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Julija Sabataitytė a,c,*, Ilona Oja a, Frank Lenzmann b,
Olga Volobujeva a, Malle Krunks a

a Department of Materials Science, Tallinn University of Technology, Ehitajate tee5, Tallinn 19086, Estonia
b Solar Energy Department, ECN, Westerduinweg 3, 1755 ZG Petten, The Netherlands

c Semiconductor Physics Institute, A. Goštauto 11, 2600 Vilnius, Lithuania

Received 12 September 2004; accepted after revision 13 May 2005

Available online 19 September 2005

Abstract

Nanoporous TiO2 films as a key component in dye sensitized and extremely thin absorber (ETA) solar cells were prepared by
the sol–gel method using spin-coating and spray pyrolysis deposition techniques. The precursor sol contained titanium (IV)
isopropoxide, acetylacetone and polyethylene glycol (PEG) in ethanol. Glass and n-type Si (100) were used as substrates. SEM,
XRD and FT-IR were used to study the effect of the PEG concentration in the precursor solution as well as different annealing
routes on the film composition and structural properties. Crystalline films with anatase structure could be grown by the spray
technique at 500 °C. Post-annealing at 500 °C increases the crystallite size (from 5 to 9 nm) and results in an average pore size
around 40 nm. A film thickness of about 2.3 µm is attained using 50 spray pulses. In spin coated films the formation of Ti–O–Ti
anatase bonds is observed after annealing at 450 °C. Crystalline films can be prepared by annealing at temperatures above
700 °C. Surface morphology and pore size of spin coated films are controlled by the amount of PEG in the sol. The film thickness
is around 120 nm after three coating cycles. To cite this article: J. Sabataitytė et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les couches de TiO2 nanoporeux, composant clé des cellules solaires à colorant ou des cellules solaires absorbeur ultramince
(ETA), ont été préparées par la méthode sol–gel en utilisant les techniques de dépôt spin-coating et de pyrolyse en spray. Le
précurseur sol est constitué d’isopropoxyde de titane (IV), d’acétylacétone et de polyéthylène glycol (PEG) dans l’éthanol. Du
verre et du Si (100) de type n ont été utilisés comme substrats. Les techniques MEB, DRX et IR–TF ont été utilisées pour étudier
l’effet de la concentration en PEG au sein de la solution de précurseur ainsi que l’influence de différentes méthodes de recuit sur
la composition de la couche et ses propriétés structurales. Les couches présentant la structure anatase ont pu être formées par la
technique en spray à 500 °C. Un recuit à 500 °C augmente la taille des cristallites de 5 à 9 nm et conduit à des pores de taille
moyenne de 40 nm. Une couche de 2,3 µm d’épaisseur est obtenue avec 50 impulsions de spray. Dans les couches obtenues par
spin-coating, la formation des liaisons Ti–O–Ti anatase est observée après un recuit à 450 °C. Les couches cristallines sont
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obtenues par recuit à des températures supérieures à 700 °C. La morphologie de surface et la taille des pores des couches
déposées sont contrôlées par la quantité de PEG dans le sol. Après trois cycles de dépôt, l’épaisseur de la couche est d’environ
120 nm. Pour citer cet article : J. Sabataitytė et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Nanoporous TiO2 thin films for dye-sensitized and
ETA solar cells have been under intense study for many
years. In addition to the doctor-blade technique [1], the
interest to prepare the materials by sol–gel methods
[2–4] and chemical vapor deposition [5] has increased
remarkably. The use of the sol–gel method applying
dip coating, spin-coating or spray pyrolysis techniques
to deposit TiO2 films has several advantages, such as
low cost, simple apparatus set up and the possibility to
control the properties of the film through the solution
composition. Polyethylene glycol (PEG) is a well-
known additive used in the sol–gel process to increase
the porosity of the film [6,7]. Recently porous TiO2

films were prepared by the spray technique and the pho-
tovoltaic conversion efficiency of dye sensitized cells
was increased up to 5.1% under AM-1.5 conditions [2].

In our earlier studies we found that dense TiO2 ana-
tase films with a refractive index around 2.3 could be
prepared by spray pyrolysis and spin-coating tech-
niques using acetylacetone stabilized titanium isopro-
poxide sol [8,9].

This paper reports on investigations of nanoporous
TiO2 films prepared either by spin-coating or spray
pyrolysis using PEG in the precursor solution. The
effect of the PEG concentration and different anneal-
ing routes on film composition, structural properties,
morphology, pore and grain sizes is studied.

2. Experimental

TiO2 films were deposited either by spin-coating or
spray pyrolysis techniques onto glass and n-type Si (100)
substrates. For deposition by spin-coating the solution
was prepared with a TTIP/AcAc/EtOH molar ratio of
1:2:42 and the amount of PEG600 in solution was var-

ied in the range 1.5–46 g. Three coating cycles at a rota-
tion speed of 3000 rpm were performed. The films were
dried at 100 °C for 35 min. followed by annealing in a
temperature region of 300–850 °C for 1 or 2 h.

For spray pyrolysis a precursor solution of TTIP/
AcAc/EtOH at molar ratio of 1:2:52 with 46 g of PEG
was used and the substrate temperature during the depo-
sition was 350 or 500 °C. The solution was atomized by
pneumatic spray nozzle (from Spraying Systems) using
compressed air as carrier gas. Pulsed solution feed with
an interval of 10 s of spraying and 300 s of pause was
used. This procedure was repeated 30–50 times. The final
heat treatment was performed in air at 500 °C for 2 h.

The crystal structure of the films was determined by
XRD using a Bruker AXS D5005 diffractrometer with
monochromatic Cu Ka radiation. The IR spectra of the
samples on silicon wafers were recorded on a Perkin
Elmer FT-IR GX1 spectrometer. The surface morphol-
ogy and cross-section studies were performed by scan-
ning electron microscopy (SEM) on a LEO SUPRA 35.
The pore and grain sizes were determined by SEM at
high magnifications. The thickness of the films was deter-
mined from the SEM cross-sectional micrographs.

3. Results

3.1. XRD and IR study

XRD patterns of TiO2 films on glass made by spray
pyrolysis at 500 °C are presented in Fig. 1 (as depos-
ited: a, post-annealed at 500 °C: b). The as-deposited
films prepared at substrate temperatures below 500 °C
are found to be amorphous. As-sprayed films grown at
500 °C (Fig. 1a) show a broad peak belonging to the
anatase phase (PDF 21-1272). Post-annealing of the
films at 500 °C sharpens the diffraction peaks of the
anatase phase (Fig. 1b). Crystallite sizes calculated from
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the XRD pattern using the Scherrer formula are 5 nm
and 9 nm in the as-deposited and the annealed film,
respectively.

For spin-coated TiO2 films, crystalline anatase is
observed only at temperatures above 700 °C (patterns
not shown). The IR spectra of TiO2 films deposited
either by spin coating or spray pyrolysis are presented
in Figs. 2 and 3. The strong absorption bands close to
2875 and 1120 cm−1 in the spin-coated film (Fig. 2, the
precursor solutions containing 3 g PEG) dried at 100 °C
(Fig. 2a) are assigned to the presence of the PEG (since
they are not observed, when PEG is absent). The absorp-
tion bands are significantly weakened by annealing at
300 °C indicating the purification from organic resi-
dues containing functional groups active in middle

infrared spectrum region (Fig. 2b). Further annealing
at higher temperatures promotes the formation of
Ti–O–Ti anatase bonds, confirmed by the appearance
of the peak at around 430 cm−1 [10].

The sprayed films deposited at 350 °C (from precur-
sor solutions containing 46 g PEG) still contain organic
compounds (Fig. 3a). This is different from dense,
spray-pyrolized TiO2 films that were free of organic
residues at growth temperatures as low as 315 °C [9].
Currently spray-pyrolized TiO2 films free from organic
compounds can be grown at a substrate temperature of
500 °C. At this temperature the formation of anatase
Ti–O–Ti bonds (around 440 cm−1) could be observed.
Further annealing at 500 °C for 2 h in air determines
the sharpness of this band (Fig. 3c).

3.2. Morphological properties

Fig. 4 shows SEM micrographs of the surface of
as-deposited (a) and annealed (b) TiO2 films grown by
spray pyrolysis. The SEM investigations show that the
as-deposited films contain pores and grains with diam-
eters about 2–7 nm. By annealing at 500 °C the diam-
eters of both increase up to 10–20 nm (Fig. 4b). The
SEM micrographs of the cross-section reveal an aver-
age pore size of approximately 20 nm in the as-
deposited and 40 nm in the annealed film (Fig. 5). The
grain size increases from 15 up to 25 nm. The thick-
ness of the film was found to be approximately 2.3 µm
after 50 spray pulses.

Fig. 6 shows SEM micrographs of spin coated TiO2

film surfaces prepared from precursor solutions with

Fig. 1. XRD patterns of sprayed TiO2 films: (a) as-deposited at
500 °C; (b) after film annealing at 500 °C for 2 h in air.

Fig. 2. FTIR spectra of TiO2 films prepared by spin-coating techni-
que from the solution containing 3 g PEG and annealed at different
temperatures for 1 h.

Fig. 3. FTIR spectra of TiO2 films prepared by spray pyrolysis tech-
nique: (a) as-deposited at T = 350 °C; (b) as-deposited at T = 500 °C,
(c) deposited at T = 500 °C and annealed at 500 °C for 2 h in air.
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different amounts of PEG600 (a–d) (1.5, 4.6, 21 and
46 g, respectively) after annealing at 450 °C. It is
observed that the surface morphology is related to the
amount of PEG used. The TiO2 films prepared with very
small amount of PEG are quite smooth (Fig. 6a). The
films contain pores and grains with sizes about 7 and
15 nm, respectively. Higher PEG concentrations in the
precursor solution result in increased sizes of pores and
grains. Pores of about 10–15 nm and grains of 15–25 nm
are obtained for the coatings prepared from the precur-

sor solution containing 4.6 g PEG (Fig. 6b). Pore and
grain sizes reach maximum values of 25 and 35 nm,
respectively, at 21 g of PEG (Fig. 6c). Further increase
of the amount of PEG decreases the sizes of pores and
grains (Fig. 6d). A similar effect is observed for spin
coated films by other authors as well [11]. According
to the SEM cross-sectional micrograph the film thick-
ness is approximately 120 nm.

4. Conclusions

Nanoporous TiO2 films in a thickness range of about
0.1–2.3 µm have been prepared from acetyl acetone sta-
bilized titaniumisopropoxide sols containing PEG as an
additive. Spin-coating and spray pyrolysis were com-
pared as film deposition techniques. Crystalline films
with anatase structure could be grown by the spray tech-
nique at 500 °C. From the XRD peak-width crystallite
sizes of 5 and 9 nm were calculated for as-deposited and
annealed, respectively. The pore sizes in such films were
up to 40 nm after annealing at 500 °C according to SEM.

When depositing the films by spin-coating the for-
mation of Ti–O–Ti anatase bonds in the films is ob-
served after annealing at 450 °C. However, the film
becomes crystalline only after annealing at tempera-
tures above 700 °C.

Pore and grain sizes in spin coated film are con-
trolled by the amount of PEG added into the starting
sol and can be controlled in the range of 7–25 and
15–35 nm, respectively.

Fig. 4. SEM micrographs of sprayed TiO2 films: (a) as-deposited at 500 °C; (b) deposited at 500 °C and annealed at 500 °C for 2 h in air.

Fig. 5. The cross-section of sprayed film shown in Fig. 4b.
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Fig. 6. SEM micrographs of spin coated TiO2 films prepared with different amount of PEG600: (a) 1.5 g, (b) 4.6 g, (c) 21 g, (d) 46 g in solution.
The films are annealed at 450 °C for 1 h in air.
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