioxythiophene) (PEDOT) on the FTO substrate to modify the counter
electode in the platinurfree DSSCs, where the resulting PEDOT counter electrodes
showed excellent catalytic behavior in DSSC leading to good cell performance (Lee
et al., 2010).

Researches on sensitizers gains a great
the DSSCs. For exampldifferent ruth@ium basedrganic dyes such as NR;/19
and Black dye werased aphotosensitizers in DSSCs and efficiencies of more than
11% were obtainedNazeeruddin et al., 2001). Moreover, neensitizers were
designed and glied in DSSCs to promote the absorption of the visible spectrum

such as the iminocoumarin dyes i(2aand 3&ac) which were synthesized by
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introducing carboxyl and hydroxyl anchoring groups onto the dyes structure where
the results showed that theseinocaumarin dyes are suitable &ight-harvesting

sensitizers in DSSC application (Kandavelu et al., 2009).

Other studiehavereported an efficiency of about 0.12% whentised phote
sensitizer was theosin Y, where the short circuit current density wass0r@A/cnf
and the open circuit voltage was31V (Das et al., 2@).

For the electrolyte modification, a recent -dased dye and Cloased
electrolyte pair have been developed and their efficiency has exceeded 12% (Yella et
al., 2011).

Nowadays, effortsare being continuaedn the research and development of
low-cost dyesensitized solar cells (DSSCs), where fibeord conversiorfficiency
for the DSSCs currently stands at the rangel32 (Mathew, 2014).
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Chapter 3

Materials and Experimental

In this chapter, a brief description of main instruments used in characterizing
DSSC is presented such as W& spectroscopy which examines the optical
properties of the dye and thé/ measurement system thaeasures theurrent
voltage characteristics of the DSS@nd the cell efficiency. Materials and

techniques used in the DS§@reparation are also discussed.

3.1 Experimental techniques

A description of techniques and instruments used in the work are mesent

this section
3.1.1 UV-VIS Spectroscopy

Ultraviolet and visible (UWVis) absorption spectroscopy can be used to
measure the absorbance of ultraviolet or visible radiation of a sample. Absorbance
can be measured at a single wavelength or over a range elengths in the
spectrum. The UV region ranges from 190 to 400 nm and the visible region from 400
to 800 nm. Usually, the sample used to measure its absorbance is in liquid state,
since only small numbers of absorbing molecules are required. The sample is
dissolved in a solutionrRouessac& Rouessac, 2018 the spectrophotometer, two
flat transparent containers exist, called cuvettes. The sample is held in one cuvette,
known as the sample cuvette, and the reference cuvette which contains the solvent in
which the sample is dissolved, the reference cuvette known as the blank. The light
source in the spectrometer is a combination of a hydrogen or deuterium discharge
lamp which covers the ultraviolet range and a tungsten filament which covers the
visible range In this way, the light source can cover the range of visible and near

ultraviolet radiation (200 N800 nm).
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Figure (3.1): Schematic representation of bNsible spectrophotometer

A schematic representation @V -visible spectrophotometer is shown in figure
(3.1). The technique of measuring absorbance of a sample is as follow: Adayht
from the light source passes through a diffraction grating which separates the
radiation according to its wavelengths, followed by a narrow slit that acts as a
monochromator that narrows the waveband of taemliaEach single wavelength in
the radidion is splitinto two parts of thesame frequency and intensity, the first part
passes through the sample cuvette and the second part passes through the reference
cuvette. Then, the radiation passed through the sample cuvette (I) and through the
referencecuvette (§) can be detected by a photodiode, that converts photons of
radiation into tiny electrical currents. By comparing the currents generated by the
sample and the reference beams, a spectrum of the sample is produced, where the
spectrum is plotteés absorbance against wavelength)(mmthe UV and visible

regionsfigure (3.2).
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Figure (3.2): Absorption of light by dye using UW¥is spectroscopy.

Physically, the way of expressing absorbaresilts from two approaches, The

first approach is in terms of | angWhich is as follow:

Supposing that,lis the intensity of the incident radiation which equals the
radiation intensity transmitted through the reference cuvette (assuming that the
solvent has a slight absorbance of the incident radiation), and | is the intensity
of the transmitted radiation througihe sample. The ratio of transmitted
intensity (1) to the incident intensity is known as the transmittaMeydr&
Jurgen, 198p

Y — (3.1)
The absorbance (A) is defined as follows:
0 [ A% (3.2)

Substituting equation (3.1) into equation (3.2), the absorbance (A) becomes:
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5 17 e 116 (3.3)

While the second approla results froBeer 6s | aw anderethenber t 6s

absorbance of a samplepends on two assumptions:

1- The absorbance is directly proportional to the concentration (c) of the sample
mol ecul es used in the experi ment, Beer o
16 A (3.4)

2- The absorbance is directly proportional to the length of the light path (I), which
is equal to the width of the cuvette, L a
G (3.5)

Combining equations (3.4) and (3.5), we get:
16 Al (3.6)

Converting the proportionality of the last equation into an equality by including a

proportionality constant}, we get:
I NA| (3.7)

Which is the common formula of thBeerLambert Law, wherg is the molar
absorption coefficient of the material and having the unitsdroicm™, c is the
concentration of the absorbing sample in mol*émd | is the length ohe light path

or the width of the cuvettén cm.

Combining equations (3.3) and (3.7), the absorbance becomes:
! I1T6¢ 116 YAl (3.8)

where A has no units All absorption spectra of this wlorwere measured by
GENESYS 10S UWis spectrophotometer, figu8.3).
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Figure (3.3): GENESYS 10S UWis spectrophotometer

3.1.2 |-V measurement system

In order to investigate the performance of the assembled DSSC, a solar
simulation system is equipped. This system, illustrated in figure (3.4), consists of
light source of power intensity 1000W/rthat satifying the standard condition of
AML1.5, Autolab a@vice which can be connected to the electrodes of the cell under
investigation and a computer that is connected to the Autolab through special wires.
To activate that system, a speci al progr a
known as Autolab NOV/Asoftware. NOVA is the data reading and analysis software
package for all Autolab functions. The most important techniques available in
NOVA are:

1
2- Impedance spectroscopy.
3

4- Chrono methods.

Cyclic and linear sweep voltammetry.

Voltametric analysis.

In this sysem, the 1V characteristic curve of the assembled DSSC was
investigated by running the function linear sweep voltammetry potentiostatic in
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NOVA program, where the applied potential ranged fron7V to 0.7V. The main
factors such as short circuit curréhdc), open circuit voltage (), fill factor (FF),
maximum current (o), mMaximum voltage (May, mMaximum power (R.) and
efficiency (d) were calculated from the

saved in text files to be used in the study.

Figure (3.4): Autolab AUT 85276 PotentiostaGelvanostat with frequency response
analyzer FRA 32 Module.

3.2 Device fabrication (assembly)

This section presents the materials usethbricating the DSSCeavice. The

conditions of each material are also described.
3.2.1 Materials used in preparing the DSSC device

1- Transparent conducting oxide substrates in the form of fluaidped tin
oxide (FTO) with sheet resistance 15
Tech.Ltd, Hong Kong).

2- TiO, nanoparticles with a diameter of about 25 nm (US Research
Nanomaterial, Lnc, USA).

3- Eosin Y dye as a photgensitizer, purchased from Sigra&drich.
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4- Platinized counter electrode formed by adding a thin layer of platinum on
FTO substree.

5- Liquid electrolyte consisting of ACN solvent andlgl) redox couple.
3.2.2 FTO substrates preparation

The FTO glass substrates were scratched with a glass cutter into area of 2 x 2
cn?. The glass was sonicated in 10 wt.% NaOH solution for 10 minutesiresedi
thoroughly in waterfollowed by a sonication bath for 15 minutes in distilled water
and then rinsed with water and ethanol. Finally, they were dried in an oven at 60°C
for 30 minutes. The sheet resistance of the FTO conductive glass was meadured an
foundtobe 12 0 q/ T .

3.2.3 Photo-electrode preparation

TiO, paste was prepared by mixing 1gm of Ti@noepowder (25nm) with 2
gm of polyethylene glycol in agate mortar for 20 minutes to get a homogeneous
paste. Two of the side edges of the FTO substratese covered with a layer of
adhesive tape to control the thickness of the,Tils. By doctor blading method,
the paste was spread on the FTO substrates by rolling a rod coater onto the FTO
substrates along the tape spacer in order to obtain filots gfaarea 0.25cm t h e

technique is illustrated in figure (3.5).
dry before removing the tape. The prepar e
450 -C for 30 minutes, where theAfttemper at
sintering, the films were cooled graduall\
process.
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Figure (3.5): An illustration of doctor blading technique.
3.2.4 Preparing the photo-sensitizer and filmsdyeing
EosinY (C,0HgBrsOs) is an organic dye with a molecular weight of 647.89

gm/mol. It was used as a phetensitizer in the fabricated DSSC. The molecular

structure of eosilY is shown in figure (3.6).

Figure (3.6): The molecular structure of eosin Y

For dyeing process, a solution of concentration 0.32 mM was prepared by
dissolving 0.04 gm of eosi in 200 ml ethanol. The prepared Bi®i | ms wer e
heat ed for 10 mi nut eensura the évdporatidh aftyn t he f
condensed water on the films, since the condensed water may reduce the amount of

adsorbed dye onto the films. After that, these films were immersed in the dye
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solutions for different times ranged from 3 hours to 24 hoursr Afteing, the films

were rinsed with ethanol to remove excess dye and dried on the hot plate for 3
minutes. Then, the dyed TiG@iIms are ready to be used as a pheliectrode in the
DSSC assembly.

3.2.5 Preparing liquid electrolyte

Liquid electrolyte was prepad by dissolving 0.66 gm of lithium iodide (Lil)
and 0.63 gm of iodine {) in a beaker containing 2ml of acetonitrile (ACN) and 8ml
of propylene carbonate {parbonate). The solution was heated for 20 minutes on the
hot plate with stirring, and then tledectrolyte was kept in a black bottle to be used
later in the DSSC device.

3.2.6 DSSC assembly

The prepared parts of DSSC were assembled together forming the DSSC
device, where the dyed FTO side was put onto a platinized counter electrode with a
slight offsetbetween the two electrodes. The two electrodes formed a sandwich
configuration, where the upper part was the dyed film (the anode) and the lower part
was the counter electrode. This sandwich form was connected to external
configuration including a light ssce of 1000 watt intensity, a multieter used to
indicate the output voltage of the DSSC and the autolab device which give¥ the |
measurements of the fabricated cell. The two electrodes were pressed on each other
till a high voltage value was obtainemh the multimeter screen. Finally, The
electrolyte redox {/15') was spread through the vicinity between the two electrodes
using a micropipette. By turning on the lamp (1000W), the DSSC device was

working and the-M measurements were done by fhatolab.
3.2.7 Synthesis of eosin Y derivative

A solution of eosin Y drivative wagprepared by mixing the eosin Y solution with
a solution ofphenylhydrazine hydrochloride {BsNHNH,-HCI) in a molar ratio 1:1.
The molecular weighof phenylhydrazine hydrochloride 44.6 gm/mol andnolecular

structure is presented in figu(®.7). A precursor solution of concentration 5mM was
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prepared by dissolving 0.014 gm of tpéenylhydrazine hydrochlorid@a 20 ml of

distilled water, the precursor solution was kept to be used in preparing the solution of eosin
Y derivative. To get theatio of 1:1 in synthesizing the eosin Y derivative, 1 ml of the
phenylhydrazine hydrochloriceo | ut i on was added to 15 ml
heating on the hot pl ate at 60 o~C for 10
derivative stution which was used in dyeing the Tifims.

H

N.
NH>

« HCI

Figure (3.7): The molecular structure of phenylhydrazine hydrochloride.

3.2.8 Adding zinc oxide (ZnO) blocking layers

In order to prevent injected electroimsthe TiQ; electrode from recombining
with both the oxidized dye and the-iodide in the electrolyte, losses due to
recombination, blocking layers of ZnO were introduced at the,/&i€rtrolyte
interface. These layers act as an energy barrier (fi@®¢ that reduces the
recombination of electrons with oxidized dye molecules or witim kthe eéctrolyte (
Zhang et al., 2009)he conductiorband edge of the energy barrier should be more
negative than that of the TjOso the transport of electrons the reverse direction
can be blocked by the energy barrier (Chou et al., 2012).
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Figure (3.8): ZnO layers act as energy barrier blocking electrons transport in the
reverse direction.
In this work, ZnOlayers were introduced in the DSSCs in the following two

manners:

1- ZnO upper layers: A simple dip coating method was used to fabricate ZnO
coated TiQ electrode by immersing the FTO glass substrate with Tii@s
in a solution of zinc nitrate hexahydra(En(NOs),. 6H,0O) and ethanol,
where the TiQ films were immersed in the precursor solutions of different
concentrations for 2 minutes at temperataré 6 0 oC, t hen the
sintered at 450 o-C for 30 minutes and
effect of the concentration of Zn(NJ. 6H,O in forming a blocking upper
layer on the TiO, electrode in the DSSC was investigated by thé |
measurment system.

2- ZnO under-layers:Layers of ZnO was introduced at the FTO/ Tifterface,
where the FTO glass substrates were immersesbliutions of zinc nitrate
hexahydrate (Zn(N¢).. 6H,0) and ethanol with different concentrations for

2 minutes at tenpr at ur e of 60 oC, then the subs
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for 30 minutes to ensure the formation of ZnO layers on the substrates.
Finally, the substrates were coated with JiIms and dyed with eosin Y
dye. The effect of adding ZnO under layers om B5SCs performance was
investigated by the-V measurement system, where different concentrations
of Zn(NGs),. 6H,0O were also investigated.

3.2.9 Open-circuit voltage decay (OCVD) measurement

Opencircuit voltage decay@CVD) technique has been employed tadst the
el ect r ony ih DSSE.t Then@CV reasurement can be performed by the
autolab device, through NOVA progr>sam. The
1ms) is chosen while the light source is illuminated at the DSSC, after a few seconds,
the illumination was interrupted and a curve of phuetdtage decay with time was

observed on the screen, as illustrated in figure (3.9).

) 2 4 6 8 10 12 14 16
Time (s)

Figure (3.9): Opencircuit voltage decay curve of the DSSC.

Fromthe OCVD experi ment ,, wastalcuatedehy takingthe | i f et |
inverse of the derivative of the decay curve using equation (3.9).

t — (3.9)
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where lg is Boltzmann constant, T is absolute temperature, e is the positive
elementary charge and gidt is the derivative of the opemrcuit voltage Zaban et
al., 2003).

3.2.10 Dye uptake (desorption method)

Determiningof the amount of dye adsorbed on the Jiiins were performed
by the U\AVis spectrophotometry, where a solution of 0.1M NaOH was used in the
desorption method. The dyed films were immersed in 3.5ml NaOH solution for 24
hours ensuring a complete desorptajrthe dye from TiQ films. After that period,
the solutions of desorbed dye were kept in small cups in the dark to be analyzed. As
a first step in calculating the dye uptake by the-\&ible spectrophotometer, a
baseline was performed using a cuvetilediwith pure NaOH solution. By running
the baseline, the absorbance of NaOH was subtracted from the absorbance of the dye
solution before plotting, so the absorbance which was plotted by the device was
referred to the dye molecules only not to the Na®@Hition in which the dye was

desorbed.

After running the baseline, dye solutions of different known concentrations
were prepared using eosthdye to be used as a reference dye solution in measuring
process of the device. The absorbances of these refeselutions were measured
each time and recorded aspectral wavelength of 516.8 nm. That value is referred
to a wavelength at which the peak was observed where the solvent was the sodium
hydroxide. Plotting each concentration of the reference solutiens dunction of

absorbance, a straight line was obtained and the slope was calculated.

The last step was measuring absorbance of the desorbed dye solution where 1.5
ml of desorbed dye solution was put in the cuvette and running the device and the
absorbane of the dye at the wavelength 516.8 nm was recorded to be used in
calculations. By substituting the absorbance value of the dye in the resulting slope

relation, the concentration of desorbed dye from,Tilhs was determined.
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Chapter 4

Results and Discussion

I n this chaptesul texpweirlimébeéabsesenit edda
i ncluding determination of the best dyein
ont of TIGns .addi ¢i minnitwmwg deebhe | i fethmeopéenel e
circuit voltage decay (0OCVD) measur ement .
dye solution on the DSSC efficiency wild!@l
| ayers ofpaZnOchaesowgbtebdbewhavest he bl ocki

i ntroduced as upper and under | ayers.

4.1 Characterization of dye solar cell sensitized with eosin Y

The optical properties of the assembl ed
ni ght, were invest UYHdit £ ds peg c tGrEANEBO'tSo nMedtSe r
t he Il sl amic univer®ialt gstoifneGazhi glulrlteG) ( 4 .1«

absorption spectrum of eosin Y dissolved

wavelength of 525 nm.
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Figure (4.1): Absorption spectrum of eosin Y dissolved in ethanol.
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The kubelkamunk measurement, figure (4.2), shows that the absorption
spectrum of the adsorbed dye onto Fiin has its main peak at wavelength of 531
nm. Theshift of the main peak to a longer wavelength after soaking the TiO
electrode in the dye solution resulted from the interaction between thg TiO

molecules with the dye.

3.0 4 e
in ethanol
I adsorped to TiO_,
2.5 < 2
<
2.0 4

Absorbance (a.u.)

T v T T
400 500 600 700

Wavelength (nm)

Figure (4.2): Kubelkamunk measrement of eosin Y adsorbed onto Fidm.
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The JV characteristic curve of the assembled DSSC is shown in figure (4.3),

where the short circuit curredensity (&) was 0.47 mA/crhand the open circuit

voltage (\bc) was 0.398/, while the efficiency of the DSSC was 0.05% .
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Figure (4.3): Current density (J) versus voltage (V) characteristic curve of the DSSC

sensitized with eosin Y.
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4.2.2 Results and discussion

The JV characteristics of DSSCs which were dyed for different times is
shown in figure (4.4). The short circuit curr@gnsity (dc) has a maximum value of
0.82 mA/cnf when the dyeing time was 3 hours and an open circuit voltage has its
maximum value of 0.46 V at that time too. The main photovoltaic parameters for
dyeing durations are presented in table (4.1), the filofa (FF) has its maximum
value when the dyeing duration was 24

maximum value when the dyeing duration was 3 hours.

V (V)
0.0 0.1 0.2 0.3 0.4 0.5 0.6

J (mAlem’)

Figure (4.4): Current density (J) versus Yage (V) characteristic curves for
different dyeing durations of the DSSCs.

Table (4.1): Effect of dyeing duration on thghotovoltaic parameters of the DSSCs.

Dyeing duration Jsc Voc NS Vm FF n
(h) (mA/cm?) V) (mA/cm?) | (V) %
1 0.54 0.370 0.29 |0.240| 0.34| 0.07
3 0.82 0.460 0.43 [0.290|0.33|0.12
6 0.71 0.413 0.37 |0.280|0.35| 0.10
24 0.56 0.405 0.36 |0.265| 0.42| 0.09
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The power curves as a function of the phatttage for different dyeing durations
of the DSEs are shown in figure (4.5).

0.0 0.1 0.2 0.3 0.4 0.5
V (V)

Figure (4.5): Power (P) versus voltage (V) characteristic curves for different
dyeing durations of the DSSCs.

4.3 Open-circuit voltage decay (OCVD) measurement
4.3.1 Experiment

Open circuit voltage decay curve was determined by the procedure

mentioned in section (3.2.9) and the lifetime of electrons is given by

o — — (4.1)

By substituting both the derivative of the oparcuit voltage (d\/dt) and the
constant — , which equals 0.25455 J/C, into equation (4.1), the lifetime of

electrons was represented as a function of the(¥aban et al 2003).

52



4.3.2 Results and discussion
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Figure (4.6): Opencircuit voltage decay curve of the DSSC.
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Figure (4.7): Electron lifetime versus the opeircuit voltage (\bc) of DSSC.

4.4 Determining the amount of the dye adsorbed onto Ti®films
4.4.1 Experiment

Determination of the amoufhit@bf mesosnnt e
assembled DSSCs was carried out by the de:c
3 hours and 24 hours were chosen to inves:
Tio®@i Il ms during these durations.hd&odiye di ff
solution wareefusreancas dyteh es oalbustoirobna nwle e roef
concentratmonedvaby deuwnismiple€c he o pJWot omet er
procedure resulted Iin a table of two colu

sol utitome aamlsor bance of each concentratic
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4.4.2 Results andDiscussion

Absorbance as a function of the dye conceiatnas shown in figure (4.8). The
absorbance of the desorbege solutions resulted from dyeing durations of 3 hours
and 24 hours were 0.152 and 0.184 respectively, where theodgentrations of the
two durations, which are the goodinates, corresponded to thecpordinates 0.515
UM and 0,525 uM respectively. In other words, when the,Til®s were dyed for 3
hours, the concentration of the adsorbed dye on eachfilifOwas 0.515 uM and
when they were dyed for 24 hours, the concentration of the adsorbed dye was 0.525
MM,

1.2
1.02
0.8 o
0.6

0.4 - /

0.2

Absorbance (a.u.)

0.0

' [ ' I T I ' I '
1.2 1.5 1.8 2.1 24 2.7

Concentration (uM)

Figure (4.8): Absorbance versus dye concentration.
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4.5 Effect of the pH of the dye solution on the DSSCs performance
4.5.1 Experiment

The effect of changing the pH of the dye solutions on the performance of the
DSSCs was investigated Ingating eosin Y dye solutions with three different acids,
where the original pH of eosin Y dissolved in ethanol was around 3.3 measured by
the pH meterSolutions ofphosphoric acid (BPQy), hydrochloric acid (HCl) and
nitric acid (HNQ), all of molarity0.1 M, were added gradually to eosin Y solutions
to get solutions of three different pH values ranged from 2.6 to 1.2 in which the TiO

films were immersed for 3 hours.

4.5.2 Results andDiscussion
4.5.2.1 J-V Characterization of DSSCs after treating the dye with phosporic
acid

The 3V characteristics of DSSCs sensitized with eosin Y at different pH
values after the treatment with phosphoric acid is shown in figure (4.9). The pH of
3.3 is referred to the untreated dye solution resulted in a short circuit curreny densit
(Jso of 0.82 mA/cnd and an open circuit voltage §¥) of 0.46 V. By decreasing the
pH of the dye solution, thesd of the DSSC was increased while thecMvas
decreased. Figure (4.10) shows the power of the resulting DSSCs as a function of the

photovoltage.
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Figure (4.9): Current density (J) versus voltage (V) characteristic curves for DSSCs
sensitized with eosin Y solutions of various pH values using phosphoric acid.
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Figure (4.10): Power (P) versus voltage (V) characteristic curves for DSSCs
sensitized with eosin Y solutions of various pH values using phosphoric acid.
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The photovoltaic parameters of the DSSCs sensitized with eosin Y treated with
phosphoric acid is summarized in table (4.2), which shows that the efficiency of the
untreated DSSCs is 0.12% while the efficiency of the DSSCs treated with phosphoric
acid has found to increase gradually to reach 0.22%. This means that efficiency of
the asembled DSSCs was increased by percentage of 0.83% when ohéheHlye

solution was 1.2.

Table (4.2): Photovoltaic parameters of the DSSCs sensitized by eosin Y at different

pH values using phosphoric acid;f0y).

= Jsc | Voc Im Vi FF N

values | arem?) | (v) | maiemd) | (v) %
3.3 082 | 0460 043 | 0290 | 0.33 0.12
2.6 124 |0360| 059 | 0222| 0.29 0.13
1.7 143 |0411| 072 | 0250 | 0.30 0.18
1.2 154 | 0455 081 | 0270 | 0.31 0.22

4.5.2.2 J-V Characterization of DSSCs after treating the dye with
hydrochloric acid (HCI)

The 3V characteristics of DSSCs sensitized with eosin Y at different pH
values after the treatment with hydrochloric acid (HCI) is shown in figure (4.11). The
untreated dye solution resulted in a short circuit current densifyafl0.82 mA/cn
and an open circuit voltage ¢¥) of 0.46 V. By decreasing the pH of the dye
solution, the dcof the DSSC was increased to 1.41 mAanthe pH of 1.3 while
the Voc at that pH was decreased to 0.41 V. Figure (4.12) shows the power as a

function of the photevoltage.
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Figure (4.11): Current density (J) versus voltage (V) characteristic curve for DSSCs
sensitized with eosin Y solutions at various pH values using hydrochloric acid.
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Figure (4.12): Power (P) versus voltage (¢haracteristic curves for DSSCs
sensitized with eosin Y dye solutions of various pH values using hydrochloric acid.

Table (4.3) shows the photovoltaic parameters of the DSSCs sensitized with
eosin Y treated with hydrochloric acid, where the efficiertpyof the DSSCs is

found to increase from 0.12% at pH33 to 0.19% at pH of 1.3.

Table (4.3): Photovoltaic parameters of the DSSCs sensitized by eosin Y at different
pH values using hydrochloric acid.

pHvalues | a5¢ o | T | e | o || o
3.3 0.82 0.460 0.43 0.290 0.33 0.12
2.6 0.94 0.324 0.50 0.221 0.36 0.12
1.6 1.30 0.355 0.67 0.220 0.32 0.15
1.3 1.41 0.410 0.75 0.253 0.33 0.19
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4.5.2.3 J-V Characterization of DSSCs after treating the dye wi nitric acid
(HNOs)
Figure (4.13) shows the\J characteristics of DSSCs sensitized with eosin Y
at different pH values after the treatment with nitric acid (HN®ccording to that
figure, decreasing the pH of the dye solution resulted in an incredise @t of the

DSSC. The power of the resulting DSSCs as a function of voltage is shown (4.14).

V (V)
0.5 0.6
—y——
—Oo— pH=3.3
] —a— pH=2.6
—e— pH=1.64
-1'5-1 N R (S S 1_"—pH=1-23l

Figure (4.13): Current density (J) versus voltage (V) characteristic curve for DSSCs
sensitized with eosin Y solutions at various pH values using nitric acid.
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Figure (4.14): Power (P) versus voltage (V) characteristic curves for DSSC
sensitized with eosin Y dye solutions of various pH values using nitric acid.
The photovoltaic parameters of the DSSCs sensitized with eosin Y treated with
nitric acid is presented intable .4 wher e the efficiency (d)
found to increase gradually from 0.12% tol®@at pH of 1.23, so, the efficiency

was increased by 0.75%.

Table (4.4): Photovoltaic parameters of the DSSCs seregitiby eosin Y at different
pH values using nitric acid.

Jsc Voc JIm Vm FF n
pH values
(mAlcm?) | (V) | (mAlcm?) | (V) %
3.3 0.82 0.460 0.43 0.290 0.33 0.12
2.6 0.94 0.395 0.53 0.250 0.35 0.13
1.64 1.11 0.419 0.63 0.254 0.34 0.16
1.23 1.32 0.455 0.76 0.279 0.35 0.21
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4.6 Using eosin Y derivative in dyeing the TiQfilms
4.6.1 Experiment

To investigate the effect of using other derivatives of eosin Y in dyeing
the TiO, films, a mixture ofphenylhydrazine hydrochloride solution and eosin Y
solution was prepared in thleanner mentioned in section 3.2.7. Tifdms were
dyed with the resulting mixture for 3 hours. After assengplthe DSSCs, the

photovoltaicparameters were investigated by thé ineasurement system.

4.6.2 Results and discussion
4.6.2.1 Absorption spectrum

The absorpbn spectrum of eosin Y derivative (eosin Y with phenylhydrazine
hydrochloride) dissolved in ethanol and that of the,lé{@ctrode after being soaked
in the dye solution is shown in figure (4.15). The absorption spectrum of theYeosin
derivative in ethaol shows amain peak at a wavelength of 535 nm, while the
absorption spectrum of eosin Y derivative/Titas a main peak at wavelength of
527.5 nm.

3.0 2 -
in solution
|--—-- adsorped to TiO_
2.5 ‘~ 2
= 204
L
8 15
@© F N
IS N
S 1.0 / .
(2] ’ A
_Q ) ,/ \\ ¢ \
<C . . s
s T & T -
4_—f-/
0.0
v 1 v ] v 1
400 500 600 700
Wavelength (nm)

Figure (4.15): Absorption spectrum of eosin Y derivative in ethanol solution and of
eosin Y derivative adsorbed onto ifdm.
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4.6.2.2 J-V Characterization of DSSCs sensitized by eosin Y derivative

The JV characteristicoof DSSCs dyedwith eosin Y derivative solution is
shown in figure (4.16). The short circuit curretensity (dc) of the DSSCs dyed
with eosin Y derivative solution was 1.25 mAfcamd the open circuit voltage &¥)
was 0.412 V. While thest of the DSSCs dyed with eosY solution was 0.82
mA/cn? and the \bc was 0.46 V. The fill factor (FF) of the DSSCs dyed with eosin
Y derivative solution was 0.47 while the fill factor of the DSSCs dyed with eosin Y

solution without any additives was 0.33.

The power conversion effii e n c y DSBLs senkitizad hwigh eosin Y derivative
was 0.16%, which is higher than the efficiencylwd DSSCs without any additives,

where theefficiency was improved by).33%.

The power of the resulting DSSCs as a function of voltage is simofigure (4.17).

V (V)

0.0 0.1 0.2 0.3 0.6

- Eosin Y

15 A R —&— Eosin Y derivative

Figure (4.16): Current density (J) versus voltage (V) characteristic curves for DSSCs
dyed with eosin Y solution and with eosin Y derivative solution.
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Figure (4.17): Power (P) versus voltage (V) characteristic curves for DSSCs dyed
with eosin Y solution and with eosin Y derivative solution.

4.7 Effect of adding ZnO upper layers on the DSSCs performance

One of the methods used to peatthe injected electrons in the Ti€lectrode
from recombining with both the oxidized dye and thedadide in the electrolyte is
adding a blocking layer at the Ti@lectrolyte interface. In this section, ZnO layers

were used to form an upper bloegilayers on the Tigfilms.
4.7.1 Experiment

Solutions of four differentconcentrations were prepared from zinc nitrate
hexahydrate (Zn(Ng).. 6H,O) and ethanol, where the concentrations of the resulting
solutions were 0.025 M, 0.05 M, 0.1 M and 0.2 M. Thedatisms were used as
precursor solutions in which the TAi@Ims were immersed as mentioned before in

section 3.2.8.
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4.7.2 J-V Characterization of DSSCs modified with ZnO upper layers

The JV characteristics of DSSC after adding an upper layer of ZnO as a
blocking layer is shown in figure (4.18). The figure compares betweenite J
characteristics of the DSSCs without adding the ZnO layer and ihe J
characteristics of the DSSCs modified with ZnO upper layers, where the
concentrations of the precursor solusoused in preparing the ZnO layers were
0.025 M, 0.05 M, 0.1 M and 0.2 M.

06 07
L\
=
}5 o o © Untreated DSSC
s ® - ZnO concentration=0.025M|
% *,.—* L) ZnO concentration=0.05M
1 e
2 “w ZnO concentration= 0. 1M
. 2 A . *—ZnO concentration=0.2M

Figure (4.18): Current density (J) versus voltage (V) characteristic curves for DSSCs
modified with ZnO upper layer with condeations of precursor solutions are: 0.025
M, 0.05 M, 0.1 M and 0.2 M.

The short circuit current densitysg) of the untreated DSSC was 0.82 mAfcm
and the open circuit voltage §¥) was 0.46 V. By increasing the concentration of the
precursor solutionsthe &c was increased gradually to reach 1.55 mA/an
concentration of 0.2 M and theg¥ was also increased to 0.519 V at the same

concentration.
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Table (4.5) shows the main photovoltaic parameters of the modified DSSCs,
where the efficiency of the DSSGncreased gradually from 0.20% to 0.26%. The
untreated DSSCs has an efficiency of 0.12%. By introducing a ZnO layer of

concentration 0.2M, the efficiency was improved by 1.16%.

Increasing the concentration of the precursor solution results in  more ZnO
molecules to be adsorbed onto the JIfilns and so a more compact layer that acts
as a blocking layer at the Ti@lectrolyte interface. This blocking layer can suppress
the electrons from recombining with both the oxidized dye and thedide in he
electrolyte, which contributes in improving the efficiency of the DSSCs.

Table (4.5): Potovoltaic parameters of the DSSCs modified with ZnO upper layer.

ZnO concentration Jsc Voc Jm Vm | FF n
(M) (mA/cm?) V) (mA/cm?) | (V) %
0.025 0.88 0.468 0.62 |0.320|0.48| 0.20
0.05 1.24 0.454 0.66 |0.297|0.35| 0.19
0.1 1.27 0.498 0.66 |0.297|0.31| 0.19
0.2 1.55 0.519 0.83 0.311| 0.32| 0.26
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The power of the resulting DSSC as a function of voltage is shown in figu8.(4.1

! i ! - ! " | =—O— untreated DSSC

—il— ZnO concentration=0.025M
0.3 - —d— 210 concentration=0.05M
—+— ZnO concentration= 0_.1M
—fr— ZnO concentration=0_2M

00 ©01 ©02 03 04 05 06 07
V (V)

Figure (4.19): Power (P) versus voltage (V) characteristic curves for DSSCs
modified with ZnO upper layer with concentrations of precursor solutions are: 0.025
M, 0.05 M, 0.1 M and 0.2 M.

4.8 Effect of adding ZnO under-layers on the DSSCs performance

4.8.1 Experiment

Solutions of four differentconcentrations were prepared from zinc nitrate
hexahydrate (Zn(Ng).. 6H,O) and ethanol, where the concentrations of the resulting
solutions were 0.025 M, 0.05 M, OM and 0.2 M. These solutions weused as
precursor solutions in which tHerO glass substrategere immersed as mentioned

before insection 3.2.8.
4.8.2 J-V Characterization of DSSCs with adding ZnO undeflayers

The JV characteristicoof DSSC after adding an nder layer of ZnO as a
blocking layer is shown in figure (4.20). The short circuit current density ¢d the
untreated DSSC was 0.82 mA/cend the open circuit voltage §¥) was 0.46 V. By
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increasing the concentration of the precursor solutionsgtivea$ decreased to reach
0.05 mA/cnf at concentration of 0.2 M and thewvas also decreased to 0.310 V at

the same concentration.

V (V)
0.0 0o 02 03 04 0.5
0.0 - - - Y - v + v
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é 0 -4 / 4
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®
- ZnO concentration=0 05M
- Zn0O concentration=0. 1M
. Yconce -
10 . 2 A ZnOconcentration=0.2M

Figure (4.20): Current density (J) versus voltage (V) characteristic curves for DSSCs
modified with ZnO under layer with concentrations of precursor solutions are 0.025
M, 0.05 M, 0.1 M and 0.2 M.
Table (4.6) shows the main pbebltaic parameters of the modified DSSCs,
where the fill factor has decreased with increasing the ZnO concentration from 0.52

at ZnO concentration of 0.025 M to 0.40 at ZnO concentration of 0.2M.

Table (4.6): Photovoltaic parameters of tBESSCs withthe ZnO under layer.

ZnO concentration Jsc Voc Jm Vm | FF n
(M) (mA/cm?) (V) (mAlcm?) | (V) %
0.025 0.35 0.436 0.26 | 0.307| 0.52| 0.08
0.05 0.12 0.343 0.08 | 0.236| 0.45| 0.02
0.1 0.08 0.282 0.05 |0.196| 0.43| 0.01
0.2 0.05 0.310 0.03 | 0.208| 0.40| 0.007
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The efficiency of untreated DSSCs is 0.12%, while the efficiency of the
DSSCs treated with ZnO layers is 0.007% at ZnO concentration of 0.2M, which
means that the efficiency has dropped drastically by that modification didpsin
the efficiency can be explained as follow: the conduction band edge of thésTFiO
4.21 eV and the conduction band edge of the Zn@.ik eV, the existence of the
ZnO layer under the TiDlayer preverg the electrons from reaching the front
electode, because the conduction band edge of the ZnO is higher than that of the
TiO, and the electrons need to jump through that energy barriebo8tthe phote
current of the assembled DSSC and the efficiency are usually small. Table (4.6)
shows that in@asing the ZnO concentration results in more dropped efficiency,
since increasing the ZnO concentration mesansore compact layer of the ZnQo,S

theelectons canot overcome that barrier and re

The power of the resulting DSSC afuaction of voltage is shown in figure (4.21).
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Figure (4.21): Power (P) versus voltage (V) characteristic curves for DSSCs
modified with ZnO under layer with concentrations of precursor solutior3.@2&
M, 0.05 M, 0.1 M and 0.2 M.

70



Chaph er

Concl usi ons



Chapter 5

Conclusion

5.1 Conclusions

The objective of the thesis work was to enhance the efficiency of the DSSCs
by some modifications such as changing the dyeing duration effiTi@s, preparing
a derivative of eosin Y solutiois usedas a new photosensitizer, changing the pH of

the dye solution and adding ZnO blocking layers.

The periodof 1 hour, 3 hours, 6 hours and 24 hours were studieel results
showed that the short cintuwcurrent density Jsc) and the open circuit voltage §¥)
havetheir maximum values when the dyeing duration was 3 hours, whele-thvas
0.82 mA/cnf and the \bc was 0.46 V.

The optical properties of the dye solution were characterized bywidVv
spectoscopy and the main photovoltaic parameters were calculated by analyzing
data resulted from thel meaurement system. The absorption spectrum of eosin Y
dissolved in ethanol showed a main peak at wavelength of 525nm, while the peak of
eosin Y derivativevas at 535nm, which mesthatthe peak was shifted to a longer

wavelength when a derivative of eosin Y was used.

The dye solution was modified by preparing a mixture of phenylhydrazine
hydrochloride solution and eosin Y saoaut, which was known as eosy derivative.
Whenthe eosin Y derivative was used as a pfsansitizer in the DSSCs, thecJ
was 1.25 mA/crhand Vbc was 0.412 VIn addition, the efficiency was improved by
0.33%.

Effect of changing the pH value of the dye solution was studied g usi
phosphori¢ hydrochloricand nitric acid. The results showed that decreasing the pH
of the dye solutiorcan enhance the efficiency of the DSSCs, where the efficiency
increased from 0.12% to 0.22% at the pH of 1.2 wtien phosphoric acid was
added.
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The mechanism used in suppressing the recombinafiamected electrons
with boththe redox electrolyte and the oxidized dye was adding ZnO blocking layers
which wereintroduced as upper and under layers. For the ZnO upper layerscthe J
and the \4¢ of the assembled DSSCs have increased gradually by increasing the
concentration of the ZnO, where the Jsc was 1.55 mPdomh the \bc was 0.519V
at ZnO concentration of 0.2MThe efficiency was improved by 1.16% at that

concentration of ZnO.

The undetlayers esulted in a drop of thggdthe Vocand the efficiency, when
the concetration of the ZnO was increased.

DSSCs are considerednaw promising route toward simple fabrication, fow
cost, environment friendly power generation, as a clean photoelectric siomver
system and potential alternative to the traditional photovoltaic devideshese
reasons make the field of DSSCs a preferable research field in which great efforts

have been taken to improve the efficiency of DSSCs.
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