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ABSTRACT

MOLTEN SALT ASSISTED SELF-ASSEMBLY (MASA):

SYNTHESIS, CHARACTERIZATION and SOLAR CELL
PERFORMANCES OF MESOPOROUS SILICA-CdSe and

TITANIA -CdSe THIN FILMS

Ahmet Selim Han

M.S. in Chemistry

Advi sor : Prof . Dr. ¥mer Daj

May, 2015

A series ofsolutions of asalt ([Cd(H.0)4J(NO3)2), a polymerizing agent
(Si(OCHg)4, TMOS or  Ti(OC4Hy), TTBO), two surfactants
(cetyltrimethylammonium bromide CTAB and  10-lauryl ether,
Ci2H25(0OCH,CH,)100H, G2EOs0) have been prepared and used as the molten salt
assisted selissembly precursorgy only changing the Cd(lI¥urfactantmole
ratios for the preparationof mesoporous filmsThe thin films were preparedn
two steps: m the first stepthe titania particles (titania particles are typicallyZ®
nm (P25)), dispersed in ethanol, halieenspin coated over various sutses and
annealed at 45C andin the second stefthe clear solutiomgiven above(salt,
CTAB, Ci2E;0, silica or titania source and ethanolyere drop casted owspin

coated over the titani@25)films and calcined at 45G.



Slow calcination of the filmgwith an increment of £C/min), starting
from the melting point of the safaround 65C) to 450 °C has produced the
mesoporous silica/titanieadmium oxidgCdO) thin fims denoted as mesGdO-
SiO,-P25 and mes€dTiOs;-P25. The clear solutions were also used to make the

thin films without P25 and denoted as m&3dTiOs.

The films were then exposed taHaSe atmospherat 100C for 30 min,
andthe samplesvere denoted as me€dSeSIiO,-P25,meseCdSeTiO,-P25and
meseCdSeTiO,. The silica samplevasfurther treated with a dilutelF solution
(etching process) that resukgica free mesaCdSeP25 The characterizatioof
the materials produced in this thesisvas made by using XRD, FIR

speetroscopy, UWVIS, Raman, EDX an&olar Measurement techniques.

Silica samples have greater amouhCalSe than titania samplescarding
to the Raman and EDX datahich implies that silica samples are more reactive.
Also in both silica and titania, theampleswith a Cd/surfactant mole ratiof 6

have the greatest amount of CdSe.

Fluorine doped Sn®(FTO) has been used as a trargmt conductive
substratefor the preparation of the anode electrode for dblar measurement
According tothe solar measuremesitthesilica and titania samplesn P25 show
greater efficiency than the titania samples without P25ganérally have similar
efficiencies(the efficiency igheratio of the electrical output ofsolarcell to the
incidentenergy in the form of sunlightThe most efficientsamples areanerally
the samples prepared using Cd/surfactant mole ratjoalto 6 and 8In order to

increase theefficiency, 3 row transition metal cations such as Mn(ll), Fe(lll),



Cu(ll) andCo(ll) are dopednto above sampled he efficieny has beemcreasd

by 10 % in the silica and 30 %n the titania samplesipon doping wh 15%
Mn(ll). The solar cell characteristics of the electrodes were tested using the
following parameters; by changing the Cd(ll)/surfactant mole ratio (many samples
were prepared and used for this purposg);hanging theging of the electrolyte
(N&S/Sg), by using multiple coating the MASA solution in the preparation stage
of the electrodes, by doping the samples with various transition metal ions, and
finally by modifying the surface of the electrode by coating with ZnS or CTAB.
Each of these paranggtshasan effect on the cell performance. The effect of each
parameter is monitored by measuring thé ¢haracteristics of the celesndfound

out thatthe best results were obtaindcbm the electrodes made usiggor 8
Cd/surfactanimole ratioin MASA system freshly preparedNa,S/S; electrolyte,
coating of the MASA solution twice on electrode, doping Mn(ll) cations with 0.15

Mn(11)/Cd(Il) ratio and using CTAB for coating anode electrode.

Keywords: MASA process mesoporous CdO-SiO,, mesoporous CdTi§)

mesoporous CdSEIO,, Quantum dot sensitizedlar cells, thin films
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daml at el de vV e tekrar spgiid mk glea man e y °hrotmr

daj &l ma s tekrardp0°Gdrycké és ét él de.
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Chapter 1.

Introduction

1.1. Mesoporous Structures

Mesoporous materials are the materials that have pores with a diameter
between 2 and 50 nm. Aarding to IUPAC notation, the diameters of the
microporous materials are less than 2 nm and diameters of the macroporous

mateials are greater than 50 fih (see Figure )L

Micropores Mesopores Macropores
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/ t Macroporous

Structures

/‘\\- Porous
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/\ Porous
= = Gels
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Pillared Layered
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5

Zeolites

] l J
10 50 100 500

0.5 1

Pore diameter(nm)

Figure 1. Schematic represantation of pore size rafgmicroporous, mesoporous and
macroporous materials

Presenceof internal channelsand cavities in the mesoporous materia

provide high surface arg@$ and even largehost molecules can diffuse inside



these cavities in ssoporousmaterials Therefore the mesoporous materials can

be used in catalysis, gas sensing, somptphotovoltaics and opti&.

In 1992, the first periodic mesoporous material (PMM) was synthesized by
Kresgeet. al. from Mobil Oil Company4]. Kresge and his ceworkers used
surfactants as a template and controtleelpore sizeof PMMg4]. Until 1992,
the main focus was on microporous materialgzh as zeolites (the largest pore
dimensions are around 1D 2 [5]), metallophosphatg$[6] and mineral
cacoxenitepore dimensions 14 pAJ. However , i n thepoeesiges 6s wor
of synthesizedmaterials (M41S) were in the range between 1@&nd 100 j
depending on the type o$urfactant used8]. The first investigations of
mesoporous materials focus on the synthesis of pure silica. The synthesis pathway

is schematically shown in Figure 2.
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Figure 2. Synthesis pathway of MCM1.

MCM-41 is the most common and most widely studied mesostructure in
M41S family and it has hexagonally packed arrays of pores. Also cubic-M&M
and lamellar MCM50 are foremost structuremvestigatedn the M41S family,

see kgure 3[9].
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Figure 3. Thestructure of the mesoporous M41S fantily.

The formation of these mesostructures oscuia a liquid crystal
templatng mechanism, wherthe silica precursors polymerize in the hydrophilic
domains of thesurfactant micellegnd/or préormed lyotropic liquid crystalline

mesophagdéO0].

Furthermore, by changing the surfactant type or sizes, different
mesoporous structures have been developed. Using cationic or nonionic
surfactants in acidic solution SBA series were synthesized in 1fRH. Stucky
et. al. synthesizedhe SBA-15(Santa Barbara Amorphousgterial,which is also
mesoporousiexagonal silica and the pmosize of this mesostructure larger(46
to 300 ) and the wal/l thickness is thicker
process, thepoly(alkylene oxide) triblock copolymersuch as poly(ethylene
oxide) poly(propylene oxidé&)poly(ethylene oxide) (PE®PCGPEQO) have been

used as the structure directing agflritk

! Reprinted fromNew J.Chem.vol. 32,A. Cor ma, M. M&€labag§ras, MP. J Sebha:
Femeni a, J. Pri mo, and H. Garc? a, ABi omi meti c
materials at room temperature and neutral pH, with application in electronics, controlled release o
chemical s, (2008 with petmisdion BOMRSD



1.2.Lyotropic Liquid Crys talline (LLC) Mesophases as Redamn Media
for the Assembly of Mesoporous Materials

The LLC mesophase has been demonstrated to be a right media for the
synthesis of mesoporous oriented thimfand monolith in199512]. Attard, in
his pioneering work, showed that the silica species can be polymerized in the
hydrophilic domains of the LLC mesophase and named the assembly process, true
liquid crystalline templating (TLCT)2]. In this process, the surfactant is a
nonionic oligo ethylene oxide (such asggs3(OCH,CH,)sOH, GgEO) and
silica precursor is tetramethylortosilicate (Si(O41TMOS). A small amount of
acid helps to polymerize théydrolyzed TMOS. After polymerizing silica and
removing surfactants by calcination, a 2D hexagonal mesoporous silica structure

is obtained, see Figure 2.

In the LLC phase, concentration of the components is the most important
variade on determining the structure of the mesophase. Changing the
concentration and type of surfactants, many mesoporous materials such as meso
metals, mesanetal oxides have been synthesized using the TLCT method.
At tardods group shamdtehze s esaparous Wi 3],!
platinunj14][15] and their alloygl6]. St uc ky 6 s gr odifferens ynt hesi
mesoporous metal oxides such as JJi/O;, SNQ, Nb,Os, HfO,, ZrTiO417]
and St up pydhesizegmeasastpuctured ZnS, CdS and CdSe which are

semiconductof4 8][19].



In all these synthesis, the metal ion concentrations were kept very low
because the LLC phase ofatersurfactant is not stable at high metal salt
concentrations. The metal ions are not actually one of the main componédrgs of t
LLC phase. The solvent watand surfactant forms the LLC phase, where the
metal salt is a host in the media; the amount efainsalt that can be incorporated
into the watesrsurfactant LLC mesophase is limited. As a result of this fact, the
mesostructured metals and metal oxides have balformed of very fine, ultra

small powders and small quantifi&2][13][17][18].

Dagd s gintroduged a new type of LLC mesophase tt@tsists of a
transition metal aqua complexsalt, such as [Cd(H.O)4(NOs), and
[Zn(H20)6] (NOs), and oligo(ethylene oxide) type surfac{@®[21][22]. The salt

speciesbehave like a swent and form e LLC mesophas@ this new LLC

systenfi23].

It has been shown that the surfactant molecules form cubic or hexagonal
mesostructures, in whidhe coordinated watenoleculesstabilize the mesophase
through hydrogen bonding interactions with oxygen atoms of the ethylene oxide
groups of thesurfactant (Ci2H2s(CH2CH20)100H, CG2EOs, 10-lauryl ethej, see
Figure 420]. It has been shownthat it is possible to prepare stable
[Zn(H20)6](NO3)2-C12EOp LLC phase up to 70 w/w% (weight percent of

salt)20].



Figure 4. Schematiaepresentation of anngexagonal LLC phase of assafactant
systent.

Adding charged surfactants, such as sodium dodecyl sulphate (SDS) or
cetyltrimethylammonium bromide (CTAB) to the salirfactant system makes
possible to increase the amount of metdis up to 8/1 metal salt/surfactant mole
ratio[24]. The role of charged surfactants is to balance the charge of the metal
salts at the surfactant molten salt interface thakes the LLC mesophase stable
even at very high concentrations. As a
shown that the [Zn(bD)s](NOs3), salt is in the molten phase in the hydrophilic

domains of the mesophase and assists to form LLC mes@pBlase

1.3.Molten Salt Assisted SelfAssembly (MASA) Process

The MASA process is a new se@lfssembl y process, i ntr oc¢
group in 201]25]. In this assembly process, two surfactants, CTAB an& @,

with a 1:1 mole ratio, are used as structure direr agents. The solventre

2 Reprinted fromAngew. Chemie Int. Ed. Englishol. 40, no. 20, pp. 3798803,¥ . ¢el i k and ¥.
Dag, AA new -rystalline ghase is forméddrom oligethylere oxide) surfactas
and M(H20), (2001), with the permission from John Wiley and Sons.



ethanol (volatile) and thealt (non-volatile). There is also polymerizing reagent
that is either Ti(OGHo), (titanium butoxide)26] [27] or Si(OCH)4 (TMOS)[25].
All these ingredients turn into metal titanates or metal exitiea at the end of
the MASA processsee Figure 25]. The metal salt/surfactamhole ratios have
been varied from 4 to 1that coresponds ta4/7 and 10/7 metal saftitania or
silica (the Ti(IV) or Si(IV)/C12EOQipy mole ratio is kept constant as 7)

[23][24][25][26][27].

As coated Molten Salt-Titania Calcined

SR ) /
Surfactant Domains Molten Salt  Titania Domains Metal Titanate

eMetal lon =Nitrogen « Oxygen e Titanium -Hydrogen

Figure 5. Schematic representation of the MASA process.

The use of titanium butoxide as a precursor produces the mesoporous
metal titanate thin films (such as CdBj@n,TiO4 LisTisO12, CoTiOs, MNTIiO3
etc.)[26] [27] and use of TMO®roduces the mesoporous metal oxides and silica
(such as Cd€Bi0, or ZnO-Si0,)[25]. It is also possible to synthesize mesoporous

semiconductorsuch as CdS, CdSEnS and ZnSe by reacting meso meteaties

® Reprinted fromChem. Mater.vol. 23, pp. 30623071,C . Karakaya, Y. T¢rker,

¥, Dag, AAssembly of Mol ten Transition Met al
Synthesis of Mesoporous Metal OxiBéch Me t a | Oxi de & 0Q011),iwithatheT hi n
permission from ACS.
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with H,S or HSe gases and these mesostructured semiconductors can be used in

solar cell§26][28].

1.4. SensitizingMesoporous Materialswith Using Titania Nanopatrticles
(P25)

In solar cel; a mesoporougilm, prepared using nanopatrticles of anatase
phase ofitania(TiO,, the trade name is P25) has b#@mosly used materiain
the literatur§29][30][31][32]. P25 comprises ofnanoparticls less than 25 nm
sized It hasa high surface area (specific surface area is betwd5 and5 nf/g)
that enable$o bind or load enougkensitizer(dys or quantum d&)[33][34] [35]
[36]. The sensitiers areusuallyloadedfrom the solution phase into the calcined

mesoporous titania

P25 can be prepared using pure Tiltjuid that is vaporized and mixed
with air and hydrogen gf35]. These gases react suddenly at temperatures

between 1000 and 24%D to form nanostictured titanium dioxides:
TiCls + 2H, + O, A TiO2 + 4 HCI

By regulating the process parameters, it is possible to obtain the P25

naroparticles with different siz¢35][36].

The role of titania in solacell system isto takeelectrorgfs) from excited
sensitizefs) and to transfer them to conducting gldsglium tin oxide,ITO or

fluoride doped tin oxide,FTO). Titania is a wide band gap3.2 eV]37]



semiconductor and the energy level of conduction band of titania is suitable for

accepting electrons frothe excitedsensitizerssee Figure 6

AN
EteV) 7 - A CcB ‘
CB —_——
' around
e- hv 2 eV
3,2 eV VB ‘
VB
Titania CdSe

nanoparticle

Figure 6. Schematic representation of the enegy levetgasfia and sensitizer and the
photophysical process during solar action.

1.5. Sensitizing Mesoporous Materials

1.5.1. Sensitizing Using Dye Molecules

At the beginningof 1970s, itwas discovered that organic dg®lecules
can be usal in electrochemical cell88]. The dye sensitized solar ce[DSSC)
concept wasintrodued by Herman Tributschin 197339]. The DSSCs are
membes of the thinfilm solar cellf40]. In the DSSCsystem thedye molecules
absorb the sunlight anget excited and the excited molecule undergoes to an
oxidation upontransferringits electra to the conduction band of mesoporous
titaniaandthento conducting glasé~TO or ITO)electrode Thenthese electrons

aretransferredo the cathode, Pt electrode, where the electrons are transferred to
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the I3/1" redox couplein the electrolyte betweethe two electrodes in the
photovoltaic cells. Then this redox couple supplies the electron of the oxidized
dye to regenerate the dye and completes the circuit for the ganévation of the

current in the cell, see the following reactions and Figured67an
DSSC reactionf41]
S+ hvA S*
(dyeabsorbs solar light and electrons move from HOMO to LUMO)
S*+ TiO, A S+ TiO,
(excited dye molecule trafers electron to titania)
TiOy + 2/3 5 A TiO, + 2I
(electron goes to cathode side and redside I)
20+ S'A S+2/3%

(I" is oxidized to 4 with giving electron to HOMO orbital of dye)

11



glass

Figure 7. Schematic representation of a DSSC.

The investigations and experiments have shown that the polypyridyl
complexes of ruthenium and osmiysee Figure §#2] have greateefficiency
and longterm stability43][44][45]. The maximum eftiencies of DSSCs are
around 1213%[43][45]. The goal in efficiency for DSSCs is to increathe

efficiency toaround 15 %or the commeradilization of these cells.
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Figure 8. Structures of some of the most efficient dye molecules(cis
Bis(isothiocyanato)bis(2;Bipyridyl-4,4-dicarboxylato)ruthenium(l)(N3), Di
tetrabutylammoniumcib i s (i s ot hi o-bipyradyl-d -4 Njbi s ( 2, 2 Nj
dicarboxylato)ruthenium(Il)(N719}is-Bis(isothiocyan a t o bipyBdyl-2 Nj4 N;j
di c ar b o x-gi-hany-2-Nipyridly)rathgnium(1)(Z907) #fAbl ack dyebo
(tris(cyanato)2 , 2-terpyRidyl4 , 4-tricarbaxylate)Ru(ll)) for dye sensitized solar
cells.

1.5.2. Sensitizing Mesoporous Titania Using Quantum Dots

Highly efficient and cheap solar cells were produced using Ru based dyes
at the beginning of 90s and many researchers have contributed to the DSSCs until
now. Another group of researchers show that quantum dots can be a good
alternative to the dyes for the soleells; because the optical and electrical

properties of quantum dots are suitable for solar [@él]gl7]. Semicondator
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guantum dots have narrow emissgpectrum, broad excitation spectra, very high
extinction coefficient. In addition to these, by changing the sizes of the QDs,
physical and chemical properties can be changed. For instance, band gap energy is
very important for solar process and it is polgsto control band gap energy of

the quantum dots by controlling their particle size, see Fig4&.9

AN
& =
- Conduction — ——— Antibonding
7]
= Band ! L =———  Orbitals
Band Gap I Band Gap
Valance — ——— Bonding
Band - — ————  Orbitals
mm nm
scale | ' O O @ E scale
L |
Macroscoblc Quantum Dots

chrystal

Figure 9. Changing of the band gap of QDs with respect to particle size.

The operation of QDSCs is very similar to DSSCs. Firstly @bsorb the
sunlight and electrons move frotine valance band of the Qid the conduction
band of the QDAfter that these electrorare transfered to conduction band of
mesoporous titaniand to conducting glaggTO or ITO). Then electrons move to
the cathode sideof the electrochemical celln the cathode sidebras$48] or

graphene and its derivatives especially RGO (reduced graphene-cxaell

14



FTO[49] is used and generalls,?/S* redox couple is preferreds an

electrolyte[50]
QDSC reactions;
QD + hvA QD*(€, h)
(QD absorbs solar light and electrons move fribeVVB to CB)
QD*(€, h") + TiO, A QD(h") + TiOy(€)
(excitedQD trarsfers electron tahe CB oftitania)
TiOo(€) + | 8A TiO2+ a8 1% S
(electron ges to cathode side and redugé ® )
| &+ “+QDMh)A QD+i 5
(S is oxidizedto S by giving electron to the VBf QD)[51]
Actually reducing half reactiofor sulfuris;
S+28A &

When the concentrated S andl Solution is prepared in water, sulfurs combine

both other sulfurs and one of sulfide to forfi §52]
(H)S+SA S
Therefore, the reduction half reaction of sulfur in water cawiiteen as[52]

Si?+26A ST+ S

15
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Figure 10. Schematic representation of a QDSC.

In recent years, cadmium chalcogenides QDdS, CdSe, CdTe) have
been more popular in QDSftesearb[53][54][55][56]. The band gaps of bulk
CdS, CdSe and CdTe are 2.25, 1.73, 1.49 eV, respectively and these QDs,
especially CdSe and CdTe, cansatb nearly all visible spectryfv¥]. Most
efficient examples of these cadmium chalcogenide QDSCs are aro@fa 5
[58][59][60]. Nowadays, QDSC efficiencies pass over 7% and the highest value

for efficiency is 8.6%61][62].

1.6. The CdSeTiO, Solar Cells

If the energy of photon is equal to or greater than the band gap energy of

the semiconductor; the photon can be absorbed by the semiconductor by exciting
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an electron tahe CB Thebulk band gap of CdSe is74 eV, which means CdSe
can absorb nearly all visible rari§a].

A similar electrochemical/photochemical prosd¢akes placenithe CdSe
sensitized Ti@ solar cels similar to dye sensitized solar cells (Route Eigure
11 and routed in Figure11). However there are othepaths for these electrots
flow in the cell, whichreduce the solaefficiency of the cdls. The ecited
electrons cambe directlytransferredo theelectrolyte fromhe CB of CdSegRoute
5 in Figure 11) and/orfrom the CB of TiO,(P25) (route 6in Figure 11) due to
direct contact of the electrolyte solution and the electrodes in these
electrochemical cellsTo minimize ths problem;a protectingayeris coated over

the CdSeTiO, anode electrodB9][64].

Figure 11. Schematic representation of the operation of the GdS2(P25) solar cell.

In the literature, the highest efficiencies@dSe based QDSCs are around

5-6%[58][59][60]. Many groups, in the world, are trying to increase the efficiency

17



of thesecells using diffeent methods, such as doping different metal ions, mixing

cadmium selenide with cadmium sulfide, and modifying anode sidé&ic.

1.7. Efficiency Measuremerts and Calculations of the Solar Cells

The efficiency fora solar cellcan be described as the ratio of energy
output from the cell to input energgnergy of the Isunexposed to the cell
Efficiency of a solar celis the best parameter to compare the performance of one
solar cell to anothés5].

In order to geta comparable efficiency, some parameters must be kept
constant. For instandée temperature angower of the light source haveféects
on the efficiency. Generallythe temperaturds kept constanat 25°C andthe
power of theight sourceat 1 sun(1000 W/R[66][67].

The efficiency of a solar cell is equal to ratio of maximum po{igE,) to
input power(Py,).

d 7alPR, where Raxis calculated from the following equation,

Pmax= Voc*Isc*FF,
P, = 1000W/m?(under 1 sun condition)
FF = (Mnp* Imp)/(Voc* Is) = AreaAlAreaB (inFigure 12) [68]

FF(fill factor) isone of the mosimportant parameter fafficiency. If any
cell has high fill factor, ithas a low equivalent series resistance and a high
equivalent of shunt resistancewhich meansthat produced current does not
dissipatemuchinside the ce]69]. Typical commercial solar celhas a fill factor

of 0.700r greatermand generally in thin film cells between @Ad0.770].
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The shortcircuit current(lsc) is the currentwhen the solar cell is short
circuited wherethe voltage is equal to zerdhe open circuit voltag®(oc) is the
voltage at zero current and it is the maximum voltage available from a solar cell.

The Vip and kyp are the voltage and current values at maximum power (maximum

I*V value), respectivell{69] (see Figure 1P

I-V curve

(Vmp, Imp)

8 Current

3
=

(Vmp, Pmax)

Vmp V(oc) Voltage

Figure 12. |-V curve of a solar cell.
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Chapter 2:

Experimental

2.1. Materials

All chemicals and solvents were reagent grade and used as received
without any further treatment.

The surfactants arelO-lauryl ether, CH;3(CH;)11(OCH,CH,):00H,
(designated as &EOC,,, Mw = 626.9 g/mol Aldrich) and
cetyktrimethylammonium bromide, 6H33N(CHs)3Br, (designated as CTABJw
= 364.45 g/mol, Aldrich). Thausedsaltsare: cadmium(ll) nitrate tetrahydrate
([Cd(H0)4] (NO3)2 99%, Fluka), zinc(ll) nitrate ha&hydrate (En(H20)s](NOs3)>.
98%, Aldrich), copper(ll) nitrate pentahydrate ([Cu®l)s](NOs).., Aldrich),
iron(lll) nitrate nonhydrate (Fe(NG)s9H.O, 99%, Abrich), cobalt(ll) nitrate
hexahydrate ([Co(H20)s](NOs)2, 98%, Aldrich), manganese(ll) nitrate
tetrahydrate ([Mn(EO)4](NO3)2., 98%, Aldrich), sodium sulfide norrgydrate
(N&S.H,0, 98%, Aldrich). The other compounds argidrbgen selenidéH,Se,
99.99%, Air Products), ethanol 48s0H, 99.9%, Merck), hydrochlori@acid
(HCI, %37, Reided e  H dydnoflugric acid(HF, 4815%, Aldrich), nitric acid
(HNOs3;, %65, ReideHd e H,atitanigym tetrabutoxide (Ti(OfHg)s, %98,
Aldrich), tetramethylorthosilicate (TMOS, %99, Aldrich), olyethylenimine,
branched (designated as PEI, MW = 25000 g/mol) and sul8s, 99.5%,

Aldrich).
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2.2.Coating of FTO with Protecting Layer

Fluorine doped tin dioxideRTO) coatedglasswas used fothe deposition
of anode thatvas first coated with a thin layer of bulk titania. Ayssome part of
the FTO glass isolated bya sotch tape. Then, the FTO glass is spin coated with
a solution of 5 ml ethanol and 0.25 g of Ti(BuGnd 0.5 g nitric acicht 2000

rom andheated at 456C for 15 min.

2.3. Synthesis ofM esoporousCadmium Titanate Thin Films (mese
CdTiO3)

Dissolve 0.500 g GEO;p and 0.291 g CTAB in 5 ml ethanol. Then add
1.970 g(for 8:1 salt: surfactantatio) [Cd(H0O)4](NO3), and stir the solutiofor 5
min. Add 0.50 g HNG; and then 1.97@ Ti(OBu), to the above solution and stir
the solution foranother5 min. Locate the gks or FTO coated glass over the spin
coater and put an above solution as drops and spin at 1000 rpm for 30 seconds.
Immediately after spin coatinglacethe film into an oven at 68C and calcine
the sample up to 480 with a f/min incrementsThe same procedure was
employed for the other composition by only changing the cadmium nitrate

amounts, see Table 1.

2.4. Preparation of Mesoporous Titania(P25) Films (mesdiO»)

1.5 g P25 (titania, Aldrich grade) was dispersed into 5 ml ethand

stirredand sonicated for 30 min and then Or@bof Ti(BuO), was dropped into
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the dispersion and stirred for 5 minutes. The dispersion is spread over glass or
FTO coated glasby using either a spin coater or doeltade methodThen the

films were calcined at®D°C for 1 hour, denoted as me$..

2.5. Synthesis of Mesoporous Cadmiunt itanate-Titania Films (mese
CdTiO3-TiO»y)

Dissolve 0.500 g GEOyp and 0.291 g CTAB in 5 ml ethanol. Then add
1.970 g(for 8:1 saltsurfactant ratio) [Cd(ED)4(NO3), and stir the saltion for 5
min. Add 0.5 g HNG; and 1.90 g Ti(OBu), to the above solution and stir the
solution again foanother5 min. Locate the mesoiO, film over the spin coater
and put an above solution as drops (make sure the solution really soaks into the
film) and spin at 1000 rpm for 30 seconds. Immediately after spin coaiiace
the film into an oven at 68 and heathe sample up to 480 with a1%min
incrementsThe same procedure was employed for the other composition by only

changing the cadmium nitratgnounts, see Table 1.

2.6. Synthesis of Mesoporous Cadmiun®xide-Silica-Titania Films (meso
CdO-SiO,-TiO>)
Dissolve 0.500 g GEOyp and 0.291 g CTAB in 5 ml ethanol. Then add
1.970 g(for 8:1 saltsurfactant ratio) [Cd(kD)4](NO3), and stir the solution 5
min. Add 0.85 g TMOS and .05 g HNQ to the above solution and stir the
solution for 5 min again. Locate the meBi®, film over the spin coater and put
an above solution as drops (make sure the solution really soaks into the film) and

spin at 1000 rpm for 38econds. Immediately after spin coatipdacethe film
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into an oven at 6& andheatthe sample up to 458G with a £/min increments.
The same procedure was employed for the other composition by only changing

the cadmium nitrate amounts, see Table 1.

2.7.Synthesis ofM esoporousCadmium SelenideTitania Thin
Films(meseCdSeTiO ), Cadmium Selenide Silica-Titania Films
(meseCdSe SiO,-TiO 2) and Cadmium Selenide Titania-Titania
Films(mesaCdSeTiO,-TiO )

Insert the calcined megBdTiO; meseCdO-SiO,-TiO, or meseCdTiOs-
TiO into vacuum chamber designed far H,Se reaction(see Figurel3) and
evacuate the chamber for a few minutes before exposing the sampléiiSea
atmosphere. Put about 100 ®aof H,Se and carry the reaction for 30 min at
100°C. Evacuat the chamber by pumping the unreacte@adand water (side
product) to the atmosphere through the fume hood and remove the films for

analysis and further treatments.

23



BN

e

pumping
out

WSS

reaction place of
chamber sample

Figure 13. Experimental setup for H2Se reaction.

2.8.RemovingSilica from the meseCdSe SiO,-TiO; Films

Gently wash the above filmsection 2.7)oy using few drops of% HF

acid over the films (this step is critical to keep the film over the substrate as one

piece). Then, immediately wash with a large amount cfrethand dry usingia

dryer.
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2.9. Synthesis of MesoporousCadmium Metal Titanate Thin Films (meso
CduM 1.4TiO 3), Cadmium oxide-Metal Oxide-Silica-Titania Films
(meseCdO-MO-SiO,-TiO2) or Cadmium Metal Titanate-Titania
Films (meseCdxM 14TiO3-TiO>) and Their H,Se Reactions

The procedurg in section 2.3, 2.5 and 2.6 were employed by adding
dopant metal sourceC((NQGs)2, Fe(NQ)s, Co(NGs)2, ZN(NGs), and Mn(NQ),
salt9 together with the cadmium nitrate sdlhe dopant metal content wearied
between 0.01 and 0.1detal/Cd mole ratio (Table)2 The dher synthesis steps
for thesamplesare the samas in the sections 2.3, 2.5 and 2.6 respectividign

the films were exposed to,He gas as in section 2.7.

2.10. Preparation of the Electrolyte Slution and Counter Electrode.

Prepare the eledlyte solution containing 21 Na,S.10H0 and 2M Sg in
10 ml water. The counter electrode was prepared by etchisg ith 1 M HCI

for 5 min at 76C and reacted with 00IM Na,S.10HO solution.

2.11. Coating the Anode Electrode with Passivation Layers

2.11.1Coating with CTAB

40 mL 0.1 M CTAB solution was prepared wigthanol 20 mL) and
water (20 mL). The CdS€iO, films are mmersed into the CTAB solution and
kept 20 seconds in the solution. After washing the film with ethanol, this dipping

process was repeatsslice andthendried inanoven at 88C to remove ethanol.
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2.11.2Coating with Zinc Sulfide

40 mL 0.1 M Zn(NQ); solutionand 40 mL 0.1 M N# solution were
prepared. The solvents were ethanol (20 mL) and water (20 mL). TheTd@dse
films are mmersed into the Zf solution at first and kept for 20 seconds in this
solution. Then the films are washed with ethanol. Timesefiims are mmersed
into the $ solution and kept foR0 seconds in this solution (ZnS forms). After
washing with ethanol, this process is repeated 2 more times to ensure enough
coverageof the enpty titania and CdSe surfacem)dfinally dried inanovenat

80°C to remove ethanol.

2.11.3Coating with branched-Polyethyleneimine

40 mL 0.1 M branchegolyethyleneimine (PEI) solution was prepared in
ethanol. The CdS&iO, films are mmersed into the PEI solution and kept for 5
to 10 minutes in this solution. The wiag time is greater than CTAB and ZnS
because PEI 6s diffusion is slower. After
not repeated any morpecause the waiting time was long enocughd after all

the films are dried in oven at 8D to remove ethanol.
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Cd/silical /e The amounts of chemicals(g)
or
sample titania actant
code mole mole Cdi(H.0
ratic | 'atio [ (50;)2)4] C12EO10 | CTAB | TMOS | Ti(OBu)4 | HNO3 | C;HsOH
si4 0.57 4 0.99 050 | 029 | 085 005 | 500
si6 0.86 6 1.48 050 | 029 | 085 005 | 500
si8 1.14 8 1.97 050 | 029 | 085 005 | 5.00
sil0 | 143 10 247 050 | 029 | 085 005 | 500
ti4 0.57 4 0.99 050 | 0.29 - 190 | 050 | 5.00
ti6 0.86 6 1.48 050 | 0.29 - 190 | 050 | 5.00
tig 114 8 1.97 050 | 0.29 - 190 | 050 | 5.00
ti10 143 10 247 050 | 029 - 190 | 050 | 5.00

Table 1. The amounts of chemicals used in the preparation of 1sibsaCdO and
meseCdTiO..

Metal/C The amounts of chemicals(g)

d mole
ratio [Cu(H20)s] | Fe(NGs)s. | [Co(H20)s] | [Zn(H20)e] | [MN(H 20),]

(NO3) 9H,0 (NO3) (NO3) (NO3)2

0.01 0.018 0.026 0.019 0.019 0.014
0.05 0.09 0.13 0.09 0.10 0.07
0.10 0.18 0.26 0.19 0.19 0.14
0.15 0.27 0.39 0.28 0.29 0.21

Table 2. The amounts of extnmetal sources(metal salts). All of these salts are added to
si8 or ti8 systems (see Table 1).
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Chapter 3:

Instrumental

3.1.Raman Spectra

The Raman spectra were obtained by using LabRam model confocal
Raman microscope with a 300 mm confocal length. The spectrometer is equipped
with HeNe laser operated at 20 m\fplarized 500:1 with a wavelength of
632.814 nm and a diogmumped solid state dar operated at 50 mW, polarized
100:1 with a wavelength of 532.1 nm and a 1024 x 256 element CCD camera. The
collected signal wasransmittedvia a fiber optic cable into a spectrometer with
600 or 1800 g/mm gratings. The spectra was collected by mamlatiing the
probe tip on the desired point of the sample over the glass, FTO glass or silicon

wafer. Changes in Raman spectra are followed using a timer.

3.2.Solar Simulator and I-V curves

Solar performance measurements were made by using an AM 1.5 solar
Simulator equipped with a 300 W xenon lamp (Model no. 81172, Oriel). The light
intensity was set to 1000 W/nby using a reference Si photodiodeV Icurves
were obtained bgpplyingan external bias to the cell and measuring the generated

photocurrent using Keithley model 2400 digital source meter.
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3.3.X-Ray Diffraction (XRD) Patterns

The XRD patterns were collected by using Rigaku Miniflex
diffractometer. The source was high powerkCl) oper at es at 30 kV/
generates xays with a wavelength of 45054 | f il tered using
detector was a Scintillator Nal(T1) detector with a Be window. The samples were
prepared on glass by spin coating. The measurements were made at small angles
between iand 52 d r a n g e”miw scanhrateaandlhiigh angles, between

200and 86,2 d, r an ¢’/ein scantradte. a 5

3.4.FTIR Spectra

The FTFIR (Fourier Transforminfrared spectra were collected using a
Bruker Tensor 27 model FTIR spectrometer. The detector was a Digi Tech TM
DLATGS with a resolution of 4 cni' in the 4084000 cni range and scan
number was 128. For FTIR measurements, samples were prepared on IR

transparent silicon wafers or pressed as a KBr pallets.

3.5.UV-Vis Absorption Spectra

The UV-Vis absorption sped were obtained by using a Vari@arry 5
double beam spectrophotometer with a 600 nm/min speed and 0.2 nm resolution
over a wavelength range from 200 nm to 800 nm. Measurements were collected

on absorbance mode. Samples were spin coated on quartz for the measurements.
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3.6.SEM Imaging and EDX Analysis

The SEM (Scanning Electron Microscopy) images were obtained using
Zeiss EVQO40, operated at 20 kV equipped with a Bruker AXS XFlash EDX
(Energy Dispersive Xay Spectroscopy) detector 4010. Samples were prepared
on silicon wafers and these wa$ were attached to the aluminum sample holders

using conducting carbon adhesive tabs.
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Chapter 4.

Results and Discussion

The aim of the thesiss to synthesize anodeaterialsfor a solar cellusing
the MASA method. 3 different anode electredeere peparedand 2 of them
were investigated in detailThese are mes8dSeSiO,-TiO, and meseCdSe
TiO,-TiO; films. The following abbreviationssi# and ti#, were used throumglt
the thesis For instance, si6 meanisatthe sample is mes6dSeSiO,-TiO, and
Cdisurfactant mole ratio is 6 and similarly ti8 means the sample is-@éSe

TiO»-TiO, and Cd/surfactant mole ratio is 8.

4.1.Preparation of the Anode Electrode

The moltersalt assied selfassembly (MASA) approach has been used
for the preparation of the ade electrode The electrode materials hakeen
characterized using FIR, UV-Vis absorption, Raman spectroscopy, SEMX
and Xray diffraction (XRD) techniques. The MASA solution includes salt
(Cd(NGs),), surfactants (GEOip and CTAB), acid (HNG), a polymerizing
precursor (TMOS or Ti(OBuy), andethanol (solvent). There are two types of
MASA solutions. Both solutioscontaintwo surfactants, cadium salt, acid with
different amounts and a solvent; either water or ethanol depending on the
polymerizng precursors. The difference arise from polymerizing precursors;

solution 1 contains TMOS and water and solution 2 contains Ti(Q Bl
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ethanol. Using these twaplutions 3 different mainproductswere obtained (see

Schema 4.1.1 and 4.1.2).

The abovesolutions are spin coated over a glass or &#ed glassThe
volatile solvent of the ingredients evaporate immediately after spin coating and
results a gephase over the substrate as thin films or efdéd into the pores of
P25 films. The freshly prepad films diffract at small angles, indicating the
formation of a mesophase. The small angle diffraction prove that there are
surfactant domains and the distance between these regularly repeating domains
are quite large that their diffractions are obsersedmall angles (1 t0°5 2 d ) .
After calcination ofthe films (silica and titania), the surfactant molecules are
burned out and random mesopores are obtained, therefang diffractions at
small angles disappear (see Figu4). Burning of the surfactas ha been
followed by Karakayat. alusing FFIR spectroscopy anilis foundthatthe GH

bond frequencies at around 2900 cdisappearedt around250°C[26][28].
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Figure 14. Low angle XRD pattern of the films, obtained using the MASA process,
before (black) and after (red) calcination.

Figure 15 summarizes the entire process used in this thesis. The MASA
process has been established and the materiaddban well characterized in our
group, using various microscopy, diffraction and  spectroscopy
techniquef26][28]. Therefore further characterization has been limited to XRD,
Raman, and FIR techniques to ensutbatthe same materials to investigate its
sola performance. The MASA process prodsieeesoporous Cd@iO; in the

silica system and CdTgn the titania systenia8].

Figure 16shows the coating processes, which are mostly developed in this
thesis. The films upon calcination were exposed,Se to convert CdO and

CdTiO; into CdSe and CdSEIO,, respectively.
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both in solution

1and 2 solution 1 solution 2

componems > | ethanol | CEO1 | CTAB | Ca(l) salt | HNOs | TMOS | Ca(l) salt | HNOs [Ti(0Bu)q

Y Y

Insolution ™ | ethanol | micelles cd*  [SiO;polymers| Cd* | TiO, polymers
7]
After spin _g =
coatingand |—> & g CdO  |SiO; polymers CdTiO;
calcination g = 8
= EEL
SN L I /\
L= o

After HzSe —_—
reaction

(o, LB SiO; polymers LB TiO; polymers

Figure 15. Conversion of the MASAngredients in entire process.
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titania(PZS)l titania(PZS)l

/ /

solution 1 l solution Zl solution Zl

H,Se H,Se H,Se
reaction reaction reaction

meso-CdSe-Si0,-TiO, meso-CdSe-TiO,-TiO, meso-CdSe-TiO, thin
film

/

Figure 16. Synthesis pathway of 3 films; me€uwSeSiO,-TiO,, meseCdSeTiO,-TiO;
and mesaCdSeTiO, thin films.

After H,Se reaction, in all systemthe CdSe nanoparticles are formed.
The SiQ represents the silica pore walls in the mesoporous silica systems and
TiO, represent either mesoporous titania peedls or P25 (degussa) used to form
the P25 based films. Upon CdSe formatiBaman, EDX and UWis absorption
techniquesvere used asnajar characterization techniques. It is clearly seen from
the EDX spectrahatthe films have huge amount of selenium element afteg3eH

reaction (see Figuré7). The intense peak at 206 ¢rin Raman speacum also
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proves the formationf CdSe nanogrticles.The small peak at 24&m™ is due to

elemental selenium (see Figudgsand 19

Howeverthe Se/Cd ratio is low in the titania samples. Hi@X datashow
that the Cd(ll) in the silica react completely but the same reaction in the titania

samples @ not canplete, see Figure 1ahd TableS.
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800 -
- Cd
€ 600
=
=]
&S]
=
‘@ 400 -
IS si8
= —1ti8
200 -
0 T T T T l’/’ T T T T
1,2 1,4 1,6 3.0 3.2
Energy(keV)

Figure 17. EDX Spectra for si8 and ti8 samples.

The EDX studiesof the silica and titania samplewith different Cd
concentrationsshow that both sampled 8 Cd/surfactant mole ratio hageeatr
amount ofSe (See Tabl8). Moreover, the EDX and Raman spectra collectively
show that the silica samples are more reactive than that of the titania samples.

Therefore the amount of CdSe is greater in the silica sample.
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Table 3. Se/Cd ratios and relative Se amounts of si and ti samples at different Cd

Intensity(cps)

p S T
caisurtactant "< =47 se | Se/cd | Se
4 198 | 792 | 126 | 504
6 149 | 894 | 106 | 636
8 142 | 1136 | 104 | 832
10 075 | 750 | 052 | 520

concentrations.(from 4 to 10d/surfactant ratio).
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Figure 18. Raman spectrum of si8 sample.
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Figure 19. Raman spectrum of ti8 sample.

A huge absqtion in the UV-Vis absorption spectrum also showse
formation of theCdSenanoparticlesbecaus¢he CdSenanoparticlesan absorb
almostthe entirevisible spectrum The P25 films have more absorbance than the
CdSe thin films(see Figure0, 21 and 2R According tothe UV-Vis data, the
samples prepared as thin films, withd@25, absorb the visible light weakly,
becaise these films are ultthin (typical thickness is around 400 nm). Therefore

the solar efficiency measurements were generally made using P25 samples.
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Figure 20. UV-Vis absorptiorspectrum of the si8 sample.
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Figure 21. UV-Vis absorption spectrum of the ti8 sample.
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Figure 22. UV-Vis absorption spectrum of the Cd$?2 thin film.

For the silica samples, one more step may bessacythe etching step.
The silica sample reacts with very dilute HF solution and leach out from the
samples as silicon fluorides. This can be monitored usingRF3pectroscopy.
The silica peak located at around 1GBD0 cn' completely disapeas after
washing with 4% HF solution. This stepcarriedoutto enhancehe efficiency in
solarcell however thaun-etchedsilica anodswork as well agtched samplesee

chapter 4.3.0
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Figure 23. IR spectrum of the CdS®i0, sample before (top) and after (bottom) etching.
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4.2. Raman Studies

Raman isa very useful techique forthe characterization c€dSeTiO>
films because both anatase and CdSe are very good Raman scatterers. Titania
anatasenanoparticleshas 4characterisc peals at around 140, 390, 510 and 630

cmi. The peak at 135 cirhas the greatest intensiisee Figure4)[71].
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Figure 24. Raman spectrurof titania, anatase phase.

The CdSenanoparticlesalso exhibit an intense peak at 206 ¢mand in
some spectra its first overtone can easily be seen at 41%em Figure 26 Both
CdSe and Ti@Qpeaks are very intense and do not overlap to each diherefore
it is easy to follow the variation in the CdSe amounts forming on constant amount

of TIOz

43



Figure 25. Raman spectra of the CdS#,-TiO, samples.

During H:Se reaction of CdO, selenium can also form beside CdSe as
aside product. Pure selenium has a Raman peak at 245e¢md doesnodt ove
with the anatase or CdSe peaks (B&gire 26. So it is also possible to stee
amount ofseleniumin the films. ®lenium is als@ good Raman scatterer lthe

Se amount is geerally not as much as CdSe. Therefore Se peak (24baamot
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