Optical studies on sol-gel derived titanium dioxide films
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Abstract: Optical absorption A(A) and transmission T(A) spectra for normal incidence have been
obtained within the wavelength (A) range 30CL900nm for titanium dioxide (Ti02) films in anatase
form prepared by the sol-gel method. The dispersion relation for refractive indices is in agreement
with the oscillator model. The refractive index is found to be independent of thickness. Above the
absorption tail, optical absorption is believed to be due to nondirect electronic processes involving no
transitions between localised states in a single layer thick Ti02 film. For a multilayered film,
transitions between localised states are probable as equal as those between all other states.
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Introduction

Titanium dioxide (TiO,) e h b i t s a range of potentially useful properties such as high refractive index, high dielectric
constant and chemical stability. The material exists in three
stable crystalline phases: brookite, anatase and rutile.
Rutile is known to be the most stable phase. Due to practical importance the materials have attracted much interest
in recent years for use in a variety of optical, electrical and
optoelectronic applications including antireflectance coatings [l], electrochromic display devices [2] and planar
waveguides [3, 41. The materials can be formulated in thin
film form by using sputtering [5], a plasma beam generator
[6], chemical vapour deposition [7] and spin coating [SI.
Ti02 thin films can also be prepared in amorphous form,
with the anatase form being of particular interest for the
rapidly developing areas of electrochemical and solid-state
dye sensitised photovoltaic cells [9, lo]. The polycrystalline
and amorphous forms of Ti02 can be readily prepared
using the sol-gel technique [111 which offers the possibility
of relatively low cost, large-scale production of thin films.
Recent work has identified significant interactions between
process parameters such as withdrawal rate, sol concentration and the number of coating layers and their effects on
structural, optical and electrical properties of sol-gel
derived TiO, films [12]. This article reports the results of
optical measurements on sol-gel derived anatase films on
glass substrates. Experimental data were analysed to determine the film thickness and refractive indices and to provide an interpretation of the electronic transition processes
involved in optical absorption. The nature of interband
transitions was not investigated in earlier studies and the
present investigations now show that nondirect transitions
are responsible for optical absorption. An electronic band
structure is proposed for a polycrystalline Ti02 film. Sol0IEE, 2000
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gel derived 1?02films are normally used in dye-sensitised
photoconductive cells [13, 141 and the knowledge of band
properties is important for understanding the mechanism
of charge transfer from the dye molecule to the oxide film.
2

Experimentaltechniques

Chemically and thermally stable films of titanium dioxide
were prepared using the sol-gel method. A solution was
prepared by mixing 5.04ml glacial acetic acid CH,COOH
(Aldrich 99.5%) and 50ml anhydrous ethanol (Aldrich
99.7-100%) for 5 min and then 6.3ml titanium (IV) isopropoxide Ti[OCH(CH3),I4(97% pure) was added to this solution. An additional period of 2 min was allowed for proper
blending and dip coating was then carried out onto ultrasonically cleaned glass substrate under atmospheric conditions. The addition of acetic acid is necessary as a reactionmodifying agent to prevent the rapid and uncontrolled
hydrolysis of the titanium alkoxide which otherwise forms
particulate reaction products rather than gels suitable for
dip coating. During the dipping process, the substrates
were generally withdrawn with a speed of 2 5 0 d m i n but
different speeds were also used for comparative studies.
The samples were allowed to dry in air for 24h and subsequently heat treated at a temperature of 500°C for 5h. Heat
treatment at temperatures higher than 500°C was not investigated due to the limitations of the glass substrates used.
Using a Phillips PW 1710 diffractometer with monochromatic Cu radiation and a scan speed of 0.01 degree (26) per
second, X-ray diffraction studies were performed on residues of the sol mixture, which had been previously dried
and then subjected to the same heat treatment as for the
dip-coated films. Optical transmission and absorption spectra for the heat-treated Ti02 films were investigated using
an AT1 Unicam UVhisible spectrophotometer. The thickness of the films was also independently measured using a
planar surfometer (Surfcom 300) with a stated accuracy of
H.01pn. The stylus was made to traverse across the
substrate up to the coating edge and beyond for a total
For the purpose of electrical measuredistance of 2".
ments, the TiO, film was dip-coated on an InSn02
substrate and gold was evaporated as a top electrode. All
experiments were repeated and good reproducibility of the
results was achieved.
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Results and discussions

3

Fig. 1 shows a typical powder X-ray diffraction pattern
obtained from sol residues heated at 500°C for 5h. Using
Bragg's law, values of interplanar spacing distance for each
peak were calculated. The results of calculations are summarised in Table 1 and they correspond well to data for
anatase Ti02 film. The rutile and brookite forms of Ti02
were not observed during these investigations. The amorphous phase of Ti02 film was obtained from the sols that
were not affected by heat treatment. For comparison, the
analysis of diffraction patterns for films manufactured
under identical conditions, but heated to 350°C for the
same length of time, does not produce similar results. The
pattern in Fig. lb shows the form of Ti02 film to be predominantly amorphous with the appearance of two peaks
corresponding to interplanar distances of 35.37nm and
30.86nm at angles of =25" and ~ 2 7 " .It is therefore
believed that the heat treatment temperature at 500°C
caused a gradual crystallisation of the material to the ana-
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coated with less than four layers. Using the condition for
interference for two adjacent maxima (or minima) at wavelengths ill and &, the thickness d of the Ti02 films is determined from the standard expression

where p(Al)and ,U(&)are the refractive indices of the TiO,
film for AI and A,, respectively.
Table 1: Measuredvalues (a) and referencedata (b) obtained
for an anatase film from Philips PC-APD software for interplanar spacing
Values of interplanar
spacing, n m

(a)

( b)

(a)

(b)

1

25.38

25.281

35.065

35.2

2

37.78

37.801

23.793

23.78

3

48.03

48.05

18.927

18.92

4

53.83

53.891

17.017

16.999

5

55.215

55.062

16.622

16.665

6

62.79

62.69

14.787

14.808

7

68.725

68.762

13.647

13.641

8

70.255

70.31 1

13.387

13.378

9

75.075

75.032

12.643

12.649
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11.664
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Fig. 2 shows typical transmission spectra for the bare
glass substrate and also substrates coated with three different layers of Ti02 films. The spectra were corrected for the
effects of optical absorption in the substrates. As expected,
films exhibit a significantly large fraction of transmission
for the range of wavelengths 350nm 5 A 5 900nm. The
appearance of interference fringes in the transmission spectra is caused by multiple reflections at the boundary of the
film and the substrate. The number of maxima and minima
in interference patterns increases with that of the layers.
Interference patterns were found to disappear for samples
302
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The method due to Swanepoel is employed to estimate
the refractive indices p(A) [151. If ps(A)is the refractive index
of the substrate, p(A) for the film can be found according
to the formula
where A4 is given for a wavelength A in the form

Tmx(A) and Tmin(A)lie on the two curves enveloping the
maxima and minima of the interference patterns. The
refractive index ps(A) is calculated from the transmission
spectrum Ts(A)for the glass substrate using the expression
of
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(4)

A selfconsistent iterative procedure was developed to solve
eqns. 1 4 . The refractive index profile p(1) within the transmission regime and the thickness of the TiO, film were
calculated from the solutions. Parabolic interpolation
between the three nearest experimental points is adopted to
determine intermediate values of Tm&) and Tmin(A).
Similar experiments were also carried out on films produced
with a withdrawal rate of 100m"min.
Fig. 3 shows an approximately linear correlation between
the number of applications and the overall coating thickness for both withdrawal rates of 250"lmin
and
1 0 0 d m i n . As expected, films produced by a fast withdrawal rate are found to be thicker than those produced by
a slow rate. Results obtained from the surface profile
experiments show a reasonable degree of consistency
between the two sets of data obtained from independent
measurements.

This observation is consistent with results reported earlier
[lo]. Using the least-squares technique, a linear fit is
obtained in the inset for the dependence of b2- I)-' on the
square of photon energy (hv). This implies that the dispersion relation can be explained in terms of the single oscillator model given in the form [16]

r2

E,EdEs
- h2u2

(5)

Values of the single effective oscillator energy Ed and the
dispersion energy E, are estimated to be 2.2eV and 16.5eV
from the zero energy intercept and the slope of the graph,
respectively. 'The average oscillator strength S is estimated
to be 23 x 10'2m-2from the relationship of S = EcfEJ(h2c2).
Similar analysis was performed for the remaining layers
and also for the samples prepared with the withdrawal
speed of 100"lmin. It is found that refractive indices
show a weak dependence on the film thickness within the
range considered.
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Fig. 5 displays the absorbance as a function of incident
photon energy (hv) in the range 3.54.1eV for a variety of
coating layers. Absorption edges are not expected to be
sharp because of random orientation of crystallites within
the region on which the incident beam is focused. It is to be
noted that the absorption edge decreases to a lower energy
for a multilayered sample than that for a single-layered
film. The energy-dependenceof the absorbance A is usually
written in the form [17]
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Plot of (p2- 1)-' against h$ is given in the inset

As shown in Fig. 4, refractive indices of a seven-layer
thick Ti02 film are found to decrease with the wavelength.
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(E)

(hu - Eo)n

where the optical band gap EOdefines the energy position
of the optical absorption edge and the power index n
describes the nature of electronic transitions. B depends
upon the minimum metallic conductivity oo, refractivc
index p, the width of band edges AE and the nature of electronic transition n. Eqn. 6 is valid for the present investigation since the absorption coefkicient is found to be greater
than 10%' for all layers.
Eqn. 6 can be rewritten in the form [18]
hu - Eo

Y/Y' =

~

n

(7)

where Y = A(hv)hvand

y' =

d[A(hv)hv]
4hv)
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The midpoint difference rule is employed to compute the
derivative d [A(hv)hv]ld(hv)from the experimental data of
Fig. 5. The advantage of using eqn. 7 is that there is no
requirement of prior knowledge of the film thckness.
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Fig. 6 shows the linear plots of YIY’ as a function of hv
for photon energies greater than the absorption edge for
one- and eight-layered thick films. Values of n and Eo are
determined from the gradient and intercept, respectively. Eo
takes on values of 3.6eV and 3.3eV for single and eightlayered films, respectively. Similar analysis was performed
for the remaining layers. It is found that the value of Eo is
independent of the number of coatings in a multilayered
film and this observation agrees well with the plots in
Fig. 5. The value of n for a single layer is also different
from that of multilayers. These data may be interpreted in
terms of the model due to Mott and Davis [19] for nondirect transitions involving the energy supply by incident
photons and no emission or absorption of phonons. The
value of n = 2 for a single layer implies that the probability
of transitions between localised states is small. However,
for n = 3 in the case of a multilayered Ti02 film,transitions
between localised states become equally probable in a
multilayered system as those involving the continuum
states. This is a feasible observation since the density of
states localised at the interface between consecutive layers is
large. In both cases, the density of states at the band edges
is expected to be linear with energy, and the width of band
edges may be derived from the relation [19]

where the velocity of light c is taken to be 3.0 x lO*ms-’.
oois found to be 3.8 x 1PSm-’ from the Arrhenius plot
of conductivity of a 0 . 3 6 Ti02
~
film as a function of the
inverse of temperature T (Fig. 7). B is assumed to be constant in the optical frequency range and AE is found to lie
within the range of 0.1-0.2eV. The electronic band gap Ec
- Ev is, therefore, estimated to be 3.6eV for a multilayered
film.
4

Concluding remarks

It is found that sol-gel derived Ti02 films possess a relatively high refractive index with its typical value of 2 at
500nm. Vorotilov et al. [20] determined an index of 2 for
anatase, which is in agreement with the present data. The
refractive index of Ti02 thin films prepared by ion beam
assisted deposition methods lies between 2.3 and 2.7 [21].
304
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Values of the optical band gap Eo are comparable to those
previously reported for Ti02 films. Values of Eo are found
to be 3.2eV and 3.0eV for reactively triode sputtered Ti@
films in anatase and rutile, respectively [22]. Leinen et al.
[23] have recently reported a band gap in the range of
3.3-3.42eV for induced chemical vapour deposited anatase
films. Fresnel loss occurs at the interface between the substrate and the first layer due to the mismatch in their
refractive indices. It is also reported that sodium atoms diffuse into TiOz film from the glass substrate [24]. This d i f b
sion process is likely to cause the changes in optical
properties of the single-layer film but no evidence of strong
sodium contamination was, however, observed from the
diffraction pattern for a single layer in the present studies.
Both Fresnel and diffusion effects become less important
for the subsequent coating of layers.
5
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