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Abstract

The optical properties and surface morphology of sol-gel spin coated WO5; and WO;-SiO, composite films annealed at 250 and 400 °C
are investigated. For the purpose of extracting the optical parameters of the films, a novel form for the dielectric function is introduced,
consisting of two Tauc—Lorentz oscillators and an Urbach tail component, which is suited for amorphous multi-transition materials with
substantial subgap absorption. The evolution of the refractive indices, transmittances, and band gaps with doping is marked by sizable
shifts at 2.0-2.5% SiO, doping for the 250 °C films, and 4.0-4.5% doping for the 400 °C films. In addition, pronounced changes in the

surface roughness of the films occur at these doping values.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Tungsten oxide films have a wide variety of potential
uses, among them electrochromic [1-5], photochromic
[2,6], gasochromic [2,7], and gas sensing applications [§].
Composite materials containing WOj offer the opportunity
for enhanced behavior compared to the pure films. In the
context of electrochromism, research has focused on
increasing coloration efficiency, improving durability, and
obtaining faster reaction kinetics. In the particular case of
WO5-Si0; films, electrochromic coloration ability persists
up to a moderate doping of SiO, [9], and they can exhibit
high coloration densities and fast response times [10].
WO5-SiO, composites have also shown promising results
in other areas. Compared to pure WOs;, the films exhibit
higher sensitivity to NO,, making them good candidates
for environmental nitrogen detector applications [11], and
have a faster coloration rate in gasochromic smart
windows [12]. At a particular concentration (15mol%
SiO,) these films are known to exhibit superhydrophilic
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surfaces without UV or visible irradiation [13]. WO5-SiO,
materials were also investigated as catalysts [14—17].

The present study fills a gap in the earlier research, by
examining in detail the evolution of the optical properties
and the surface morphology of WO;-SiO, thin films with
SiO, doping. The films were prepared through the sol-gel
spin coating method, for SiO, dopings up to Smol%. To
facilitate the analysis, we constructed a dielectric model
incorporating the main features which determine the
optical response of the films in the near-UV and visible
region: two interband transitions for energies £ =3¢V, and
as the films are amorphous, an exponential (Urbach)
absorption tail in the subgap part of the spectrum. The
resulting model, a novel combination of two Tauc—Lorentz
(TL) [18] oscillators together with an Urbach tail compo-
nent [19], works equally well for pure WO; films as for the
composites, and has the potential to be applied to any
material where multi-transition and Urbach tail effects are
significant.

2. Experimental procedure

Corning 2947 substrates were first rinsed with water and
then washed with laboratory detergent. They were flushed
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off with tap water, put in a beaker full of ethanol and
placed in an ultrasonic bath for 15min. Five grams of
tungsten hexachloride (Aldrich, 99.9 4+ %, WClg) was
stirred with 50ml of ethanol (Merck, 99.9%, C,HsOH)
to form the tungsten oxide solution. An amount of 0.669 ml
tetracthoxysilane (Sigma-Aldrich, 99.999%, Si(OC,Hs),4
was stirred with 5.3ml of ethanol, 1.69ml of distilled
water, and 0.24 ml of hydrochloric acid (Merck, 37%, HCI)
for half an hour to get the SiO, solution. Both of the
solutions were prepared in air at room temperature.
The final solutions were mixed for 10 min in mole ratios
(100 — x)%WO3—x% SiO,, with x =0,0.5,1,...,5. The
solutions were then immediately coated on the substrates
using a spin coater with 2000 rpm for 10s. All the films
were pre-annealed in a furnace operating at 100 °C for half
an hour. Samples were prepared for two different anneal-
ing temperatures, 250 and 400 °C, in each case rising from
100°C with a ramp up of 3°C/min, held at the final
temperature for 1h, and then left in the furnace to cool
down. The reflectance and transmittance of the film—sub-
strate systems were measured with a spectrophotometer
(NKD 7000, Aquila, UK) at an incident angle of 30° over
the spectral range 300-1000nm. Surface morphology
was investigated through an atomic force microscope
(AFM, SPM-9500J3, Shimadzu) in contact mode. Crystal
structure analysis was performed using an X-ray diffract-
ometer (GBC-MMA) with CuK, radiation. The step size
was chosen as 0.05° (20)/s for the scan from 10° to
60° (20). All the measurements above were conducted
over several days following the coating.

3. Theoretical model

The measured transmittance 7°(1) and reflectance R(1) of
the film—substrate system can be related to the optical
properties of the film alone with an approach similar to the
ones described in Refs. [20,21]. We used a three-layer
model consisting of the substrate—characterized by thick-
ness dgp, refractive index ng,(4), and absorption coeffi-
cient ogyp(A)—the film, with analogous parameters d, n(4),
a(4), and an overlayer of thickness dyougn consisting of 50%
material, 50% voids [22] to model the surface roughness of
the film. The optical characteristics of this overlayer were
related to dielectric function of the film through the
Bruggeman effective medium approximation [23]. The
substrate optical functions were determined directly from
reflectance and transmittance spectra of the uncoated
substrate, and the resulting ny,(4) and intensity attenua-
tion factor Ogp(4) = exp(—asup(A)dsup) are shown in
Ref. [21]. Through d4.(4) the model takes into account
the loss of intensity for reflected or transmitted beams
passing through the substrate, which is significant in the
near-UV region (4350 nm).

To model the film optical parameters n(1) and o(l),
we chose a form for the dielectric function which allows
for three key aspects of optical absorption in the
amorphous WO; and WO3-SiO, composite thin films

under consideration: at low energies (<3eV) there is an
exponential Urbach tail; in the near-UV range
(~2.9-3.6¢V) the absorption edge has the form of the
Tauc law [24]; finally, at slightly higher energies
(~3.74.1eV), the absorption behavior changes, scaling
like a direct transition. All three of these have been
observed for pure amorphous WOs; [25], and as we will see
below, these features persist throughout the SiO, doping
range which we examined. We found that the different
absorption regimes could be captured by a dielectric
function involving two interband transitions: one of the
transitions is modeled through a TL oscillator [18], while
the other transition and the subgap absorption are
described through a modified version of the TL oscillator
which incorporates the Urbach tail (the TLU model) [19].
In recent years TL functions have found widespread
application in a variety of contexts, from semiconductors
to dielectric optical coating materials [26,27]. Their success
stems from two characteristics: (1) the imaginary part of
the TL dielectric function is a product of a Tauc law term
and a Lorentz oscillator, thus approximately accounting
for the optical properties of the material both near the
band gap and at larger energies; (2) the real and imaginary
parts of the TL dielectric function correctly satisfy the
Kramers—Kronig transformation, a feature which is absent
in many earlier models. These properties allow the TL
function to accurately reflect experimental results over a
wide spectral range. Two TL oscillators have been
combined in the past to describe multi-transition materials
[28,29], but to our knowledge the present study is the first
application of a double TL model incorporating Urbach
tail effects (which we will call the DTLU model).

The imaginary part of the DTLU dielectric function
&(FE) as a function of photon energy E is given by a sum of
the TL and TLU contributions:

&(E) = errL(E) + eorLu(E). (1
The TL term has the form [18]:
AEq T(E — Eg)’
1201 12 5 g12) - for E>Ey,
E[(E” — Ej))” + I'1E7] ()
0 for E<E,.

eTL(E) =

Here there are four fitting parameters with the dimension
of energy, defined as follows: Eg; is the band gap and 4,
Ey, and I'y are the Lorentz oscillator amplitude, resonance
energy, and oscillator width, respectively. The TLU term
has a similar form, but with the addition of an Urbach tail
component at lower energies [19]:

ArEnTy(E — Egp)’
E[(E* — E%L)* + I'3E?
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The parameters Eg, 4>, Eqz, and I'> have the same roles as
in the TL term, and there are two additional variables: E

for E>E,,
3)

82TLU(E') =

for E<E;.
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marks the border between the region of Urbach tail and
interband transitions, with E;> Eg; E, controls the width
of the Urbach tail. The E > E| part of ey yields a subgap
absorption coefficient o(E) o« exp(E/Ey). The parameter
E. is not free, but chosen so that &7 y(E) is continuous at
E = E,. Likewise we can impose the constraint that the
slope of &(FE) be continuous at E = E;, which is
approximately satisfied by fixing E; = Ep + 2E, [19]. This
leaves five free parameters specifying the TLU term: Ey,
Az, E()z, Fz, and Eu.

The real part of the DTLU dielectric function &(E) is
calculated through the Kramers—Kronig integral:

$21(9)
Z_F
where the integration variable £ runs over the entire energy
range, P denotes the Cauchy principal value of the integral,
and g, 1s an additional parameter, which can be fixed by
physical constraint to &, = 1 [19].

The complex dielectric function éouen(E) of the surface
roughness layer is related to the complex dielectric function
&(E) = e1(E) +ie(E) of the film through the following
equation:

1/1-— €rough ) 1 ( &€ — &rough )

—(—— ] 4+s|—————) =0 5
2 (1 + 2&rough 2\ &+ 2&rough )
derived from the Bruggeman effective medium approxima-
tion [23], with 50% voids, 50% material. Thus with the
overlayer thickness drougn and the film thickness d, we have
a total of 11 free parameters in the DTLU model.

The film refractive index n and absorption coefficient o
are related to ¢; and ¢ as

1(E) = 1o + 2 P /0 ae 4

1/2
@+ D)+ !
= 5 ,
1/2
L, _2E (& +8)'/? —¢g ©)
he 2 '

Through the dependence of R(A) and T(A) for the
film—substrate system on the film optical functions n(4)
and a(4), we can vary the 11 free parameters of the DTLU
model and perform a least squares fit of the experimental
R(4) and T(A) data. This is done using the Levenberg—
Marquardt multivariate-regression algorithm, implemen-
ted through the MINPACK library [30].

To illustrate why the full complexity of the DTLU model
is necessary to accurately represent the optical properties of
(100 — x%) WO3—x% SiO, films, Fig. 1 shows a compa-
rison between the DTLU model and a simpler form for the
dielectric function: a single TLU oscillator with seven free
parameters (including d and diouen), Which incorporates
only one interband transition. Results for two samples are
shown, at x = 0% and 5%, both annealed at 400 °C. In the
top panels, it is seen that both the DTLU and TLU models
give reasonable best-fits to the measured R and T data
of the film—substrate system. However they give quite

different results for the film thickness: the DTLU model
yields d(x =0%) = 38nm, drouen(x =0%) =21nm, and
d(x =5%) =50nm, drougn(x =5%)=0nm, while the
TLU model gives d(x = 0%) = 73nm, dougn(x = 0%) =
9nm, and d(x = 5%) = 98 nm, drouen(x = 5%) = O0nm. To
check the consistency of the models more thoroughly, we
can use the best-fit thicknesses d and d;ouen to numerically
invert the R and T experimental data, giving directly the
real and imaginary parts of the dielectric function ¢;(£) and
&(FE). These are plotted in the center and bottom panels of
Fig. 1, along with the DTLU and TLU results for the
dielectric function. The DTLU curve closely reproduces the
inversion data throughout the entire measured spectrum.
In particular for &, it accurately captures both the onset of
the absorption in the near-UV region and the shape of the
subgap tail. For the TLU model, on the other hand, there
are significant discrepancies at higher energies, E>3¢eV.
This is a clear indication that a single TLU oscillator is
insufficient to fully describe the optical response of the
material, making the TLU best-fit results unreliable. We
have found that for all film compositions in the study, the
DTLU model provides a superior representation of the film
dielectric function.

Selected DTLU best-fit parameters for films of various
compositions and annealing temperatures are listed in
Tables 1 and 2. For all the cases, the dominant contribu-
tion to the dielectric function is the TLU oscillator, with an
amplitude A4,~120—170eV, and a bandgap value
E»~33-37eV (for the 250°C films), ~4eV (for the
400°C films). The TL oscillator provides a smaller
component, with amplitude 4;~10—50¢V, typically with
a bandgap FE, somewhat lower than the TLU one:
E;~33-35eV (for the 250°C films), ~3.5-3.7eV
(for the 400 °C films). Since the TL and TLU oscillators
are only approximations to the true dielectric function, the
nominal bandgaps E, and E, must be interpreted as
fitting parameters which only roughly correspond to
physical band gaps [19,26,29]. To get a better estimate of
true gap values, we can look directly at the behavior of
a(E) for energies just above the onset of absorption. We
find (Ex(E))'/* o« E — Ey** in the immediate vicinity of the
absorption edge (~2.9—3.6eV), defining the so-called Tauc
gap Egauc [24], a common feature of many amorphous
materials. At slightly higher energies (~3.7—4.1eV) the
scaling (Eo(E))? o E — Egir is a better fit, defining a
second, larger gap value Egir. Results for Egauc and Egir
are shown in Table 1. The latter gap is possibly related to
the direct allowed transition between the 2p valence band
of oxygen and the 5d conduction band of tungsten known
to exist in crystalline and polycrystalline WOj3 in approxi-
mately the same energy range [25]. In this interpretation,
the gap survives even in the absence of crystallinity,
through the influence of the short-range ordering
(deformed WOyg octahedra in the amorphous material) on
the electronic density of states. If this larger gap is a true
mobility gap, between extended states in the valence band
and extended states in the conduction band, then the
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Fig. 1. Comparison of results from the DTLU model (left column) to those of the TLU model (right column) for (100 — x)% WO3;—x% SiO, films coated
on a Corning 2947 substrate and annealed at 400 °C. Two compositions, x = 0% and 5%, are shown. The top panels plot the measured reflectance R and
transmittance 7 of the film—substrate system as a function of photon energy E, along with the best-fit curves for the two models. The film thicknesses
derived from the fitting are: d(x = 0%) = 38 nm (DTLU), 73nm (TLU); diouen(x = 0%) = 21 nm (DTLU), 9nm (TLU); d(x = 5%) = 50nm (DTLU),
98 nm (TLU); drouen(x = 5%) = 0nm (DTLU), 0nm (TLU). Using these best-fit thicknesses, the real and imaginary parts of the film dielectric function
&1(E) and & (F) can be calculated by inverting the R and T data. These inversion results are shown in the center and bottom panels, together with ¢ (E) and
&(E) from the DTLU and TLU models. The DTLU model is everywhere consistent with the inversion results, whereas the TLU model diverges for
E=3eV, indicating that the TLU best-fit results are unreliable.

Table 1

Selected best-fit results of the DTLU model for (100 — x)% WO;—x% SiO, films annealed at 250 and 400 °C

Temp. (°C) % A4, V) Eq (eV) 45 (eV) Eg (eV) Ey (eV) E}™ (eV) EJ" (eV)

250 0.0 26+ 3 3.324+0.02 125+7 3.40 +£0.02 0.81 £0.01 3.06 £0.01 3.75+£0.02
2.0 30+3 3.37+£0.02 163 +18 3.68 £0.02 0.80 £ 0.01 3.10 £ 0.01 3.78 £0.02
2.5 25+2 3.35+£0.01 142+5 3.58£0.02 0.80 £ 0.01 3.17+0.01 3.81£0.01
4.0 26+3 3.33+£0.01 155+4 3.74 £0.02 0.84 4+ 0.01 3.174+0.01 3.81 £0.02
4.5 30+7 3.45+£0.03 123+ 10 3.32+£0.02 0.83 £ 0.01 2.93+£0.02 3.72£0.02

400 0.0 27+5 3.57+£0.02 168 £+ 27 4.07+0.03 0.90 £+ 0.01 3.08 £0.02 3.90 +£0.04
2.0 12+1 3.50 £ 0.01 129 +3 4.00 £0.02 0.96 £ 0.01 3.32+£0.01 3.94 £ 0.02
2.5 40+ 6 3.63+£0.01 153+ 14 3.96 £ 0.09 1.09 £+ 0.02 3.54 £0.02 4.04 +0.01
4.0 38+5 3.61+£0.02 133+6 428 £0.04 1.39 £ 0.02 3.47+£0.01 4.03 +£0.01
4.5 48 + 15 3.71 £0.01 162+ 18 3.95+0.07 1.09 £+ 0.02 3.59 +0.08 4.06 +0.01

The gap values E;°*° and E3" are obtained by linear extrapolation of (Ea(E))" with respect to E, with v = 1/2 for E;**, and v = 2 for EJ".

smaller Tauc gap which is also observed may arise density of states in the mobility gap region [31]. This fact
from transitions involving localized states inside the may be related to the following observation: though E,
mobility gap. (In amorphous WO; these localized  and Eg have only qualitative similarities to ET™¢ and
states may exist both on the bottom of conduction Eg“ (in the sense of E, being typically less than Eg,
band and on the top of the valence band [25].) The particularly for the 400 °C films), it is notable that the TL
magnitude of absorption due to such localized—extended oscillator corresponding to Eg has a much smaller
or localized—localized transitions would be smaller than amplitude than the TLU oscillator corresponding to Eg
that of extended—extended transitions, due to the lower (as was mentioned above).
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4. Results and discussion films annealed at both 250 and 400 °C were amorphous, in
agreement with the earlier observations of amorphous

We begin our discussion with the properties of the pure structure in WOj5 films annealed at 400 °C made by sol—gel
WO; thin films. XRD measurements indicated that the [32] and combined chemical vapor deposition sol-gel [33]

Table 2

Characteristics of the (100 — x)% WO3—x% SiO, films annealed at 250 and 400 °C

Temp. (°C) x% d (nm) drougn (NM) T (550 nm) n (550 nm) RMS (nm)

250 0.0 46 £2 13+£2 0.725 1.96 £ 0.02 14.7
2.0 42+1 20+1 0.732 1.97 £0.03 11.1
2.5 5842 0+2 0.732 1.92 £0.01 10.7
4.0 5542 0+4 0.730 1.94 £ 0.01 9.7
4.5 43 +1 20+1 0.732 1.92 £0.03 19.2

400 0.0 38+6 2145 0.748 1.94 £ 0.08 11.4
2.0 60 + 4 10+5 0.755 1.86 £ 0.01 9.2
2.5 61+3 6+6 0.811 1.73 £0.02 2.4
4.0 58+4 049 0.815 1.74 £ 0.01 2.0
4.5 5842 943 0.815 1.73 £0.04 0.3

Transmittance 7 (4 = 550nm) and root-mean-square (RMS) surface roughness are taken from the spectrophotometric and AFM measurements,
respectively, while the film thickness d, surface roughness layer thickness dugn, and refractive index n (4 = 550 nm) are derived from the best-fit results of
the DTLU model.
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Fig. 2. Transmittance (7) and reflectance (R) spectra for the (100 — x)% WO;—x% SiO, film—substrate systems annealed at 250 °C, together with the
refractive index n(4) and absorption coefficient a(4) for the film alone derived from fitting to the DTLU model. (a) 100% WO3; (b) 99% WO; — 1% SiO»;
(c) 98% WO3 — 2% SiO»; (d) 96% WO3 — 4% SiO»; (e) 95.5% WO3 — 4.5% SiOy; (f) 95% WO; — 5% SiO,.
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methods. Our optical parameters, derived from the DTLU
model and shown in Table 2, are also comparable to
previous WO; studies. The refractive indices n (4=
550nm) = 1.96 £ 0.02 (250°C), 1.94 +0.08 (400°C) are
consistent with the literature, where values in the range
1.84-1.96 were seen for sol-gel-derived films heat treated
between 100 and 500 °C [34-36]. We found Tauc and direct
band gap energies E1*' = 3.06 + 0.01¢eV (250 °C), 3.08 +
0.02eV (400°C), Egir =3.75+£0.02eV (250°C), 3.90 +
0.04eV (400 °C). Similar ranges of 3.0-3.4¢V for the Tauc,
and 3.8-4.1eV for the direct band gaps were seen in
amorphous WO; films prepared using a variety of
sputtering methods [25]. The total thickness (d + drough)
is ~60nm, and the root-mean-square (RMS) surface
roughness, calculated from the AFM results and listed in
Table 2, is 14.7 nm for 250 °C and 11.4nm for 400 °C. The
fitted surface roughness layers are in approximately the
same size range, with diouen = 13 £2nm (250°C), 21 +
Snm (400 °C).

Turning now to the SiO,-doped samples, we found that
the films continued to be amorphous, and all total

thicknesses fell in the range 50-70nm, without any
noticeable dependence on doping or temperature.
The optical properties and surface morphology of the
films, in contrast, do reveal significant changes with
doping, particularly for the 400°C films, as we
describe in detail below. The transmittance and reflectance
spectra of the film—substrate systems at selected dopings
are shown in Fig. 2 (250 °C) and Fig. 3 (400 °C). Together
with these measured values, the figures plot the best-fit T
and R curves of the DTLU model, and the resulting
refractive index n(1) and absorption coefficient (1)
functions for the film alone, while Fig. 4 superimposes
the film refractive indices for all dopings at each annea-
ling temperature. The Spm x Spum AFM micrographs
at various dopings are shown in Fig. 5 (250°C) and
Fig. 6 (400 °C).

For the 250 °C films, there is a slight shift in the optical
and surface parameters between 4.0% and 4.5% doping.
The Tauc band gap, which varies in the range 3.10-3.17eV
for 1.0-4.0% doping, drops to 2.93-3.00eV for 4.5-5.0%.
The RMS roughness, which decreases steadily from
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Fig. 3. Transmittance (7) and reflectance (R) spectra for the (100 — x)% WO;—x% SiO, film—substrate systems annealed at 400 °C, together with the
refractive index n(/) and absorption coefficient «(/) for the film alone derived from fitting to the DTLU model. (a) 100% WO3; (b)99% WO;-1% SiO; (c)
98% WO3-2% SiOy; (d) 97.5% WO0;3-2.5% SiO»; (e) 96% WO3-4% SiO,; (f) 95% WO;3;—5% SiO;.
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14.7nm in the pure case to 9.7nm at 4.0%, reverses its  contribution to a(4) at longer wavelengths, is also
trend and jumps to 19.2nm at 4.5%. On the other hand, approximately constant at all dopings.

the direct band gap remains roughly doping independent, The changes in the 400 °C films with doping are more
staying within the range 3.72-3.82¢V, along with the dramatic. There are two distinct regimes, seen directly in
transmittance 7 (4 = 550nm)~0.725—0.732, and the re- Fig. 4(b) in the shape of the n curves: one for 0.0-2.0%
fractive index n (4 = 550 nm)~1.91—1.97. The Urbach tail doping, and the other for 2.5-5.0%. Both n (550 nm) and
absorption, clearly seen in Fig. 2 as the exponential T (550 nm) change significantly between these two regimes.

Refractive index n

300 400 500 600 700 800 900 300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 4. Refractive indices n(Z) for (100 — x)% WO3—x% SiO, thin films, x = 0,0.5,1,...,5%, derived from fitting to the DTLU model, for samples
annealed at: (a) 250 °C; (b) 400 °C.

| 57.03 54.82
[nm] [nm]
- 0.00

5.00 x 5.00 ym 0.00

0.00

—_— . —_— 0.00
2.00 ym 5.00 x 5.00 pm 2.00 ym 5.00 x 5.00 ym

Fig. 5. AFM images of (100 — x)% WO3;—x% SiO, thin films annealed at 250 °C for different compositions, depicting areas of dimension 5pum x 5um.
(a) x =0.0%; (b) x =2.0%; (c) x =2.5%; (d) x = 4.0%; (¢) x =4.5%.
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Fig. 6. AFM images of (100 — x)% WO3—x% SiO, thin films annealed at 400 °C for different compositions, depicting areas of dimension 5pm x 5um.

(a) x =0.0%; (b) x =2.0%; (c) x =2.5%; (d) x =4.0%; (e) x =4.5%.
The former shifts from the range 1.86-1.94 for small
dopings down to 1.73-1.77 for larger ones, while the latter
increases from 0.744-0.749 to 0.811-0.821. The ranges of
the band gap energies in the two regimes are similarly
distinct. ETau°~3 08—3.32¢V, Ed“~3 90—3.99¢V for dop-
ings through 2.0%, and these 1ncrease to ETa“°~3 47—
3.62¢V, Ed‘r~4 03—4.06¢eV for 2.5% and above Together
with this change in band gap energies, the Urbach tails in
a(2), plotted in Fig. 3, become narrower at larger dopings.
As for the surface morphology, RMS roughness drops
from ~9.2—11.4nm for 0.0-2.0% down to <2.4nm for
2.5-5.0%. This pronounced smoothing out of the surfaces
can be observed directly in the AFM images of Fig. 6. Since
corrections to 7' and R due to the surface roughness layer
are typically very small, it can be difficult to extract reliable
values of diouen from the measured data. In several
instances the fitting led to values of douen =0 or large
uncertainties. Despite these limitations, the overall trend
of drougn for the 400 °C case followed that of the RMS
roughness, with larger drouen values for 0.0-2.0%, and
smaller ones for 2.5-5.0%.

5. Conclusions

We have shown that the optical characteristics of
amorphous WO;3; and WO3-SiO, composite sol-gel
spin-coated thin films can be accurately modeled using a
novel dielectric function consisting of two Tauc—Lorentz

oscillators with an Urbach tail contribution. The model
allows us to extract the evolution of the film optical
parameters with doping, revealing interesting transitions at
4.0-4.5% and 2.0-2.5% SiO, dopings for films annealed at
250°C and 400 °C, respectively. Coinciding with these
transitions are changes in the surface morphology of the
films. The model, which takes into account both multiple
transitions and subgap absorption, is applicable to a more
general class of materials, and is particularly suitable to
extracting optical information from spectrophotometric
and ellipsometric measurements of amorphous films.
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