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Abstract

Multilayered titania (TiO2) films have been prepared via sol–gel dip-coating method from a tetraethyl-orthotitanate solution that contains 2 g of
polyethylene glycol (PEG) with different molecular weight (6000, 20,000 and 35,000). The films were deposited on fluorine doped tin oxide
(FTO) coated glass and annealed by a thermal treatment at 450 1C for 30 min. We demonstrated how the structure, the morphology and the
optical properties of the films can be controlled by varying the PEG molecular weight and number of depositions. The correlation between these
parameters and the film properties was investigated. Sol–gel deposited and PEG doped TiO2 films demonstrate better properties for their use in
solar cell applications, by enhancing the transmittance value in the 380–540 nm range.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium dioxide thin films are of great interest for their
application in solar cells [1–4], gas and humidity sensors [5],
catalyst supports [6–8], construction of optical wave-guides
[9–10], thin film capacitors [11,12], and inorganic membranes
[13,14] as well as electrochromic materials [15,16]. For new
devices in chromatography [17–19] or dye-sensitized solar
cells [20–23], it is essential to obtain thin porous films with
well controlled size and pore distribution.

TiO2 films have been prepared by various methods, either
physical or chemical; as for physical methods, results on
ultrasonic spray pyrolysis [24], magnetron sputtering [25] and
pulse laser deposition (PLD) [26] were reported. Thin and thick
films obtained by various chemical methods such as – chemical
spray pyrolysis [27], chemical vapor deposition (CVD) [28] and
the sol–gel method [29–33] were successfully achieved. Films
with predetermined morphology can be synthesized using the
sol–gel methods by changing the solution composition and
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deposition conditions. Previous results concerning the sol–gel
preparation of TiO2 films with anatase structure, in the presence
of PEG, were reported by Bu et al. [34]. The Ti(OC4H9)4 has
been used as TiO2 source in the presence of PEG with 800, 1000
and 2000 molecular weight and different complexing agents.
Similar TiO2 precursor was used by Gartner et al. [35] to prepare
TiO2 doped films and also by Sun et al. [28] using PEG with
molecular weight of 400, 2000, 6000 and 22,000.
Porous films have been obtained by using PEG as a chelating

agent. Trapalis et al. [6] used PEG in order to control the porosity
of Fe3+ doped TiO2 films starting with Ti(OC2H5)4 as TiO2

precursor and PEG with molecular weight of 600. The porosity
increases with the PEG amount introduced in the film.
Sonawane et al. [36], Liau et al. [8] and Guo et al. [29]

prepared TiO2 films starting with Ti(OC3H7)4 and PEG with
different molecular weights and amounts. The amount of PEG
used in the papers mentioned above varied between 1 and 9%.
The present study reports on the effects of PEG – with different

molecular weights – on the structural, morphological and optical
properties of TiO2 thin films derived from sol–gel technique.
Porous TiO2 films were synthesized using the sol–gel dip-coating
method from an alkoxide-based solution that contains PEG.
ghts reserved.
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Table 1
Composition of solution and experimental conditions of sol preparation.

Reagents Molar ratio pH
sol

Experimental
conditions

RaOH
∑precursor

H2O
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catalyst
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Fig. 1. XRD patterns, in the region of anatase 101 peak, of 1–4 layers TiO2 films,
PEG; (b) PEG, molecular weight 6000; (c) PEG, molecular weight 20,000 and (d)

Table 2
The variation of viscosity versus PEG molecular weight.

Sample (Sol) Viscosities (cP)

TiO2 2.00
TiO2 with PEG 6000 2.04
TiO2 with PEG 20,000 2.10
TiO2 with PEG 35,000 2.40
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The synthesized films were characterized using X-Ray diffraction
(XRD), scanning electron microscopy (SEM), atomic force micro-
scopy (AFM), and spectroellipsometry (SE).
The correlation between the main technological parameters and

the materials properties was investigated towards the use of the
films for solar cell, photocatalysts and porous matrix applications.
2. Experimental

2.1. Film deposition

The composition of the initial solution and the experimental
conditions for obtaining sol–gel oxide films in the above
mentioned system are presented in Table 1.
Tetraethyl-orthotitanate Ti(OC2H5)4 (Merck) was used as

TiO2 source. Ethanol was used as solvent, nitric acid as
catalyst and water for hydrolysis. The molar ratio of the
reagents presented in Table 1 has been selected based on the
previous work [32] that has established the experimental
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conditions to prepare stable solutions that allow multilayers
depositions. The results were applied to successfully prepare
pure [33] and doped TiO2 films [37–39]. Based on the
literature data [6,8,28,29], PEG with molecular weights of
6000, 20,000 and 35,000 were chosen and a concentration of
the solutions of 2 g PEG to 1 mol Ti(OC2H5)4. The reaction
was kept under stirring at room temperature for 2 h.

From these solutions, films were deposited on TCO30-8 (3 mm
thick soda lime glass coated on one side with a fluorine doped tin
oxide (SnO2:F) layer) substrate (further denoted as the FTO glass)
by the dip-coating method at a withdrawal rate of 5 cm/min.
Before deposition, the solutions were aged for 24 h. A thermal
treatment (TT) at 450 1C for 30 min, using a heating rate of 5 1C/
min was applied to the films; for multilayer films, a TT of
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Fig. 2. XRD patterns of the substrate and 4 layer films, with different PEG
molecular weights.

Table 3
Anatase (101) diffraction line position (2θ), interplanar spacing (dhkl), the full-width at h

Molecular weight of PEG Layer numbers 2θ (1)

0 1 25.371
2 25.374
3 25.369
4 25.348

6000 1 25.342
2 25.355
3 25.377
4 25.348

20,000 1 25.423
2 25.412
3 25.378
4 25.362

35,000 1 25.347
2 25.409
3 25.379
4 25.369

aThe crystallite size was determined using Scherer′s formula only for (101) diff
densification (300 1C for 30 min, with a heating rate of 5 1C/min),
was used after each layer deposition.
The viscosities of the solutions were measured at room

temperature before deposition with Brookfield Viscometer
DV-II+Pro equipment in 8 ml of solution and the data are
presented in Table 2. The viscosity of the prepared solutions
increased when PEG with higher molecular weight was used.

2.2. Film characterization

PEG doped and undoped TiO2 films were characterized
structurally through XRD, morphologically by SEM and AFM,
as well as optically by SE.
The XRD measurements were performed using an Ultima IV

X-Ray Diffractometer (Rigaku, Japan) using Cu Kα radiation
(Kα¼1.54056 Å) at an accelerating voltage of 40 kV and a current
of 30 mA. For thin films, the diffractometer was set in condition of
grazing incidence X-ray diffraction (GIXD), with ω¼0.51. The
samples were scanned in the range from 201 to 901 of 2θ with a
scan rate of 51/min, continuous scanning, and from 231 to 281 of
2θ with a fixed time of 4 s/0.021.
Systematic information on the thin film morphology was

obtained by SEM using a FEI Quanta 3D microscope operating
at 20 kV, coupled with energy dispersive X-ray (EDX) spectro-
scopy measurements.
AFM measurements were carried in the non-contact mode, with

a XE-100 apparatus from Park Systems (2011), using sharp tips
(o8 nm tip radius; PPP-NCHR type from Nanosensors™). The
topographical 2D and 3D AFM images were taken over the area of
8� 8 μm2 area; for displaying purpose and subsequent statistical
data analysis (including the calculation of the root mean square
(RMS) roughness) it was used the XEI (v.1.8.0) Image Processing
Program developed by Park Systems.
alf-maximum (FWHM) and the crystallite size of TiO2 films, annealed at 450 1C.

dhkl (nm) FWHM (1) Crystallite sizea (nm)

0.350 0.9375 9.07
0.350 0.7634 11.14
0.350 0.7435 11.43
0.351 0.7138 11.91

0.351 0.7908 10.75
0.350 0.8175 10.40
0.350 0.8414 10.10
0.351 0.7657 11.10

0.350 0.8199 10.37
0.350 0.7847 10.84
0.350 0.7685 11.06
0.350 0.7176 11.85

0.351 1.7415 4.88
0.350 1.0667 7.97
0.350 1.0184 8.35
0.350 0.9345 9.10

raction line of anatase.



Table 4
Unit cell parameters of anatase, TiO2, calculated for 4 layers film in comparison with the standard values.

PEG molecular weight in the samples a (nm) b (nm) c (nm) α (1) β (1) γ (1)

0 0.3815(3) 0.3815(3) 0.95158(13) 90 90 90
6000 0.3808(4) 0.3808(4) 0.95139(19) 90 90 90
20,000 0.3827(4) 0.3827(4) 0.9546(3) 90 90 90
35,000 0.3898(5) 0.3898(5) 0.9565(5) 90 90 90
TiO2, anatase, ICDD file no. 01-089-4203 0.37850 0.37850 0.95140 90 90 90

2 mm

10 μm

Fig. 3. (a) Optical image of the TiO2 PEG 20,000 film with three layers and
(b) low magnification SEM image in the middle part of the same film.
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SE measurements were performed with a VASE ellips-
ometer for UV–vis–NIR range from Woollam Co., Inc.
Measurements have been performed at the 701 incidence angle
and a 5 nm step in air at room temperature.

3. Results

3.1. XRD

Measurements were performed in the 20–801 range, with a
more detailed analysis in the 23–281 (2θ) domain. The domain
for a more detailed investigation was selected because of the
presence – at 2θ¼25.301 – of the most intense diffraction line
for TiO2 anatase (101), according to ICDD file no. 01-089-
4203. In the same range the FTO glass substrate presents also a
diffraction line at 2θ¼26.6111 assigned to SnO2 cassiterite
(110) line, according to ICDD file no. 00-041-1445.

The results are presented in Fig. 1(a–d).
It can be noticed that the intensity of the anatase (101) peak

increases with the number of deposited layers and also with the
subsequent TT at 450 1C, due to a better crystallization of the
resulting coatings. At the same time the intensity of the SnO2

(110) diffraction line from the substrate decreased.
Other diffraction lines of crystalline TiO2 anatase phase, except

(101), cannot be evidenced because they superpose with the
diffraction lines of SnO2 (Fig. 2). The (101) diffraction line of
anatase at 2θ�251 appears from the first deposition layer in all
cases (Fig. 1), so we can conclude that the films are crystalline after
the first deposition, which is in good agreement with SEM
observations (see below).

Making a comparison between the XRD patterns of the
samples with 4-deposited layers (Fig. 2), it can be seen that the
diffraction lines widen with increasing PEG molecular weight,
indicating that nanocrystallite size decreases, as confirmed also
from the calculation of crystallite sizes based on Scherrer′s
formula (results presented in Table 3).

One can notice that the unit cell parameters of the anatase
crystals are larger than indexed ones. It can be easily observed
from the X-ray patterns that the shape, intensity and FWHM of the
diffraction lines is not representative for well-crystallized, but for
nanosized, poorly crystallized materials. The unit cell parameters of
anatase of the sample containing PEG 6000 is the closest to
indexed parameters. The crystallite size for this sample is
11.10 nm. On the other side, the unit cell parameters of anatase
of the sample containing PEG 35,000 with the largest molecular
weight have the smallest crystallite size (9.1 nm). The higher the
molecular weight of PEG, the higher is the influence on the unit
cell parameters of anatase. The unit cell parameters (Table 4) were
calculated, using PDXL software from Rigaku, only for 4 layers
samples, where more diffraction lines of anatase could be
identified.
3.2. SEM and EDX

An optical image of the TiO2 film doped with PEG 20,000 is
shown in Fig. 3a proving the transparency of the film. A low
magnification SEM image (Fig. 3b) shows the formation of a
continuous film without cracks and highly homogeneous.
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The SEM micrograph in Fig. 4a shows the microstructure of the
substrate surface, where faceted sub-micron sized crystallites are
clearly observed. EDX elemental analysis (Fig. 4c) reveals the
presence of Sn and O, corresponding to tin oxide, and Si, from the
silica glass support below the tin oxide film. After deposition of the
TiO2 film with PEG, the films are nearly transparent in SEM
micrographs (Fig. 4b). The EDX elemental analysis detected only
Ti and O in the film, corresponding to TiO2 (Fig. 4c). The edge-on
micrograph of the film (Fig. 4c) reveals an homogeneous thickness,
in the sub-micron range and a surface roughness much reduced
compared to the faceted SnO2 substrate.

Fig. 5 compares the microstructure of four layer films,
without PEG (Fig. 5a), and with PEG with different molecular
weights: 6000 (Fig. 5b), 20,000 (Fig. 5c), and 35,000 (Fig. 5d).
The TiO2 film without PEG does not have microscale porosity
(i.e., pores in the scale of 0.1–1 mm) as can be seen in Fig. 5a.
The films doped with PEG (Fig. 5b–d) are homogeneous,
having similar transparency than those without PEG, and
display additional rounded features, with diameters ranging
from 20 nm to 400 nm, which correspond to porosity caused
by PEG. Additionally, there are some elongated pores, always
aligned along the edges of tin oxide crystallites of the
substrate. The sample with PEG 6000 has smaller pores, with
diameters around 20–80 nm (Fig. 5b), the film doped with
PEG 20,000 (Fig. 5c), shows larger pores, with diameters in
Fig. 4. SEM micrographs and EDX spectra of: (a) FTO substrate; (b) PEG 20,0
the range 100–400 nm. We did not observe any rounded pores
at the microscale in the samples doped with PEG 35,000
(Fig. 5d); we observed instead in these samples cracked areas
with irregular voids, sized a few microns, like the ones shown
in Fig. 6, uniformly scattered.
Fig. 6 shows SEM micrographs of the same area of the TiO2

film doped with PEG 35,000. The secondary electrons image
(Fig. 6a) is the topographical view of the film, showing some
protruding areas, along with a cracked void. The image is
correlated with the back-scattered electrons image of the same
region (Fig. 6b), clearly indicating the presence of subsurface
cavities (in black) below the protruding areas observed in
Fig. 6a. The local micro-cracking of the film doped with PEG
35,000 and the associated voids, such as the one marked by an
arrow in Fig. 6a and b, can be explained by the building up of
pressure in the subsurface cavities left inside the film due to the
combustion of the PEG 35,000 during thermal treatment to
450 1C after deposition. The diameter of the pores induced in
the film using PEG 35,000 and the associated microcracking
and voids produced after thermal treatment are about one order
of magnitude bigger than the film thickness. The observed
porosity caused by PEG addition (Table 5) demonstrates the
risk of using PEG with high molecular weight (420,000) in
films of sub-micrometer thicknesses. Therefore we used
preferentially PEG 20,000 for further investigations.
00 doped TiO2 film and (c) the edge of the this film on the FTO substrate.



a b

c d

Fig. 5. Comparison between SEM micrographs of the TiO2 films with one layer: (a)-undoped; (b) doped with PEG 6000; (c) doped with PEG 20,000 and (d) doped
with PEG 35,000.

Fig. 6. SEM micrographs of the TiO2 film with one layer doped with PEG 35,000, (a) secondary electrons and (b) back-scattered electrons, showing the presence of
sub-surface cavities.
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Detailed SEM measurements at higher magnification (Fig. 7)
reveal the particle size granulation of the TiO2 films at the surface,
with grain size features �10–20 nm in agreement with grain sizes
calculated from XRD.
SEM images of the 3 layers TiO2 film doped with PEG 20,000
(Fig. 8a) show a lower transparency of the film to the electron
beam, in comparison with the images in Fig. 5a–d, a clear
indication that the film is thicker. The edge-on micrograph taken
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on a piece broken from the TiO2 film (Fig. 8b) allows observing
clearly the film section, showing that pores are preferentially
located at the outer surface of the film.

3.3. AFM

A detailed morphology analysis was obtained by AFM at
the scale of 8 mm� 8 mm (Fig. 9). The FTO substrate has a
morphology consisting of large SnO2 grains (large crystallites
with sharp edges as presented in Fig. 4a) leading to high RMS
roughness values of up to 36 nm. Qualitatively it can be seen
Fig. 7. SEM micrograph of the 1 layer TiO2 film doped with PEG 20,000,
showing its surface roughness associated to TiO2 grain size.

Table 5
The variation of pore diameter versus PEG molecular weight.

PEG mol. weight Pore diameter

0 No pores
6000 20–80 nm

20,000 100–400 nm
35,000 4600–800 nm

Fig. 8. SEM micrograph of 3 layer TiO2 film: (a) measured at the edge of the
that the TiO2 film covers completely the crystallites of
substrate (visible as less shaper crystallite edges after TiO2

deposition) while quantitatively is accompanied by a decrease
in roughness from 36 nm (on the substrate) down to 20–26 nm
for the as-prepared first layer. After the annealing at 450 1C,
the TiO2 – PEG film is characterized by an increase in
roughness. This can be due to the stress induced by the PEG
removal from the one layer film matrix, which is not observed
at TiO2 film without PEG.
Further on, adding more layers (including successive thermal

treatments) the films become slightly thicker (see SE results
below) and the roughness decreases (Fig. 10) so that the RMS
values are almost bunched for the films with 2 layers, while with
4 layers the lowest RMS values (around 12 nm) are obtained.
This behavior is expected due to the fact that the existing

pores after the PEG elimination (burned out after TT) are filled
up at the second deposition, and thus the roughness decreases
successively up to 4 layers deposition.

3.4. SE

The influence of the PEG on the optical properties of TiO2

layer was studied by Spectroscopic Ellipsometry.
Firstly, the substrate was measured at 701 angle of incidence and

fitted by a two-layer model (surface roughness layer/SnO2:F layer/
soda lime glass)–Fig. 11a. The SnO2:F film was modeled using
Drude and Lorentz oscillators [40] and the roughness layer with the
effective medium approximation [41], considering 50% voids and
50% SnO2:F. From the best fit, the thickness (�715 nm) and the
dielectric functions of the fluorine doped tin oxide (SnO2:F) were
obtained (Fig. 11b), in agreement with the results obtained by
Akagawa and Fujiwara [42].
A four-layer model (surface roughness layer/TiO2 film/interface

layer/SnO2:F layer/soda lime glass) was used to fit the ellipsometric
spectra concerning the TiO2 – PEG films deposited on TCO30–8
substrate – Fig. 12a. The interface layer (between substrate and
TiO2 film) was suggested by the SEM micrograph in Fig. 4a which
shows the microstructure of the surface of the fluorine doped
tin oxide (SnO2:F) layer, where sub-micron sized crystallites
are clearly observed. The interface layer was modeled by the
sample and (b) the view of the edge of a piece broken from the TiO2 film.



Fig. 9. 2D AFM topographic images (inset 3D) at the scale of (8 mm� 8 mm) for the TiO2-PEG films with 3 layers: (a) without PEG, (b) PEG 6000, (c) PEG
20,000 and (d) PEG 35,000.
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“intermix” option in the WVASE32s program [40], which is
treated as a mixed layer composed of the upper and lower lying
materials with 50% – 50% volume fractions on basis of effective
medium approximation [41], with the thickness being the only free
parameter. The thickness of the interface layer was found to
depend on the PEG molecular weights (as an example, for the film
studied by SEM in Fig. 4a, the intermix layer thickness calculated
by SE is 5371 nm, in good agreement with the value estimated
by SEM). To model the TiO2 layer, the Cauchy equation was used.
The film roughness layer was modeled, as in the case of the
substrate roughness, with the Effective Medium Approximation
(EMA) model [41] with fix percentage: 50% voids and 50% TiO2.
From the best fit (one example is illustrated for TiO2-PEG 20.000
film with 4 layers in Fig. 12b) the thickness and the refractive
index were obtained.
For all samples the thickness of TiO2 layer decreases (Fig. 13a)
after the first thermal treatment when the film is densified due to
the PEG leaving from the system and then increases after each
new deposition (a new deposition is followed by a new thermal
treatment). The increase of thickness observed for the films with
2–4 layers is relatively small; this may be related to the filling of
existing pores formed by PEG elimination during the first TT.
The porosity of the films were calculated with the formula

[43] P¼1� (n2�1)/(nA
2 �1), where nA¼2.52 is the refractive

index of anatase (at λ¼550 nm) and n is the refractive index of
PEG doped TiO2 film at the same wavelength (Fig. 13b).
After two layer depositions (and two TT) the porosities

are similar for all films with and without PEG addition, because
PEG is eliminated after TT at 450 1C. This result is sustained
from the previous literature data [44,45], that underlined the
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depolymerization of the PEG during the reactions in solution and
also by thermal treatment.

There are two kinds of porosity in the films: intrinsic and
extrinsic. The intrinsic one is related with the preparation
method and is formed by small mesopores of similar size than
surface roughness layer
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crystallite size (�10 nm) [32]. SEM analysis of the films can
determine only the extrinsic porosity caused by PEG addition.
The ellipsometric analysis can determine the total porosity.
The results indicate that only the one-layer films show
significant extrinsic porosity caused by PEG, subsequent layer
deposition and thermal treatments after the first layer leading to
the densification of the film and the disappearance of most of
the extrinsic porosity, explaining why the porosity diminishes
after the deposition of the second layer. SEM observations of
the films cross section (Fig. 8b) confirmed that in multilayer
films extrinsic porosity remains located mostly at the outer
layer of the film.
3.5. Transmission

The transmission measurements performed by ellipsometry
(Fig. 14a) showed that introducing PEG during film prepara-
tion leads to a higher transmittance than that of undoped film
and even of FTO substrate, being a promising TCO material
for solar cell applications.
The evolution of transmission with the number of deposited

layers is presented in Fig. 14b. It can be seen that the
transmittance increases with the number of depositions and
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Fig. 13. Thickness (a) and porosity (b) determined from ellipsometric measurements for the TiO2 – PEG films.

Fig. 14. (a) Transmission of 3 layer undoped and PEG 20,000 dopped TiO2 films in comparison with the bare FTO substrate; (b) Change of transmission spectra of
TiO2 films doped with PEG 20,000 with number of depositions (insertion presents details about absorption edge spectra) and (c) band gap energy (Eg) variation with
number of depositions for the undoped and PEG 20,000-doped TiO2 films.
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the maximum transmittance value shifted to higher wave-
lengths. As for example for one layer TT film the transmission
is maximum (69%) in the 600–700 nm range and for four layer
films is maximum (76%) at around of 560 nm range. Fig. 14c
presents the direct optical band gap calculated from transmis-
sion curves [46]. The absorption edge is also shifting almost
linearly to longer wavelengths with the deposition number as
could be observed from Fig. 14c.
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4. Conclusions

The properties of sol–gel multilayered (1–4) films were
studied in function of PEG molecular weight introduced in the
TiO2 matrix.

XRD and SEM proved that after annealing all films (with
and without PEG) crystallize in the anatase phase (even single
layer films). The crystallization quality is improved increasing
the number of layer depositions and the crystallite size
decreases when PEG is introduced in the matrix.

TiO2 sol–gel films have an intrinsic porosity due to the
preparation method and the addition of PEG leads to an extrinsic
one, which pore size is determined by PEG molecular weight. The
extrinsic porosity is very significant after first layer deposition. SE
measurements have shown that the total porosity (intrinsic and
extrinsic) has similar values for all doped films after the deposition
of a second layer, no matter the molecular weight of the PEG used,
due to the densification of the films, that confines extrinsic porosity
to the film outer surface.

The films with PEG have large porosities (showed by SEM
and SE) which could be useful for biomedical applications,
such as embedding of drugs or dye sensitized solar cell.

Adding of PEG during TiO2 films preparation and increasing
the number of depositions leads to higher values of transmittance.
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