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NanosizediO», 1 um thick, films on glasssubstrateverepreparedisingchemicalapour
deposition(CVD) andspraymethodprocedureThe averagegrainsize <R>, obtainedby
grazing-incidencemall-anglescatteringof synchrotronradiation(GISAXS) variedwith
theannealingemperatur¢500to 900°C in Hz, Oz andNy>) for the CVD preparecgamples.
For TiO2 films obtainedby the spraymethod,<R> increasedvith annealingemperature
from 4.2to 7.2 nm. Specificsurfaceareasof bothfilms werealsodeterminecandvaried
from0.18- 10" t0 3.2- 10" cm L.
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1. Introduction

At theconferenceMatTech’90-Finlandye presente@n Ag/Agl/TiO,,SnG rechage-
able,photosensitie, electrochromigalvaniccell [1]. Its performances basedon photon
or electricallyinducedAg™ ion diffusionin TiO,. Our researchwhich was actually a
searchfor arechageablebatteryfor solarcellsback-upandresultedwith a solarbattery
was a small part of the world-wide questfor the cleanand renavable electricalenegy
sourcesThis ecologicalideahasencouragedarge researctactiities anddevelopmentn
the field of photovoltaic solarcells in the last twenty years[2]. Photosensitie cathode
in our cell was constructedf TiO» thin film on the glasssupportobtainedby chemical
vapourdeposition(CVD) andspraymethodqd3,4].

In 1991, Gratzeland co-workers(seee.g. Ref. 5) madea breakthroughn preparing
anefficientdye-sensitizedell, which waspreparef relatively uncleanmaterialusinga
cheappreparatiorprocedureandreachedhe enegy-conversionefficiengy rangingfrom
7 to 12%. For us, it wasa greatsatishctionto learnthat TiO, semiconductoelectrodes
usedin the cell werethe samematerialthatwe hadusedin our photo-sensitie galvanic
cell[1,3]. Also, the applicationof Agl [6] asthedye[5], to TiO, hasproduceda shift of
the absorptiormaximumto the visible region of the solarspectrum.The performanceof
thecell alsodepend®n porosityof nanosizediO- electrodewhich produces 2000-fold
increaseof thesurfacearea[5].

As the constructiorof the solarcell requiresa solid film formedon glasssubstrateit
is imperatve to investigatemorphologyof the materialpreparedn the thin film form as
it mightdiffer in somepropertiesfrom the powderform, which waspreviously studiedby
differentexperimentaimethodq7]. Also, in orderto obtainanefficientsolarcell, the TiO,
thin film ontheglasssubstrateshouldhave a high surfacearea[8].

In orderto determinghegrainsizeandspecificsurfaceareaof TiO» thin films onglass
substrateqreparedy thechemicalvapourdepositiof 3] andby thespraymethod4], we
have performedgrazing-incidencemall-anglexX-ray scattering GISAXS) measurements
usingsynchrotrorradiationat ELETTRA, Trieste,which hasa thousandimeshigherin-
tensitythana laboratoryX-ray tube. The resultsof thesemeasurementare presentedn
thiswork.

2. Experimental

The experimentaprocedure®f the preparatiorof TiO» thin films by CVD andspray
methodswveredescribedn previouspublicationg3,4]. Thin films wereformedwith tape
castingmethodon glasssubstratesvith sphericalcurvature.The surfaceareaof thusob-
tainedfilms wasof aboutl cn?.

GISAXS measurementgereperformedatthenev SAXS beamlineatthesynchrotron
ELETTRA, Trieste[9,10]. The beamlinewasbuilt by the researcherfrom the Institute
for Biophysicsand X-ray structureResearch(IBR), Austrian Academyof Science.lts
characteristicsare: photon-beamwavelengthof A = 1.55- 10~8 c¢m, enegy resolution
AE/E < 2.5-1073, focal spotsize FWHM 1.2 x 0.6 mn?, spotat the sample5.4 x 1.8
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mm? andflux at the sampleof 5 x 102 photons/g(electronbeamenegy 2 GeV, beam
current200mA andX-ray photonenegy of 8 keV).

GISAXSis theexperimentatechniquehatcombinedothgrazingincidenceandscat-
teringatsmallangles As anew tool, it wasfirst proposedy the Northwesterrniversity
groupof professorl. Cohen[11]. This techniquehasbeendevelopedandappliedto mor-
phologicalcharacterizationf aggrejatesdepositedr gatheredn a flat substrateand of
nanostructuref thin films [12—-14]. We have applied GISAXS for measuringhanosized
TiO, thin films on glasssubstratg15,16]. In thefirst position,theincomingX-ray beam
wasbarelytouchingthe surfacei.e. it wastangentialto the surfaceof the film. The po-
sition of the samplewas graduallyrised until the film surfacewas 0.02 mm inside the
beam.In this geometrythe pathof X-raysthroughthethin film is muchlongerthanfor a
standardransmissiomgeometryandthe substratesignalis weak.However, in thisgeome-
try, thetotally reflectedooweris superimposedn the scatteringsignalat highervaluesof
q=41O/A [15].

The GISAXS intensity recordedy a positionsensitve detectoris givenasafunction
of g in theinterval from g = 1/25nm~! to g = 1/1.25 nm~1. The scaleq(nm~1) versus
channehumberis determinedy therat-tail standard9].

3. Resultsanddiscussion

3.1. GISAXSn TiO2 thin filmsontheglasssubstate

Thin TiO film on the glasssubstratecan be consideredas an aggrejatecontaining
TiO2 nanosizegrainsand nanosizepores[17]. In this casethe SAXS is causedby the
differenceof electrondensitywithin andaroundthe nanosizegrains. Using the Guinier
approximation18], the grain size canbe readily determined.The limiting angle®, of
the small-anglediffuse scatterings approximately®y, = A/(2D) whereD is the largest
graindiameterPorodapproximatiorf19,20]is suitableto determinespecificsurfacearea
of nanosizedhin films. In our previousmeasuremen{4 7] with alaboratoryX-ray source,
theintensityof therecordedsignalwasto smallto getthe partof curve relevantfor Porod
approximationWith the high intensitysynchrotrorradiationsourcesthe scatterednten-
sity is sohigh thatwe canapplybothapproximationg&ndobtainbothrelevantparameters,
i.e.,thegrainsizeandthe specificsurfaceof TiO> thin films.

Figure 1 representshe datain a logl vs. ©2 plot as a testwhetherone can apply
the above mentionedGuinier law: 1(q) = (Ap)?exp(—Rég?/3) for small g, whereq =
4re/ A andAp is differenceof electrondensitybetweengrain and surroundingmedium.
The averagegrain radiuscan be estimatedrom the radiusof gyrationRy in the Guinier
formula; this was calculatedfrom the slopeof the linear fit of logl vs. @2 for different
annealingtemperatureandin differentatmospheresk-rom thesefitting lines, we have
obtainedRy andtheaveragegrainradius<R> using<R>= 1/5/3Ry (for sphericakhape).
It canbe seenfrom Fig. 1 thatthe Gaussiarform is valid up to (20)? = 5-107° racf,
correspondingipproximatvely to q = 0.3 nm~L. Theapproximatioris very good(within
5%) upto qRy = 2m x 0.4 for grainsof sphericakhape.
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log | (arbitrary units)

0%/(10®)

Fig. 1. Linearfit logl = f(©?) to GISAXS dataof the CVD-preparegampleannealedn
N2, giving: logl = —541400? 4+ 4.97 andR = 9.7 nm.
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Fig. 2. Representatioof the dataaslogl = f(log®) asa testwhetherwe canapply the
Porodsformula.

The fitting line in Fig. 2 with a slope of —4 indicatesthat the Porodlaw I(q) =
21(Ap)?S/q* can be appliedfor larger valuesof g. In the caseof samplesobtainedby
CVD andspraymethodsit is a greatcertaintythata sizedistribution of grainsgivesthe
log-log plot with a slopeof —4. Ourassumptioris basedn our previousmeasurementsf
TEM on sol-gelobtainedTiO; thin films [7], revealingthe Gaussiaristribution of spher
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ical grains.Takingthatinto accountthe “specificsurfacearea’S; canbe calculatedrom
the Mittelbach-Porodormula[19,20]:

S=gV=mlm (¢'1()) /Q (1)
whereQ is theinvariantintegral
/ o’1 (g)da,
0
whichwe have approximatedy the valueQmax definedas
Omax
Qmax: / q2| (q)dq7
QOmin

wheregmax= 10" cm™.
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Fig. 3. Representatioof datafor largevaluesof q (= 41©/\). In this region, asymptot-
ically g*1 = 210?S. Thevalueof g*l derivedfrom our graphis 6.2 10°0 cm™4.

Figure3 presentshe datain the ol (g) vs. q plot for largevaluesof q. For g > 6-10°
cm™1, aconstanvalueof g*l = 2rp®Sis usedto calculatethe specificsurfaceareafrom

formula(1) for eachfilm.

3.2. GISAXSn thermallyannealedrliO- thin filmsobtainedby chemical
vapourdeposition

Amonganumberof availablemethodgor depositingTiO thin films, chemicalvapour
deposition(CVD) is promisingsincehigh depositiorratescanbeobtainedatlow substrate
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temperaturedn this work, we usesimpleCVD methodfor fabricationof TiO, thin films.
Air wasusedasthe carriergas.lts flow througha pipe wasat a rate of 10 ml/min. The
TiCl4 vapourpassedhroughanotherpipe to a cleansubstratgSiO,) placedon a plate
mantainecat 370°C. At the substratesurface,TiCl, moleculesecevedenoughenegy to
interactwith themoisturefrom theair:

TiCly + 2H,0 = TiO, + 4HCI . )

Thegrowth rateof TiO» thin films is typically 5 nm/s.Thefilm thicknessof thefilms
wasof theorderof 1 pm andwasdeterminedisinga Tencoralpha-stepnstrumentSince
the sampleshave beenproducedin atmosphericonditions,they have beentransported
withoutary speciatreatment@andinsertedn the SAXS set-up.

In the literature[21], thereis the evidenceof anintermediatgphaseoccuringprior to
the phasetransitiontemperaturen solids. In nanosizedmaterials,suchan intermediate
phaseendsto bein theamorphoustate[21]. Thephasedransitiontemperaturgetslower
with smallersizesof nanograing21]. In our previous work [3,4] on Ramanspectraof
CVD-preparedsamplesannealedn oxidizing and non-oxidizingatmospheresye have
obsenedbotheffects: the occurrencedf anamorphouphaseandthedifferencein phase
transitiontemperatureegardingthe at-
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Fig. 4. Ramanspectraof CVD-obtainedTiO, films annealedor 0.5 or 5.5 hoursin: a)
hydrogenp) oxygenandc) nitrogenatmospheref3].

mospheren which samplewasannealedRamanspectraareshowvn in Fig. 4. In the low
temperatureanatasghase the strongestcharacteristidRamanline is positionedat 144
cm~1. Abovethephasdransitiontemperaturef 830°C, for sampleannealedn hydrogen,
and 900 °C for samplesannealedn non-oxydizingatmospheresthe high temperature
rutile phases characterizeavith a443cm™! strongpeak.At 800°C, anamorphouphase
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occursin the sampleannealedn hydrogen.All thesefactshave indicatedthat we have
nanosized’iO» thin films with differentgrainsizesfor differentannealingatmospheren

orderto provethat,we have performedGISAXS measurementsf grainsizesandspecific
surfaceson thematerials.

TABLE 1. CVD-samplesannealedn hydrogen,oxygenand nitrogenof thicknessd =
1 um, annealingemperatureannealingime, “averagegrainradius”<R> obtainedfrom
the linearfit with anaccurag of about0.15nm and “specific surfacearea”Ss, asdeter
minedfrom GISAXS.

Sample| Annealing | Annealing| SAXS S
temperature  time <R>
(°C) (hours) | (nm) | (10" cm™1)

H2J3 500 0.5 5.2 0.57
HoJ4 800 0.5 5.7 0.29
H2J6 830 0.5 7.3 0.34
H2J7 900 5.5 5.2 1.0
O2K1 500 0.5 8.8 0.17
O2K2 800 0.5 7.1 0.34
O2K4 900 55 3.5 0.15
NoL1 500 0.5 9.7 0.31
N2L2 800 0.5 8.1 0.22
NoL3 900 55 5.9 0.34

Comparisorof valuesof S; and<R> obtainedby GISAXS for variousannealingem-
peraturesn hydrogen,nitrogenand oxygenatmospheref the TiO, films preparedby
CVD procedurds givenin Tablel. In hydrogenatmospherewe canseetwo trends,the
first of increasingof thegrainsizeupto theannealingemperaturef 830°C, andthe sec-
ondof decreasingfterthe anatase-rutilphaseransitiontook place(temperatur®00°C,
annealingime 5.5hours).Thereasorfor alongerannealingime wasthefactthatwe had
still asmallamountof anatasafteranannealingime of 30 min atthistemperatureAfter a
longertime of annealingthis partof the samplehastransformedo therutile phasewhich
wasevidentby the disappearancef the 144cmi~! line. Suchabehaiour is characteristic
of thin films, asin the bulk solidsphasetransitionoccursin a shorttime intenal, i.e., in
TiO, powderobtainedby thesol-gelmethod the phasdransitionrecordedy XRD occurs
at850°C [22]. <R> variesfrom 5.2 nmto 7.3 nm andthento 5.2 nm. This correlation
of grainsizesto annealingemperature¢seeTablel) is givenin Fig. 5a(curve 2). In the
samefigure,we canobsene anoppositerendfor surfacearea(curve 1). It hasaminimum
at800°C. This behaiuor canbe comparedvith
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ourpreviousRamanmmeasuremen{8] of the TiO2 thin films annealedinderthesamecon-
ditions,asis shavn in Fig. 4. Thin films annealedn hydrogeratmospheredifferentfrom
thefilms annealedh otheratmosphereshor theamorphouphaseat800°C. At thistem-
peraturejn Fig. 5a“the averagegrainradius” <R> shawvs the beginningof apronounced
peak,which doesnot occurduring annealingn oxygenandnitrogenatmosphereg~igs.
5b andc). Also, the grainsizesin the samplesannealedn oxygenandnitrogenarebig-
gerthanof the samplesannealedn hydrogenThis actuallyaccountdor the higherphase
transitiontemperaturén thesesamplesSpecificsurfacecurve canbe correlatedwith the
peakposition, (PP)of “144 cm™1” and“443 cm~1” Ramanlines, shavn in Fig. 5aasa
functionof temperaturewhichwerepublishedn our previouswork [4]. It is shovn by the
curve 3 in Fig. 5aandrepresentshe non-stoichiometrynducedby hydrogentreatment.
Thefirst partof the curve denotedby blackcirclesis anatasgphaseof TiO, andabove 900
°C white circle is denotingrutile phaseAs thetrendin curve 3 canbecorrelatedo curve
1 (S), we canconcludethat the specificsurfacereflectsthe non-stoiochiometrynduced
by the hydrogentreatment Specificsurfacein hydrogen-annealesampless higherthan
in the samplesannealedn oxygenandnitrogen.By the procesf annealingn hydrogen,
oxygenatomswereextractedfrom TiO», inducingnon-stoichiometryloweringgrainsizes
andincreasingspecificsurfacei.e. porosityof material.

3.3. GISAXSn TiO2 thin filmsobtainedby spray method

Thinfilms of TiO, havebeenpreparedy thespraymethodatthesubstratéemperature
of 370°C from acommercialMerck) solutionof 15%TiClz in 15%HCI (Merck)with 20
vol.% of ethylalcohol.

TABLE 2. Samplesobtainedby the spraymethod,annealedn hydrogen,of thicknesses
d = 1 pm, annealingtemperatureannealingtime, “averagegrain radius” <R> obtained
from linearfit with anaccurag of about0.15nm and“specific surfacearea”Ss, asdeter
minedfrom GISAXS.

Sample| Annealing | Annealing| SAXS S
temperatureg  time <R>
(°C) (hours) | (nm) | 10’ cm?t

Spll 100 0.5 4.7 2.0
Spl2 200 0.5 4.2 25
Spl3 500 0.5 5.0 3.0
Spl4 700 0.5 5.0 2.6
Spl5 720 0.5 5.6 2.4
Spl6 740 0.5 5.2 2.8
Spl7 790 0.5 5.4 2.8
Spl8 800 0.5 7.2 0.80
Spl9 900 0.5 6.6 0.88
Spl10 900 55 4.4 3.2

In ourpreviouswork [4], we have measuredRamarspectraf thermallyannealediO,
films obtainedby the spraymethodin a non-oxidizingatmospheref H,. We have shavn
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thatthesdilms haveahighernon-stoichiometryhanCVD-preparedgampleswhichcanbe
confirmedby our GISAXS measurementshowving higherspecificsurfaceareafor spray-
preparecsamplegTable2). Our correlationcurvesof <R> andS; areshovn in Fig. 6.
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Fig. 6. (1) Specificsurfacearea,(2) averagegrain size and (3) “144 cm~1” (black cir-
cles)and“443 cm™1” (white circles)peakpositions,PR of Ramanlines asa function of
temperaturdor the spray-method-preparedmplesannealedn hydrogeratmosphere.

Comparisorof S; and <R> valuesfor variousannealingtemperatureén hydrogen
atmospheref the TiO; films preparedby spraymethodis givenin Table2. We cansee
two trends,thefirst of increasingof the grain size, <R>, for annealingtemperaturesip
to 800°C, andthe secondof decreasingf the sizeto a lower value after 5.5 hoursof
annealingat 900 °C. The size variesfrom 4.7 nm to 7.2 nm and backto 4.4 nm. This
correlationof grain sizesto annealingemperaturegs shavn in Fig. 6. In the figure, we
canobseneanoppositarendto thespecificsurfacearea.Thisbehaiour canbeinterpreted
in termsof theinducednon-stoichiometryvith thereaction:

2TiO2 + Hy = Ti,O3 + H0, (3)
whichwe hadproposedn ourpreviouswork [3]. At 800°C, thephasdransitionof anatase
to rutile takesplace;it wasobsened by Ramanspectroscop and XRD in our previous
work [4]. Ramanspectraof the samplesbtainedby the spraymethodareshawvn in Fig.
7. Two of the titanium dioxide phasesanatasandrutile, have beenobseredin thethin
film samplesheatedrom 100to 900°C in H,. The spectrashow thatthin films of TiO;
werein the anatasdorm for temperaturesf 100 to 800 °C. We werein searchfor the
featurein the Ramarspectrunof TiO, heatecht 800°C. In analogywith Ramanspectrum
of CVD-preparedhin films annealedn hydrogenwe expectedformlessfeatureswhich
actuallyresemblghe spectrunof theamorphouphasenvhichwasobsenedby Bobovich
andCenterf21] asa generaprocessearthe phasdransitionfor nanosizedhin films. We
have evensearchedor theintermediateamorphoughasdn therangefrom 700to 790°C
in smalltemperaturestepsof 20 to 30 °C, but amorphougphasewas not obsened. Our
assumptiorwasthatdifferentmorphologiesof the samplesbtainedby the two methods
accountfor the existenceor lack of theamorphougphase After 5.5 h of annealingat 900
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°C, theanatase-rutilphasdransitionwascompleted.

900°C (5.5 h)

800°C (30 min)

500°C (30 min)

RAMAN INTENSITY

100°C (30 min)
+

700 600 500 400 300 200 100
WAVE NUMBER SHIFT (1/cm)

Fig. 7. Ramanspectraasa function of temperaturdor spray-preparedamplesannealed
for 0.50r 5.5 hoursin hydrogenatmospherg4].

The specific surface area S; had the highest value for the film annealedat
500 °C. For the whole rangeof annealingtemperaturesSs varied from 2.0- 10’ cm~t
to 3.2- 10’ cm~L. This shaws that TiO, films obtainedby the spraymethodhave a higher
surfaceareathanthe previously discussedCVD-preparednaterial. This is in agreement
with theabove discussioraboutthedifferencein morphologybetweerthesewo films [4].
Also, the grain sizesin the samplesobtainedby the spraymethodare lower thanin the
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CVD-obtainedsamplesand, accordingly the phase-transitiomemperatures lower. It is
800°C, andfor the CVD-obtainedsamplest is 830°C.

The specificsurfaceS; andgrain size <R> behaiour belov 800°C areresembling
thoseof CVD-obtainedsamplesThey indicatethe possibility of amorphougphasen the
regionfrom 700to 800°C. We cannotdraw thisconclusiorsolelyfrom the GISAXS data.
Wide-angleX-ray scattering WAXS) measuremenist ELETTRA will be performedwith
theaimto find the solutionof this puzzle.

4. Conclusion

The presenstudyshavedthat GISAXS measurementat ELETTRA light sourcecan
be appliedfor the grain-sizedeterminatioron nanosizedhin films of TiO, on glasssub-
strate.Comparedo othermethodg17] for grainsizedeterminationGISAXS is suitable
for specificsurfacedeterminationwhich is the crucial parametefor efficient solarcells.
GISAXS measurementsave alsoconfirmedour previous Ramanfindings[4] aboutdif-
ferentmorphologiesn TiO; films obtainedby CVD andby spraymethodsof preparation.
Also, we have shavn that films obtainedby both waysare nanosizedilms, with a high
surfaceareacharacteristiéor porousmaterialgd5,8].
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RASPRéENJESINHROTBONSKOG ZRACENA NA MALIM KUTOVIMA
PRIKLONA | RASPRSENA U TANKIM SLOJEVIMA PRAHATIO;
PRIPREMLJENIMPOLAGANJEMIZ PARA | RASPRASIVANJEM

Sloj TiO2 nanometarskveli€ine zrna,debljine1 pm, polagaoseje na staklenepodloge
metodamékemijskog polaganjaz parai rasprdivanjem.Prosj&naveliCinazrna, <R>,

odretena mjerenjemraspsenjasinhrotronskg zratenjana malim kutovima priklona i

raspgenja,mijenjalaseje s temperaturomoplinskog otpustanja(500 do 900 °C u Ho,

Oz i Np) za uzorke pripremljeneiz para.Za uzorke TiO, pripremljeneraspr&ivanjem,
<R> seje poveCaos temperaturonotpustanjaod 4.2 do 7.2 nm. Speciftnapovrsinaobje
vrstetankihslojeva seje takoder odredvalai mijenjalaod 0.18- 10’ do3.2- 10" cm 1.
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