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NanosizedTiO2, 1 µm thick,films onglasssubstratewerepreparedusingchemicalvapour
deposition(CVD) andspraymethodprocedure.Theaveragegrainsize

�
R� , obtainedby

grazing-incidencesmall-anglescatteringof synchrotronradiation(GISAXS) variedwith
theannealingtemperature(500to900 � C in H2, O2 andN2) for theCVD preparedsamples.
For TiO2 films obtainedby thespraymethod,

�
R� increasedwith annealingtemperature

from 4.2 to 7.2 nm. Specificsurfaceareasof bothfilms werealsodeterminedandvaried
from 0 � 18 � 107 to 3 � 2 � 107 cm� 1.
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1. Introduction

At theconferenceMatTech’90-Finland,wepresentedanAg/AgI/TiO2,SnO2 recharge-
able,photosensitive,electrochromicgalvaniccell [1]. Its performanceis basedon photon
or electrically inducedAg

�
ion diffusion in TiO2. Our research,which was actuallya

searchfor a rechargeablebatteryfor solar-cellsback-upandresultedwith a solarbattery,
was a small part of the world-wide questfor the cleanand renewableelectricalenergy
sources.This ecologicalideahasencouragedlargeresearchactivities anddevelopmentin
the field of photovoltaic solarcells in the last twenty years[2]. Photosensitive cathode
in our cell wasconstructedof TiO2 thin film on the glasssupportobtainedby chemical
vapourdeposition(CVD) andspraymethods[3,4].

In 1991,Grätzelandco-workers(seee.g. Ref. 5) madea breakthroughin preparing
anefficient dye-sensitizedcell, which waspreparedof relatively uncleanmaterialusinga
cheappreparationprocedure,andreachedtheenergy-conversionefficiency rangingfrom
7 to 12%. For us, it wasa greatsatisfactionto learnthat TiO2 semiconductorelectrodes
usedin thecell werethe samematerialthat we hadusedin our photo-sensitive galvanic
cell [1,3]. Also, theapplicationof AgI [6] asthedye[5], to TiO2 hasproduceda shift of
theabsorptionmaximumto thevisible region of thesolarspectrum.Theperformanceof
thecell alsodependsonporosityof nanosizedTiO2 electrode,whichproducesa2000-fold
increaseof thesurfacearea[5].

As theconstructionof thesolarcell requiresa solid film formedon glasssubstrate,it
is imperative to investigatemorphologyof thematerialpreparedin the thin film form as
it mightdiffer in somepropertiesfrom thepowderform, whichwaspreviouslystudiedby
differentexperimentalmethods[7]. Also, in orderto obtainanefficientsolarcell, theTiO2
thin film ontheglasssubstrateshouldhavea highsurfacearea[8].

In orderto determinethegrainsizeandspecificsurfaceareaof TiO2 thin films onglass
substrates,preparedby thechemicalvapourdeposition[3] andby thespraymethod[4], we
have performedgrazing-incidencesmall-angleX-ray scattering(GISAXS) measurements
usingsynchrotronradiationat ELETTRA, Trieste,which hasa thousandtimeshigherin-
tensitythana laboratoryX-ray tube.The resultsof thesemeasurementsarepresentedin
thiswork.

2. Experimental

Theexperimentalproceduresof thepreparationof TiO2 thin films by CVD andspray
methodsweredescribedin previouspublications[3,4]. Thin films wereformedwith tape
castingmethodon glasssubstrateswith sphericalcurvature.Thesurfaceareaof thusob-
tainedfilms wasof about1 cm2.

GISAXSmeasurementswereperformedat thenew SAXSbeamlineat thesynchrotron
ELETTRA, Trieste[9,10]. The beamlinewasbuilt by the researchersfrom the Institute
for Biophysicsand X-ray structureResearch(IBR), Austrian Academyof Science.Its
characteristicsare: photon-beamwavelengthof λ � 1 	 55 
 10� 8 cm, energy resolution
∆E � E 
 2 	 5 
 10� 3, focal spotsizeFWHM 1 	 2 � 0 	 6 mm2, spotat the sample5 	 4 � 1 	 8
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mm2 andflux at the sampleof 5 � 1012 photons/s(electronbeamenergy 2 GeV, beam
current200mA andX-ray photonenergy of 8 keV).

GISAXSis theexperimentaltechniquethatcombinesbothgrazingincidenceandscat-
teringatsmallangles.As anew tool, it wasfirst proposedby theNorthwesternUniversity
groupof professorJ.Cohen[11]. This techniquehasbeendevelopedandappliedto mor-
phologicalcharacterizationof aggregatesdepositedor gatheredon a flat substrateandof
nanostructureof thin films [12–14]. We have appliedGISAXS for measuringnanosized
TiO2 thin films on glasssubstrate[15,16]. In thefirst position,the incomingX-ray beam
wasbarelytouchingthe surfacei.e. it wastangentialto the surfaceof the film. The po-
sition of the samplewas graduallyriseduntil the film surfacewas 0.02 mm inside the
beam.In this geometry, thepathof X-raysthroughthethin film is muchlongerthanfor a
standardtransmissiongeometry, andthesubstratesignalis weak.However, in thisgeome-
try, thetotally reflectedpower is superimposedon thescatteringsignalathighervaluesof
q � 4πΘ � λ [15].

TheGISAXSintensity, recordedby apositionsensitivedetector, is givenasa function
of q in the interval from q � 1� 25 nm� 1 to q � 1� 1 � 25 nm� 1. Thescaleq(nm� 1) versus
channelnumberis determinedby therat-tail standard[9].

3. Resultsanddiscussion

3.1. GISAXSin TiO2 thin filmson theglasssubstrate

Thin TiO2 film on the glasssubstratecanbe consideredasan aggregatecontaining
TiO2 nanosizegrainsandnanosizepores[17]. In this case,the SAXS is causedby the
differenceof electrondensitywithin andaroundthe nanosizegrains.Using the Guinier
approximation[18], the grain sizecanbe readily determined.The limiting angleΘm of
the small-anglediffusescatteringis approximatelyΘm � λ � � 2D � whereD is the largest
graindiameter. Porodapproximation[19,20] is suitableto determinespecificsurfacearea
of nanosizedthin films. In ourpreviousmeasurements[17] with alaboratoryX-ray source,
theintensityof therecordedsignalwasto smallto getthepartof curverelevantfor Porod
approximation.With thehigh intensitysynchrotronradiationsources,thescatteredinten-
sity is sohigh thatwecanapplybothapproximationsandobtainbothrelevantparameters,
i.e., thegrainsizeandthespecificsurfaceof TiO2 thin films.

Figure 1 representsthe datain a logI vs. Θ2 plot as a test whetherone can apply
the above mentionedGuinier law: I � q����� ∆ρ � 2exp� � R2

gq2 � 3� for small q, whereq �
4πΘ � λ and∆ρ is differenceof electrondensitybetweengrainandsurroundingmedium.
The averagegrain radiuscanbe estimatedfrom the radiusof gyrationRg in the Guinier
formula; this wascalculatedfrom the slopeof the linear fit of logI vs. Θ2 for different
annealingtemperaturesand in differentatmospheres.From thesefitting lines, we have
obtainedRg andtheaveragegrainradius� R� using � R����� 5� 3Rg (for sphericalshape).
It canbe seenfrom Fig. 1 that the Gaussianform is valid up to � 2Θ � 2 � 5 � 10� 5 rad2,
correspondingapproximatively to q � 0 � 3 nm� 1. Theapproximationis very good(within
5%)up to qRg � 2π � 0 � 4 for grainsof sphericalshape.
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Fig. 1. Linearfit logI � f  Θ2 ! to GISAXSdataof theCVD-preparedsample,annealedin
N2, giving: logI �#" 54140Θ2 $ 4 % 97andR � 9 % 7 nm.
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Fig. 2. Representationof thedataaslogI � f  logΘ ! asa testwhetherwe canapply the
Porod’s formula.

The fitting line in Fig. 2 with a slopeof " 4 indicatesthat the Porod law I  q! �
2π  ∆ρ ! 2S& q4 canbe appliedfor larger valuesof q. In the caseof samplesobtainedby
CVD andspraymethods,it is a greatcertaintythata sizedistribution of grainsgivesthe
log-logplot with aslopeof " 4. Ourassumptionis basedonourpreviousmeasurementsof
TEM onsol-gelobtainedTiO2 thin films [7], revealingtheGaussiandistributionof spher-
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ical grains.Takingthat into account,the“specificsurfacearea”Ss canbecalculatedfrom
theMittelbach-Porodformula[19,20]:

Ss ' S( V ' π lim
q) ∞ * q4I + q, -.( Q / + 1,

whereQ is theinvariantintegral
∞0

0

q2I + q, dq /

whichwehaveapproximatedby thevalueQmax definedas

Qmax '
qmax0

qmin

q2I + q, dq /

whereqmax ' 107 cm1 1.
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Fig. 3. Representationof datafor largevaluesof q + q ' 4πΘ ( λ , . In this region,asymptot-
ically q4I ' 2πq2S. Thevalueof q4I derivedfrom ourgraphis 6 2 2 3 1030 cm1 4.

Figure3 presentsthedatain theq4I + q, vs.q plot for largevaluesof q. For q 4 6 3 106

cm1 1, a constantvalueof q4I ' 2πρ2S is usedto calculatethespecificsurfaceareafrom
formula(1) for eachfilm.

3.2. GISAXSin thermallyannealedTiO2 thin filmsobtainedbychemical
vapourdeposition

Amonganumberof availablemethodsfor depositingTiO2 thin films, chemicalvapour
deposition(CVD) is promisingsincehighdepositionratescanbeobtainedat low substrate
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temperatures.In thiswork, weusesimpleCVD methodfor fabricationof TiO2 thin films.
Air wasusedasthe carriergas.Its flow througha pipe wasat a rateof 10 ml/min. The
TiCl4 vapourpassedthroughanotherpipe to a cleansubstrate(SiO2) placedon a plate
mantainedat370 5 C. At thesubstratesurface,TiCl4 moleculesreceivedenoughenergy to
interactwith themoisturefrom theair:

TiCl4 + 2H2O = TiO2 + 4HCl . (2)

Thegrowth rateof TiO2 thin films is typically 5 nm/s.Thefilm thicknessof thefilms
wasof theorderof 1 µm andwasdeterminedusinga Tencor-alpha-stepinstrument.Since
the sampleshave beenproducedin atmosphericconditions,they have beentransported
withoutany specialtreatmentandinsertedin theSAXSset-up.

In the literature[21], thereis theevidenceof an intermediatephaseoccuringprior to
the phasetransitiontemperaturein solids. In nanosizedmaterials,suchan intermediate
phasetendsto bein theamorphousstate[21]. Thephasetransitiontemperaturegetslower
with smallersizesof nanograins[21]. In our previous work [3,4] on Ramanspectraof
CVD-preparedsamplesannealedin oxidizing andnon-oxidizingatmospheres,we have
observedbotheffects: theoccurrenceof anamorphousphase,andthedifferencein phase
transitiontemperatureregardingtheat-

Fig. 4. Ramanspectraof CVD-obtainedTiO2 films annealedfor 0.5 or 5.5 hoursin: a)
hydrogen,b) oxygenandc) nitrogenatmospheres[3].

mospherein which samplewasannealed.Ramanspectraareshown in Fig. 4. In the low
temperatureanatasephase,the strongestcharacteristicRamanline is positionedat 144
cm6 1. Abovethephasetransitiontemperatureof 830 5 C, for sampleannealedin hydrogen,
and 900 5 C for samplesannealedin non-oxydizingatmospheres,the high temperature
rutile phaseis characterizedwith a443cm6 1 strongpeak.At 800 5 C, anamorphousphase
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LUČI Ć-LAVČEVI Ć ET AL .: GRAZING-INCIDENCE SMALL -ANGLE SCATTERING . . .

occursin the sampleannealedin hydrogen.All thesefactshave indicatedthat we have
nanosizedTiO2 thin films with differentgrainsizesfor differentannealingatmosphere.In
orderto provethat,wehaveperformedGISAXSmeasurementsof grainsizesandspecific
surfaceson thematerials.

TABLE 1. CVD-samplesannealedin hydrogen,oxygenandnitrogenof thicknessd 7
1 µm, annealingtemperature,annealingtime, “averagegrainradius” 8 R9 obtainedfrom
the linearfit with an accuracy of about0.15nm and“specificsurfacearea”Ss, asdeter-
minedfrom GISAXS.

Sample Annealing Annealing SAXS Ss
temperature time 8 R9

( : C) (hours) (nm) (107 cm; 1)
H2J3 500 0.5 5.2 0.57
H2J4 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 5.5 3.5 0.15
N2L1 500 0.5 9.7 0.31
N2L2 800 0.5 8.1 0.22
N2L3 900 5.5 5.9 0.34

Comparisonof valuesof Ss and 8 R9 obtainedby GISAXSfor variousannealingtem-
peraturesin hydrogen,nitrogenand oxygenatmosphereof the TiO2 films preparedby
CVD procedureis givenin Table1. In hydrogenatmosphere,we canseetwo trends,the
first of increasingof thegrainsizeup to theannealingtemperatureof 830 : C, andthesec-
ondof decreasingaftertheanatase-rutilephasetransitiontookplace(temperature900 : C,
annealingtime5.5hours).Thereasonfor a longerannealingtimewasthefactthatwehad
still asmallamountof anataseafteranannealingtimeof 30min atthistemperature.After a
longertimeof annealing,thispartof thesamplehastransformedto therutile phase,which
wasevidentby thedisappearanceof the144cm; 1 line. Sucha behaviour is characteristic
of thin films, asin thebulk solidsphasetransitionoccursin a shorttime interval, i.e., in
TiO2 powderobtainedby thesol-gelmethod,thephasetransitionrecordedby XRD occurs
at 850 : C [22]. 8 R9 variesfrom 5.2 nm to 7.3 nm andthento 5.2 nm. This correlation
of grainsizesto annealingtemperatures(seeTable1) is givenin Fig. 5a(curve 2). In the
samefigure,wecanobserveanoppositetrendfor surfacearea(curve1). It hasaminimum
at800 : C. Thisbehaviuor canbecomparedwith
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Fig. 5. (1) Specificsurfacearea,(2) averagegrainsizeand(3) “144 cm< 1” (blackcircles)
and“443 cm< 1” (white circle) peakpositions,PP, of Ramanlines asa function of tem-
peraturefor CVD-preparedsamplesannealedin (a)hydrogen,(b) oxygenand(c) nitrogen
atmosphere.
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ourpreviousRamanmeasurements[3] of theTiO2 thin films annealedunderthesamecon-
ditions,asis shown in Fig. 4. Thin films annealedin hydrogenatmosphere,differentfrom
thefilms annealedin otheratmospheres,show theamorphousphaseat800 = C.At thistem-
perature,in Fig. 5a“the averagegrainradius” > R? shows thebeginningof a pronounced
peak,which doesnot occurduringannealingin oxygenandnitrogenatmospheres(Figs.
5b andc). Also, thegrainsizesin thesamplesannealedin oxygenandnitrogenarebig-
gerthanof thesamplesannealedin hydrogen.Thisactuallyaccountsfor thehigherphase
transitiontemperaturein thesesamples.Specificsurfacecurve canbecorrelatedwith the
peakposition,(PP)of “144 cm@ 1” and“443 cm@ 1” Ramanlines, shown in Fig. 5aasa
functionof temperature,whichwerepublishedin ourpreviouswork [4]. It is shown by the
curve 3 in Fig. 5a andrepresentsthe non-stoichiometryinducedby hydrogentreatment.
Thefirst partof thecurvedenotedby blackcirclesis anatasephaseof TiO2 andabove900= C whitecircle is denotingrutile phase.As thetrendin curve3 canbecorrelatedto curve
1 (Ss), we canconcludethat thespecificsurfacereflectsthe non-stoiochiometryinduced
by thehydrogentreatment.Specificsurfacein hydrogen-annealedsamplesis higherthan
in thesamplesannealedin oxygenandnitrogen.By theprocessof annealingin hydrogen,
oxygenatomswereextractedfrom TiO2, inducingnon-stoichiometry, loweringgrainsizes
andincreasingspecificsurfacei.e.porosityof material.

3.3. GISAXSin TiO2 thin filmsobtainedbyspraymethod

Thinfilms of TiO2 havebeenpreparedby thespraymethodatthesubstratetemperature
of 370 = C from acommercial(Merck)solutionof 15%TiCl3 in 15%HCl (Merck)with 20
vol.% of ethylalcohol.

TABLE 2. Samplesobtainedby the spraymethod,annealedin hydrogen,of thicknesses
d A 1 µm, annealingtemperature,annealingtime, “averagegrain radius” > R? obtained
from linearfit with anaccuracy of about0.15nm and“specificsurfacearea”Ss, asdeter-
minedfrom GISAXS.

Sample Annealing Annealing SAXS Ss
temperature time > R?

( = C) (hours) (nm) 107 cm@ 1

SpI1 100 0.5 4.7 2.0
SpI2 200 0.5 4.2 2.5
SpI3 500 0.5 5.0 3.0
SpI4 700 0.5 5.0 2.6
SpI5 720 0.5 5.6 2.4
SpI6 740 0.5 5.2 2.8
SpI7 790 0.5 5.4 2.8
SpI8 800 0.5 7.2 0.80
SpI9 900 0.5 6.6 0.88
SpI10 900 5.5 4.4 3.2

In ourpreviouswork [4], wehavemeasuredRamanspectraof thermallyannealedTiO2
films obtainedby thespraymethodin a non-oxidizingatmosphereof H2. We have shown
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thatthesefilmshaveahighernon-stoichiometrythanCVD-preparedsamples,whichcanbe
confirmedby our GISAXS measurementsshowing higherspecificsurfaceareafor spray-
preparedsamples(Table2). Ourcorrelationcurvesof B RC andSs areshown in Fig. 6.
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Fig. 6. (1) Specificsurfacearea,(2) averagegrain sizeand(3) “144 cmD 1” (black cir-
cles)and“443 cmD 1” (white circles)peakpositions,PP, of Ramanlinesasa functionof
temperaturefor thespray-method-preparedsamplesannealedin hydrogenatmosphere.

Comparisonof Ss and B RC valuesfor variousannealingtemperaturesin hydrogen
atmosphereof the TiO2 films preparedby spraymethodis given in Table2. We cansee
two trends,thefirst of increasingof thegrain size, B RC , for annealingtemperaturesup
to 800 E C, and the secondof decreasingof the size to a lower valueafter 5.5 hoursof
annealingat 900 E C. The sizevariesfrom 4.7 nm to 7.2 nm andback to 4.4 nm. This
correlationof grainsizesto annealingtemperaturesis shown in Fig. 6. In thefigure,we
canobserveanoppositetrendto thespecificsurfacearea.Thisbehaviourcanbeinterpreted
in termsof theinducednon-stoichiometrywith thereaction:

2TiO2 + H2 = Ti2O3 + H2O , (3)

whichwehadproposedin ourpreviouswork [3]. At 800 E C,thephasetransitionof anatase
to rutile takesplace; it wasobserved by Ramanspectroscopy andXRD in our previous
work [4]. Ramanspectraof thesamplesobtainedby thespraymethodareshown in Fig.
7. Two of the titaniumdioxidephases,anataseandrutile, have beenobservedin the thin
film samplesheatedfrom 100to 900 E C in H2. Thespectrashow that thin films of TiO2
were in the anataseform for temperaturesof 100 to 800 E C. We were in searchfor the
featurein theRamanspectrumof TiO2 heatedat800 E C. In analogywith Ramanspectrum
of CVD-preparedthin films annealedin hydrogen,we expectedformlessfeatureswhich
actuallyresemblethespectrumof theamorphousphasewhichwasobservedby Bobovich
andCenter[21] asageneralprocessnearthephasetransitionfor nanosizedthin films. We
haveevensearchedfor theintermediateamorphousphasein therangefrom 700to 790 E C
in small temperaturestepsof 20 to 30 E C, but amorphousphasewasnot observed. Our
assumptionwasthatdifferentmorphologiesof thesamplesobtainedby the two methods
accountfor theexistenceor lack of theamorphousphase.After 5.5h of annealingat 900
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F
C, theanatase-rutilephasetransitionwascompleted.
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Fig. 7. Ramanspectraasa functionof temperaturefor spray-preparedsamplesannealed
for 0.5or 5.5hoursin hydrogenatmosphere[4].

The specific surface area Ss had the highest value for the film annealedat
500

F
C. For the whole rangeof annealingtemperatures,Ss varied from 2 G 0 H 107 cmI 1

to 3 G 2 H 107 cmI 1. This shows thatTiO2 films obtainedby thespraymethodhave a higher
surfaceareathanthe previously discussedCVD-preparedmaterial.This is in agreement
with theabovediscussionaboutthedifferencein morphologybetweenthesetwo films [4].
Also, the grain sizesin the samplesobtainedby the spraymethodarelower thanin the

FIZIKA A 7 (1998)3, 119–131 129
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CVD-obtainedsamplesand,accordingly, the phase-transitiontemperatureis lower. It is
800 J C, andfor theCVD-obtainedsamplesit is 830 J C.

The specificsurfaceSs andgrain size K RL behaviour below 800 J C areresembling
thoseof CVD-obtainedsamples.They indicatethepossibilityof amorphousphasein the
regionfrom 700to 800 J C.Wecannotdraw thisconclusionsolelyfrom theGISAXSdata.
Wide-angleX-ray scattering(WAXS) measurementsatELETTRA will beperformedwith
theaim to find thesolutionof thispuzzle.

4. Conclusion

ThepresentstudyshowedthatGISAXS measurementsat ELETTRA light sourcecan
beappliedfor thegrain-sizedeterminationon nanosizedthin films of TiO2 on glasssub-
strate.Comparedto othermethods[17] for grainsizedetermination,GISAXS is suitable
for specificsurfacedetermination,which is thecrucialparameterfor efficient solarcells.
GISAXS measurementshave alsoconfirmedour previousRamanfindings[4] aboutdif-
ferentmorphologiesin TiO2 films obtainedby CVD andby spraymethodsof preparation.
Also, we have shown that films obtainedby both waysarenanosizedfilms, with a high
surfaceareacharacteristicfor porousmaterials[5,8].
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RASPŘSENJESINHROTRONSKOGZRAČENJA NA MALIM KUTOVIMA
PRIKLONA I RASPŘSENJA U TANKIM SLOJEVIMA PRAHA TiO2
PRIPREMLJENIMPOLAGANJEMIZ PARA I RASPRǍSIVANJEM

Sloj TiO2 nanometarske veličine zrna,debljine1 µm, polagaoseje na staklenepodloge
metodamakemijskog polaganjaiz parai rasprǎsivanjem.Prosjěcnaveličina zrna, M RN ,
odred–enamjerenjemraspřsenjasinhrotronskog zrǎcenjana malim kutovima priklona i
raspřsenja,mijenjalase je s temperaturomtoplinskog otpǔstanja(500 do 900 O C u H2,
O2 i N2) za uzorke pripremljeneiz para. Za uzorke TiO2 pripremljenerasprǎsivanjem,M RN seje povećaos temperaturomotpǔstanjaod4.2do7.2nm.Specifǐcnapovršinaobje
vrstetankihslojevaseje takod–erodred–ivalai mijenjalaod0 P 18 Q 107 do3 P 2 Q 107 cmR 1.
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