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Abstract
Thin films of amorphous tungsten trioxide, a-WO3, have been thermally
evaporated onto glass substrate held at 350 K. Annealing at 723 K caused
the formation of polycrystalline tungsten trioxide, c-WO3, with a monoclinic
structure. The dark DC electrical conductivity of both a-WO3 and c-WO3 was
studied over a temperature range from 298 to 625 K in two environmental
conditions (air and vacuum). A simple Arrhenius law, a polaron model and
a variable range hopping model have been used to explain the conduction
mechanism for a-WO3 films. Using the variable range hopping model, the
density of localized states at the Fermi level, N(EF), was found to be 1.08 ×
1019 eV−1 cm−3. The mechanism of electrical conduction in c-WO3 films
is explained by means of the Seto model. The Seto model parameters were
determined as the energy barrier (Eb = 0.15 eV), the energy of trapping states
with respect to the Fermi level (Et = 0.9 eV) and the impurity concentration
(ND = 4.05 × 1015 eV−1 cm−3). The thickness dependence of resistivity of c-
WO3 films has been found to decrease markedly with increasing film thickness,
which is explained on the basis of the effective mean free path model. Using
this model, the mean free path of electrons in c-WO3 films was evaluated. The
temperature dependence of the thermoelectric power for a-WO3 films reveals
that our samples are n-type semiconductors.

1. Introduction

Semiconducting oxide glasses are technologically important as insulating materials as well
as optical glasses. However, heavy metal oxide glasses containing lead or tungsten have a
reputation of being good materials for IR transmission, and have electrochromic, photochromic
and ferroelectric like behaviour [1–3].
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Tungsten trioxide thin films have been extensively studied because of their potential
application in electrochromic devices. The optical properties of these films can be changed in
a reversible and persistent way under the influence of an applied voltage. It is widely accepted
that the electrochromic process involves the simultaneous injection (or extraction) of electrons
and charge compensating ions into interstitial sites of the WO3 matrix [4]. For polycrystalline
films, the injected electrons behave as free-carriers, leading to an increase in the near infrared
reflectivity [5]. Tungsten oxide is a transition metal oxide (TMO) which has two different
valence states, namely W5+ and W6+. The hopping of electrons between these two valence
states appears to be responsible for the conduction in this type of glass [6]. Therefore the nature
of the TMO ions and the concentration of ions in the reduced states determine the conductivity
behaviour. The concentration ratio of both valence states can be altered by the nature of the
host glass, its composition and the preparation conditions.

The physical properties of a material are greatly affected by the structural order and
surface morphology. Different preparative methods have respective advantages in film quality
and production cost from the viewpoint of material applications. More recently, amorphous
tungsten oxide (a-WO3) and crystalline tungsten oxide (c-WO3) thin films prepared by various
methods, including sputtering [7–10], pulsed laser [11, 12], thermal evaporation [13–15], wet
chemical method [16–21], sol–gel [22], and spray pyrolysis [23, 24], have been investigated.

In fact, a-WO3 films show pronounced transmission modulation in both the visible and
solar spectral range when intercalated with protons (H+) or lithium ions (Li+), based on
absorption modulation. This leads to the adverse effect of a high-temperature condition
within the device. In contrast, c-WO3 becomes reflective in the near infrared when charge
is inserted [10, 25], offering the possibility to develop variable transmission devices in which
reflectance modulation is the dominant behaviour. Moreover, c-WO3 films play a fundamental
role in gas sensing properties [24].

Development of devices based on WO3 thin films is clearly dependent upon knowledge
of the general electrical behaviour of these materials. Therefore, the aim of the present work
is to study the conduction mechanisms in thermally evaporated WO3 thin films by fitting the
experimental results with various theoretical models.

2. Experimental details

The WO3 powder used in this study was obtained from BDH Chemical Company Ltd, with
purity of 99.986%. Thin films of different thicknesses were deposited by vacuum thermal
evaporation, using a high-vacuum coating unit (Edwards, E306A). The films were deposited
onto pre-cleaned glass substrates maintained at 350 K. Thin films were deposited from a
molybdenum evaporator charged by WO3 in a vacuum of 10−4 Pa. The film thickness and
the deposition rate (1 nm s−1) were controlled by using a quartz crystal thickness monitor
(Edwards, FTM6) and the film thickness was pre-calibrated interferometrically. Then the films
were annealed at 723 K for 2 h in air. In our previous work [15], we observed that the as-
deposited films are amorphous in nature and exhibit a broad peak around 2θ = 23◦ in the x-ray
diffraction pattern. Transformation from amorphous to crystalline occurred at the annealing
condition of 723 K for 2 h in air.

The dark DC electrical resistivity of WO3 thin films was measured under vacuum of
10−2 Pa by the two-probe method in the temperature range from 298 to 625 K using a high
internal impedance electrometer (Keithley 617A), while the temperature was measured using a
chromel–alumel thermocouple. Ohmic contacts were achieved by evaporating gold electrodes.
For the thermoelectric power measurements, copper electrodes were deposited onto the two
ends of the samples. The Seebeck coefficient was measured within the temperature range 290–
370 K.
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Figure 1. The relation between ln σ and 1000/T for a-WO3 films in air and vacuum conditions.

3. Results and discussion

3.1. DC conductivity measurements

3.1.1. Amorphous WO3 films. The dark electrical conductivity, σ , as a function of temperature
for a-WO3 film with thickness 100 nm, as a representative sample, in two environmental
conditions (air and vacuum) is depicted in figure 1. It shows that σ increases exponentially with
temperature. The conductivity is higher, by one order, in films measured in air than of those
measured in vacuum. This behaviour is normal for semiconductor metal oxide gas sensors due
to their high sensitivity to the presence of various gases in the ambient atmosphere, which can
be attributed to the increase of carrier concentration in films measured in air resulting from both
adsorbed and absorbed gases atoms, which act as acceptor impurities [26].

In inorganic semiconductors, the semiconducting properties are brought about by thermal
excitation, impurities and lattice defects. Holes in the valence band and electrons in the
conduction band contribute to the electrical conductivity. If we assume that the variation of
mobility of the electrons and holes in an electric field with temperature is small, then the
conductivity is proportional to the number of carriers.

Conductivity in transition metal oxides is due to both hopping of electrons and charge
transport via excited states. In such a case, the conductivity is given by [27]

σ = A1 exp(−�E1/kBT ) + A2 exp(−�E2/kBT ) + A3 exp(−�E3/kBT ) + · · · , (1)

where �E1 is the activation energy for intrinsic conduction and �E2, �E3, . . . are the
activation energies needed for hopping conduction. A1, A2, A3 are constants and kB is the
Boltzmann constant.

Figure 1 shows ln σ versus 1000/T as obtained experimentally. These results indicate
that the conduction is through an activated process having three conduction levels. The
obtained slopes of these different regions were found to be independent of film thickness, which
indicated that the activation energies are independent of the film thickness in the thickness range
100–185 nm. The average values of activation energies were found to be 1.70, 0.58 and 0.06
for �E1, �E2 and �E3, respectively.
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Figure 2. The relation between ln σ T and 1000/T for a-WO3 films in vacuum condition.

In order to obtain a clear distinction between these three conduction mechanisms, three
models are used to fit the high-temperature conductivity data on transition metal oxide,
namely, a simple Arrhenius law [28], a polaron model and a variable-range hopping (VRH)
model [29, 30].

For the first regime T > 520 K, the conductivity mechanism is due to intrinsic conduction.
The conductivity can be expressed by the relation [28]

σ = σ0 exp(−�E1/kBT ), (2)

where σ0 is a pre-exponential factor and �E1 is the activation energy, which is found to vary
between 1.69 and 1.72 eV with a mean value of 1.70 eV, being approximately half the band
gap of WO3; this is in agreement with the estimated band gap from the absorption spectrum of
a-WO3 [15].

The interaction between the electrons and the lattice is strong enough to form small
polarons [31, 32]. This is why transport of electrons in transition metal oxide glasses is usually
termed as ‘small-polaron hopping’. In the second temperature regime, 525 K � T � 353 K,
the conductivity of a-WO3 thin films can be interpreted in terms of the phonon-assisted hopping
model given by Mott [29, 30]:

σ = e2νphc(1 − c)

kBT R
exp(−2αR) exp(−W/kT ), (3)

where νph is the optical phonon frequency, R is the average spacing between the transition
ions, and α is the localization length. In addition, c is the fraction of reduced transition metal
ions (the ratio of ion concentration of transition metal ions in the low valence state to the
total concentration of transition metal ions) and W is the activation energy for the hopping
conduction. Equation (3) describes a non-adiabatic regime of small-polaron hopping and is
usually used to analyse the σDC of glasses containing transition metal oxides such as iron oxide.
Figure 2 illustrates the relation between ln σ T and 1000/T for a-WO3 thin films. Assuming
that νph and R are constant, the activation energy, W , is calculated from the slope of the straight
line and is found to be 0.62 eV.
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Figure 3. The relation between ln(σ T 1/2) and T −1/4 for a-WO3 films in vacuum condition.

According to conventional small-polaron theory, the activation energy should decrease to
zero (band conduction) at low temperature; the VRH model of small polarons also predicts
continuously decreasing activation energy with decreasing temperature [33]. The procedure
suggested by Greaves [33] as a modification of Mott’s model of VRH [28] could be applied in
the third temperature regime (T � 353 K), and the following expression is proposed for the
DC conductivity:

σ T 1/2 = A exp(−BT −1/4), (4)

where A and B are constants; B is given by

B = 2.1[α3/kB N(EF)]1/4. (5)

N(EF) is the density of localized states at EF and α−1 is the decay constant of the wavefunction
of localized states at EF. A plot of ln(σ T 1/2) versus T −1/4 is shown in figure 3. A good fit of
the experimental data to expression (4) in this temperature range suggests that Greaves variable
range hopping may be valid in this region. The values of parameters A and B were calculated
from this curve; they are 1.86 × 106 �−1 cm−1 K1/2 and 68.17 K1/4 respectively. In addition,
the density of localized states at the Fermi level, N(EF), has been calculated taking a constant
value of α−1 (10−7 cm), and it was found to be 1.08 × 1019 eV−1 cm−3.

3.1.2. Crystalline WO3 films. To study the effect of c-WO3 film thickness on its electrical
resistivity, films of different thicknesses ranging from 100 to 185 nm were used, and the results
are depicted in figure 4. As illustrated, the dark electrical resistivity decreases with increasing
film thickness and reaches a constant value at 1.81 × 106 � cm. Such variation is attributed to
classical size effect on the electrical resistivity of the films. Normally, when the thickness of
the material becomes of the order of the mean free path, the classical size effect on the motion
of charge carriers dominates.

The thickness dependence of the films in the present study is explained on the basis of
Tellier’s model of the size effect [34]. According to this model, the resistivity of thin films is
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Figure 4. Dependence of the dark resistivity on film thickness for c-WO3 films.

given by

ρ f = ρb

[
1 + 3

8

(1 − p)l

d

]
, (6)

where ρb (bulk resistivity) is the resistivity of the infinitely thick material which has the same
microstructure as that of films studied, p is called the specularity parameter, which varies
between 0 and 1, l is the mean free path of charge carriers in the hypothetical bulk, and d
is the film thickness.

The specularity parameter is an index to indicate how charge carriers are scattered at the
boundary surfaces. p = 1 indicates that all the charge carriers are specularity scattered at the
surface without any loss in the drift velocity component in the direction of the applied electric
field and p = 0 indicates that the charge carriers are diffusely scattered with a complete loss in
the direction of motion. It should be mentioned that p = 1 is valid for ideal single-crystalline
films, but p normally approaches 0 for polycrystalline films [35]. Therefore, we assume that
p = 0 for our polycrystalline films. With this assumption equation (1) can be written as
follows:

ρfd = ρbd + 3
8 lρb. (7)

Figure 5 shows a plot of ρfd as a function of film thickness. The linear nature of the
plots indicates that the electrical resistivity exhibits size effect phenomena in these films. As is
seen from the equation (7), the slopes of these plots give the bulk resistivity, ρb, values. The
intercepts give the values of the mean free path, l, of electrons. The values of the mean free
path and the bulk resistivity for c-WO3 were found to be 289.6 nm and 1.14 × 106 � cm,
respectively.

The temperature dependence of the DC conductivity for c-WO3 thin films with thickness
100 nm, as a representative sample, in two environmental conditions (air and vacuum) is shown
in figure 6. The conductivity, also, is higher, by one order, in films measured in air than of those
measured in vacuum, which is similar to that observed in a-WO3.
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Figure 6. The relation between ln σ and 1000/T for c-WO3 films in air and vacuum conditions.

The results indicate that the (ln σ = f (103/T )) curves present three linear portions.
The activation energies obtained were also found to be independent of the film thickness
in the thickness range. The first one, in the higher temperature range (T > 570 K),
is characterized by a greater slope, �E1 = 1.54 eV; �E2 = 0.62 eV for the second
portion (353 K < T < 570 K); and in the lower temperature range (T < 353 K),
�E3 = 0.15 eV. Undoubtedly, the mechanism of electrical conduction in the samples studied
can be explained by taking into account the models elaborated for films with polycrystalline
(discrete) structure [36–38]. Therefore, the conduction mechanism is dominated by the inherent
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intercrystallite boundaries [39–42]. Generally, the study of electronic transport properties in
polycrystalline thin films is based upon the consideration that crystallite boundaries have a
space charge region due to interface processes. Consequently, band bending occurs, resulting
in a potential barrier to the electronic transport. This fact determines a reduction of carrier
mobility and electrical conductivity of a certain material in thin films as compared to single
crystals of the respective material [42]. We consider that the Seto model [43, 44] with several
modifications proposed by Baccarani et al [46, 47] could explain the mechanism of electron
transfer in the investigated films. The following assumptions were made in this model [39, 40]:

(a) The crystallites have similar size and shape, l.
(b) There is only one type of monovalent impurity at the crystallite boundary ‘trapping states’,

uniformly distributed with a concentration ND ; the crystallite boundary contains Nt traps
located at energy Et with respect to the Fermi level (in intrinsic material) at the interface.

(c) The traps are initially neutral and become charged by trapping a free carrier.
(d) The crystallites have similar size and shape and we neglect the mobile carrier in

intercrystalline boundaries (boundary width).

According to this model, for a given set of l, Nt and Et, there is an impurity concentration,
N∗

D , which indicates the degree of depletion in the film crystallites. Two conditions for impurity
concentrations are possible.

• For ND > N∗
D , the crystallites are partially depleted and the temperature dependence of the

electrical conductivity can be determined corresponding to two energy domains [43–46].

(i) If EF − Et − Eb � kBT , the electrical conductivity is given by [45, 46]:

σ = e2l N2
Cνno

kBT
exp

(
−�E1

kBT

)
, (8)

where

ν =
(

kBT

2πm∗

)1/2

and the activation energy, �E1, is equal the energy barrier at crystallite boundary, Eb,
given by [45]

�E1 = Eb = e2l2 ND

8εr
, (9)

(ii) For the energy domain Et + Eb − EF � kBT , the electrical conductivity of the films
can be written as

σ = eN2
Cν

kBT Nt

(
2εr Eb

ND

)1/2

exp

(
−�E2

kBT

)
, (10)

where

�E2 = 1
2 Eg − Et.

• For ND < N∗
D , the electrical conductivity can be written as

σ = e2l2 NC NDν

2kBT (Nt − l ND)
exp

(
−�E3

kBT

)
. (11)

In equations (8)–(11), the following notation has been used: e is the electron charge, EF is
the energy of the Fermi level, NC is the effective state density for the conduction band, n0

is the electron concentration in the neutral domain of crystallites, m∗ is the scalar effective
mass of the charge carrier, εr is the low-frequency permittivity of the crystallites, l is the
average size of the crystallites, Eg is the energy of the forbidden band, and Et is the energy
of trapping states with respect to the Fermi level at interface.
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Figure 7. The variation of the Seebeck coefficient, S, against 1000/T for a-WO3 films.

By assuming that in the lower temperature range (T < 353 K), the expression of σ in
equation (8) is valid. From the slope of the ln σ = f (103/T ) curve in this temperature range,
the value of the energy barrier, Eb, has been calculated, and it was found to be 0.15 eV. From
the slope of the second portion (353 < T < 570 K), the value of the trap energy Et has been
determined from equation (10) taking the value of Eg = 3.05 eV [15], which was found to
be 0.90 eV. The value of the impurity concentration, ND , was determined from equation (10),
taking the value εr = 5.12 [15], and was found to be 4.05 × 1015 cm−3 eV−1.

3.2. Thermoelectric power measurements

Figure 7 shows the temperature dependence of the thermoelectric power, S, for a-WO3 film of
thickness range 100–500 nm in the temperature range 290–370 K. The sign of S was found
to be negative throughout the whole of the temperature range, indicating that the investigated
samples are n-type semiconductors, as usual in metal oxide semiconductors. The same type of
conduction has been observed in sputtered [9] and spray pyrolysis WO3 films [23]. It is also
clear that the magnitude of S decreases on increasing the film thickness. The linear curves
obtained show that the absolute value of S gradually increases with increasing temperature and
reaches a maximum at around 350 K.

At temperatures higher than 350 K, the values gradually decrease with increasing
temperature. From the slope of these linear parts, the activation energy of thermoelectric power,
�Es, of each film thickness was calculated. It was found that the slopes of these linear parts are
independent of the film thickness. The mean value of the activation energy of thermoelectric
power in the first region, T < 350 K, is �Es1 = 0.16 eV, and in the second region, T > 350 K,
�Es2 = 0.85 eV. The present experimental results for S can be understood in the light of the
results of DC conductivity discussed above. In the first region, the thermoelectric power may
be explained by assuming that the conduction take place by variable-range hopping (VRH). In
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such a case, S has been determined as [29, 47]

S

T
= − π2k2γ

3e(n + 1)

A

T 1/(n+1)
, (12)

where

γ = 1

N(EF)

[
dN(E)

dE

]
E=EF

, and A = 2.1

(
α3

k N(EF)

)1/4

= T 1/4
o

where N(EF) is the density of states at the Fermi level, To is the degree of disorder, α is the
decay constant of the wavefunction of localized states at EF, γ is the Debye frequency, and n
is a dimension constant.

In the second region, T > 350 K, the Seebeck coefficient within the small-polaron model
can be expressed by the relation [47, 48]

S = −kB

e

[
Es

kBT
+ C

]
, (13)

where Es is the activation energy for thermoelectric power and C the heat of transport.

4. Conclusions

The temperature dependence of dark electrical conductivity of a-WO3 and c-WO3 in two
environmental conditions (air and vacuum) show three distinct regions. The mechanisms
of electrical conduction in a-WO3 are explained in terms of a simple Arrhenius law, a
polaron model and a variable-range hopping model. For c-WO3 films, the mechanism of
electrical conduction is interpreted on the basis of the Seto model proposed for polycrystalline
semiconducting films. It was found that the variation of resistivity with the film thickness
follows the Tellier model of size effect with parameters ρb = 1.14 × 106 � cm and l =
289.6 nm. Thermoelectric power measurement shows that the films are n-type semiconductors.
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