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Abstract. Effects of annealing and film thickness on the electrical and optical properties of Sb:SnO2 films
deposited by electron beam from bulk samples prepared using sintering technique have been investigated.
A compromise between low resistivity and high transparency of the film has been studied using the factor
of merit. This factor, which has been found maximum for film 100 nm thick annealed at 550 ◦C for 15 min,
seemed to be enhanced with increasing annealing time and/or film thickness confirming the simultaneous
improvements of transparency and conductance with the latters. Other optical and electrical parameters
such as refractive index, width of energy gap, density of localized states, concentration and mobility of
carriers and Seebeck coefficient have been studied also, discussed and correlated to the microstructure
changes with annealing and film thickness.

PACS. 73.61.-r Electrical properties of specific thin films and layer structures (multilayers, superlattices,
quantum wells, wires, and dots) – 78.66.-w Optical properties of specific thin films, surfaces, and low-
dimensional structures

1 Introduction

Semiconductor oxides in general, and undoped or doped
tin oxide in particular, have attracted much interest for
many applications [1–6]. The main objective of studies
on thin SnO2-based films has been the preparation of
films with high transparency and high electrical conduc-
tivity. Therefore, intensive studies [7–12] on Sb-doped
SnO2 films regarding the changes in dopant concentra-
tion, heat treatment, temperature and type of substrate,
precoating and film thickness have mainly aimed to im-
prove simultaneously their transmittance and resistivity.
In addition, different methods of preparation and depo-
sition techniques [13–17] have been employed to obtain
conductive transparent SnO2-based films, since the prop-
erties of films depend on the condition of preparation and
vary considerably from one technique to another.

However, for Sb:SnO2 films deposited by spray pyroly-
sis it has been confirmed by Kojima et al. [7–10] that when
the amorphinity increases in the film structure, which
reduces its electrical conductivity, its transparency im-
proves; and vice versa. So, a compromise between a low
resistivity and a high transmittance of light mostly in the
visible range, is required to reach. For this purpose, the so-
called factor of merit, which represents the quality of the
Sb:SnO2 material as regards to the compromise to found
between optical transmission and electrical resistivity [11,
18], can be used. This factor has been found maximum
for Sb doping around 7% for Sb:SnO2 films obtained by
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sol-gel method [11], and at Sb/Sn = 0.1 for films evapo-
rated by electron beam [19].

In the present study, we have used electron beam evap-
oration to deposit thin Sb:SnO2 films with Sb/Sn = 0.1
from their bulky form prepared using sintering method af-
ter mixing and pressing appropriate amounts of SnO2 and
Sb powders. Structure of films elaborated by this method
seems to be composed of some crystalline phases, which
are embedded in a glassy matrix. Besides, it was shown
that, the glassy matrix, which is mainly raised due to the
incorporated antimony that acts as a glass network for-
mer [20], is slightly changed in the film structure with
annealing and film thickness changes. On the other hand,
the intensities of crystalline phases were found to be en-
hanced with both annealing and film thickness. Thus, the
film conductivity and transmittance can be improved due
to these changes in crystalline and glassy phases of the
structure caused by annealing and film thickness.

In addition, the probably existed oxygen vacancies in
the film structure may lead to simultaneous improvements
of its transparency and conductance. From one side, the
deficiency of oxygen in the structure, which results in
an asymmetrical atmosphere around Sb3+ and Sb5+ ions
[9,21], makes it difficult for electron exchange between the
two states Sb3+ and Sb5+ of antimony oxides and con-
sequently for energy absorption to take place [9,21,22].
This leads to improve the film transparency. From the
other side, these oxygen vacancies that make the struc-
ture to be deviated from stoichiometry and act as electron
donors [20,23], contribute to the electrical conductivity.
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Thus, the electrical and optical properties of Sb:SnO2

films with such structural features deserve a comprehen-
sive investigation. Films ∼ 100 nm thick, which is the em-
ployed thickness for many applications [24–26], have been
mainly used in the present investigation.

2 Experimental technique

Appropriate portions of highly pure (4N) Sb and (5N)
SnO2 powders have been grinded separately and sieved.
Mixture of Sb:SnO2 with Sb/Sn = 0.1 (in atomic weight)
has been prepared using suitable ratios of Sb and SnO2

having almost equal particle sizes (∼ 77µm). To insure
complete mixing, this mixture has been grinded for at
least three hours. Then, it has been made in a tablet form
by using a cold pressing technique. These tablets have
been, firstly, heat -treated at 600 ◦C for 5 h in air in order
to avoid the migration of Sb atoms to the surface that
can be observed as T > 600–700 ◦C [8,27,28]. Besides,
we think that the heat treatment at 600 ◦C can result in
a highly diffusion rate of Sb atoms (melting point of Sb
≈ 631 ◦C) leading to an improvement of the material ho-
mogeneity and, may be, a production of, especially, Sb-O
bonds. Then, sintering, which is usually carried out in the
temperature range TM

2 ≤ T . TM where TM is the melting
point of the material to be sintered, has been performed
for the present mixture at 900 ◦C for 4 h. Sintering pro-
cess is oftenly accompanied by grain growth and, may be,
crystallization.

Thin films of the prepared Sb:SnO2 tablet were de-
posited onto ultrasonically cleaned corning glass sub-
strates by electron beam evaporation at 2 × 10−5 torr
using Edwards high vacuum coating unit model E306A.
The provided rotatilt workholder drive system with angu-
lar control facilities permits the film substrates to be in the
face of the material source and rotated with a controlled
speed during deposition. This may insure a highly degree
of film uniformity. The film thickness (∼ 100–200 nm)
and the deposition rate (∼ 10 nm/min) were controlled
by means of a calibrated digital film thickness monitor
model TM200 Maxtek. The interference fringes appeared
in the transmission spectra for some thicker films of SnO2

(900-1200 nm thick) elaborated by the same present argu-
ment, were employed to determine their actual thicknesses
(with an accuracy of better than 1%) using a procedure
devised by Manifacier et al. [29]. Comparing these values
of thickness with their corresponding values obtained by
the thickness monitor, the latter could be calibrated. Sil-
ver paste electrodes with separation of 2 mm were used.

Investigations of the microstructure were carried out
using an X-ray diffractometer (Philips model PW 1710 )
and scanning electron microscope (Jeol JSM-5300).

The film resistivity was measured in the 80–475 K tem-
perature range by means of a variable temperature liquid
nitrogen cryostat (Oxford DN-1710) combined with a pro-
grammable temperature controller (Oxford ITC4) and a
digital Keithley 614 electrometer.

The thermal emf resulted due to the temperature gra-
dient between the film electrodes was measured using

a (Keithley 614) electrometer. The electrodes’ temper-
ature difference ∆T was monitored using a differential
copper-constantan thermocouple.

A Jasco model V-570 (UV-Visible-NIR) double beam
Spectrophotometer (with photometric accuracy of ±
0.002–0.004 Abs. and ± 0.3% Trans.) was employed to
record the transmission T and reflection R spectra over
the wavelength range from 200 to 2500 nm at normal inci-
dence. In the region of interband transition having strong
absorption, both the absorption coefficient α0 and the re-
fractive index n could be estimated using the following
approximate relations [30,31] respectively,

α0 =
1
t
ln
[

(1−R)2

T

]
and (1)

n =
1 +R

1−R ±
[(

R+ 1
R− 1

)2

− (1 + k2)

]1/2

(2)

where t is the thickness of the film and k = α0λ/4π is the
extinction coefficient. Reasonable values for n have been
obtained using the plus sign of equation (2). However, in
the NIR spectral region, where the films are very trans-
parent and the interference fringes are absent, values of
α0 and n could not be calculated.

3 Results

The temperature dependence of the electrical conductivity
σ(T ) for as-deposited and annealed Sb:SnO2 films in the
range of T from 80 to about 475 K is shown in Figure 1.
The plot suggests that there are two types of conduction
channels that contribute to the conductivity. While σ is
nearly insensitive to temperature in the low wide range
of the latter, it seems to be thermally activated in the
high range of T and can be described by the relation
σ = σ0 exp(−∆E/KT ), where ∆E is the correspond-
ing activation energy and σo is the pre-exponential factor.
Values of ∆E were calculated and listed in Table 1 as a
function of annealing temperature Tan. However, the non-
activated behaviour exhibited by σ(T ) in the low temper-
ature region confirms that, σ(T ) is characterized by hop-
ping conduction between the localized states. Therefore,
the conductivity data in the low temperature regions can
be analyzed on the basis of the following Mott’s formula
for variable-range hopping [32],

σ(T ) =
σ′o√
T

exp

[
−
(
To
T

)1/4
]

where σ′o is the pre-exponential factor and T0 =
16α3/KN(Ef), where N(Ef) is the density of localized
states, α describes the spatial extent of the localized
wave function and K is the Boltzmann’s constant. As-
suming that α = 0.124 Å−1 [33], values of N(Ef) for both
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Fig. 1. Ln σ versus 1000/T plots for as deposited and annealed Sb:SnO2 films at different temperatures for 15 min, t = 100
nm.

as-deposited and annealed films were estimated and sum-
marized in Table 1. It is seen that, values obtained for
N(Ef) are relatively high. Besides, the uncertainties in
these values are significantly high especially in the case
of as-deposited film. Similar high uncertainties in some
electrical and optical parameters of Sb:SnO2 films such as
mobility, activation energy, number of carriers and band
gap width have been found formerly [11,19]. However, it
is clear that the increase of annealing temperature results
in a diminution of the density of the localized states.

Figure 2 shows that the room temperature (300 K)
resistivity ρRT of Sb:SnO2 films decreases gradually with
elevating the temperature of annealing reaching its min-
imum value (0.324 Ωcm) at 550 ◦C, then it increases
slightly with further elevation of Tan. Besides, more de-
crease in ρRT can be achieved with either elongation of
annealing time at Tan = 550 ◦C or increase of thickness
of films annealed for tan = 180 min at Tan = 550 ◦C as
shown in Table 2.

Data of thermoelectric power emfth resulting due to
the temperature difference∆T between the film electrodes
was measured for annealed Sb:SnO2 films at room tem-
perature. However, we were not able to obtain reliable
thermopower data for as-deposited film due to its high
resistance (> 109 Ω) which makes some residual voltage
to be superimposed over thermal emf. Figure 2 shows the
variation of Seebeck coefficient S, (S = emfth / ∆T ), with
annealing temperature Tan. It is clear that S has a nega-
tive sign, small values and generally decreases as Tan in-
creases. Besides, as shown in Table 2, the increase of either
annealing time or thickness of annealed films leads to the
increase in the value of |S|.

The effects of annealing temperature on the transmit-
tance and reflectance of Sb:SnO2 films with 100 nm thick,
are as shown in Figure 3. As seen from this figure, all films

have absorption edge at about 300 nm. Maximum trans-
mittance, which is clearly seen at 628 nm for as-deposited
film, shifts towards lower values of λ to be around solar
maximum wavelength (λ = 500 nm) as the temperature
of annealing increases. Besides, Figure 4 shows that, the
average value of the transmittance (Tm) in the (270-780
nm) spectral range increases from 0.43 for as-deposited
film to 0.70 with elevating Tan to 600 ◦C. However el-
evation of annealing temperature over 600 ◦C is associ-
ated with a decrease in film transmittance. On the other
hand, as shown in Table 2 higher values of Tm, which are
larger than 0.8, have been achieved with annealing films
at 550 ◦C for longer periods. However, increasing the film
thickness makes Tm to be inhibited. In the NIR spectral
region, while the reflection decreases, the transmission in-
creases with increasing λ confirming the high transparency
of the present films in the NIR as well in the visible spec-
tral regions (Fig. 3).

Analysis of the results indicated that, the rapid change
occurred in ∝o near the absorption edge can be inter-
preted as an optical transition [30]. Jousse [34] and Kojima
et al. [9] have deduced the gap width Eg of such transition
from the intercepts of the linear portions of the (αohν)1/2

versus hν plots near the absorption edge to (αohν)1/2 = 0,
a matter that characterizes an allowed indirect transition.
Values of Eg (with an uncertainty of ± 0.4) of the present
films determined using the same argument are represented
in Figure 4 as a function of Tan. As seen from this figure,
Eg abruptly increases from about 2.4 eV for as-deposited
film to ∼ 3.6 eV for film annealed at 400 ◦C. With ele-
vation of Tan over 400 ◦C, Eg increases slightly tending
to a saturation value of about 3.8 eV. This increase in Eg

with Tan is expected since the density of localized states
is reduced with the latter.
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Fig. 2. Variations of the resistivity and Seebeck coefficient measured at room temperature for Sb:SnO2 films annealed at
different temperatures for 15 min, t = 100 nm.

Fig. 3. Spectral variations of the transmittance T and reflectance R for either as-deposited or annealed Sb:SnO2 films at
different temperatures for 15 min, t = 100 nm.
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Table 1. Effect of annealing temperature on some optical and electrical parameters. t = 100 nm, tan = 15 min. n̄ is the mean
value of the refractive index in the 325-440 nm spectral range.

Annealing ∆E N(Ef) N µ n̄
condition (eV) (1021 eV−1cm−3) (1020cm−3) (cm2V−1s−1)

As-deposited 0.35-0.97 1.67-5.63 0.59-4.45 (3.38-25.50) × 10−9 1.98
Tan(◦C) = 400 0.38-0.40 1.95-2.69 2.01-2.77 (1.02-1.43) × 10−4 2.03

450 0.30-0.32 1.85-2.66 1.92-2.79 (1.25-1.85) × 10−3 1.96
500 0.078-0.082 1.86-2.52 1.96-2.66 (3.10-4.30) × 10−2 2.03
550 0.059-0.061 1.67-2.31 1.85-2.55 (7.60-10.70) × 10−2 2.16
600 0.098-0.102 1.65-2.25 1.84-2.50 (5.60-7.80) × 10−2 2.16
650 0.088-0.092 1.53-2.17 1.75-2.49 (5.90-8.60) × 10−2 2.18

Fig. 4. Variations of the mean value Tm of the transmittance in the visible range and the width of optical gap with annealing
temperatures, tan = 15 min and t = 100 nm.

In order to predict the selective properties of
transparent-conductive coatings from the fundamental op-
tical and electrical properties, the factor of merit ϕ (ϕ =
Tm/ρRT ) can be employed [11,18]. As shown in Figure 5
and Table 2, ϕ, which has a maximum value of 2.04 ± 0.22
for film ∼ 100 nm thick annealed at 550 ◦C for 15 min
(Fig. 5), can be improved with increasing either the film
thickness and/or the time of annealing at 550 ◦C (Tab. 2).

4 Structural analysis

As shown in Figure 6, the X-ray diffractograms of the as-
deposited Sb:SnO2 film reveals some peaks with small in-
tensities corresponding to the crystalline phases of SnO2,
SnO, Sb2O5, Sb2O3 and may be SbO2 oxides, which are
embedded in an amorphous matrix. Therefore, the as-
deposited film can be considered as nearly amorphous.
Almost similar structure could be observed for the film
annealed at 400 ◦C. Whereas, as Tan is more elevated,
the crystallinity increases mainly along (110), (101) and
(211) directions of SnO2 which have maximum values

of intensity at Tan = 550 ◦C. Prolongation of tan as well as
the increase of thickness (t) lead to continuous increases
in the film crystallinity along (110), (101) and (211) of
SnO2 too. Besides, these peaks characterizing SnO2 seem
to shift to lower values of 2θ with increasing Tan, tan or t
indicating an increase of the lattice constant [7] with these
factors. Figure 7 and Table 2 confirm this increase of the
lattice constant a (Å), which was deduced using the SnO2

(110) peak, where a = d(h2 +k2 + l2)1/2, d is the distance
of net planes and h, k and l are Miller indices, with Tan

and tan & t respectively. This suggests that some of the
Sn4+ ions in the SnO2 lattice are replaced by Sb3+ ions
having larger ionic radii [20,23]. On the other hand, peaks
(001), (101) & (102) corresponding to SnO oxide, seem to
increase slightly with Tan, tan and/or t. Furthermore, al-
though slight nonsequential changes can be observed in
peak-intensity of the existed phases of Sb-oxides, an ad-
ditional peak corresponding to Sb2O5 appears for thicker
films and longer annealing times.

Figure 8 shows the scanning electron micrographs of
Sb:SnO2 films with different thicknesses and conditions of
annealing. It is clear that the surface of as-deposited film
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Fig. 5. Annealing temperature dependance of the factor of merit φ for Sb:SnO2 films, tan = 15 min & t = 100 nm.

Table 2. Effect of annealing time and thickness on some electrical and optical parameters of Sb:Sn02 films. (Tan = 550 ◦C).

Parameter t(nm) = 100 tan(min) = 180
As-deposited tan (min) = 15 90 120 180 t (nm) = 150 200

ρRT (Ωcm) (4.06-4.22) ×106 0.24-0.36 0.27-0.33 0.13-0.16 0.06-0.07 0.05-0.06 0.04-0.05
Tm % 43 66 86 86.5 86 78 75.6
ϕ (1.02-1.06) × 10−7 1.83-2.28 2.61-3.19 5.41-6.65 12.29-14.33 13-15.6 15.1-18.9

–S(µV/K) — 0.70 1.50 1.62 1.80 1.92 2.22
a, Å 4.655 4.733 — — 4.758 4.780 4.711
n̄ 1.98 2.16 2.15 2.19 2.27 2.18 2.22

is smooth and contains very fine grains. This confirms
the nearly glassy nature of the film structure. Increas-
ing the annealing temperature, annealing time and/or film
thickness leads to the growth of disconnected grains, which
can be correlated to the grown phases identified by the X-
ray diffractograms in Figure 6. These disconnected grains
seem to be embedded in a large glassy matrix as it is in-
dicated by the smoothness of the film surface.

5 Discussion

As shown in Figure 1, the temperature range of hopping
conduction, which is excessively wide, extends to temper-
atures over RT. The increase of annealing temperature
leads to more extension of this hopping range as well as
to a decrease in the high temperature activation energy
(see Tab. 1). This behaviour of electrical conduction with
increasing Tan may be attributed to the effect of glassy
matrix contained in Sb:SnO2 films and retained even for
elevated values of Tan (see Figs. 6 & 8). These results may
support the suggestion of Carroll and Slack [20] that Sb
acts as a glass network former in the amorphous SnO2.
Besides, Hsu and Ghandhi [35] have reported that the in-
troduction of glass former into SnO2 greatly reduces the
mobility of the reactant species on the surface making

a tendency for the formation of amorphous solid. More-
over, the slight increase observed for SnO with Tan as
shown in Figure 6 leads to the increase of disorder in
SnO2 films [44]. Otherwise, the large values of the optical
band gap width Eg (Fig. 4) with respect to those corre-
sponding to the high temperature activation energy ∆E
(Tab. 1), which is consistent with many works on glassy
chalcogenides and oxides (see for example Ref. [36]), can
be accounted for the effect of Sb:SnO2 glassy matrix too.
This difference in Eg and ∆E values has been explained
by that the electronic activation is not across the whole
mobility gap but is possible from one or more trapping
levels to the conduction band or from bonding states to a
trapping level [36].

Results of Seebeck coefficient with annealing temper-
ature (Fig. 2), annealing time and film thickness (Tab. 2)
may lead to the following conclusions; (i) The negative
sign of thermopower observed for Sb:SnO2 films means
that the major contribution results from electrons. These
electrons are mainly produced due to the substitution of
Sb5+ in the Sn4+ sites of SnO2, which creates donor levels
near the conduction band edge. Besides, the formation of
SnO on the expense of SnO2 content (see Fig. 6) leads to
the increase of disorder and acts as donor [7,37]. (ii) The
small values of S are consistent with the variable-range
hopping model. On the other hand, they suggest that two
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Fig. 6. X-ray diffraction patterns of Sb:SnO2 films with Sb/Sn = 0.10. a-for as-deposited film (t = 100 nm); b, c, d and e
after annealing at 400, 550 and 600 ◦C respectively (tan = 15 min, t = 100 nm); f–after annealing for 180 min (Tan = 550 ◦C,
t = 100 nm) and g, h–for films with thickness of 150 and 200 nm respectively (Tan = 550 ◦C, tan = 180 min).

Fig. 7. Variation of the lattice constant a (Å) with annealing temperature.
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Fig. 8. Scanning electron microphags of Sb:SnO2 films with Sb/Sn = 0.1; a- for as-deposited (t = 100 nm); b, c, d–after
annealing at 400, 550 and 600 ◦C respectively (tan = 15 min, t = 100 nm); e–after annealing for 180 min (Tan = 550 ◦C,
t = 100 nm) and f, g-for films with thickness of 150 and 200 nm respectively (Tan = 550 ◦C, tan = 180 min).
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types of unlike charges can participate in the conduction
(i.e. mixed conduction). In fact, the formation of Sb2O3

with Tan by substitution of trivalent Sb ions in Sn4+ sites
of SnO2 lattice as mentioned before, which acts as an
acceptor, gives rise to the creation of opposite charges.
(iii) Due to the compensation effect performed by these
unlike charges, S is expected to decrease with Tan. (iv)
However, the observed increase of S with either the an-
nealing time at 550 ◦C or film thickness of annealed films
at 550 ◦C for 180 min may be attributed to the increase
of both the mobility and concentration of electrons due
to the increase of crystallinity of SnO2 phases and/or the
appearance of additional Sb2O5 phases respectively, see
Figure 6.

As shown in Table 1, values of the density of local-
ized states N(Ef) are unreasonably high. Similar results
have been reported for other works [38] and attributed to
the large number of simplifying assumptions introduced
to Mott’s relation, which leads to uncertainties in the es-
timated values of Mott’s parameters. On the other hand,
these high values of N(Ef) may be acceptable since SnO
created on the expense of SnO2 results in additional states
at Ef [19,37]. Besides, it has been formerly proved [9] that,
the energy of states introduced by the Sb-O bonds lie at
energy levels, which are outside the band region of the
SnO2, since the energy of Sb-O bonds are larger than that
of Sn-O [39]. This leads to that the Fermi level lies more
deeply within the band gap and consequently, Sb that acts
as a glass former [30] does not participate in the creation
of carriers [9]. Thus, the crystallinity improvement, espe-
cially, along some SnO2 phases may be responsible for the
observed elimination of the localized states participating
in the hopping conduction.

As shown in Figure 2, the as-deposited Sb:SnO2 film
shows high value of the room temperature resistivity
(ρRT = 4.23× 106 Ωcm), which is attributed to the lower
degree of crystallinity in the film, see Figure 6. Annealing
at 400 ◦C for 15 min results in a significant decrease in the
film’s resistivity to be 2.2 ×102 Ωcm. Minimum value of
ρRT , which is 0.247 Ωcm, can be observed for the film an-
nealed at 550 ◦C. This means that, annealing at 550 ◦C for
15 min leads to a drop in film’s resistivity by about seven
orders. This decrease in ρRT with Tan could be attributed
to the improvements of the film structure ordering and
mobility with annealing. For more clarification, evalua-
tions of the room temperature concentration N and mo-
bility µ of the electrons participating in conduction within
a range KT of the Fermi energy using that N = 2KT
N(Ef) and µ = 1/(NeρRT ) have been performed. Results
of N and µ, which are recorded in Table 1, show that the
elevation of Tan leads to a decrease in the concentration
of electrons and enhancing their mobility. In general, the
mobility µ is a function of both µv and µn, which are re-
lated to the grain boundary potential and the impurity
concentration respectively, as follows: 1/µ = 1/µv+ 1/µn.
Assuming that the concentration of Sb atoms, which rep-
resents the impurity atoms in the SnO2 lattice, is con-
stant, the contribution of µn to the carrier mobility is
assumed to be constant. However, the increase of grain

size causes a decrease in the density of grain boundaries,
which act as traps for free carriers and barriers for carrier
transport [40]. According to [41–43], it can be assumed
that the observed increase in free carrier mobility and
consequently the decrease in ρRT with annealing temper-
ature is due to an improved crystallinity of Sb:SnO2 films,
especially along (110), (101) and (211) SnO2 peaks as
shown in Figure 6. Besides, the annealing at Tan > 550 ◦C
is associated with a slight increase in the resistivity, Fig-
ure 2. Kojima et al. [8] have reported similar results for
Sb:SnO2 films prepared by spray pyrolysis and attributed
them to the antimony accumulation at the surface for
films annealed at temperatures higher than 600 ◦C . Be-
sides it has been suggested [27,28] that heat treatment of
Sb:SnO2 at temperatures over 700 ◦C causes the antimony
to migrate rapidly to the surface. Then, the results given
in Figure 2 may be accounted for. However, the continu-
ous decrease of ρRT with annealing time (Tan = 550 ◦C)
and/or film thickness can be predicted since both the con-
centration and mobility of carriers with these factors have
generally increased as mentioned before .

As shown in Figure 4 and Table 2, the heat treat-
ment of Sb-doped SnO2 films improves their transparency.
Values of the film transmittance (Tm) before and after
annealing at 400 ◦C for 15 min are 0.43 and ∼ 0.60 re-
spectively. It exceeds 0.86 for film annealed at 550 ◦C for
120 min. In the same time, as shown in Figure 6, the heat
treatment improves the degree of film crystallinity. In con-
trast, Kojima et al. [9] have proved that the amorphous
Sb-Sn-O films prepared by spray pyrolysis are transpar-
ent while those having crystalline structure are opaque.
In fact, the opacity of the crystalline films arises from
the high energy absorption during the electron exchange
among Sb3+ and Sb5+ substituted on Sn site in SnO2 lat-
tice. On the other hand, this process can not take place
in amorphous Sb-Sn-O films due to the asymmetrical at-
mosphere around Sb3+ and Sb5+ ions caused by the dif-
ference in their coordination as a result of the oxygen
deficiency. Moreover, it has been concluded [7] that, the
formation of SnO oxide on the expense of SnO2 content,
which is required by the local charge neutrality, confirms
the deficiency in oxygen content in Sb:SnO2 films. For
the present films, the X-ray diffractograms shown in Fig-
ure 6, revealed mainly the phases (001), (101) and (102)
of SnO oxide. This means that, the coordination of triva-
lent and pentavalent ions of antimony corresponding to
Sb2O3 and Sb2O5 oxides respectively, which could be rec-
ognized and slightly increased in peak intensity as shown
in Figure 6, may be different. Therefore, accordingly [21,
22,44], it is difficult for electron transfer to take place and
consequently the transmittance of the present films in-
creases even with simultaneous increase in the degree of
crystallinity due to annealing. Otherwise, the decrease in
Tm observed with the film thickness, see Table 2, might
be attributed to the improvement of the process of charge
transfer between the two oxidation Sb3+ and Sb5+ states
of antimony with thickness.

Finally, values of the refractive index n̄ for Sb:SnO2

films lie between 1.98 to 2.18 as shown in Table 1.
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Regarding that the refractive index of undoped SnO2 is
approximately 1.9 [35], the present values for n̄ may be ac-
ceptable since Sb atoms, which are considered as impuri-
ties in SnO2 lattice, contribute to the increase of refractive
index [45]. In addition, the observed increase in n̄-values
with both annealing time and film thickness as shown in
Table 2, may be attributed to the increase of film com-
pactness associated with the increase of film crystallinity
with these factors.

6 Conclusions

Structural features characterizing Sb:SnO2 films elabo-
rated by the present method have found to be stimulated
by annealing and/or film thickness changes and collabo-
rated to give as a result a transparent conductive film.
After annealing at 550 ◦C for 180 min and raising the
film thickness to 200 nm, the room temperature resistiv-
ity has dropped by about eight orders of magnitude to be
4.4×10−2 Ωcm and the average transmittance in the visi-
ble range has improved to be around 80%. In addition, the
observed continuous increase of the factor of merit with
annealing and/or film thickness suggests that further im-
provements of σ and Tm may be achieved with more in-
crease of annealing time (at 550 ◦C) and/or film thickness.
Furthermore, the present elaborating method may be of
economic usefulness. Sintering process is an inexpensive
method for producing lumps of powdered materials and
the deposition by electron beam provides economical and
efficient usage of evaporant. Thus, the Sb:SnO2 film elab-
orated in the same present argument may be considered
as a promising material for many technical applications.
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