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Abstract

Nanocrystalline TiO2 anatase thin films have been synthesized from alkoxide solution via sol–gel spin coating method. The effects of different

solvents of methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 2-butanol, and tert-butanol as well as those of mixed solvents on crystal structure,

thermal behavior, morphology, and optoelectrical properties were investigated. It was found that not only the occurrence of rutile with anatase

phase was solvent dependent, but also the morphology and optoelectrical properties of the films were strongly affected by solvent type. However,

using two different types of alcohols as a single solvent brings the advantages of both solvents. Also, some unique properties in mixed solvent

samples could be achieved. The viscosity, gel time, boiling point, possible complexes, dipole moment, and chain length of the solvent affect the

packing density, lattice distortion, interfaces, thickness, optical band gap, refractive index, and extinction coefficient.
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1. Introduction

In recent years, TiO2 has been widely used in many different

applications such as photocatalysts [1], solar cells [2,3], gas

sensors [4], and electrochromic devices [5] due to its good

transmittance in visible region (>80%), high refractive index

(2.488 for anatase and 2.7 for rutile phase in bulk form),

chemical stability, wide and tunable band gap (3.2 eV for

anatase and 3 eV for rutile), and long term photostability [6–

10]. TiO2 exists in three crystalline phases of rutile (tetragonal,

P42/mmm), anatase (tetragonal, I41/amd), and brookite

(orthorhombic, Pbca) at ambient temperatures and pressures,

among which the rutile is the most stable phase. Rutile has

smaller electron effective mass, higher density, and higher

refractive index than anatase. However, the anatase has very

shallow donor level, high electron mobility and trap controlled

electronic conduction. According to these properties, the latter

is preferred in most optoelectronic and photocatalyst applica-

tions but the former used in protective coatings [11,12].
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The structural, optical, and electrical properties of TiO2 thin

films strongly depend on the deposition method. TiO2 thin films

have been prepared by different methods such as electron beam

evaporation [13], ion beam assisted deposition [14], DC and RF

reactive magnetron sputtering [15], sol–gel method [16–18],

molecular beam epitaxy [19], chemical vapor deposition [20],

electrodeposition [21], pulsed laser deposition [22], and spray

pyrolysis [23]. Among the mentioned methods, sol–gel method

has the advantages of simplicity, inexpensiveness, low

temperature processing, the ability to form homogeneous

multicomponent films on large areas, non-vacuum processing,

possibility to form porous film, and customizable microstruc-

ture [24].

Different solvents in sol–gel method could extremely affect

the crystalline phase, microstructure, optoelectrical properties

of the films due to the different boiling points, chain lengths and

structure, possible complexes, coordination numbers, and

polarity of the solvents. Although, the effect of solvent on

sol–gel behavior of TiO2 sol has been performed before [25],

but effect of mixed solvent as well as individual solvent with

different chain lengths and molecule structures on TiO2 sol was

never carried out. So, in this article the effect of methanol,

ethanol, 1-propanol, 2-propanol, 1-butanol, 2-butanol and tert-

butanol on structure, morphology, and optoelectronic properties
d.
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of TiO2 transparent nanostructured thin films synthesized via

sol–gel spin coating method was investigated separately and in

mixed state of solvents.

2. Experimental

2.1. Materials

All chemicals including methanol (MeOH, analytical

reagent grade), ethanol (EtOH, synthetic grade), 1-propanol

(1PrOH, analytical reagent grade), 2-propanol (2PrOH,

analytical reagent grade), 1-butanol (1BuOH, analytical

reagent grade), 2-butanol (2BuOH, analytical reagent grade),

tert-butanol (tBuOH, analytical reagent grade), nitric acid

(HNO3, 65%), and titanium tetra isopropoxide (TTiP, 99%)

were obtained from Merck chemicals. In all samples deionized

water (DIW, 18.2 MV) was used.

2.2. Film preparation

In order to achieve a transparent and high quality thin film,

the transparent and stable sol is required. For this purpose,

partial condensation and hydrolysis of TTiP with DIW was

controlled by controlling the proportion of TTiP, solvent, DIW,

and HNO3. It was found that the most stable sol resulting in a

high quality film obtained in TTiP:DIW:HNO3 molar ratio of

1:4:0.5 in constant solvent volume (0.17 M). TTiP was

dissolved in each solvent and stirred for 30 min in closed

container. For preparation of the sol, the solution of DIW,

solvent, and HNO3, which stirred for 10 min, were added drop

wisely to the TTiP solution under vigorous stirring. The

solution was stirred at room temperature in air atmosphere for

1 h to complete the hydrolysis and condensation and reach the

transparent sol. In order to investigate the effect of each solvent

on structure and properties of the films, different solvents of

MeOH, EtOH, 1PrOH, 2PrOH, 1BuOH, 2BuOH and tBuOH

individually and also in mixed form (in equal amount) were

examined. Table 1 shows the physical properties of individual

solvents. The sol behaviors of individual and mixed solvent

samples are brought together in Table 2. In all cases, while the

solvent was changed, the amounts of other sol components

were held constant.

The soda lime glass substrates were cleaned with detergent,

EtOH, and DIW in an ultrasonic bath and dried with stream of

hot air prior to use. Thin films of TiO2 were deposited by spin

coating method using a spin coater (Model VMC409,

Nanotajhiz Pasargad). The films were spin coated at a spin
Table 1

Physical properties of individual solvents.

Solvent Boiling point (8C) Molar mass (g/mol) Density (g/cm3) Viscos

MeOH 65 32.04 0.7918 0.59 �
EtOH 78 46.07 0.7890 1.20 �
1PrOH 98 60.10 0.8034 1.94 �
2PrOH 82 60.10 0.7860 1.96 �
1BuOH 118 74.12 0.8105 3.00 �
2BuOH 99 74.12 0.8063 3.40 �
rate of 3000 rpm for 30 s under low vacuum and dried for 2 min

at room temperature and 10 min at 100 8C. The cycles of spin

coating and drying were repeated 10 times to achieve desired

thickness. Finally, the films were calcined at 450 8C for 1 h with

the rate of 5 8C/min.

In this article the DIW content was chosen in the maximum

and critical amount to increase the reactions and avoid any

unexpected complexes. Higher water content (DIW/TTiP ratio

more than 4) causes fast precipitation or low sol stability. On the

other hand, lower water content (DIW/TTiP ratio less than 4)

forms different types of complexes. As a catalyst, the HNO3

was used instead of HCl, which promote the formation of rutile.

Inhibition effect of mixed solvent on formation of this

unwanted phase might be advantageous.

2.3. Characterization

The phase structure of the films and obtained powders from

the remaining sols was studied by X-ray diffraction method

(XRD, Philips X-pert pro PW1730, 40 kV, 30 mA, Cu-Ka,

l = 1.54056 Å) in the range of 20–808. The morphologies of

the resultant samples were observed by field emission scanning

electron microscope (FESEM, Hitachi S4160). The thermal

analysis of the samples were performed on DSC/TG (Netzsch,

STA409) in the range of 25–1000 8C at 10 8C/min under air

atmosphere. The optical transmittance spectra were recorded in

the wavelength range of 200–1000 nm (UV–vis spectroscopy,

PG instrument T80+ spectrophotometer). The thickness of the

films were determined from a FESEM cross-sectional image

and also calculated from optical data with envelope method.

3. Results and discussion

All the sols except 2PrOH, 2BuOH and tBuOH show very

good stability and gel time of about more than 2 days in open

container and of about one month in closed container. The sol

stability, gel transparency, and gel time of all samples are

brought together in Table 2. The gel time could be described by

the boiling point, chain length, and the possible complexes of

the solvents. 1PrOH and 1BuOH solvents prepared the most

stable sols due to the higher order complexes, higher boiling

points, and lower dipole moments than MeOH, EtOH, and

2PrOH. Although the boiling point of 2BuOH is comparable

with 1PrOH, the viscosity is much higher and dipole moment is

much lower than 1PrOH which affect the gel time of this

sample. On the other hand, both boiling point and dipole

moment of this solvent are much lower than that of 1BuOH
ity at 25 8C (Pa s) Dipole moment (Debye) Dielectric constant at 20 8C

 10�3 1.69 32.35

 10�3 1.69 25.00

 10�3 1.68 20.81

 10�3 1.66 18.62

 10�3 1.66 17.80

 10�3 1.52 15.80



Table 2

Sol stability, gel transparency, and gel time of the samples.

Sample Sol

stabilitya

Gel transparency Gel time Crystallite

size (nm)

MeOH 4 Transparent 3 days 58 � 12

EtOH 5 Transparent 2 days 24 � 5

1PrOH 2 Transparent 10 days 19 � 5

2PrOH 9 Translucent 4 h 14 � 5

1BuOH 1 Transparent 1 month 22 � 5

2BuOH 10 Opaque During 19 � 5

tBuOH 9 Opaque 2 h 25 � 5

EtOH/2PrOH 6 Opaque 1 day 12 � 6

MeOH/2PrOH 5 Opaque 2 days 10 � 6

MeOH/1PrOH 4 Translucent 5 daysb 136 � 14

MeOH/EtOH 4 Transparent 3 days 11 � 6

1PrOH/2PrOH 3 Opaque 6 days 31 � 6

EtOH/1PrOH 2 Transparent 8 days 12 � 6

a 1: Unbelievable; 2: amazing; 3: great; 4: good; 5: above average; 6: average;

7: below average; 8: bad; 9: weak; and 10: terrible.
b After 2 days converted to the milky sol and after 3 days formed the gel.
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which causes lower gel time. Moreover, the steric hindrance of

2-butoxy is lower than 1-butoxy ligands. In mixed solvent

samples, EtOH/2PrOH, MeOH/2PrOH and 1PrOH/2PrOH

samples which contain 2PrOH as a one component, monomeric

oligomers with low hindrance and fast hydrolysis reaction was

formed due to the similarity of this solvent with TTiP ligands,

which resulted in the very fast gel time and quite unstable sol.

However, in these sols compared to the 2PrOH sample, the gel

time promoted by means of other solvents and increased in the

order of EtOH < MeOH < 1PrOH. This trend is completely

matched with gel time trend of these solvents individually. On

the other hand, in MeOH/1PrOH, MeOH/EtOH, and EtOH/

1PrOH complicated complexes were formed which due to the

steric hindrance, the gel time postponed to the very longer time.

The gel time in EtOH/1PrOH was the longest among mixed

solvent samples which is caused by the existence of EtOH and

1PrOH with higher boiling point than MeOH. Scheme 1 shows

schematically the contoured gel times of the samples.
Scheme 1. Schematic representation of the gel time for all samples.
3.1. XRD analysis

XRD patterns of powders with different solvents of MeOH,

EtOH, 1PrOH, 2PrOH, 2BuOH calcined at 450 8C are shown in

Fig. 1. It could be seen that the anatase phase (JCPDS 21-1272)

[26] formed in all samples as the major crystalline phase, while

the rutile phase (JCPDS 21-1276) [27] crystallized only in

EtOH and 1PrOH samples as minor phase beside anatase

(anatase is more stable thermodynamically in smaller particles

[28]). It is believed that the alcohol coordination number could

efficiently affect the resulted oligomers and hence the structure

of building blocks. As a result, 5-fold coordinated titanium and

2- and 3-fold coordinated oxygen in (1 0 0) plane of rutile is

formed instead of 5-fold coordinated titanium and 2-fold

coordinated oxygen in (1 0 1) plane of anatase in some solvents

[28].

The crystallite size was calculated using full width at half

maximum (FWHM) of the intense diffraction peak of anatase

TiO2 (1 0 1) according to Scherer equation D = (0.89 � l)/

b cos u, where D is the crystallite size in nm, l is the

wavelength of incident X-ray in nm, u is Bragg angle, and b is

FWHM in radians [29]. The measured crystallite sizes for the

xerogel powders after calcination for each sample are given in

Table 2.

The XRD pattern of powder samples with mixed solvent of

EtOH/2PrOH, MeOH/2PrOH, MeOH/1PrOH, MeOH/EtOH,

1PrOH/2PrOH, and EtOH/1PrOH are presented in Fig. 2. Very

slight formation of rutile phase in EtOH/2PrOH sample could

be detected. However, in all other samples, the anatase TiO2

formed as the only crystalline phase, which shows that using

mixed solvent reduces the formation of rutile. Nevertheless, the

reduction in crystallization of the MeOH/1PrOH, MeOH/

EtOH, and 1PrOH/2PrOH could be observed.

The lattice parameters of tetragonal anatase phase (a and c)

could be calculated using relations a = b = 2 � d2 0 0 and

c = 4 � d0 0 4. These parameters for all samples are shown in

Fig. 3. It could be seen that in most cases, the a parameter is

very close to the reported bulk values of anatase (a = 3.7852 Å),
Fig. 1. XRD patterns of MeOH, EtOH, 1PrOH, 2PrOH, and 2BuOH powders

calcined at 450 8C.



Fig. 2. XRD patterns of EtOH/2PrOH, MeOH/2PrOH, MeOH/EtOH, 1PrOH/

2PrOH, EtOH, 1PrOH, and MeOH/1PrOH powders calcined at 450 8C.

Fig. 3. Lattice parameters of a and c for all samples. The dashed lines show the

exact values of a and c for anatase TiO2.
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but c values show slightly difference from the bulk value

(c = 9.5139 Å) [26] and dependence to the solvent type.

3.2. FESEM micrographs

Sols with 2PrOH, 2BuOH and tBuOH are not suitable for

film preparation due to the low sol stability. The FESEM

images for the films with solvents of MeOH, EtOH, and 1PrOH

after calcination are shown in Fig. 4. MeOH, EtOH, and 1PrOH

films were formed with a very high surface quality showing

particles with mean size of about 25, 14, and 18 nm,

respectively. The particle size increases with solvent as in

the order of EtOH < 1PrOH < MeOH. Better crystallization

behavior of MeOH, confirmed by the XRD results, may cause

an increase in grain size. Also, existence of very low amount of
Fig. 4. FESEM micrographs of (a) MeOH, (b) EtOH, (c) 1PrOH, a
water in MeOH causes fast hydrolysis which was peptized by

acid addition in this sample. In Fig. 4d, the cross section SEM

micrograph for 10-layer film of 1PrOH sample is shown. The

thickness of this film is about 460 nm.

Fig. 5 shows the FESEM micrographs of EtOH/2PrOH,

MeOH/2PrOH, MeOH/1PrOH, MeOH/EtOH, 1PrOH/2PrOH,

and EtOH/1PrOH. In all films very dense structure with some

pores could be observed due to the shrinkage during

calcination. The mean particle size of less than 25 nm could

be seen except for the MeOH/1PrOH film which formed a

slightly different microstructure. It could be seen from Table 2

that although the sol stability for this sample is good, after two

days it converts to milky sol, which is the sign of large particle

formation. This phenomenon happens very fast during film

preparation and causes formation of larger particles on the film.

In sols containing 2PrOH, some lighter spots in some regions of

the film could be seen which may be due to the higher

hydrolysis of these samples.
nd (d) cross section view of 1PrOH sample calcined at 450 8C.



Fig. 5. FESEM micrographs of (a) EtOH/2PrOH, (b) MeOH/2PrOH, (c) MeOH/1PrOH, (d) MeOH/EtOH, (e) 1PrOH/2PrOH, and (f) EtOH/1PrOH samples calcined

at 450 8C.
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3.3. Thermal analysis

Fig. 6 shows DSC/TG curves of samples with individual

solvents of MeOH, EtOH, 1PrOH, 2PrOH. In MeOH and EtOH

samples, the weight loss mostly occurs below 300 8C, while in

2PrOH sample the weight loss continues to 400 8C. In these

samples the weight loss can be divided into three temperature

regions below 180 8C, which might be the result of evaporation

of water and solvent, between 180 and 250 8C, which is

attributed to thermal decomposition of remnant organic

solvents, and between 250 and 350 8C, which is probably

due to the combustion of residual alkoxy groups and

carbonization of organic constituents. The endothermic peaks

in DSC curves in first region ascribe the evaporation and

organic loss. Two exothermic peaks have been observed in the

range of 250–380 8C for all samples. These peaks could be

related to the carbonization and combustion of organic

substances, respectively. Very low intensity exothermic peak

at 469 8C in MeOH may be due to the crystallization

temperature of anatase TiO2 phase. This peak shifts to lower

temperature (450 8C) in EtOH, while it shifts to 550 8C in

2PrOH. It is believed that in 1PrOH sample the self-propagating

combustion reaction happened which resulted in a very high

exothermic peak in DSC curve and loss of powder from

crucible. In first stage the weight loss of the sample is about
12% of its original weight. In second stage the sample weight

loss is about 6%, and the lowest weight loss of about 2% occurs

in third stage. The overall weight loss for MeOH, EtOH, and

2PrOH is about 23%, 37%, and 20%, respectively.

3.4. UV/vis analysis

The UV/vis transmittance spectra of the 10-layer calcined

thin films with solvents of MeOH, EtOH, 1PrOH and 1BuOH

were compared in Fig. 7a. It could be seen that all films have the

transmittance of higher than 80% in visible region with

oscillation and very strong absorption at around band gap. The

optical band gap of the films was calculated using Tauc

equation [30]:

ahn ¼ kðhn � EgÞn (1)

where a is the absorption coefficient, k is constant, hn is the

photon energy in eV, and the value of n can be 1/2 for allowed

direct, 2 for allowed indirect, 3 for forbidden direct, and 3/2 for

forbidden indirect transitions [31]. The band gap was estimated

by extrapolating the straight line portion of the (ahn)n vs. hn

plot (Fig. 7b). TiO2 has many different transitions in polarized

light and the lowest transitions are direct transitions of

X1! X1 (3.45 eV, E?C) and X2! X1 (3.59 eV, EkC) and



Fig. 6. DSC/TG curves for (a) MeOH, (b) EtOH, (c) 1PrOH, and (d) 2PrOH

samples.

Fig. 7. (a) UV/vis transmittance spectra and (b) Tauc plots of the 10-layer

calcined thin films with solvent of MeOH, EtOH, 1PrOH, and 1BuOH. Inset (b)

calculated values of direct and indirect band gaps.
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indirect transitions of X1! G1 (2.91 eV, E?C) and X2! G1

(3.05 eV rutile, 3.14 eVanatase, EkC) [11,32,33]. All films show

the direct transition at around 3.4 eV which is matched with the

X1! X1 transition (the stoichiometric band gap of TiO2). The

indirect transition of anatase TiO2 (nonstoichiometric band gap)
is about 3.14–3.2 eVand shows itself just in the case of EtOH. In

MeOH, 1PrOH and 1BuOH samples indirect transitions cannot

be correctly detected and shifted to lower energies due to the high

extinction coefficient in strong absorption region (blue part of

spectrum) and interference of the refractive index oscillation

with indirect transition.

Fig. 8a shows the optical transmittance of 10-layer mixed

solvent samples calcined at 450 8C. The same as individual

solvents, all mixed solvent samples show transparency more

than 80% in visible region and optical band gap at UV region.

The thickness of the films, crystallinity, porosity, composition

(rutile phase percentage), and number of layers are affected by

the mixed solvent. Therefore, the oscillation of the transmit-

tance in visible region is changed for mixed solvent samples. As

the absorption coefficient of free carriers is very low and the

energy range of phonons is far from the investigated energy

range; the contributions of free carriers and phonons to the

refractive index can be neglected. Fig. 8b illustrates the Tauc

plot for mixed solvent samples. As in the individual solvents,

these samples show the direct transition at around 3.4 eV and

the indirect transition at around 3.2 eV which in some samples

(MeOH/1PrOH, 1PrOH/2PrOH, and EtOH/1PrOH) this transi-

tion could not be correctly detected because of the interference

of refractive index oscillation in strongly absorption region with

indirect transition. However, the direct transition for MeOH/

EtOH sample could not be extracted. Many structural,

morphological, and optical inter-related parameters could

affect the band gap of thin films. Crystallinity, thickness,

morphology, and packing density should be considered



Fig. 8. (a) and (b) Optical transmittance and (c) and (d) Tauc plots of 10-layer mixed solvent samples calcined at 450 8C. Inset (c) and (d) are calculated values of

direct and indirect band gaps.
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concerning the band gap of MeOH/EtOH sample. As the

packing densities for all samples are slightly the same, other

parameters such as crystallinity which is low for this sample,

thickness which is also low, and morphology which shows

inter-diffused grains with interconnected pores in between,

should be taken into account. Since the only samples with both

low crystallinity and low thickness are MeOH/EtOH and

1PrOH/2PrOH, two hypotheses are raised for disappearance of

direct transition in MeOH/EtOH: (1) the low crystallinity and

thickness of this sample besides the different morphology cause

disappearance of direct transition; and (2) two low boiling point

solvents cause the direct transition value narrowed and shifted

to lower energies by generating defect-derived shallow levels in

band gap of anatase. These hypotheses are still under debate

and need more consideration.

The refractive index of the films was calculated using the

modified envelope method. In this method the refractive index

of the thin film could be calculated using the oscillation of the
Table 3

Refractive indices, calculated thicknesses, observed thicknesses, and packing dens

Sample Refractive index Calculated thickness

MeOH 2.15 � 0.11 447 � 53 

EtOH 2.06 � 0.10 700 � 60 

PrOH 2.13 � 0.11 496 � 45 

1BuOH 2.02 � 0.10 525 � 47 

EtOH/2PrOH 2.03 � 0.10 695 � 58 

MeOH/2PrOH 2.03 � 0.10 808 � 72 

MeOH/1PrOH 2.08 � 0.10 523 � 45 

MeOH/EtOH 2.10 � 0.11 385 � 40 

1PrOH/2PrOH 2.06 � 0.10 438 � 42 

EtOH/1PrOH 2.13 � 0.11 359 � 35 
transmittance spectra [34–36].

n ¼ N þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN2 � n2

s Þ
q� �1=2

(2)

where

N ¼ 1

2
ð1 þ n2

s Þ þ 8n2
s

ðns þ 1Þ2
TM � Tm

TMTm

� �
(3)

The TM and Tm are the maxima and minima of the envelope in

transmittance spectra, and ns are the refractive index of the glass

substrate which can be calculated from the transmittance of the

glass spectra:

ns ¼
1

T s

þ 1

T2
s

� 1

� �1=2

(4)

The refractive index, approximate thickness, and packing

density of the films are shown in Table 3. The observed
ities of the films.

 (nm) Observed thickness (nm) Packing density

410 � 10 0.78 � 0.08

600 � 20 0.72 � 0.07

480 � 10 0.76 � 0.08

460 � 10 0.69 � 0.07

640 � 20 0.70 � 0.07

710 � 20 0.70 � 0.07

450 � 10 0.74 � 0.07

370 � 10 0.75 � 0.08

400 � 10 0.72 � 0.07

320 � 10 0.76 � 0.08
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thickness values from FESEM cross sectional images were also

compared in this table and confirmed the trends of calculated

values. The volume fraction or packing density of the films ( f)

could be achieved via:

f
n2

b � n2

n2
b þ 2n2

þ ð1 � f Þ 1 � n2

1 þ 2n2
¼ 0 (5)

where nb is the refractive index of the bulk material and n is the

measured refractive index [29]. It was found that the refractive

index in the case of ethanol as a solvent was smaller than

methanol or propanol. The origin of refractive index has come

from the difference between frequency of the radiation and

resonant frequency of an electron bound in an atom. However,

in calculating refractive index from transmittance spectra, the

refractive index is the function of thickness, density, purity

(here means rutile to anatase ratio), dopant and defect concen-

tration, porosity, lattice distortion, interfaces in multilayer

samples, substrate refractive index, extinction coefficient,

and wavelength. The faster the gel time of the sol, the thicker

the film thickness, and as a result the higher refractive index

could be observed. The ethanol sample shows the highest

thickness between individual solvent samples which is due

to the shortest gel time of this sample, which causes faster

hydrolysis and condensation in thin film formation process,

higher viscosity, and thicker film. In addition, the higher

refractive index in ethanol sample could be related to some

extent to the formation of rutile in this sample. The methanol

sample causes lower thickness due to its lower boiling point

than propanol. On the other hand, the 1BuOH sample has very

high viscosity and boiling point. Upon film formation, there is a

competition between solvent drying and sol spreading (and as a

result gel formation) on the substrate. Consequently, the thick-

ness of the 1BuOH is higher than MeOH and PrOH but lower

than EtOH. Also, the packing density of this sample is the

lowest. Therefore, the refractive index shows very low amount.

Film packing which relates to the porosity of the film,

number of layers, the disordered space between each layer, and

also surface roughness, shows low values in ethanol. It could be

seen that the lower the film viscosity is, the thinner and the

denser the film is. Among the four individual solvents, the film

with ethanol shows the highest thickness, which is mainly

affected by gel time of the sol. With decreasing the gel time of

the sol, the viscosity rises and causes a thicker film. Besides gel

time and viscosity, other interrelated parameters such as the

boiling point of the solvent, possible complexes, concentration,

water content, pH, and spin coating parameters could affect the

thickness of the films. Methanol and propanol show lower

thickness than ethanol due to the more complicated complexes

which result in higher gel time and hence lower viscosity. On

the other hand, methanol sample has the lower thickness than

propanol even with lower boiling point.

In mixed solvent samples, the refractive index is in the range

of 2.03–2.15. Also, all the mixed solvent samples demonstrate

more than 70% packing and the highest packing was achieved in

EtOH/PrOH sample. All the systems which contain the 2PrOH as

one solvent component formed the film with high thickness. The
2PrOH can easily form the monomeric complex with alkoxide

for its similarities with alkoxide ligand (H3C–CH(O)–CH3) and

has fast hydrolysis and condensation reaction rates due to its low

steric hindrance. This leads to the higher viscosity and faster gel

time during the film deposition which result in higher thickness.

On the other hand, all other samples contain 2PrOH beside other

solvents for their alcohol exchange reaction as follows:

TiðOC3H7Þ4þ xR0ðOHÞ ! TiðOC3H7Þ4�xðOR0Þxþ xC3H7OH

(6)

where R0 is the alkyl group. However, the amount of 2PrOH is

very small because of the small amount of alkoxide in prepared

sols. In 1PrOH/2PrOH sample, the gel time is long enough to

form a very thin film, but existence of 2PrOH promotes the

formation of very tiny particles which cause the milky sol after 2

days and opaque gel after 5 days which affects the thickness of

the film during film preparation. The alcohol exchange rate

decreases as MeOH > EtOH > 2PrOH > 1PrOH > 1BuOH

which confirms that in MeOH/1PrOH sample, the difference

in alcohol exchange rate between two components is noticeable

compare to the MeOH/EtOH. This leads to the methoxy based

complexes. In addition, the existence of very small amount of

water in MeOH formed tiny particles in sol. This and aforemen-

tioned statement causes translucent sol after three days. These

particles could be observed in SEM micrograph of this sample.

The EtOH/1PrOH sample shows the longest gel time of more

than eight days and the lowest thickness of about 360 nm for

more similar properties of the solvents in terms of boiling point,

dipole moment, molecular weight, and alcohol exchange rate.

From the steric hindrance point of view, oligomerization of 2-

propoxy with short length group of methoxy causes low steric

hindrance and fast hydrolysis. 2-Propoxy oligomerization in

solvents contains 2PrOH leads to monomeric hindrance. Ethoxy

group is more reactive than 1-propoxy group which describes the

faster gel time of EtOH compare to 1PrOH as one component

solvents. From the dipole moment point of view, the decrease in

dipole moment leads to larger length over which the charged

species affected their surrounding species. Thus, electrostatic

stabilization could be better in lower dipole moment solvents.

4. Conclusions

Transparent TiO2 thin films with slightly different optoelec-

trical properties have been prepared on glass substrates from

alkoxide solution with different individual solvents of MeOH,

EtOH, 1PrOH, 2PrOH, 1BuOH, 2BuOH and tBuOH as well as

mixed solvents of EtOH/2PrOH, MeOH/2PrOH, MeOH/

1PrOH, MeOH/EtOH, 1PrOH/2PrOH, and EtOH/1PrOH. It

was found that the sol stability and transparency of 2PrOH,

2BuOH and tBuOH sols were not suitable for film formation.

On the other hand, MeOH, 1PrOH and 1BuOH show great sol

stability and gel time which resulted in a very high quality films.

Although the anatase phase was the major crystalline phase in

all samples, very low amount of the rutile phase formed in

EtOH and 1PrOH, and mixing the solvent strongly reduces the

rutile formation. In addition, FESEM micrographs confirmed
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that very small particles formed on films with MeOH as a

solvent. The packing and morphology of the films related to the

viscosity and boiling point of the sols and show different

morphologies. Interestingly, all the films show different solvent

related optical oscillation behavior in visible region. It was

found that viscosity, gel time, boiling point, possible

complexes, dipole moment, and chain length of the solvent

could efficiently affect the packing density, lattice distortion,

interfaces, thickness, optical band gap, refractive index, and

extinction coefficient. Mixing solvents leads to the films with

desired morphologies, band gaps, refractive indices, and also

crystalline phases.
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