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ABSTRACT. Thin films ol amorphous tungsicn trioxide (WO;) have hcen
ithermally evaporated onto quarlz substrates held at 350K, Annecaling at 725K
caused the fornaiiou of crystalline WO,. XRD analysis revealed monoelinic
stucture  with lattiee parameters of a=7.31120.05 A, b=7.603x0.05 A,
¢=7.713+0,05 A and f=91.137". Optical propertics were investigated for both the
amorphous and annealed f(ilns by using spectrophotometric measurement of
transmittance and reflectance at nomal incidence in the wavclength range of
200-2500 nm. The ohtained spectra showed that all the flms are transparent
ahove =500 min and the \neasured optical constanis are independent of the film
thickness. Both the refractive index, », and absorption index, &, were determined
for the amorphous and erystalline films. The optical dispersion parameters have
been analysed hy single oscillator model. The values of E, and E4 were found to
he 5.%6, 14.43 eV for the amorphous films and 2.96, 11.30 ¢V for the crystalline
filins. Indireet optical transitions with corresponding encray gaps = 3.28 and
3.03 ¢V for amorphous and crystalline films, respectively, were obtained. The
obtained results are compared and discussed.
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1. Introduction

Transition metal oxides constitute a very interesting class of materials because of the
various properties that they exhibit. Among the thin films of transition metal oxides,
tungsten trioxide (WQO;) has received increasing attention because of their electrochromic
properties in the visible and infrared. Their optieal properties can be switched reversibly
under certain eleetrochemical conditions (Smith, 1982). During the last several decades,
many matcrials have been examined with respect to their use in switchable windows
(Lampert er al. 1989, Agrawal et al. 1993, Akl ef al. 2003). WO; still seems to be among
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the best inorganic electrochromie material due to its high coloration efficiency and
relatively low price. The eleetrochromic materials ean be switched from transparent to
coloured state by using an external voltage and a proton source. In this way, the change of
state can be described by a simultaneous injeetion and extraction of the eleetrons and
protons (Lampert e al. 1989, Agrawal et al. 1993). This phenomenon is applied in
electrochromie, optiochromic and thermo-chromic deviees, sueh as energy saving windows
(smart windows), solar roofing, anti glare rear-view mirrors and gases sensors (Hoel et al.
2000).

In polycrystalline films, the injected cleetrons behave as free-carriers leading to an
increase in near infrared (NIR) reflectivity (Goldner et al. 1986, Kamal et al. 2004).
Nevertheless, scattering of the excess free electrons by extended defects, leads to lower
reflectivity in this region (Goldner er al., 1984} The characteristics of WOs films depend
strongly on the eondition of film preparation. Ditferent techniques uscd for WO; films
preparation such as, thermal and electron beam evaporation (Agrawal ef al., 1993), RF
sputtering, chemical vapour dcposition (CVD), anodic oxidation, sol-gcl (Ozkan et al.,
2001), spray pyrolysis (Regragui et al, 2003) and magnetron sputtcring (Akl ef al. 2003,
Kamal et al. 2004} are uscd..

In this work, amorphous tungsten oxidc films have been prepared by thermal
evaporation. The changes in the structural and optical properties of the as deposited and
annealed films as a function of film thickness in thc amorphous and polycrystalline were
investigated. The structural and morphological changes duc to annealing are pitied. The
optical properties for both types of films have been investigated

2. Experimeutal procedure

Tungsten trioxide (WO,;) powder used in this study was obtaincd from BDH chemical
Ltd Co., with purity of 99.986%. Thin films of different thicknesses werc deposited by
vacuum thcrmal evaporation method, using a high vacuum coating unit (Edwards, E306A).
The films were deposited onto prc-eleaned glass (for structural investigation) and optically
flat quartz substrates (for optical investigation) maintaincd at 350 K. Thin films were
deposited from a molybdenum evaporator charged by WO in a vacuum of 10~ Pa. The
deposition rate was controlled at Inms™' using a quartz crystal thickness monitor (FTM6,
Edwards). The film thickness ranged between 100 nm and 300 nm. Thickness of the film is
determined by Tolansky’s technique (Tolansky, 1988). The films were thcn annealed at
723 K for 2 hour in air,

The structural properties of powder and thin films were studied using X-ray
diffraction technique. A Philips X-ray diffractometer (model X’ pert) was used for the
measurements, which utilized monochromatic Cuk, radiation operatcd at 40kV and 25mA.
The diffraction patterns were recorded automatically with a scanning speed of 0.05 degrees
per minute,

Optical properties were investigatcd for both the as deposited and annealed films by
spectrophotometric measurement of transmittance, T, and reflectance, R, at normal
incidence in the wavelength range of 200-2500 nm using a double beam spectrophotometer
{JASCO modcl V570-UV-VIS-NIR).

The T(A) and R{}) werc calculated according to the relations (Agiev er al. 1978,
Shklyarevskii et al. 1969).
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T(x) = (Iv/1)(1-Ry) (1)

and
R(A) = (Ii/laRa[ 1+(1-Re)*)- TRy 2)

where I and I, are the intensities of light passing through film-quartz system and referenee
quartz substrate respectively. I and [4; are the intensities of light reflected from the sample
and that from the referenee mirror, respectively, and R, is the reflectance of quartz. The
refractive index, n, and the absorption indcx, &, were computed by a modified version (El-
Nshass ef al., 1988) of Abélés technique (Abeles & Theye, 1966) based on solving the two
non-liner equation:

fl (nak) = Tn.k _Texp =0 (3)

ﬁ(ﬂ,k) = Rll,k_ Rexp = 0 (4)
wherc T, x and R, refer to Murmann’s exact equations (Heavens, 1965). The experimental
errors were taken into account as £5% for the film thickness measurements and 1% for T
and R. Calculations revcaled error of £5% for the refractive and 3 % for the absorption
index.

3. Results and discussion

3.1. Structural properties

X-ray diffraction (XRD) patterns obtained from powder and thin film forms of
tungsten trioxide (WOs) are shown in Fig 1. It shows that the X-ray diffraction pattern of
the as-deposited films is amorphous in naturc and it exhibits a broad peak around 26 = 23°,
The effect of anncaling on thc structure of the WO, film is, also, shown in Fig. 1. When the
amorphous film was annealcd at 723 K 2h, the X-ray diffraction pattern exhibited a new
diffraction pattern with four peaks, which was identified primarily as polycrystalline
monoclinic WO; phase with reference to the powder diffraction pattern. It can be noted
that the pattern for both powder and thin film show polycrystalline form. Indexing was
carried out for the patterns and their peaks were identified as monoclinie crystal system
with lattice constants of @ = 7.311+£0.05 A, b =7.603+£0.05 A, ¢c=7.713+0.05 A and B =
91.137° (ICDD Card No.83-0951 for WO;).
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Fig. 1. X-ray diffraction pattem of WOs; in powder and thin filin forms.
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Fig. 3. Speciral distribution of normal incidence ransmitlance, T, and refleclance, R, for Crystalline WO,
films with different thicknesscs

3.2. Optical properties

Figs. 2 and 3 show the spectral transmittance and reflectance for as-deposited films at
different thieknesses and for the same films annealed at 723 K for 2h, in the wavclength
range 200-2500 nm, respectively. As a gencral observation, it can be noted that beyond the
absorption edge, 2>500 nm, T + R = 1 which implics that all films become transparent and
no light is scattcred or absorbed. The optical constants (real and imaginary parts of the
complex refractivc index) were deterrined from the absolute values of transmittance and
reflectance of films by cxact formulas (Heavens, 1965).
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Fig. 4. Spectral behaviour of both n and k for amorphous WO, films
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Fig. 3. Speciral behaviour of both n and k for crystalline WO, {ilms

Fig. 4 and Fig. 5 show the spectral behaviour of both the refractive index, », and the
absorption imndex, % in the wavelength rangc 200-2500 nm for the amorphous and
crystalline films, respectively, they represent the average values of both n and & for the
investigated thickness range 100-267 nm as a function of wavelength. The calculated
standard deviation was found to be within the calculated experimental error indicating that
the optical constants are indcpeudent of the film thickness for the all studied films. It is
clear that the peak value of n observed for amorphous films disappear upon annealing,
which reflects structural changes as confirmed by X-ray study. Both curves show normal
dispersion beyond A = 500 nm.

The dispersion of refractive index, », in WOs films was analysed using the concept of
the singlc oscillator and can be cxpressed by the Wemplc and DiDomcnico rclationship
(Wemple & DiDomenco, 1971} as

n°-1=BygEo/[Eo® - E*] (5)

where E is the photon energy, E, is the oseillator energy and E, is the dispersion energy.
The parameter E,, which ts a measure of the intensity of the inter-band optical transition,
does not depend significantly on the band gap. A plot of (n” — 1y versus E* of amorphous
and crystalline films is illustrated in Fig. 6 (a & b). The values of E4 and E, werc obtaincd
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from the slope and the intercept resulting from the extrapolation of the lines as 14.43, 5.86
eV and 11.30, 2.96 eV, respectively, for the amorphous and crystalline films. As observed
L \

3z ~

T T

) |
31
30
29

.
28 I \'

27 F- (a) ..'0

4
(hv)* (ev)?

0.270 |
0.265 - [

0.260 L ’

(n-1)

0.255 k {

0.250 ( (b) (

0.245 PN T 1 — . 1l . 1 M S - |
0.0 0.1 0.2 9.3 0.4 0.5 0.6 0.7 0.8

(hv?) (eV)

Fig. 6. A plovof {n*-1)"" versus B2 of (a) amorphous and (b) crystallinc films

there is a little effeet of annealing on the oscillating and dispersion energies. The optical
diclectrie constant (. = n..”) was calculated as 4.72 and 3.52 for amorphous and crystalline
films, respectively. A simple connection between the single oscillator parameters Eq and Eq
and the imaginary part of the dielectric constant £;(v) spectrum can be expressed in terms
of the r th moments of the e2(v) as (Wemple & DiDomenco, 1971)

Ei =M _/M ; (6)
and
E=M_/M ; (7)

The oscillator energy Ey is independent of the scale of ;. The values of M .; and M ;3
are 3.03 and 2.46 eV™, respectively, for the amorphous films and 0.09 and 0.07 eV'z,
respectively, for the crystalline films.

The relation between the lattice dielectric constant, g, wavelength, A, and refractive
index, n, 1s given by the relation (Robert et al. 1985)

=g -e?/nc (N/m ) (8)
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Fig. 7. Variation of n* versus A° for (a) amorphous and (b) crystalline films.

Where ¢ is the lattice dielectric constant and N/m’ is the ratio of carrier
concentration to the effective mass. The n® versus A’ plot shown in Fig. 7 (a & b) is linear
at higher wavelengths verifying equation (8). The vatues of &_and (N/m") were determined
from the extrapolation of these plots to A° = 0 and from the slopes of the graph. The
obtained values are 4.18 and 1.40639x10% gm 'em™ respectively for the amorphous films
and 5.125 and 2.27444x10" gm'lcm'3, respectively, for the crystalline films. The
disagrecment between the values of &, and £, may be due to free carrier eontribution.

In order to study the type of optical transitions as well as the value of the energy gap,
the Bardeen cquation was used in the following form (Bardeen e al. 1965)

(ahv) = A (hv — E, ) (9)

Where A is a parameter that depends on the transition probability, E, is the energy band
gap and r is a number which characterizes the transition process, where r=2 and r=2/3 for
direct allowed and forbidden transitions, respeciively and r= 1/2 and 1/3 for indirect
allowed and forbidden transitions, respectively. The plot of (ahv)"? versus hv give a
straight line over a range above the absorption edge as shown in Fig. 8a for the amorphous
and Fig. 8b for polycrystalline films. The weak absorption 1s assumed to be due to indirect
transition involving participation of phonons in the process. A phonon is either emitted or
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absorbed, depending on whethcr the energy of the phonon is more than the indirect band
gap or Icss. The phonon associated with the transition process might be attributed to the
stretching band of WQO; having energy of 3.27 and 3.45 eV respectively for the amorphous
and crystallinc WQO; films.
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4, Conclusions

Amorphous tungsten oxide thin films have been thermally evaporated under vacuum
of ~107 Pa. The X-ray study shows that transformation of the amorphous to crystalline
occur at annealing temperature of 725 K. Formation of monoclinic phase of lattice
constants of a=7.31120.05 A, b=7.603x0.05 A, ¢=7.713z0.05 A and B=91.137".
Calculation of the optical constants showed that both types of film pass normal despcration
beyond A=500 nm. Analyses of absorption part revealed an indircct gap for amorphous
films.
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