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CHAPTER I

.\\. atest revolution in solar
e inve ‘.“ﬂ. of SWicon solar cell [1]. The
‘;o 0-elégtraciemical reactions. Specific
. ication,flow-cost, more environmental

friendly and photo-y0ltage 5 sitiVe to light intensity variation

than that of conventional sglaEeeHs—Typi a_dye-sensitized solar cell (DSSC) is

composed of two s
thick filrltm |
network ﬁ .
connected p(ﬁ in tor 'I"'t IS most widely used
is the anatasedérm of TiO,. Onto the semiconductor dye moﬂles are chemisorbed,
forming closed t‘aﬂolayer. This dye—semiWuctcr assembly is in contact with a

o elthéf Se sé alGifcli i \s@ Sparent
nduc lecifodefcodnter Blegtro@ie)y AflBatallysy ig osifedjjor th@icounter

elmode to facilitate the redox reaction that has to occur on it in order to close the
electrical circuit. The TiO, nan’g stalline is a_willeMband ga semicondLM
ie

A WIRNTARA AR

and material (phase) separation, the chances of recombination can be drastically

e of which a few micrometers
' a self-connected

oﬂ larger-sized self-

ARy
=

reduced. Electrons can spend long periods of time in the semiconductor film without



recombination. This is somewhat simplistic in the sense that the electrons can be re-

injected into the electrolyte and recombined in this way, however, also that pathway

semiconductoW TiOg Zn( otosensmzers such as

organic dyes, tha ght bastheeextemigively studied in relation to

"‘\ (e n_ 5|t|zed by organic dyes

. . : g . 3 ,
including rose esceiff’and*rgeamipa® [2 Im€arly studies, however,

\

(LHE) and, con "f,,," phi rreM conversion efficiencies.

Tter dsosp a large amount of dye,
were used for the ph t le; Whi ch ed i Ight-harvesting efficiency
Additionally, the organlc dye ad.a narrow absorption range in visible
light, which also_coa ributed-to {ow._sol: mance, researchers used two

; ar )hat could adsorb

_ 4)sorpt|on ranges.
rw smrn
ave been mainly due to the developme

solar cell (DSSC, or
nanoporous Tloﬁrﬁnm electrodes that ha large surface area capable of new

ﬂﬁ&lﬁ'ﬂﬁﬂﬁw gIn9

At present, various wide band gap semiconductor materials are used for

TltarM

fabricating a working electrode ch as TiO Znom) and Nb,O
Q N ﬁ“&ﬁﬁﬂ&m&’l ' %l ind
toChe photOeléCtron

chemistry: it is a low-cost, widely available, non-toxic and biocompatible material,

Significant i

Gratzel cell

and even used in healthcare products as well as industrial applications which only



TiO, can achieve the highest efficiency. There are various techniques in preparing the
TiO, electrode such as sputtering, ther
printing, electrophoretic and Bleekrt Y ning! Recently, DSSC reported by O’Regan
n-int | v| geince the discovery in 1991 [3].

i —/Lb@e base on iodide/tri-iodide

in-high-perfermance DSSCs which shows

efficiency hig - thn chieved-asola fficiency (n) of 7.1%
under AM 1.5.i n talline TiO thin film

mal evaporation, doctor blading, screen

Among different typeS ofaRSSE ' liqui

c ‘.\T'v-,*_« ative embodiment of the

4 \ "-‘_‘
DSSC con ‘ of edlox ‘electrolyte a solid-state hole
| it : Feby avoiding the use of a

redox elec A -statey senditized | Reteho) et can be regarded as

using liquid type el -do not-have sufific s Or long term use due to
the leakage of el Vaporationsof olverit afdisu llination of iodine. Several
attempts have been e to replace the lic ctro 3 by a p-type semiconductors

or organic hole tra'spor 18, ‘HoY e coRversion efficiency of these

i i v--particufarly igh light irradi i
devices was relatlvel._l “&ngf gh light irradiance due to high
frequency-qf chaig ot cadr Dy 3 _spzamaterials or poor
electroni& contact —between—dye—molecules—and—the—hole_ itz nsport materials

LiF ials in the void of
=

the nanoporoms’: iO, electre -Lljg
Unt e announcement, M. Gratzel and coworker§at the Swiss Federal

Institute of Techﬁh(EPFL) have made a Mthrough in preparing efficient dye-

UHINHRINHING
orph : bedw semsit thidiffereht Rufbpy) plexes Which i8fsing in
high¥performance DSSCs which ?)ws efficiency higher than 10% (Grétzel, 2001
r 1.5gkrragiafi i iSti a lline J iQ@uythi
ARSI VT Y
9

surface area.

accompark ght

Presently, research in Thailand has been made by Dr. Wirat Jarernboon at

Khon Kean University (KKU). There are various techniques in preparing the TiO,



electrode such as TiO; nanofibers from electrospining technique, nanocrystalline-

method, nanocrystalline TiO, paste and

nanoporous-TiO, films usingys sen | prinfing technique. For the screen printing
technique, the highest ¢ ¢ tgpe DSSC of about 6.67% was
observed at the transpdrés e thi @ 719 dye They achieved a
solar energy efficig

Althoquv . ¥ .ch as doctor blading,

screen-printing,. Spik i o’ électrosg [z the _highest efficiency. The

40, is chosen because it

anatase with th ‘ I0W% 1

can be fabric 2d witll po Isity WhiG \ ~ ectiVe surface area to about
1000 times, still siBw hifih fransparency.a o i es obillly of anatase phase. Thus,
the sensitized can ontq he surface area'of Ti ayer. The efficiency of the

r ; U
DSSCs is believed t6 be de i

There are varlous .

g surface area of TiO, layer.
_ g the TiO, layer, such as spray
coating andysputte iques. Adv goating=technique are: (1)

thICkI’]eS ‘ )-uniform of TiO» cluster can be controlled and { ore TlOZ

q W’] AN IGTHY ’iﬁl HIA

Figure 1.1: Structure of anatase TiO; phase [JCPDS:21-1272].



k49.(anatase)

Tetragonal
Ny

material. Fug ‘ dy havil ROl de - DSSCs can fabricate
the good DSSC Fhendthefol an 1  ; L [ ' physical properties is
suitable for DESCs §fbrightighs The i:'-'- i and opi H.'jv.n-\i kies of the TiO, layer

: \ \
were characterizegfby X-rayf diffrag D) anl o tical\ifansmission, respectively.

Its surface pholg ? a ;:_F‘f by the u\ \ e Microscopy (AFM) and
scanning electron gicrgscopy (SEM) f Ngy of dye-sensitized solar
cells was measured byising th "-. ‘ﬁ:‘i gtion. \ :

Haekbrtdiars

Obijectives of the thésis:
1) To search forz ‘j T’- 8 6oN ompare the TiO; layer by spray
o e ‘-r_._l 4

atip

2& ystudy the ohyvsical noroperties of TiO5 laver nre cpated by spray Coatmg
arld sp .' o solar cells,
mpare t

3) Tﬂ% 5 prepare @%cottoidal soluﬂT from different sizes
O, powder.

ﬁﬁ&iﬁﬂ&l NINYANT..

cells,

0 m AN Y8y

serves as the front and back TCOs by sputtering technique for dye-

sensitized solar cells,



4) prepare the TiO; target for the TiO,-blocking-layer on ZnO(Al)/SLG

substrate by sputtering techpique,

1!

5) rgpray coating technique,

6)

7) atedom.ZnO(AI)/SLG substrate

 thByfirstPart, the introduction
dendithe fundamental concepts

such as basic ba | 1, 0f; meta i \ 0 "‘n__, ctor, the semiconductor-

electrolyte interfagl, the Iectr‘ -i- lical potenti s6hanism of dye-sensitized solar
‘ Sl = ) )

cells, charge-transfel kineties—electro on 4 ilom dye to TiO,, charge
1T AT , N

recombination, regeneration @5ensitizers, recombination between

injected electrons and tri 5 <y es and properties of Ru complex

photosen i”mar. art, the

sensitize it h_;—ﬁmﬁ ......................... 1116 effectiveness Of

the TiO, B¥8 kino S

— | o
type of TiOzyvder bear UpoftheseffiGIeneIes ot 0y e-sensitizgd|solar cells. In the last

part, the results apd discussion of the deposited films consisting of analysis of their
ié i I

optigal,_ structural, rphalog r etiesM I-V _ characterization._ Finally,
Aelu e prepafdtign abs;rb ﬂd e cﬂer for dye-

iz€d"So ells @nd EffiCi of" dye-sensiti ofar cells r pray coating
a

nd sputtering techniques are desc@ed.

QRN IUNRIINYIAL

er layer for dye-

ed solar cells, the




CHAPTER Il

metal  versus i 1ol the I interface, the
electrochemicalsf i &¢hanism ofy ¥sitize cells, charge-transfer
Kinetics, electrongectj : s i0y ation, regeneration of
ctrons and tri-iodide

ions, dye moleculf€s andl pr@pefties O o= Siizer will be discussed.

“ =y \ ‘
2.1 Basic Bftkgha ,-‘ﬁ'}» (al \\ Séyniconductor
i 3 i '\'. b
One ofb3 "'\ ture' of solid is simple the
plot of energies gffthe g8 tes versus the(number of Stdle per unit volume [N(E)]

Wadpass
or known as the de \ ates (DOS). ot ofiBkversus DOS for the cases of

Fig. "
filled energy band overlaps with

metal, insulator and sem .1. The metals are formed

when the band states arepaF
one or moreyempg ds to produce a r C '”E letely filled with
electrons? fnt e presence of an electric field, the unfilled PsigteS can accept field-
accelerate¥e 0tre chypfoducing electrical

=t
conductivity.m

If the b d are full, but the forbidden energy gap Eq between the highest

AR NS

e“by thermal excitation, the material is a semiconductor. The transfer of electrons
from the filled valence band to th@mpty conduction b“produces positive ch

A WASNTIS AT b1t

according to the following expression:



DOS

DOS

, \r“\ aII gap

: —r— —>-£ . h\'\,\ ‘ > E
() Filled ap' ' .F_ A () ”".,"- )and  Empty band

Figure 2.1: Dlstmc flon bé dveen | " insulators (c) and semiconductor

(d) as evident fr DOS versus energy plots.

2.1)

A (2.2)

¥
where J ism e current density, IS the electric fielﬂla is the electrical

conductlwty N‘s E e electron density, N e hole den5|ty, 4, is the electron

Population o the conduc ion and by thermal ac |vat|on rom the valence

band was produced equal number‘of electrons and h Such semlconductor

q W::rmn TARTINGIRY

electrons or holes to produce electrical conductivity by adding dopants to the

semiconductor. These dopants are atomic species that contain either more or fewer



QRN

electrons than the normal atomic species in the crystal; their incorporation into the

lattice results in the dopants either danating their extra electrons to the conduction

band or removing electrons ffi band In both cases these processes
occur so that the dopani of the lattice in terms of total
valence electrons. Thg —“—ﬁd donors) produce mobile
electrons in the For ‘s case,-mmges become the dominant

charge carrier_apgss ' 0! ped | n type. The electron-

deficient dopants ill \acce _ Ctrafissfrom the valence band,

levels; they are usu prodd Jinters pnts'and by crystal dislocation and
/or defects. Deep and shaII AJ » nav: e_different effects on the properties of

semiconductors. Fa

involved as carrier traps and

recomblr@w lumine ' ! }nsport properties
dy gap to the next
highest emp

i tﬁ-'t osm band can not occur.
Such materialg' are insulators. Nevertheless, some insulas can still be made

conductive via (‘pﬁwnh shallow dopants mples are TiO, (Eg=3.2 eV), SiC

FUHNHNTNENT .

instifators by very simplified dlaaiam as shown in % 2.2. The conductlon

NOTA

At thermal equilibrium, the population of electrons and holes in the

conduction and valence band is described by the Fermi-Direc distribution function

4
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} Conduction

Wfor'sBmiconductors.

f (E) and the’densiglf of States fumction; Snduction band and N, (E)

(2.3)

is the Boltzmann

constant ‘r‘ — ure. E_ is the enerq Qel for which the

A -
2.2 Thl miconductor — ectrolytelnter@:e

where E_.is the ' I avel), K

occupatioMadp! o

All heﬁrﬂ associated Wlth hotMtrochemlcal szjstems are based on

HEARURTNYANT

by the presence of a space charge Wer in the semlconductor adjacent to the mter c

q WA URTINYTHY

of electrons is different for the two phases. For semiconductor, the chemical potential

of electrons is given by the Fermi level in the semiconductor. For liquid electrolytes,
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it is determined by the redox potential of the redox couples present in the electrolyte.

These redox potentials are also identified with the Fermi level of the electrolyte.

If the initial Fermi-lew in an ) iconductor is above the initial Fermi

level in the electrolyte [0 .SBCON - #_equilibration of the two Fermi
ical-potentiats)-of (g ns from the semiconductor

yer in the semiconductor
(also called a jority charge carrier).
As a result, thegs® y ipt. such that a potential
barrier is establi ? \-' ] AtOsthe electrolyte (see Fig.
t " 8ehniconductors having
an initial Fermig T cleg ative space charge or
i MWence and conduction

ithe \Pasitive hole transfer into
: ,

(2.4)

where V; is the amount g depletion layer, N is the charge

carrier density in-the semiconductor,/c Biipsharge,~ is the dielectric
constant “6f=the - SemiCondUCIOr- and. .t he_perr ity free space. In
qrz&t ivity and the band

s. This is in contrast

semiconducto#
e

bending; in tycal cases it ranges from T00"Ato several m|
to metal electrodgs, where the space charge layer is |nf|n|te5|mally small and charge

ﬁmﬁﬁm AYInS...

electrode the well-known Helmholtz layer. This layer consists of charged ions

from the electrolyte adsorbed on t|‘$0|ld electrode surfiié@y these ions are of opp

AWIRST AUV I2ANEL) Al

layer depends upon the specific ionic equilibrium at the surface.
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Vacuum - \ -
- A8 A T
X :_b_{\‘:\.u !

Ec
Fermi 'fA : ;‘-

level

=L r/ N\
: i,Po .!‘_ ; )

gilcto

Ev

n-Type
semicg

/ ' - W WS
Figure 2.3: Energyflevelf di .gfﬂmf joORUGIOTR eCtigyyte junction showing the
/ Mo <0l
relationshipgietwaen the electrolytes
‘ ,|I Wf‘- '7;
potential drop (Vigfang @g ice _

function (@sc), band b dlng T Ef p.‘l,uf

ox couple (HE/HMMthe Helmholtz layer
/ ' g Eglielectron affinity (y), work
and pott 'aI Us,). The electrochemical
and solid sate energ@¥ sca eS aTe shown f iSO} @1 is the electrochemical
and solid state energy scalés-are-showin
ﬂ *'-f;' :
@_ e@mholtz layer for
i ijg that develops in
the semiconﬁor yte.! -'ithout the Helmholtz
layer, the b bending would simply be expected to equal‘@@
Fermi levels bet\é(ﬁg two phases (i.e. the Wence between their respective work

i0Rs). vef e dr ré8s. theHelmbo! : ified the net

Jand b fasishowl infFig. 238ThiS dffedtiis simiflar ftodhe wWellgknpwrilSituation
in“:hottky junctions, where the potential barrier and band bending are usually

__ strongly influence the presence of se iconductor sd ¢ ra i u

parison. @g; is the electrolyte work

difference in initial

electrochemical are shown for comparison. In the former, the zero reference points is

vacuum, while in the later it is the standard redox potential of the hydrogen ion-
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hydrogen (H/H,) redox couple. It has been shown that these scales are related in that

the effective work function or Fermi Jevel for the standard H*/H, redox couple at
Q»'

equilibrium is -4.5 eV with resp mg Hence, using this scheme, the energy
levels corresponding to \\ g

connection betwaMlevelﬂ)f th

necessary to _i flat-bahd p

e-electralydasdne the semiconductor it is

a critical parameter

characterizing theg idspotential is the electrode

he nor et K- >uredoegbitential (NHE) or the

3 AR
(2.5)
where U is the, ial Fermi lev s!' ductor. At equilibrium
in the dark, U is idghti " ’ Joter the rado \ ple in the electrolyte. The
effect of the Hell ) nd béhding is contained within

8 is 1€ property both of the bulk

semiconductor and the elet_

. ﬂ‘: |
-0 -

YA

1 jrk function of the

e following relationship:

(2.6)

where ;(ts
.

semiconductciiéilA . Ieﬂ and majority carrier
e
band edge o : semiconductor, V,, is the potential drop acroed the Helmholtz layer,

and 4.5 is the scdle figter relating the H'/H; refidlevel to vacuum.

,q’s constan with' plied electrode "potential and with Charge transfer acCross the

semiconductor-electrolyte interfac.’ essentially all of thernally applied vo

NI IUANIINGY, Y8

with respect to the redox potential (Fermi level) of the electrolyte, and independent of

an applied voltage across the semiconductor-electrolyte interface. These energetic
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relationships are determined by the flat-band potential of the semiconductor. Of

course, if the composition of the _electrolye is varied such that the equilibrium

distribution of ions adsorbed 0n i dgctor surface is affected, then V,,, and
aqueous solutions, H" and OH"

Us, charge systematically

2 =
(9] D
- @
- —h
D o
)
o (]
e c
3 3
=
=R
(@)
oy
QD
=
)
of o
A

with pH.

"';'-‘1 bnal semiconductor
i . 2.4. Attached to the
surface of t . ind 7 ' 5 3 .‘ol‘n \ o Athe charge transferring dye
that they separajg’the ffinction of iC ,')i’, ption D ar
case of an n- type Ssemico % (e ‘f" \ "“.,II. generated when a photon
is absorption spgétrur t\ elgktrolyte interface and an
Jriginal state of the dye is

geicarrier transport. In the

he Ti

electron is injected gt the-conduct Ol o The

‘nmL'F
16 Vi

subsequently restored by € the éectrolyte-usually containing

redox system such as the:i@

the |od|dNer Ay Ie‘c@n by the oxidized
dye. The s s recenaiatedintut by the teduchion o i j at the platinized

g regeneration of the sensitizer by

counter ef@ d ! f'in this reaction to
triiodide, is aﬂh eved at a pla A cou ode, Eqs. (2@]{ (2.12) [9]:
B+Maﬂ05 2.7)
ﬂUUﬂ”ﬁﬂ%iwmﬂﬁ
TDBWe%ﬁOB Q%

q W'] mnﬁmmmm &Y

e o3r 2.11
5 5 (2.11)
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I;+2e” > 31 (2.12)
— -0.9 V
— -0.7V
— 0.2V
. — 0.8V
e
I e_
= 2.5V, vs SCE
Figure 2.4: Prig€iplet ogfratio ;ﬁ’ ylev w y e dye-sensitized solar
cell (DSSC) phaiexg a@q ofthe sensitize ©) isio “»\ ed by electron into the
conduction bénd ofifhe me .w‘.'u ,‘.., C -\ ctOl. The dye molecule is
regenerated by the g#flox f._ i Bgendi@ted at the counter electrode

by electrons passed throu_ e-toad. Pot are referred to the standard calomel

| ction 1 : ‘

1 o
m Electron :
transfer j""NGSReduction 10° s

AU EENUYINGINT
Elec&on injection 10° s
qwna

UNNIANYIAY

Figure 2.5: Schematic dlagram of electron-transfer processes in DSSC.
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The circuit is completed via electron migration through the external load. Overall, the

device generates electric power fro t without suffering any permanent chemical

transformation.

injection frou '

electron-transfer g&

(2.13)
where V igttjbél tween-the photosen: el the semiconductor,
p is the dengity ‘Jmk constant. The

:ﬂribute 0 ncUon@ the excited states of
the photosensttizer and the conduction band, and it depends™argely on the distance

between the ad‘r&ohotosensmzer materi@lgfnd the semiconductor surface.

s SN -

d state of the photosensmzer‘m the conduction band of TiOy, which consis o

A WABNT I ARVINYINY

injected from the photosensitizer to the ground state (i.e. relation via the emission

value of V i

lifetime). For example, it has been observed that electron injection from N3 dye into
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TiO;, occurs on the order of femtoseconds as measure by the time-resolved laser
spectroscopy [11]. This ultra-fast rat ? electron injection contributes to the high

energy-conversion efficiencie addltlon, the rate constant for electron

injection depends largalya

electron injection rate W8 l ' and N3 dye injection into
ZnO compared todheshiOs-s ste ‘ . ﬁfﬂi&e constant may be cause
by difference .il “e1ECironi i ‘ ital of the dye and the
expecting orbital ik sStates. The states near the
conduction-band edg®® i hieds.0 ; S Q n*, while those of TiO;

consist of th it ‘ ch AUl o gd difference in their

ajectedlelectron and oxidized
dyes must be muc “trans . 18N into oxidized dyes (i.e.
' _ 7 harg paration. It was reported that
charge recombinati veen injection.e on MO, and cations of N719 dye
occurs on the order of mic, _ S to-mi t0nd, in contrast with ultrafast electron
injection. The much.s

leads to @ )ormance. Charge

recombin&l' Jhat long-distance

electrons transfier is=eonsidered that long-
11
distance ele transfer from TiO, to the Ru metal center mhs to a much smaller

electron- transferﬁth
ectron trans er from the 1 ion mto oxidize 0 osensmzers (ca lons) or

regeneratlon of photosensitizers, ‘ one of the prlmaHrocesses need to ac

o Wﬂﬁ MINURTING IR

q cations of the N719 dye was estimated to be 100 ns [14]. This reaction rate is much

pompared to electron injection

faster than that for charge recombination between injected electron s and dye cation.
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Thus, fast regeneration of the oxidized photosensitizers also contributes to the
accomplishment of effective charge se ar tion.

d Iectrons and tri-iodide ions

r| iondide ions (1;) on a

current, is one of the

(2.14)

e the nanocrystalline
igh surface area of

hig loss of photovoltaic

r‘

| A N
)E. 16 foWiardsbias injection of holes and
iy the injection current,

S i"‘.; L junction solar cells:
(2.15)

where k is the Boltzman de of the electron charge, T is the

At .0 N
e -"‘.,IIJ s : ol
absolute @)er is the ¢ a@presented by the
. —— » JJ

followmgﬁ
| (2.16)

l,=an, et[l s (2.17)

qum Nem EMJ AT

k. Is the rate constant fo"fecomblnatlon rea n (2.14), and [1;] |

RN IR RN
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77(D

oet3

0 +1j (2.18)

mplified as follows:

. NV

Dark current 1S"consi atnthesTi0sle e interface where the

(2.19)

l’

idine derivatives such
7 ?"-,_:_‘- on the TiO,
surface, res i i 2mer -“'_-‘ shotovelta .- onsidered to adsorb
625 ‘ : tage characteristics of
cell lymigdagion and darkness, using
electrolyte withy ALTHS Ji TBA suppresses dark
e £ the conduction-band level of

TiO, owing to a ' 34 which: sasi \ leading to suppression of

.

25 Dye molecules ,
ﬁ.‘,{ =

wr
T -. g il primary steps of
photon absorpti adsbrbed onto the TiO,
surface. The Hh mical structure Of typical RuU complex photo%itizers developed by
Grétzel’s group iggshown in Fig. 2.6 (TBA is tetrabutylammonlum cation, (C4Hg)aN™),

AN 3N E IR

dlwcyanato ruthenium (1) (RuL2(NCS), complex), which is referred to as N719 dye
(or red dye), can adsorb over a WI‘ range of the VISIb| ions from 400 to 800

RN ANINY{Y
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psensitizers [15].

ggions is attributed to
v % The highest occupied
molecular orbj N0Q) and thedowe ‘tholeBuly orbital (LUMO) are
mainly derived fr grbitals of M8\ orbital of the ligand,
respectively. THE N eVE 8ly, leading to a red shift
) of ontfibutes electron acceptance

| : :
§ (17 )ullhese Ru ex haw@icarBoxy! groups to anchor to

from reduced re ‘oxri- _
the TiO, surface. Ag€hori r .Cause "' lar ic Mteraction between the ligand
and the conduction band of | HOZ-resulfiigsif effective electron injection from Ru
complex !nto the The an. the TiO

carboxyl@i _— ,,,,,,,, )neasured by FT-
IR absorli 9 gz surface with the

s &
ﬂUEl’JVIEJVITWEJ'TIﬂﬁ
QW’] ANNIUUNIINYINY

surface via either
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CHAPTER Il

Theoreti

described in this.c

morphology v ’
transmission e gétepiged’ from
result from the o asureme g'r% ]

and thickness@¥ the flimgisigg th f' 8 theyir ¥lission spectrum. The
structure properti £ ingtery r;%j-— e e size of thin films are

characterized by X-raff dif Iactio orpR@logy properties of thin

SOV
D AT
“"'-." @

films are charactegied o mic Forci 0SCOPY i 1) and Scanning Electron
Microscopic (SEM). Filially, the's ‘. q_@f‘“f Bells is neas ed by I-V curve method.

3.1 Optical Anmaly daebets

ikhickness

neasurement of the thickness ¢ | @sing transmitted

qjthe determination

ot
e

of thin film mracte the filfiTywith electromagnetic
irradiation. I#€an be said that this technique is relatively ed » nondestructive with

high accuracy c‘ rement. In addition, igf optical technique can be used to

AuBINININGINT
ARIANTAUUNIINYAY



23

—
d
AR
n

air <Ngig <My,

licter Bt hs though a film.

A schematic di 2 SN ht | - internal reflections
through a tra f thigffilin, such as TiC inkfilly isshownlin Fig. 3.1. The TiO,
film was deposiifd off a ffa .“.‘ﬂ Subsira \ @isoda-lime glass (SLG).

Consider the '|02 iim of a uniform-thickne \a index of refraction Nrio, -
Assume that the ljght ra " -air ly normi toMlle surface of the film. It is
a fundamental pro‘ \ f ;.;.':': _passgliought an interface between
materials of different ind into transmitted and reflected

components. To determise

construct@ 0

med'. 1800 phase change upon

d or transmitted rays interfere

refr on when n, >n, and undergoes no phase charrLJllfn <n.

ﬂuﬁww‘wﬁ
q mmmmmﬂ ﬂﬂf’lﬁ td

the lower film surface (B) undergoes no phase change with respect to the incident

wave. The transmitted ray 2, i, which is refiected from the upper film surface (A)
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undergoes no change because it is reflect from a medium (air) that has a lower index

of refraction. Therefore, 17 is in phasew

ar the age B. If 2d equals to integral number
i and he result is a constructive
I| —_Whoughtafllm a maximum

ith 17. However, 17 travels an extra distance

(3.2)
/N, so we can write Eq.
3.2as

(3.3
p0Rds to the half-integral
multiple of the way#fleng then th e Ve . out of phase and the
result is destru _y' '  (7 f‘ il i ity). “The general equation for
(3.4)

Equation & @ relationship
(3.5)

WYJW%"WE]’M‘E‘W
fiaay

At
qmmn‘smﬁ%ﬁ's
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100 ~

% Transmission

3000

ilatOrtransitions curve.

hv

ﬂﬂﬂ?ﬂﬂﬂ Wﬂ1ﬂi

Figure 3.3: Optical absorWon for (a) ho > Eg, (b) ho = Egand (c) ho < E

A SN TURIIVE T
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3.1.2 Optical Absorpti

Figure 3.3 desgk hes Itfansifige€” g a semiconductor. When the
semiconductor is illu/iated e . ' 0 _create electron-hole pairs. In
the case (a), the_photon n electron-hole pairs is

generated andW, issTnated.as h at, while there is no heat

- itions or band-to-band
v , i ) be absorbed only if
there are avai ‘ in fhie-forhidd  d o physical defects as
shown in Fig. 3. v NEEET & i WAEOr reverse situation, an
| - o8, With 2 "atlihe valence band edge

resulting in the ghissiPn § C ‘ - to that of the energy

: ..hﬁw; ductor i \\ umifiated by light source with
b .
intensity lo. As the Ii travels thro ﬁ.;.‘ |con or, the transmitted light I; is

¥ ff.,/?’

decreased due to thé’ absdpfitic ple. Typically, the absorption is

expressed in terms of an ahs yhich is defined as the relative rate

of decreasen lightgintét "f
) (3.7)

¥
I, 1l
The negativé™€ign indicates decreasing intensity of light due™0 the absorption. The
solution of Eq. 3‘\“1he boundary conditiofligf) = 1o at x = 0 iis

AUYINBNINDING -

Tfﬂntensﬂy that exits from the otVr side of the semico ctor atx =d (Fig. 3. 4)

qrRIaNN 3t UNINY 1AL

where « is related to the extinction coefficient k by
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a=" (3.10)

d (intrinsic) transition, which

manifests itself by as ermine the energy gap, Eg,
of the semiconduc;or. !_Eé w ! i ivided into the following.
Allowed direc Sitiopsef ey ; -

= ” (3.11)

where A" is const

For

(3.12)

where A* is const
For the TiOI ; q_ d-to-bar itionisithe allowed direct transition.

The electrons are excited ror 9 the onduction model of TiO, thin

film.

Figure 3.4: Optical absorption: (a) Semiconductor under illumination, (b)
Exponential decay of light intensity.
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3.1.3 Transmission

Consider a normal incidenc

own in Fig. 3.5, the transmission T and the

reflection R can be expres ity of incident light I,, the intensity

of transmitted light I r as the followings [20];

(3.13)

(3.14)

| , ith energies less than
the energies gags ‘ d 1§=1arg Gan ‘egldefihe second term in the

(3.15)

3.15. If R is not known,

one can measure'the g difference thickness d; and

d,. Then a is obtained fro J :':’: il

"'""'71?,--" :fE <& » (3.16)

Note that i : gknow l, in using
Eq. 3.16 bechy =

ﬂUEJ'J‘VIEWWWEI']ﬂ‘i
‘QW’]Mﬂ?NHW’]’mmﬂﬁl

"
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3.2 Structu A : y .

X-ray difffactigh ( RD) s a-teck ;.“\ mihing the crystal structure.

The brief theory that igvolve hi will be
4 Fff;_-

scussed in this section.

X-ray is the ele "f : pg the wavelength in the range

tﬁ ucture using the
gy are reflected from
the crystal=plar . s.,l to the angle of
reflection. THH iffracted bea andepugre-found when the feflections from parallel

planes interfere c?nstructlvely as shown in F|g 3. 5

ﬂum NENING IR

aI number n of wavelength (/1) of X-ray, so that

q mﬁﬂmmm NHINY
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3.2.2 Crystallite Size

The intensities of diffract

peaks at varied diffraction angles (26), can

. /e/he crystallite size or grain size can

(3.18)

be used to calculate the cry,

be estimated using the

where g is the gra ; ’ ‘ gg diffraction angle in
degree and Wggelian of the diffracted X-ray

peak.

icrosc ./ s ohe 0\1 proximity probe which

is used to meésure pr f the sample
‘ A R P——ig Fr \ i
‘SMStem

and grain size. I

such as height, roughness,
Lbe-scane W position-sensitive photo

detector and the canti WIth-2 ap ......,_. at a\-. ee end. The cantilever bends

F

in response to the in eractig —.‘L.f‘..:l-:?l;-lh--:‘i‘ find sample.

In principle, d .L’f}jf'/a- e’ s the surface of the sample, a

constant fore bet e cantilever deflects

coused by change in the surface topography, the fight from th r is reflected onto

the split pf -n , -d8Shown in Fig 3.6.
Il |

ﬂUEl’JVIEWI‘iWEJ'TIﬂﬁ
qmmnmmmnmw



31

Nano Scope
Controller
Electronics

on'e bntact tapping mode).

the bending of the cantllev can be mea ad used to generate a map of surface

topograph; The s S Tonghness deie AEM is the root mean square

Llljl (3.19)

where zis the a‘rﬂnelght of the scanned u z is the height value of each point

AUBINUNTHEING

The surface morphology.bf the samples w evealed by the Scan

AARNNS UUNIINTIS

performed on a Scanning electron microscope (JEOL JSM-6480 LV). The operating
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voltage is 15 kV. The schematic diagram of the SEM equipment is shown in Fig. 3.7.

Electrons thermionically emitted fron gsten filament are drawn to an anode and

-SECONDARY
ELECTRONS

ELASTIC BACK
SCATTERED
ELEGTHONS

ELECTRON

BN

Figure 3.8 (a) Electron and phote‘ signals emanating ﬂ tear-shaped interactw

ARSI TSN

electron emission.
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focused by two successive condenser lenses into a beam. Electron beams have

energies ranging from a few keV to 30 keV.

manage to leave the specimen

with an energy spect - mafida i Figes.8. Various SEM techniques
are differentiated o asisOf hat ig subseqlent : Cted and imaged. Several of

A

these are mde

‘ , agnification is then
simply given by e " SCB f on ~\' db that on the specimen.
Resolution specificati ted-on fe ea ality SBIMs are less than 2 nm. Great
depth of focus enal images: -. | im 8ional quality to be obtained

g Obtained can be understood with

reference .tg, Fig. 38 Sforinar Sirraced eaie secopdary-electron yield
hecause the portion of the interaction volun ne pro; - &ission region is
larger thal

secondary-el{ﬂon S

3.4 -V Cl‘V haracteristic

QMEI”J"VI INIWHINT

(V Rs1)
AkT

q Wﬁ]ﬁﬁ NSAUAIINAIAY

generated current. From Eg. 3.20, we can determine three important solar cell

parameters that are usually used to describe the performance of the cell. The first is
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the short-circuit current (lsc), which represents the current flowing through cell in

short circuit condition (V=0). The expressjon can be written as

(3.21)

Under normal c T IL >>lo, Isc will be ver

i_._____ils ‘ L 0, Isc y
close to I, (e. $~_I v arametersis,ca circuit voltage (Vo)
which representss e’ s the) open celit, condition (1=0). The

expression can be

= (3.22)
Hhia |
Figure 3.9 sh ‘ I"' ."“?g"ﬁ:-_’. of a B idh cell under dark and
: :;:':_Q: S8 of the more important
parameters in eval ’ solar @ HL; " 'nite -"’,\' Mtance is connected to the
ad o theg@roduct of 1 and V.

C " e can be matched such that the power

‘ A3/ (3.23)
U 4
where Iy arw are the'ee ollage thﬂlve maximum output
power (showmn Fig 3.9). ‘

ﬂUEJ’JVIEWI‘iWEJ'm‘i
qmmnswmmmw
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] i J d | -. i mr;; v“.~. . : . N -
The third paragg€ter g8 f wo \(FE a0 defiged as the following,
F r ‘. 77" \ I‘. b

Jr ’_é{ 4 A (3.24)

" \ .
esistarigéy shint resistance and current

transport mechanisp, “}1? shap@ of the illuminated -V

-

characteristics of a solar celt™Hht S resistance should be very small and

is a solar cell parameter which

1asl.a, value in the range
B4y 9
‘gjsolar cells is the

conversion effidie max#mum output power to
|
the input powgpR The expression is given as M

AusInbninens-

wﬂk Pin is the incident power of the solar radiation that reaches the surface of solar

ivalept circuit of p-n tion_of solar cells
e t ‘ent lL is frefiiesen ﬁ ntﬂ
tfat Tepfesénts the pn jdnctioMT here"are tWo™

resistances shown in the figure. R represents the resistive loss. This resistive 10ss is

re 3,10 shows he
N

cell. Fi
q Wi luhi géheratio
q a

gené€rator,”in pardllel wi
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ells [23].

usually due tQg#e shegt ANge -_ ndovv; i 8siSlance of absorber and
contact resié.tanc ‘ o) ek deal D8, zero, but always exists,
s oUltsige the p-n junction, it
el (or shunt) resistance,

should be mini he 1

: . . ‘ e :i\
ren vss‘ 0SS A du \ rall
0 the junction due, V e
JEC TS T
R C Ty i Y ‘4 >

r I
current to flow. Iffihe oh % __!? nsity IS small, Rsy is usually high. Ideally,
o - Y !

Rsw represent g paths for the junction
such parallel path doegihot exisk -v-‘aﬁ-p“"
measured under standard ést condition (A
based on a single 300W-ELH=amp-{tung;
light intensity of 108 v If;* S i :
temperatt controlled stage (25+2°C) wi )wo-point probe
configurato . g‘lrce and voltage
: a PC via IEEE-488

measurememﬂhes pla :
. - b . .
interface cardwénd the parameters of cells characteristics (eig# series resistance R,

B infin ERThe' device performances are

°C)"Wsing a typical solar simulator

pgen light source), normalized to a

The device is placed on a

shunt resistance‘smpen-circuit voltage VUort-circuit current density Jg, fill

AUEINENINGINT
ARIANTNUNRINGIAE
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CHAPTER IV

In this

cell fabrications fon of TiO, layer and

TiO,-blocking-laye v Rty COuGLeEs electrode and dye

in dimensions were

used as substrates, ansitized solér 8l The substrates were first
. J AR . . ;
cleaned with deterg Ve coarse d iclesi@id then ultrasonically clean in

deionize water mi stéroent-at. 80  hour® Next, the substrates were

ultrasonically cleaned aga A,. ‘, Ju-;llr(‘
Finally t@bst
dry cabintl wsS———————————

W
SnO,(F) wasljied as fron S. ZnO(Al) M

sputtering technigue. The resistivity of the film is about 1.47x10° Q.cm. In,03(Sn)

HUgIngnIngIng

A schematic of spray c‘ung system is sho in Fig. 4.1. The sy

q W';Tl AIUINIING IR

measured by a tachometer and the speed was adjusted by varying the voltage of the

p.remove the detergent for 1 hour.

fozhey were kept in a

-’

1), In,03(Sn) and

er was prepared by

power supply.



39

Table 4.1: The sputtering parameters of deposition for ZnO(Al) films by RF

magnetron sputtering.

essUreR WA /Y oy 2.0 x 10° mbar

----- ~ 'v_____-‘r 240 W

Argon gas pres : 5 "~ mbar or 15 sccm
Suf gter ., "IRPM

Post anngalffig tg .‘ 400 °C

f | :;;‘;: /@‘\\ ozzle gun
‘ ' ZX h\ -0

= @olloidal Gas
R Ne

—F | ¥ Flo
Power SUpplg ge T e rate

0 oo

Ry L)
‘;.. gem.

The ﬁd use 1800@77 to obtain the film
unlformlty substrate was attached on the spinning holder and can be heated up to
e TiO, colloidal soltu was loaded into a compartment of
U ARERIREATE
ate™vas®se thé®physical

eter for the film fabrication. ‘

ammnmum'mmw

-
-
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=, Shutter

=
i =l arget

. ‘ o . \ .
Figure 4¢: schgmatic _;m’-* pf RF magnetion'§Puttering system.

Of'the 2 O(A) Zle ‘
The transpare O(A ' a sgda-lille glasses (SLG) and used as
' ed from a ZnO(Al) target installed

4.3 Preparnafio

the TiO, photoelectrode.

on the sputtering gun. F

sputterm%t 1

with the spsi

ic diagram of the RF magnetron

Igﬂjthe target surface

the substrates up

to 4 pieceS4t-a, t r@*and the substrate to
et ¥

sleininie re-sputterin{l'hrocess. During the

deposition, the s?strate holder was rotated W|th the planar sputtering.

£l wwum WELTLE

acuum (in the order of 10° mbar). The base pressure of the system was below
2.0 x 10 mbar. First, the target sm‘ace was cleaned by8puttering with RF powu

RIRIDIDANIANEARE

summarized in Table 4.1.

prohibit undesfred sputtered
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4.4 Preparation of TiO, Target for the TiO,-blocking-layer

and the TiO, Layer i I
{/’&Vder (particle size ~32 nm, Alfa

The TiO; target W \\i
Aesar, 99.9% puri -;’_R.- = g 2 can be described as the

First, TiQs#Fowder” wés/hehte 0, rermoyashumditysin a furnace. The box
furnace is shown jp#f v ' Mealhglis.shown in Fig. 4.4. TiO,

&£

powder of 9

AuEANENIneIng

" Time (h

our)

Figure 4.4: Profile of annealing of TiO, powder.
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(2) Pressing the target

by grinning the powder (954 unt of PVA (2%by wt., 160 ml) to
agglutinant of the TiQOg,t8 ign mixture was then put into a
mold whose diam essure of 3400 psi in air at

pressure for 1 ; W Fig. 4.7. Forihescon of mass mentioned in

step (1), a 4-inchgit Br et ith 5'mr Obtained.

2 95.6700 g
-PVA (2%by Wt.) 160 ml

qmmnsmwnwmw

Figure 4.6: Temperature profile used during pressing TiO, target.
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v

7
fir

$ :

g,
@

: ‘ -
i T
Figure 4. @¢Prd -Fﬁ’.ﬁé

s

\'" 1
.\5 a \\ target, (a) the viscous

TiO2 solutighfin alihold, )dAder aloressure'ts 3400 psi in air at room

-,o f

:
'z

Next, the target was removedf m the @"placed in the furnace under humidity

The TiO;

e
1200°C for 1Mours int

process is shown Fig. 4.8. The temperature was gradually ramped up to 1200°C in

about 12 bours ant yed at that tempera r. 1 hour before the power was
mpletely s wn. hﬂp ref@f fthe Tlrn a ’ didowf toward
aufporM (BmeFature ™ he obtai i0, targetlooKs Itke'a White Ceramic tafget.
, ¢ o | Q/
ARIANNIUNRTIINEIQY

= ,J_)
hexe'let was sintered at
-

¥
rature prq |1 during the sintering
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Temp (°C)
1400 4

14 15 16

Figure 4 8¥ Theflenthafature projile dyringsintering of Tio, target

In @

B toginstall tife, ta §BE TN the spiliiefing Systemithe thickness of the

target must be aout N thicketo, (0 th '“-., ttering gun. To achieve this

\

d .\\' ,. )y RF Sputtering

\Vn.

: . M
requirement, t€ targgt had'to be dolished
& .1‘.".0" [+ 'L

4.5 Preparatfonfof T‘ '
Technique fF ffee

The TiO, target.-obta ned in sect 3s installed on the sputtering gun
e RN

with silver-gaste g.bac ﬁ’ plate. The silver

paste is used to bring the heat generated during-the-sputter pg-Process out to the
cooling systefm. RRSadgnetron sputtering
on the ZnO(FHT /soa— ] he subs: 1 es were rotated at 3
rpm. First, thesurface of TiO, target was cleaned by the pre-sputtering with the power

at 150 Watts, for( 1608 mins under pressure M roximately 4.0 x 10 mbar. Then,
“‘ ﬁ
i ap

ATSHHANS

rifg™vi e pOWer*of atts, Ande¥ press proXimatély 20 x 107
with, deposition rate of appr?imately 0.85 nm/min_for rotating substrate holde

‘ ' d itiomyr f roximatelys1.57, ing St e e

QRIEVISURIIADTRY
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4.6 Preparation of I0|dal Solution and Spray
Coating Technl /
The viscouS*™e al sthon@eeruddm et al. [20] was
-_——_'

used, starting from.c TiOzrpowder(partigle.size of 32 and 5 nm, Alfa

Aesar, USA, 99.999% e \‘m. WAERDXIDE). The powder consisted

I\

of weakly eparate particles by

grinning the ‘ nt of DI water or

Polyvinyla ainil #‘-;. . or ent re-aggregation of the
particle for 1 di u the addition of DI
water or POlyviny 1a , DHP <P tintied grinding about 1 hour.

Finally, deterg | ‘ 0! " ' ate L"\l-“"' inylacetate (PVA) was
' C he \ bstrate. The concentration
of TiO, colloida ti : ! " 1% a -\* by wt., respectively. The

r’:"’: 80 olfe Vng-layer/ZnO(AI)/SLG and
ZnO(AI)/SLG substrates foreompa e specimens were annealed at 450

°C for 1 hour in atmosphepe.-~4#
| i i;a ith a flow rate of

oy

Table 4.2: Iﬂ‘"ﬁ
L]
technique.

TiO; colloidal solug#®n

r by spray coating

Distance between nozzle grun and Thlckness of TiO, Iayer 0.1-20 um

substrate : 22 cm
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rpm while the varied parameters were concentration of the colloidal TiO- solution at
1% and 10%byWt and the thickness of TiO; layer at 0.1 to 20 um, respectively, as
described in Table 4.2. \Kir " ' O, layer on the TiO.-blocking-
layer/ZnO(Al)/SLG sub ( j‘ / for 1 hr with the profile shown
in Fig. 4.10. The. Hefpsiti ¥ of th / ~on the TiO,-blocking-

layer/ZnO(Al)/SlGasSubstrate- *- spra’coatingm shown in Fig. 4.9. The
TiO; layer was apalyeed o thels uctural shalbgy properties.

70

Figure 4,5’1'§The Julse Of spray coating te i0, Irdeposited on the

="

Aut Inenineans

Figure 4.10: The Temp profile of annealing the TiO, layer on the TiO,-blocking-
layer/ZnO(Al)/SLG substrate was annealed at 450 °C for 1 hr.

2.5 3
Dur)

95
(

[
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4.7 Fabrication of Dye-Sensitized Solar Cells

glayer on the TiO,-blocking-

)] nsitizer ruthenium 535 bis-

Eﬁencentraﬁon of 25 mg of
__ g-layer/ZnO(AI)/S LG

e ruifteniumeg3s.bis- TBA solution (N719

SasShoWeli F1g. 4.11, and then rinsed
LR - g

‘ele lectrochemical method

.\ t em| ally platinized (0.05

. 118 system consisted of a

re ;_‘ d ZnO(AI)/SLG substrate.

e soI m 2 up to 10 mins. The
0 the (AI)/SLG substrate.

AugInEnswEIng

ruthenium 535 bis-TBA solutlon for 24 hours at room temperature.

QW']Mﬂ‘EﬂJN‘W]’JVImﬂEJ
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Wire Pt

Power
supply

ion 0.05 g of PtCl, in
0.00156 M of HCI

l N\
Ill; @ P \\\
Flgure4 12: Diagram of ; by electrochemical

. _ oy r 0(Q u‘\ I~l'"~, N
4.7.3 Cgll assemblif 9\ ‘g \\

Two sidesgof oeth '\
gasket SX117-60F ( LAR ,.x ,_.“- ene-vi

for example, Parafilms,
actlate (EVA). The seal was

cut to form a frame g@fou f_h,- "ﬁf cle eat@from a hot air gun was then

applied to the cells, thus fo , the (I‘/I;) electrolyte (MPN-100,

SOLARONIX) wa yth he cell was typically 1.25 x
1.25 cmZlandios 1oto- Si )der standard AM
: -

15 radiat& ( 3% J

ﬂUEI’JVIEWITWMﬂﬁ
qmmnmummmw
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—

s
AR R, N

Figure 4.13: lg¥age Y to-Currenticon ;\\;"‘% system and (b) dye-

= .\‘_
sensitizedgblar g : ard A adiatigh, (108m\\v/cm?) by solar

(A
W)\
4.8 Fabriﬁtio o
|

4.8.1 'I?e choice of transparence conductive oxide (TCO); indium tin-

AN SN TS,

ZmAI)/SLG or Indium tin oxide (ITO) or Fluorine doped tin-oxide (FTO) electrode,

, l?lockin layer, dye sit tight with “io layer, (1°/1; ) @&8trolyte and the B colntef
ARANATIARAINE Qe

el (DSSCs).

g itﬂed Solar Cells
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Table 4.3: Parameters condition of the ZnO(AIl)/SLG, Indium tin oxide (ITO) and

Fluorine tin-oxide (FTO) electrode fr he dye-sensitized solar cells

Sample \ !_!,l' ' Thickness TiO; layer (um)

DSSC001 \M 1

DSSC002 <fieZnAN)/SLG Z et 3

DSSCOQ3 ey O/SL,_ 1

DSSCO04s FDISLE o 3

DSSC005.# L 1

DSSC006 m‘fm ‘\ N 3

The.tfnspasént Loptiytiiv .,.?1 (L C% Salupared between the
ZnO(Al), ITO ag FT elec hdes=Fh . tl o was prepared from

TiO2 powdegsize ofppudXir ?e\ly (;-i,. N Y -‘.«._': . i) 10% by wt. The
thickness TiO, lg ro pbtained v g; L% Y

v
4.8.2 The Ti--b ,;.e-; ‘
Figure 4.2 sholl's the st ire Oftalffe-sensitized $Blar cell which consists of

the ZnO(AI)/SLG elfctrgg with TiO, layer, (17/1;)

{ r! "‘. |, OY

electrolyte and the Pt counter efeetrode=H lckness of the TiO,-blocking-layer was
at 25, 50 and 100 ni ed
the Zno@ g techniqt 3 _}ng spray coating

technique&w » : mJate of 1,800 rpm,

N719 dye serfSitizers, er elgGtrode using

L

he fabricated cells consist of

Table 4.4: Pavra ters condition of the TiO, blocking-layer for the dye-sensitized

e ells ﬂ
EFE-IHEMRJMM‘IAH!I!‘ er (um)
A iDSSC007
DSSC008

M“‘TMIITETAITMIE [ |

3 WA ,

DSSCO011 - 1

DSSCO012 - 2
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Table 4.5: Parameters condition of the thickness of the TiO, layer and concentration

of the colloidal TiO, solution for the dy- ensitized solar cells

Sample Thickness TiO; layer
(um)
DSSC013 8
DSSC014 8
DSSC015 A 5
DSSCO16 | - by \VE: , ~ 2
DSSCO17 WD AN 1
electrochemi eé Gu Bl icknesses -blegking-layer grown by
sputtering téchni W rigdSu ,' 0 The deposition rate of
TiO, layer ca@*be infreaged Py u 9, p VIt a size of 5 nm (Alfa
Aesar, 99.9% pur' ) a e' col
4.8. 3 he t k w ‘ » i r atifng technique
The DS9S p aratlo" his section is si r 1@ preparation procedure in
previous section. T ic " n pray coating technique were
varied at 1, 2, 5 and 8 prit—the: lution used in The DSSCO011 and
DSSCO012 are varied to & Jand-1 ectively. The conditions of the

other ceI@s

Deg s

-
-

¥
' |
Typjr the TiO, layer was compared between powdﬂ!ize of approximately
5and 32 nm (ﬁ‘ ar, 99.9% purity) am@gussa P25 TiO, (AEROXIDE) by

mm ANENINYANT:

on (non-polyvinylacetate (P\/é)) and the cells the T|Og colloidal solution (PVA

q RRNSIUNI N8 Y
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Table 4.6: Type of TiO, powder for preparation of TiO, layer for the dye-sensitized

solar cells
Sample Th Hitibns Type of TiO, powder
DSSC018 lacetate ( - fa Aesar, 32 nm (8 um)
e —— . = "
DSSC019 d ilylacetate (PV a Aesar, 5 nm (8 um)
i ' .
DSSC020 | . Djeff" inylagetate (PVA) egussa P25 (8 um)
DSSC021 | . #Polfi tate (P | ussa P25 (13 um)
Dssco22F  Mowlidylhectat W, [, DeMsa P25 (20 im)
p ra'“' A
r/ /
[ /i l’j
=

ﬂUEJ'JVIEWIﬁWEI'm‘i
RIAINTUURIINIA Y



CHAPTER V

- @SIONS

¢

This ch expg imentatresultszand.discussions. Firstly, on the
preparation of soda- ' e Of y Coating system for the
preparation AO(Al™electrode by sputtering

N N '.k. -.‘_'

07 colloid: E utior “‘?': }iO, layer by spray coating

method, prepar. iRg-layer by sputtering
method, preparatiogfof the
and sputtering hn" e Willfbe described. emgi and analysis will be
discussed. I the sg n_"ar Iiﬁ\rv
sensitized solaggells gre orte

cells characterized @ the r: .\
L i %

1 h
\ !

. ~ he fabrication of the dye-

ofithe dye-sensitized solar

the lx' i [
R

30 A \

5.1 Soda-lime Blassesis
The photograph of*g=séda-| ) substrate along with its optical

transmission spectrum_are,.show i gl 5.2, respectively. The surface

morphol'ghof i eo@ an atomic force
16 {AFM)—i5—Shown-—ii—Fige wirghness ~ 7.7 nm

mMicroscoge o}
)
| —
b, nll
i

A Ue INSRINE N3

AN IR ANLA Y
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800 2500

) substrate.

s E

[RING

___

V) .
- - o
Figure ?ld The surface oda-lime gIaﬂSLG) substrate.

5.2 Fabrlcgtl of a Spray Coaw System

fueBTINIInG:.

tor, the second part, the rotatvg substrate holder with power supply as showg i

q RN INIING TS

)
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Temp control

Tachometer

(RPM)

Sy
Sample

9 10 11 12 13

Figurei . Urve of spir ich controlled by a power

nnnnnnnnn

80GPm (1=0.09 A, V=10
Volts). The JU strate can be heat up to 80°C for 5 mins (JF'zo Volts) by the IR

Iamp.
| he Zn (AI) e‘ectrode were prepared on a 2.8 xﬂ cm soda-'ime glass by

RF sputtering technique with the t'Y:kness of about 1 u he ZnO(Al) electrod

q RISMIUANTINGINY

transmission spectrum is the optical band gap of the ZnO(Al) film (~3.3 eV).

Typically, e_%:, pst
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Figures56: Thg aph'e the ”i\ rodeson SLG substrate.

.........................

Ty
Figure 5+4% T elestrode on the SLG
111
m | substrate. m

In addition to th‘dmmc reduction in the trgiaghission at long wavelength (>1100

AULINENINAING ..

d| raction (XRD) (Bruker, D8) |$‘hown in Fig. 5.8. I an be seen from the

A WIRN TR URVINEIGY

peak is ~ 54 nm.
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Intensity (a.u.)

___ of the @d on the SLG
\J

-

The| prpholog film w e measured with the

atomic force'microscope (AFM) (Veeco Digital Instrument Dimension, 3100) over 2

X 2 gm>. Fi ure!QQNs the images ZnO (ALY rown on the SLG substrate with
O(ugaﬂare mﬂu sﬂbo 4w.  @lose ﬁe herical
oft ‘AI) arti€les' cam e observed: , L8
54 The TiO -blockingﬁﬁtﬁw Sp@ttering Techniqués
1

QRANASEI NI TETa

The TiO, target shown in Figs. 5.10 (a) and (b) looks like a coin. Its diameter

and thickness are 10 cm and 5 mm, respectively.
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(b)

Figure 5.10; Thgaffageef W10, & 0.1¢ and thickness of

Figure 5.4T%The kinG-layer deposited
igure @ ;Ej?yer eposited on
AL

r !. '
Next, the Ti ‘ g"Chamber. Then, the TiOy-
- i
ere grown by sputtering technique. |i

54.2 Tl‘ﬁ blocking-layer

@M HANBNANHING -

obtained. The thicknesses of TIOQ"OCkIng layer grow n ZnO(Al)/SLG substr e

R UNIINEIRY

(Eg) of about 3.6 eV. The TiO-blocking-layer prepared thickness at 25, 50 and 100

nm was measured resistance of approximately 50, 300 and 50 x 10° Q.cm,

blocking-layg
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1.60E+15
TiO; blocking-layer deposited on SLG substrate
1.40E+15

Figure 5.12*Fhe op yoand.gap gf the XiQx-blgeking=tayer deposited on the

-
i ' 1
|

respectively. The jficreg Se ¢ aick L a0 ‘Il“'-.""'.‘ 5 of series resistant (Rs).

This also leadsg® thegflecrase of, _; f ency. \"a are ulthdbe TiO,-blocking-layer
with the thicknessfof aproifaately 2 /4 in “u,{ &y suitable for this DSSCs
fabrication. ~ # ‘ ..,.. < \

In addition?® thed Strtietural. pre f
determined from X-ray ﬂmh-' ‘ f‘ @surements (Bruker, D8). Figure 5.13

TiO,-blocking-layer were

sputtering technique on
antl SLG look like

shows the XRD spagir@ =t .

T|02 blo ing- Iayer

Uy T
QAR

MMMWM W\\" " m i |
Figure 5.13: X-ray diffraction patterns of TiO,-blocking-layer deposited on the SLG

’ 5 RN
l
and SLG substrate.
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deposited on the SLG.

sured by the atomic
ion, 3100) over 2 x 2
ayem grown on the SLG
aliut 19.12 nm. The AFM

aSSHO
image of TiO,-bloc ing- : reviealed a packél rounded shape of the TiO,

particles.
0 Technique
L)

'-J/SLG and TiO,-
o | =

blocking-layq INO(Al ayer is :qﬁ'e uniform on TiO,-

blocking-layer. 'ZnO(AI)/SLG substrate. This is due to the surface of TiO,-blocking-

ﬁw’ﬁ WEiaWeAhT
QRIAINTUNRINYIAY
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L Sze -v.: ' N ' S|2e3x3 |
Figure 5. S:T bho % ’ \ \ sub trate for spraying
duration (a),(g)¥(f) diid (h) a '. cl 83ec the substrate at room

temperature. (b),(d)' ‘ ,:_;;——-' 8 secan@s with the substrate at 80°C.

=5 = s
v o 05 mm 45x

%ﬂ%ﬁ Ylﬂﬂﬂﬁzﬁz@

size ~32 nm (Alfa Aesar, UiA) with the substrate at room temperature.

QW']Mﬂ‘EﬂJN‘W]’JVImﬂEJ
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Figure 5,1#Me ipa \ . gckiMgalayer/ZnO(AI)/SLG
substrate for sprg ' Mfcom particle size ~5 nm

mperature.

TiOz-blocking- I‘e@(AI)/SLG substrate WJI'[S the overlapped cluster. Thus,

El ummmmmm;::

e area.

9 wwmmwm (b iigia]

the coral-reef-like cluster corresponding to more porousity or surface area than those
of the others.
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own on soda-lime substrates for

the spraying durations;gfs3, 6% : ﬁﬂas observed with decreasing

of the transmission truimwhen tws in gwn in Figs. 5.19 and 5.20
—

for non-heated and heatgdisubstfates, rgspectivel

|
e T gansmission -"|l
%T = \
TiO, 10 g, DMIO ™I, Acetyl Agétone 0 m,
Triton X&100 0. ' Fibw Rate 1 lfinin " b - dsec
Sub B cnin: alh L - - S 6 sec
# y - 9 sec
- " 12 sec

100

15 sec
18 sec

2300 2500

Figure 5.19: The op mission. hTiOMayer deposited on the SLG

substrate for spraying duratm.::;l T ,' - 5'and 18 seconds with the substrate at

L ransi 1on.0f. 110, 1aVel

3sec
6 sec
9 sec

12 sec
15sec
18 sec

1 EWITNEHﬂ‘i

1100 ]ﬁ 1500 1700 1900 2100 2500

q W’] AN I NgAY

SLG substrate for spraying duration of 3, 6, 9, 12, 15 and 18 seconds with the
substrate at 80°C.
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Transmittance of TiO, layer

%T
100 5 Flow 3 I/min, Rotate 1800 RPM, concentration 10%by Wt.

ilms deposited on the

ZnO(Al)/ . raying. duration, g, 153and 18 seconds with
‘0 1; X9
v, ‘\ .I »

adion 1 e ZRO (Al)/SLG substrates are

The optical transngi§siogfof fé}
J f - ff s

shown in Fig. . fir ges are'due pultip \ io §kin the ZnO(Al) layer.

.I .' | ‘L '
The cut-offilet 38 n?\ -ﬁ;‘* f sion sp r [lis the optical band gap of

the ZnO(Al) film (~-3.8feV). l¢ ’¢*u maticir@guction in the transmission at
long wavelength (>£100 “~;f'-4i¥¥- e nature of the ZnO(Al). It was

observed that the transml i ,:i-'-* rum aenliO, layers on the ZnO(Al)/SLG
-*" e -"W ]

substrate is.ncrease of the heated substrates has

vacancy i 2 er-which-corresponding-to-in: istant (Rs) of the

DSSCs. ﬁe fi

from the non‘ﬁ' ted

lications prepared

55.3 St ctural properties of TiO; Iayer

Ao ‘“mw ST
qmmnmummmw
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(002)
Z"(Al) Deposition time=18 min, Flow rate=3 I/min,
‘ \Rotate of substrate=1800 RPM
i! f (004)
l| ; J ZnO(Al)
=88°C on ZnO(Al)

""ﬁrﬁ fire on ZnO(AI)
;mm
= F'i LG
MWM AN } 1 uuuLmL Mumu b ik uwmnm

!-!l"

Intensity (a.u.)

Figure 5.22: Xz dif erfl of TNOlaye o Bited on TiO,-blocking-
layer/Zn@ \ ate pray®eoating technique
Pstralte temperature.

The XRD spectra, &N OQAI)/SLG at 80°C substrate

and non-heatedg#10,- oc el 8ubstiate'gle shown in Fig.5.22. A
well-defined eak g } (&q‘ ,-' ) as to the anatase phase [22]
F ¢ ‘i !
and a peak of Z,(@I 002) is see 'v\ h™Much stronger intensity as
expected. The averagé® cr ;-;_i;‘- '#Efr' Ce 7_ omithle (101) plane of TiO, using
7 1 P 'L--:::-:;".*'-‘E 1 1 1 1
Scherrer’s formula is about To-RR-WHIERS DXimately the starting particle size of

TiO, powder.

ﬂUEJ’JVIEWI‘iWEJ'm‘i
'qmmnswm'mmw



Thickness of TiO 2 layer (32 nm) by spray coating techinque

60 60 sec

T 240se
50 _4505c 1

204 O
Thickness | ‘J \ ‘
(um) ey Vi !
u ‘|l||’-[ _‘"‘
am \-H“Ifg'l!.'...

WAl "“".HIHM"
J"nl L LS, = ..h llll s m 1(‘ Y

Thicknes
(e)yf

N T VR
P-4 -

g ool

W“hﬁ

!MLInA‘Ei

|
0 1 15 35
‘ Dlstance (mm -

q W’] a.ﬁmmumwmw

(measurement distance of approximately 5 mm).
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30 7 Deposition rate of TiO, powder ~32 nm

| iThickness (um)

0 100 200 300 400 500

gheposition time (sech o/
SATHURINH G
coating téchniqu ISz nm¥(b) Partitle §iZ&8nm ahd 1)

Degussa P25.
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Fig B 25-8Ur 4-' ho hk, i i0 particle size 32 nm,
(b) particle-sfze 5 nge” depOsifedfop theT blo /4 AP/SLG substrate size

5.5.4 Thigknes® caltufati A ofTiC ok Dyksp ralacoating technique
The thicknegé offTiQ, layers was measured rfaGe profiler as shown in
Fig. 5.23. Then, t#€ depBsition (afe ¢ 1 b 'Iculat THellTiO, layers exhibited the
J a | gl i e i
random TiO; cluster ing.spray- coatil pe_depoSition rate of the TiO, layer

grown by using 32 'I m .Lf. 2 0.0568 pum/sec which is less than

that grown by using 5 nr i0.1615 um/sec). This is probably
due to srmafler | ~Finally, of that, grown by using
Degussa R25#is c.—The-thickness-of F1O2-layeL/an be controlled

g
esof T10, Iayerjﬂ‘

Figures 5 (@) and (b) compare the atomlc force microscopic (AFM) images,

[)/SLG

W ﬁ"/ﬁlt;ﬁvnh the

ean square (rms roughness of approximately 10 nm. A closely packed round
shape of TiO, particles was obser\‘d in both samples, Kthe TiO; particle S|ze

q mmmwnww NEQY

by using depési
=t

5.5.575 face morpholOgy prope

I\J
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Figure 5.26: Surface F.’-‘ ..... ':-_.-_,: laver deposited on (a) SLG and (b)
T ' Bhaiie size 2 x 2 um*.

-layer/ZnO VLG substrate can

observe roughl st StratBuwith the root mean

square (rms)ﬂghness ofapp AMPES shown @igs. 5.26 (a) and (b).

Hence, the pack TiO, particle useful for preparation of the blocking layer by

HiEInenineIng

AN IUANINGAY
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.

“r . 2 ':0‘.;5 &
oS

J NihgTiO2-blocikg-
layer/ZnO( MELG sprmoating technique (a)
1] Jil
and (b) p i le size 32 nm, (c) and (d) particle size 5 nm ( Aesar),(e) and (f)

Deguss‘PﬁAEROXIDE) top view @deross section, respectively.

AUBINENTNENAS
QRIAINTAUUNIING IR
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Figure,528: SE\Wimade bfsu FAc OO Haiek.deposited on theTiO,

s : F ‘ , ‘- ‘-\‘ -
blocking-tayer/Zo@(AL JELE ¢ dle by sprayieotifig,technique (15 pm thick)
The images_s@#fningg€lecifopS imicrosCoped(: 2 TiOgllgyer grown on TiO»-
blocking-layer/Zg®(A 5 shibstrate-is 5.2 he first layer, ZnO(Al)
film preparead®y spifittegihg ‘-’-‘-E-— a a i -. limately 1 pm. The
ZnO(Al) film exhibits ghe sfho bth 8 Jj-“‘ nd \', a quality. The next layer,

TiO2-blocking#fayer gfep: WA -"* .\ ery*thin thickness at 25 nm
which cannot be Qlservgt. _ﬁ .\‘\ .27 (a) and (b), the TiO,
layer prepared by Sp coa hnic

99.9% purity) has” high (I’rmf‘

g le size 32 nm (Alfa Aesar,

lustéfs corresponding to lower

nanoporous. The TiO Ia epared i i e size 5 nm (Alfa Aesar, 99.9%
" ST °
purity) can.gbservesfi BROrous gn surface as shown

s&pb5 (AEROXIDE)

_&Jsponding to many
éLuhe su ®The deﬂition rate of the TiO;

layer from seetion 5.5.4 can be useful for the thickness calctMetion. Thus, we obtain

the estimated 15‘@ layer using spray com technique as shown in Fig. 5.28.

A UBINBRINYINT

5.6.1 Dye-sensitizers (N719 dye)

q ma»mmm AN

(b). The porous TiO was infiltrated by the sensitizer dye (N719 dye) as shown in Fig.

in Figs. § DTN
exhibits tlk

Nnanoporous

et
-
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5.29. Difference of color depends on the thickness of the TiO, layer and porous
amount of the TiO, layer due to dye b?er

w /

in Fig. 5.30. The p . paraph-To usesy un unter electrode. However,

emlcally platinized as shown

the thickness of the Pt. ctrodg does I e catalyst electrons.

)
ayer/ZnO(Al)/SLG substrate

BA solution (N719 dye) solution for 24

g-1

Figure 5.29: =" 0, ‘-"7-' - gh thi

absorbed by the sensitizer r _.

substrate by electrochemical method.
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Figure 5.31: Theg S & betne : ode and the platinum

e and the counter

| lﬁ & se; \ orking electrodes
composed of N inghe Mﬁ:*'-‘,"‘ d -H"\ ol Sk Blectrode. The complete
fabrication of dye-§€nsi -.f‘-"-f' ells HOWNRintRig. 5.31. Finally, the cell

response to the li ils" '.‘é‘*’ .2,’ lifheter as ~..o» in Fig. 5.31 (b).

5.7 The EffigfengyiotDye- zedSolar Cells by 1-V
Curve Characte_l :H:—’W .

|l 7 renc , g%gcox ZnO(Al),

Figuﬁ& S of the Dﬁ 001, DSSCO03 and
DSSCO005 celle. Their short circuit current density (Js) are’ 63, 0.079 and 0.095
mA/cm?, respec‘emue to the very thin t@ess of the TiO; layer, their values

AU INENINAINT.

Fim 5.33 (a) and (c) exhibit large grain size which effect the current generation of the

cells. The DSSC002, DSSC004 and DSSC cells h he increased value
Q‘ Wsho t'Qulre nsity (@ oflaparokinfafaly 0.255, ZW mAlc eEI
q to the increased TTO, layer thiCknesSs aS's in Table. 5.1. : -
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0.35 4
~——DSSC001

0.30 1 ; ~——DSSC002

——DSSC003

0.25 4 ——DSSC004
——DSSC005

0.20 1 ~——DSSC006

Current density (mA/ch?)

Figure 5.32ae phétog g Ut alof the, dyesgensitized solar cells.

The open-cigefit vo ge o] f 8%, mVAdind a Fill Factor (FF)

varies from 04 0 0.68 l,.' ec G ?_, ' [0, substrate show the cell

efficiency (n) pout @ 3 5,2\ 0.0¢ mv

¥ 4
n

‘; o

Table 5.1: The solar'g#ll pg , P }:,, _ gy fOlhe electrode choices.

Sample Electrodes c- 1(C 'ﬂ?:g‘ ' Voc (MV) | FF n (%)
DSSC001- ; #+0.59 |0.027
DSSCO0%: ! NO(Al) 1225 0.155 - J0.63 0.073
DSSCO003%_#Iir€ Lo 0.53 | 0.030
DssCo04 [0 % 755 @' 0.46 | 0.083
DSSC005 [*F 2.25 0.095 617 0.46 |0.026

DSSC006 | FT® 48 | 2.25 0. 266& 659 0.48 | 0.084

WEJ’JVIEWI‘J'WEJM?
qmmnswmmmw
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Figure 5.33.,8EM iglage of surface(a) fhdium i ~. IT@ L (b) ZnO(Al) and (c)
at

FTO ele’p Dde J}";{gfr ’.[t

5.7.2 The Ti? plocki

\- tering technique.

Ng=layerim Lbe efficlency of DSSCs
5:‘:_..;_; 07 cell was achieved with the short

Alcm? as shown in Table 5.2.

The solar cell pa

circuit current density :_ry f.approxime

The eﬁic%%y of 11 was ¢ nﬁither cells due to
the thin TiQs-blocking-layer—the-Fi0,-blocking-layerplays-an-important role in
protecting v :[Ee; O,-blocking-layer
e DSSCOOSE'PSSCOOQ, DSSCO010,

DSSCO011 and D?COlZ cells was achieved with a low Fill Factor (FF) and the less

increase or nog- TiO,-blocKinga

QRIAINTUNRIINEIAY
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o
i
[S)

—DSSC007
= DSSC008

o
o
©

—— DSSC009
——DSSC010
——DSSC012

o
o
©

o
o
N

——DSSC013

o
o
=

o4
o
a

Current density (mA/cm?)

800

Figure5:34: The¢ phgto Bni-voltageicun/eiof the dye ized solar cells.

Table 5.2: Effg $.0fi the efficiency of dye-

sensitized solar cg

Sample Voc FF | n(%)
(mV)

DSSC007 755 0.64 | 0.040

DSSC008 713 0.51 | 0.009

DSSC009 656 0.29 | 0.007

DSSC010 392 0.38 | 0.005

psscoif [\ i | # 052 | 0.012
3 — !

DSSCO01 0.44 | 0.010
cy of DSSCs

o

| |
The repant concentration of the colloidal TiO, sﬁion (10%by wt. and
1%by wt.), shOV\‘ Table 4.5, was used twpare TiO, layer. Figure 5.35 shows

e HINBNINGINT

|cant to the physical propertles of the TiO; layer.

QW’]Mﬂ‘iﬂJNWYJWﬂ’]&H
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0.25 —DSSC013
~——DSSCO014
~—DSSCO015
——DSSC016
——DSSCO017

Current density (mA/cm?)

Figure 5488- The#hoj hi-voltage eurve, ofithedye-sensitized solar cells.

Therefog Fincr e 1 Kness _ By er'siiep as the DSSC013 and
DSSCO014 cdn be aghie e-highér efficiesiieskinah, thelgther tells as shown in the
Table5.3. | ' ¥ '

Table 5.3: Effect o el esald _ ! 10¢heisklak Barameters of the efficiency
of dye-sensitized# olaf

Thickness of M5
layer (um

Sample Voc FF | n(%)

(mV)

DSSCO13 | 761 | 067 | 0.112
DSSC0144-A 49) | 0.59 | 0.092
Dssco15), 7 g | 067 | 0.069
DSsco16 | = =13 | 0.46 | 0.026

0.036 U19 0.38 | 0.010

ﬂUEJ’J‘VIElVﬁWU']ﬂﬁ
QW’]Mﬂ?NNW’]’mmﬂﬁl

DSSC017 -W 1 2.25




0.

o

)

a
|

o

w

S
|

Current density (mA/cn?)

Table 5.4; Effg

dye-sensitized sol

of

40 ~

cel

Sample

DSSC018

DSSC019

/0

Dsscozm

DSS v-—-m LB SIS e 2 s i s s | 19 s ¢

Degu
(13 pm)

~—DSSC018
——DSSC019
——DSSC020
—DSSC021
——DSSC022

lzed solar cells.

FF | n (%)

0.46 | 0.004

0.71 | 0.083

0.131
7:@' 0.59 | 0.158
0.041

5.7.4 Type of TiO, powd(?between Alfa Aesar and Degussa P25

q W@ﬁﬁﬁrﬁ WAMIANISY

particle size 5 and 32 nm) and Degussa P25 are compared. The solar cell parameters
of the DSSC018, DSSC019 and DSSC020 cells are shown in Table 5.4. The size of

78

r pare ,_~: slbf the efficiency of the
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TiO; particle affects the efficiency of cells as the I-V curve shown in Fig. 5.36. The
DSSCO021 cell prepared form the TjO, Degussa P25 type exhibits the highest

efficiency of 0.158%. The coral r& clis r of the TiO; layer prepared by spray
coating technique (using lj 556 [ X ‘ r the dye-sensitized solar cells
applications. In ad'— Io) 7 &xed in the colloidal TiO;
solution help bindgk=afsthe= O, clustérs Hmease of the thickness of

TiO; layer (the RSS€O2. G (he 7 me-limit) teads e lower efficiency of
i ' ' ) 1 e TiO; layer prepared
from the TiO, Degugs® aggwarea which is useful for the

dye-sensitizegg8

ﬂUEl’J‘VI&WIﬁWEl']ﬂ‘i
ﬂmmmmummmaﬂ



CHAPTER VI

-of,the TiO, absorber layer by
nO(Al), ITO and FTO
gstype of TiO, powder

spray coating and s peehnigues, (i), Biectssof.the Z
substrates, (iid l A
affect the effici

. coating and sputtering
techniques. £ » atir g techniue s :\*\', "ness, (2) uniform of
TiO, cluster cang ed ! 53 "\| \L""‘-LL.' material. Furthermore,

an¥ahrigatethe good DSSCs. Then,
cal \\u& s is suitable for DSSCs

t\ ed Particles leads to the less

fabrication. The* putt i sely p
surface area. So, the ing’

Then, the condm i ing: (i) the choices ZnO(Al), ITO
and FTO electrode Y the TiO, ye 1 1O -blogking-layer and non
TiO2-blogk -'!v: = ﬁz layer and (iv)
concentra*o 0 ._&t_ and type of TiO,
powder (Purjﬂ%.goo, N3 Pegussa ‘ ). The first part, the
ZnO(Al), IT
prepared from tl‘nsubstrate can generatu current more than those prepared

ﬁi ﬂﬁlﬂ*’ﬂ m]ﬁﬂ ﬂﬁﬁﬁ:ﬁz

od electrode due to the Iowaeswtlwty which is useful for DSSCs appllcatlons

d p Io ‘ ‘) fi
Q Wtec ihpo e the horticir@Hli o
series reS|stance Rs) of cell mcreases with the increase of TiO, layer thlckness 0,

increasing of the thickness of the TiO,-blocking-layer affected the high series

nd FTO electrode effect to the efficiency (n) of solar cells. The cells

resistance (Rs) which is not suitable for fabrication of the DSSCs. As a result, optimal
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thickness of the TiO,-blocking-layer is about 25 nm. Morphology of the TiO,-

can be analyzed by 1-V cljac3 e | thickness of TiO, layer of about 13

pum prepared from DedUSsaiR2S: ' M e highest efficiency. These
can be specified 1 parQeterS' i ircuit current density (Js)
of 0.368 mA/ operrsgircuitivoltage Ve, Rl (iii) a fill factor (FF)

of 0.59 and (iv). aincieasing of the thickness

(more than : hgltlecreasing of the efficiency
since the ele i ghsit ’,- Vg 8idle, eleeirodBs s decreasing. Finally,
different startinggfmatgsialgl | . ; : G820 cells, with the same

thickness sh ferghcgl parameter rrent density (Jsc) of 0.016
and 0.302 mA/cgf, (ii)fthefopencikcuitalioftate (. %f 496, and 739 mV, (iii) a fill
factor (FF) of %6 agl 0.89, and 3'5",{’ 1\‘5\ 0,084 Mg 0.131%, respectively.

The large surface ; hé Obtaified u

the TiO, Degussa P25
powder. The pa tlcle uster s similars al ree \|_ hich corresponds to a lot of
nanoporous on the s#Tfacgy ,d'{-. ilt, forthe dye-sensitized solar cells

applications. The ef‘f|C|enC| T DSSCs of ok are concluded in Table 6.1.

L BN

ﬂUEl’JVIEWI‘iWEJ'TIﬂﬁ
qmmnmummmw



Table 6.1 Summary of the efficiency of the dye-sensitized solar cells.

82

Voc (MV)

~all
Condi ' \ II" J

FF

n (%)

e —

hlck)- )iy 755

Purity 99.9%, Alfa-Aesar 32 nm
Concentration 109
The ZnO(Al)
Thickness of blocki

0.64

0.040

Purity 99.99
Concentration 1088

The ITO andd# O elg
Thickness of bloclgifig Ia¥

{55, 659

0.46,
0.48

0.083,
0.084

Purity 99.9%g&1fa A
Concentration 10%pY = AT W
The ZnO(Al) elegtrodell 0228, W% 761
Thickness of pMCKi -

0.67

0.112

Purity 99.9%, Alfg \esalf5 ',
Concentration 1% Dy W (8 um, thig
The ZnO(Al) electra C —

_ 740
Thickness of blocking layeH28-im:

0.59

0.092

Purity 99.9%, Alfa Aesar
Concentration 1%by wi:
The ZnO(AY) elg
Thicknest 20 _DI0CKINGg layer Zzonm

0.46

0.004

Purity 99.¢ % .l .
Concentration4eby v =
The ZnO(Al) lectrode . G

Thickness of ocking layer 25 nm

0.71

0.083

De ssa P25 ' o/

EANDNINE NG

0.131

Degussa P25 =
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PMOS2

1on was sprayed at
fransmission of Ti0, films

X fior oo ! 375 nm (3.3 eV) was

2 o Ve [ (AL, The morphology of Ti0,

thin filng oy i rl} 10 108 . found thar the shapes of the
cluster | i articles h i 6 [ ibstrate ten !‘i re. T films become more uniform
when coating oy [ the Ti€ A T significantly mcreases owing to

&

spherical shap®T parti pr of dVesed for solar cell applications.
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PMOS52-3
the colloidal film was annealed ar 450°C
kness of the TiO, layer depends on
n addition, with tlus technique,

gould be stored for over two

\‘!‘

BN A AN

container Al roow temperature without

N
5

T

Figure 1P 1l = of dyl¥:cusy Pre |

emperamre of the subsware

. jire, it was then s F
SCOUS g re, it was then spun at

P L L .
as ibed by p A s o 5 Y v e hometer. The colloidal

1
d L - T 1 ¢ in a compartment of the nozzle
2004), stautinglffor coffierol v . . F

un, The pEsSlle of SR- regulated and the flow rate

urity) copsfing of akly aggreSedy
punty} o g Y BgZ P

aggregat® wclgr
grinding the p (10 g2} i SEE

f T
amount of DI wifter (4 miie

: 15 se i W ¢ duri
toad into 5 et consf d conf@lled by the flow meter during

ml} ro prevemr reaggregation

_ _ Nozzle gun
obtained viscous pﬂs[c‘

ey

IR lamp

of DI water

es for conipam
WSC siuctwre, SLG/ZuO(Al will be used as a
subsu'ue for TiO, layer since ZnO(Al) can provide good

[rl.usp f lI as good electrical conduction.
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PMOS52-2
Introduction monolayer of the charge transferring dye
Diye-sensitized 50 e funcrion of light absorption from
i solar &nd ¢ The mjection of an electron
f the sensitizer dye imo the
the nanocrystalline semiconductor
oxide semiconductor).
fe of the dye is subsequently
from the elecrrolyte,
g system such as the iodide/ri-
» of the sensitizer by the
e conduction band
. The imli(‘ic is regenerated in

pdide at the platinized
pdide ions, which are
ri-iodide, is achieved at a

cribed by Eqs.(1)-(6):

(n
surface apg ab 00 rimes A v L 1
4 / ] 4 e &)
ranspa Tl ‘ere  many gieel : d
. 8 (3)
coating Ti0, | 3
] i ; it e - Ay -
and screen-prighfne techiyy e J<-< : A = T TIOJ.S-F?I‘ ()
interesting in coating  TiOy
. (5)
SLG/ZnO(Al) substrat
nO( sul stnt';-' f‘
because it hag (6)

esents the dye

tron nuigration

eNcy as W B e the device generates

P Principle of Dyesensitized solar cells clectic  power from hout  suffermg  any

The operating principle of the DSSCs is shown permanent chemical transformation,

m Fig. ‘hcﬁm the surface of the nanocrystalline

ANEINENINGINI
AN TUAM NG
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PMOS2-4

Transmittance of T layes

etale 100 KFN, somseniration 10%by WL 162 C

spectra of Ti0, films
aie for spraving durations of 3,

gods with the substrare

o Ic. S1ission u‘f the TiO, films
8L G/ 21" jaubstates are shown in
i 1 ple reflections in the

gen that the Ti0), layer causes
jon significantly. The cw-
jon spectum is due to
1) film (- 3.3 ¢V). In addition,
¢ Sramatie f the transmission at long
Givelength 11 nm) golely due to the nature of the

A1),

Tramsmatance of Tio; layer
Fiw 3 e, Fistate 1900 R, csncantration 10%by WL

Eno)

et the TiO, ou the
3.6,9 12, 15 and

( spraying durations

substrate at room temperature.

of 3,6, 9, 12, 15 and P¥Seconds with the

uﬁllbﬂ[l‘.‘“ﬂ Al roam iempearamre.

1 ANYNTNYINS
URIINYIA"

qR189NT




91

| = Nasional,
o PMO52-5
ws the XRD spectra of all TiO, films
on the 80°C heatgg g ) ulisi e ; oating technique on the SLG and the
with the sim » 2 s X - pres under  various  substrate
from the XRD specua that
" heated SLG, SLG/ZnO(Al
substrates show berer
hat on the non-heared bare SLG

of TiOLI01) ar

RLAL at 2[0=34.36" were

aystallite size

substrate @ ) 2 L ristic of TiO,(101) peak is

Deposition time=18 min, Flow rate=3 Umin,
botate of substrate=1200 RFM

(004}
Zn0ial]
N

T = B0°C:Zn0{Al)

WY

30 35 40 45 S0 55 60 65 TO T3 8O

heta

Figure 7 Optical ima ¢

deposited

s by spry

3. Surface morph TiO, films

& structural properties of the TiO, films were Figuwres 9 (a) and (b) coWfiire the AFM imnges

dn:'[cmuuc rom the XED measwements {Bruker, D3). -

l\ ceco_Digital Instrument Dimension, 3100), (over 2

ANUNTNEN




92

ational

Research

PMOS2-6

m x 2 [m area) of [ optical transmission than the ones on the

heated substate mperamure. The TiO, films deposited

s roughues i, respectively. es showed the sharp cut-off in

10, parti ras 1551 e 10 energy gap of the

ted subsisams. It B wavelength of approximately 375 um

e micrg bcopic : i : cernge crystallite size of
ined and thar was nearly the same
gvider. The microscopic
ns obtained from the AFM

ifferent. The TiO, films

g on SLG/ZnCHAl

e 1o acknowledge the support

" from  the hysics, Faculty of Science,
ulalongkor ] ‘ersiry #or the partial finding of the
the’ D lopment of Geology, Faculty of
hulalon?®m University for the access to the

facility.

nght §p eleciric
hsitized solar
jistrgland

V. 164:3-14.

HZnO(AL substrares

th the substrates heated up to S0°C and at room

[cu.lpcm 1hc Ti0, films on the heated substrates

UEJ'J‘VIEWﬁWEﬂ
QW’]&I N3




93

| 2 Nations) Gradigt
R R . J PMO52-7

Hagfeldr, A.. Didrikssa N_, and Grirzel, M., 1996. On the

and solar conversion:
electron transfer, Solar Energy
35:157-178.

i, K 2008, Anatase TiO,

:F substrates inan

Films. 516:2547-

L .|l"| 1'!

fi‘{:../ﬁ,

1UE ININTNYINT

RINNTUUNINYIAY



94

ber 17" 1983 in Khonkean Thailand.

_ ﬂ/s from Khon Kean University in

Mr. Tanachai Ponken

He received her Bachel :
2006. §

‘ v 1
2009 T.Ponkeh, C. @Rityuttakar-and:S¢ apho \'.‘“o ay Coating of TiO, for

-

Dye-sensitiz So ,. al Gfaduate Research Conference,

Khon Kean University = aRe12 — 13, (2009)
2009 @ ing of TiO, for
-
- streenery Resort
ol Tk
KhoaYaj, Ne -22.4(2009)

1l il

AL ANENINeINg

khoasounkwang, Khon Keaff, =

QRIBMNIUNRINYINY



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents
	Chapter I Introduction
	Chapter II Theoretical Background
	2.1 Basic Background of Metal versus Semiconductor
	2.2 The Semiconductor – Electrolyte Interface
	2.3 Mechanism of Dye-sensitized Solar Cell
	2.4 Charge – Transfer Kinetics
	2.5 Dye molecules

	Chapter III Analytical Methods of Thin Films
	3.1 Optical Analysis
	3.2 Structural Analysis
	3.3 Morphology Analysis
	3.4 I-V Curve Characteristic

	Chapter IV Experimental  Procedures
	4.1 Substrate Preparation
	4.2 Spray Coating Technique
	4.3 Preparation of the ZnO(Al) Electrode
	4.4 Preparation of TiO2 Target for the TiO2-blocking-layer and the Tio2 Layer
	4.5 Preparation of TiO2–blocking-layer by RF Sputtering Technique
	4.6 Preparation of the TiO2 Colloidal Solution and Spray Coating Technique for TiO2 Layer
	4.7 Fabrication of Dye-Sensitized Solar Cells
	4.8 Fabrication Conditions of the Dye-sensitized Solar Cells

	Chapter V Results and  Discussions
	5.1 Soda-lime Glasses (SLG)
	5.2 Fabrication of a Spray Coating System
	5.3 The ZnO(Al) Electrode
	5.4 The TiO2-blocking-layer by RF Sputtering Technique
	5.5 The TiO2 Layer by Spray Coating Technique
	5.6 Fabrication of Dye-sensitized Solar Cells
	5.7 The Efficiency of Dye-sensitized Solar Cells by I-V Curve Characterization

	Chapter VI Conclusions
	References
	Appendix
	Vita

