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ABSTRACT: We report on a simple and robust analysis of the energy band gap and crystal size
of anatase TiO; thin films on doped Fluorine Tin Oxide (SnO2:F) prepared using sol-gel Doctor-
blade method. The films had been annealed at rates of 1°C/Min, 2°C/Min, 1-step and referenced
with as-deposited film, and the optical and structural properties characterized using UV-VIS
spectrophotometer and X-ray diffraction (XRD), respectively. The films had a refractive index
which was noted to depend on the annealing rate consistent with Cauchy’s relation. An optical
band gap of 3.88eV, 3.72eV, 3.33V, and 3.13eV was measured on the as-deposited, 1-Step,
2°C/Min and 1°C/Min annealing, respectively. Optical conductivity was highest in the UV region
and diminished sharply in the visible region in all the annealed samples. The as-deposited film
exhibited a diminished optical conductivity in the visible electromagnetic field due to high density
of charge trapping sites resulting to negligible interaction of the film molecules with the applied
electric field. The XRD spectra revealed thermal enhancement in crystallinity, with the crystallite
sizes of 21.8382nm, 24.3087nm and 24.9633nm, for 1-step annealed, 2°C/Min and 1°C/Min,
respectively. The broadened XRD spectrum of the as-deposited film is attributed to the presence
of dangling bonds that act as trapping sites. Comparison of the measured values of the optical
band gap with simulation from SCOUT at low annealing rates (2°C/min and 1°C/min) was found
to decrease with enhancement in crystallite size, indicating a reduction in porosity and
improvement in both densification and crystallinity of the films.
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INTRODUCTION

Titanium dioxide (TiOz) has received remarkable attention due to its unique optical,
photocatalytic, structural and electronic properties [1-2]. The wide band gap, high refractive index,
and good chemical stability, makes TiO> thin films find a wide application in optical coatings [3-
4], dye-sensitized solar cells (DSSCs) [5] and in dielectrics [6]. Additionally, the high transparency
of the films makes them a candidate for anti-reflection coatings as they enhance the visible
transmittance in heat mirrors [7]. On structure, TiO> thin films can exist as amorphous as well as
in other three crystalline phases, namely rutile (tetragonal), anatase (tetragonal and brookite
(orthorhombic). Only the rutile phase is thermodynamically stable at high temperature [12]. Ye et
al., [8] reported refractive indices of 2.5 and 2.7 for bulk rutile and anatase titania, respectively, at
500nm. Band gap values of 3.23eV,3.02eV and 3.13eV has been reported for Anatase, Rutile and
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Brookite films, respectively [9]. However, these measurements for both band gaps and refractive
indices have been found to vary with the structure of the films [11]. And since structural
characterization requires specialized techniques, correlation of optical parameters with structure
of TiO2 films would offer an alternative that is more accessible to many. This work offers a simple,
facile and robust method of correlating crystallite size with optical band gap of TiO2 thin films
prepared using Doctor-blade method.

Experimental Technique

Nanocrystalline TiO, films were prepared by doctor-blading titanium nanoxide T/SP (18% wt,
Solaronix, Switzerland) on cleaned doped Fluorine Tin Oxide (FTO) (SnO2:F) glass substrates.
The drying process was done for 20 minutes in ambient temperature, to enhance homogeneity of
the films. The films were then subjected to different annealing rates (1°C/Min, 2°C/Min) up to
450°C and 1-step annealing in which the films were directly annealed at 450°C) and then sintered
at 450°C for 30 minutes: A UV-VIS spectrometer (Perkin EImer Lambda 950), was used to obtain
the transmittance of the films within 250 —800nm spectral wavelength. The measurements were
obtained at a normal incidence using a reference substrate. For structure, the film crystalline
phases were characterized using X-ray diffractometer (K alpha 1504Armstrongs) with a Cu -K

radiation (K, =0.15406nm) and operating at an accelerating voltage of 40kV and an emission

current of 40mA. Data was acquired over a range of (20°<26<80°) grazing angle at a sampling
width of 0.1°and a scanning speed of 1.2° min™.

RESULTS AND DISCUSSION

Part 1: Optical measurements
(a) Refractive Index
The refractive indices were obtained from the transmittance spectra based on the Swanepoel

method [10]. The refractive index (n, ) in the spectral region of medium and weak absorption was
calculated based on equations 1 and 2.

T, -T., n’+1 _ . -
Where N =2n, _“IA_ T ™+ 52 , Ty, and T are the maximum and minimum transmissions
M 'm
corresponding to a certain wavelength A .n, and T, are the refractive index and transmittance of

the substrate, respectively. A plot of the refractive index against wavelength, shown in fig. 1,
reveals that the refractive index of the films is high in the UV region (region of strong absorption)
and reduces with increasing wavelength (region of weak and medium absorption). This trend is
noted to be consistent with Cauchy’s-Model [24]. The as-deposited films had the lowest refractive
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index of 2.325 which improved upon annealing. Films annealed at 1°C/Min has the highest
refractive index of 2.55at 550nm.
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Figure 1: Plot of Refractive Index against wavelength
The enhancement in refractive index at low annealing rates is attributed to the increase in packing
density of the films [17]. The high annealing rate results to reduced porosity which consequently
leads to densification of the films [21, 25].

(b) Porosity
The porosity (P) of the TiO> films was determined using eqn. 3, [13, 34, 35].

p(%):(l_ n° ‘ﬂxloo .............. 3)

b

Where n is the refractive index of the porous thin films and n,=2.52 is the refractive index of
pore-free anatase film obtained at 550nm [13,11].

A correlation of porosity and refractive index versus annealing rates (Fig. 2), shows an inverse
relation.
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Figure 2: Correlation between porosity and refractive index versus annealing rate
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Films annealed at 1°C/Min exhibit a low porosity (14.03%) and a high refractive index (2.55). On
the contrary, the as-deposited films exhibit a high porosity (30.31%) and lowest refractive index
(2.33). This is attributed to the fact that at low annealing rates, the pore size reduced due to grain’s
compaction and densification. Hence, the TiO- film becomes more densely packed leading to high
refractive index and reduced porosity [36, 37].

(c) Optical Band Gap
The optical band gap (E,) was calculated using the Tauc equation, eqn. 4, [14].

(@0)" = AN~ E o (4)

Where « is the absorption coefficient given by:

h o is the photon energy, r is the transition coefficient (r =2 and r =1/2 for direct and indirect
transitions, respectively), d is film thickness and A is a parameter of transition probability given
by eqgn. 6, [34].

N (6)
NcAE
O min 1S the minimum metallic conductivity, C speed of light and AE = AE, — AE, represents band
tailing. The transition coefficient rdepends on the material’s structure [34]. Since indirect
transition dominates in nanostructured TiO2, we have adopted r =1/2 [17]. The optical band gap
was determined from the extrapolation of the linear plots of (ahv)"?versus hvat =0, as

shown in figure 3. The band gap was found to decrease with decrease in annealing rate, 3.88,
3.72, 3.33, and 3.13eV for the as-deposited, 1-step, 2°C/Min and 1°C/Min annealed films,
respectively.
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Figure 3: Optical energy band gap for TiO> films as a function of photon energy
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The decrease in optical band gap with the decrease in annealing rate is attributed to the lowering
of interatomic spacing, which is associated with a decrease in the amplitude of atomic oscillations
around their equilibrium positions [17, 16, 21]. This points to better crystallization as small
crystallites agglomerate into large crystals [20, 22, 29]. Low annealing rate enhances the formation
of oxygen vacancies, and as a result the electron concentration increases in the energy gap region.
This leads to some of the localized electronic states approaching the conduction band to be at
minimum. Thus, at lower annealing rate, anatase TiO, behaves as n-type semiconductor due to
reduced optical band gap [30, 31].

To complement the experimental data, we also simulated the optical energy band gap using
SCOUT’s OJL model. A near correlation was arrived at, with only a deviation of 0.12eV and
0.03eV recorded for the 1°C/Min and 2°C/Min annealing, respectively (fig. 4).
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Figure 4: Comparison of the measured and OJL model simulated data for: 4(a) 1°C/Min and
4(b) 2°C/Min TiO2 thin films.

The experimental band gap shows a good approximation to the theoretical values.

(d) Dielectric Constant
The real (¢,) and imaginary dielectric constants (¢;) for the films were calculated based on the
complex refractive index as shown in equations 7 [23].

e=¢g —ig: g =n" -k, & =2nk......... @)

Where k is the extinction coefficient. The ¢, and &, indicate the extent to which TiO2 films slow
down the speed of incident light and the extent to which dielectric absorbs energy from the applied
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electric field due to dipole motion, respectively [19, 23]. The ratio of ¢, to ¢, is the Loss tangent

(tano’) and is a measure of the extent to which thin films absorb the electromagnetic (EM) field
[30] (Eqn. 8).

Tans = 5t = fnk S TTTT PO ®
g n -k

r

Where ¢ is the phase different between the induced current and the applied EM field [34]. A plot
of tano versus wavelength is shown in fig. 5.
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Figure 5: Variation of Loss Tangent (tano ) with wavelength.

&; decreases faster than the ¢, in the UV region as indicated by high tand and diminishes sharply

at the onset of the visible region. This indicates reduced absorption in the visible regime. The films
annealed at 1°C/Min have the highest tano in the UV region, an indication of the highest changes
in the free carrier’s transitions in certain energy band that causes absorption [35]. Hence, tano is
enhanced resulting to high absorption of EM field [35].

(e) Optical Conductivity
Optical conductivity (o) was determined using equation (9), [23, 30].

c=0,+io, = . )
Ar

Whereo, = ws, ¢, ,0,, = 0&¢&,, €=¢, —l¢

o¥im? r?

., @ Is the angular frequency, ¢, is the free space
dielectric constant and c is the velocity of light [15, 16, 35].
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Figure 6: Optical conductivity spectra versus wavelength.

Figure 6 shows that the optical conductivity is high in the UV spectral region and decreases
drastically in the visible region for the annealed films. The phenomenon implies that electrons are
excited by the high photon energy in the UV region. Further, the films annealed at 1°C/Min and
2°C/Min exhibit a wider spectral range (250 —375nm) of electron excitation as compared with the
1-step annealed film (250 —325nm), a behavior attributed to drastic reduction in energy band gap.
It is also observed that the as-deposited film only exhibit optical response in the 712.5-800nm
spectral range due to the lack of delocalized carriers in its large band gap as well as its disordered
state [35, 38]. The optical conductivity decreased corresponding to the absorption edge and energy
band gap of the films [35].

Part 2: Structural measurement
(2) X-ray diffraction measurements
The phase composition and the structure of the films were studied by X-ray diffraction analysis.
From the data, Bragg’s equation was used to determine planner d —spacing between atoms in the
TiO> films. The diffraction peak observed in each diffraction pattern was also used to calculate the
Miller indices and lattice spacing of the samples. The preferred orientations were determined using
Crystalism software [27, 28] and the data plotted as shown in figure 7.
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260 Figure 7: X-ray diffraction pattern of the TiO>
films.
The observed peaks in Fig. 7(a) correspond to (100), (101), (110), (111), (201), (202), (203), (024),
(106) and (205) planes for various 2¢ angles and depict the formation of well crystallized TiO>
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thin films indicated by sharp diffraction peaks [26]. The diffraction pattern observed in the
annealed films in Fig. 7(a), (b) and (c) indicates diffraction peaks at various glancing angles by
planes of the anatase crystalline phase of TiO> annealed at different rates. In contrast, Fig. 7(d),
exhibit rudimentary broad diffraction peaks corresponding to the as-deposited film. This is due to
the film’s amorphous nature [30]. The average nanocrystalline size (D) was calculated using
Scherrer formula (Eqgn. 10) [32].

Where D (innm) is mean size of the crystalline domains in the direction normal to the reflecting
planes, A (in radians) is the Full-Width at Half Maximum (FWHM) of the peak, K =0.90is

Scherrer constant, A is X-ray wavelength, and & (in radians) is the Bragg angle [13,17]. The
FWHM of the XRD scans of TiO> films was obtained using OriginPro 8.0 software and used to
calculate the crystallite size according to eqn. 10. The average crystallite size was estimated at
24.9633, 24.3087, and 21.8382nm for 1°C/Min, 2°C/Min and 1-step annealed films, respectively.
The large crystallite size observed in 1°C/Min annealed film was attributed to the gradual
agglomeration of small crystallites into large ones [11, 33]. The as-deposited film is characterized
by short-range order and contain many defects that produce localized states [33]. Therefore, by
lowering the annealing rate, the defects are annealed out, hence the film crystallinity is improved
and the crystallite size increases [30, 34].

(b) Correlation of Band gap with Crystal Size
The band gap and crystal size data was tabulated as shown in table 1. The as-deposited film
indicates amorphous nature while the annealed films indicate some level of crystallinity.

Table 1. A table of Optical Band Gap and Crystal Size of the TiO films annealed at different
rates.

Annealing Band Gap (eV) Band Gap Crystal

Rate (Experimental) (eV) Size
(Simulated)  (nm) The variation in optical energy band
19C/Min 313 3.25 2496 9ap and crystal size depends on the
20C/Min 333 330 o431  annealing rate (Fig. 8 and have a
1-step 372 395 2184  significant bearing on the band
As- 3.88 3.63 structure of TiOz thin films [25].
deposited
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Figure 8: Variation of Optical Band Gap (from measurements and OJL’s simulation) and
Crystal Size versus Annealing Rate.

From figure 8, the crystal size increases with increase in annealing rate (21.84, 24.3, and 24.96nm
for the 1-step, 2°C/Min and 1°C/Min, respectively). On the other hand, the Optical band gap
decreases with decrease in Annealing rate (3.88, 3.72, 3.33 and 3.13eV for the as-deposited, 1-
step, 2°C/Min and 1°C/Muin, respectively). The experimental data for band gap coincides well with
the simulated data, an indication of a good approximation. The variations in both crystal size and
optical band gap with annealing rate are attributed to densification which results in decrease in
porosity [17, 18, 30]. For example, at 1°C/Min, the pore size diminished by grain’s compaction.
The film became more densely packed and, consequently, the refractive index increased and
optical band gap decreased [29]. This leads to a large surface area for the films, which,
consequently, enhances photocatalytic property of TiO> thin films [30].

Conclusion

The dependence of crystallite size on optical band gap in TiO; films annealed at different rates
was investigated. The refractive index was consistent with Cauchy’s relation. Low annealing rate
(1°C/Min) resulted into the highest refractive index. Moreover, the porosity and optical band gap
decrease with annealing rate. This was attributed to films’ densification and improved crystallinity.
The optical conductivity was high in the UV region for the annealed films due to electron excitation
and decreased sharply in the visible region. The as-deposited film exhibited optical response only
at low electric fields (712.5—800nm spectral range) due to lack of delocalized carriers. Upon
annealing, the structural investigation indicated improvement in the crystallite size from
21.8382nmto 24.3087nm for 1-step annealed and 1°C/Min, respectively. The as-deposited
broadening of the XRD peaks indicated a disordered structure due to defects that are responsible
for localized states.
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