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Antimony-doped tin oxide (ATO) films, approximately 320 nm in thick-
ness, have been prepared by electron beam evaporation onto glass
substrates. The films were annealed at temperatures between 400°C and
550°C in air and their structure and surface morphologies were observed by
X-ray diffraction (XRD) and atomic force microscopy (AFM) after the
different annealing treatments. XRD patterns of the ATO thin films
as-deposited and annealed at 400°C showed that they were amorphous, but
annealing beyond 400°C caused the films to become polycrystalline with
tetragonal structure and orientated in the (110) direction. The grain size
in the annealed films, obtained from the XRD analysis, was in the range
146-256 A and this increased with the annealing temperature. The
dislocation density, cell volume and strain were found to decrease gradually
with increasing annealing temperature. Photoluminescence spectra revealed
an intensive blue/violet peak at 420 nm, which increased gradually in height
with annealing. It is suggested that an increase in the population of Sb*>
ions might be the reason for the enhancement of the blue/violet emission.
The optical properties of the films were also investigated in the
UV-visible-NIR region (300-1000nm). The optical constants, namely
the refractive index n and the extinction coefficient k& in the visible region
were calculated. The optical energy band gap, as determined by the
dependence of the absorption coefficient on the photon energy at short
wavelengths, was found to increase from 3.59 to 3.76eV with annealing
temperature.

Keywords: annealing process; X-ray diffraction; photoluminescence;
atomic force microscopy; optical properties

1. Introduction

The search for new innovative materials for applications has created a platform for
electrically conducting highly transparent thin films that have great promise for use
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in optoelectronic devices. Tin oxide (SnO,) is an interesting semiconductor having a
wide band gap (3.6eV) and the highest carrier mobility among the oxide materials
[1]. Owing to the inherent wide band gap, the material has its absorption edge
beyond the Visible spectral region [2]. SnO, is stable within a broad spectrum of high
temperatures and shows excellent resistance to strong acids and bases. Its mechanical
integrity is exemplified by good adhesion to many types of substrates [3].
The desirable properties of SnO, have led many researchers to study pure and
doped films and to evaluate their use as electrodes in thin-film photovoltaic solar
cells [4]. The synthesis of antimony-doped tin oxide (ATO) has been achieved by
employing several techniques, i.e., sputtering [5], spray pyrolysis [6], sol-gel [7], dip
coating from chemical solutions [8], and electron-beam evaporation [9]. In this
article, we report an investigation of the effect of annealing on the structural, optical,
and electrical properties of ATO prepared by electron beam evaporation.

2. Experimental details

ATO (lat.%) thin films were prepared by electron beam evaporation.
A co-precipitated powder was calcinated at 500°C for 5h, and then palletized and
used as source material for evaporation. The vacuum chamber was evacuated to a
base pressure of 5 x 107> mbar. Glass slides were used as substrates. The substrates
were cleaned using a liquid detergent, and then agitated ultrasonically in acetone
before rinsing with distilled water. The temperature of the heated substrates was
measured using a thermocouple in contact with the substrate holder. The substrate
temperature was kept at 250°C during the film deposition process. The film thickness
was measured using a stylus profilometer.

The structural properties of the as-deposited films were studied by an X-ray
diffractometer (PANalytical-X’pert pro, with Cu-Ka radiation at 4=0.15418 nm)
in the 20 range 10-80°. Morphological features were studied with a PicoSPM
Picoscan 2100 atomic force microscope (AFM). The chemical state of the elements in
the ATO films were analyzed from XPS spectra using a Multilab 2000 X-ray
photoelectron spectroscope. The photoluminescence (PL) was recorded using
a Carry Eclipse fluorescence spectrometer (VARIAN) employing a
PbS-photodetector and a 150 W Xe arc discharge lamp as the excitation light
source. Optical transmission of the films in the wavelength range of 300-1000 nm
relative to air was determined using a UV-Vis-NIR double-beam spectrophotometer
(Carry 500 — VARIAN).

3. Results and discussion

The X-ray diffraction (XRD) patterns of the ATO thin films, as-deposited and
annealed at temperatures of 400°C, 450°C, 500°C, and 550°C for 90 min, recorded
in air, are shown in Figure la. The XRD pattern associated with the film annealed
at 400°C shows a predominantly amorphous structure, while that associated with
the film annealed at 450°C displays reflections related to a crystallographic phase.
These reflections become progressively more intense and sharper in the films
annealed at higher temperatures. All the peaks’ positions agree well with the
standard ATO tetragonal structure (JCPDS card no. 88-2348). No phase that could
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Figure 1. (a) XRD pattern and (b) variation of texture coefficient with annealing temperature
for ATO films deposited by electron beam evaporation.

be ascribed to the compounds of antimony is detected in the XRD spectra,
suggesting that all the antimony ions might have been accommodated into the lattice
of the SnO, as a substitute for tin ions [10]. The intensity distributions of these
reflections reveal that the films have a preferred crystallographic orientation along
the (1 10) diffraction plane. This preferred orientation was also found for ATO films
prepared by RF sputtering [11] and plasma-enhanced chemical vapor deposition [3].
The lattice parameters (¢ and c¢), grain size D, dislocation density §, cell volume v,
and strain ¢ [12] have been calculated for the (1 10) prominent reflection plane and
are presented in Table 1. The lattice constants are found to agree well with the bulk
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Table 1. Structural parameters of ATO thin films annealed at different temperatures (7 ).

Lattice parameters (A)

D Cell volume §x 107

T,(°C) 26 d(A) [hki] a ¢ (A) V(em®)  (linesem™?) £x 1073
400 - - - - - - - - -
450 26.56 3.3533 110 4.74 3.19 146 71.88 4.65 4.79
500 26.57 3.3510 110 4.74 3.19 208 71.83 2.30 3.29
550 26.56 3.3530 110 4.73 3.18 256 71.63 1.51 2.67

values (a:4.73/°% and ¢=3.18 A). The sizes of grains in the films increase with an
increase in the annealing temperature. This is mainly due to an increase in the
thermal energy for crystallization, recrystallization, and growth of grains in the films.
Structural parameters, such as dislocation density § and micro-strain ¢ are found to
show a decreasing trend with increase in the annealing temperature, which might
result from a reduction in the concentration of lattice imperfections.

The preferential orientation of the films is studied by calculating the texture
coefficient TC(hk/) for all the planes using the equation [13]:

I(hkl)/ Io(hkl)
(1/N) > -(I(hkl)/To(hkl)’

where TC(hkl) is the texture coefficient of the (ikl) plane, I is the measured intensity,
Iy is the JCPDS standard intensity for the corresponding powder, and N is the
number of reflections observed in the XRD pattern. The variations in texture
coefficient have been calculated for all the diffraction peaks, i.e., the (110), (100),
(200), and (21 1) planes (Figure 1b). It is observed that the (1 10) plane has a high
texture coefficient of 1.59 for a film annealed to 550°C whereas it is low and tends to
decrease linearly for the (21 1) plane, which suggests that the maximum preferred
orientation of the films along the (110) diffraction plane is associated with the
increased number of grains within that plane.

Figures 2a and b represents AFM images of ATO films doped with 1at.wt%
of antimony as-deposited and annealed at 550°C for 90min. It is found that
as-deposited films show smooth surfaces whereas the annealed film has rougher
surfaces with larger grains. This reveals that an increase in annealing temperature
improves the crystallinity of films. The average roughness of the films is found to be
14.7 and 17.2nm, respectively, for images a and b. The observed grain sizes are
observed to be much higher than those measured by XRD. Since XRD provides a
measure of the grain size normal to the films while AFM gives a surface profile of the
film, it might be reasonably concluded that the grains are either not spherical, or are
spherical but larger at the surface of the film.

Figure 3a shows the XPS survey scan spectrum of an ATO film annealed at
550°C. The measured binding energies of Sn3ds),, Sn3d;/,, and O 1s at 486.15, 494.6,
and 530eV, respectively, are consistent with results reported elsewhere [14].

TC(hkl) =

(D
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Figure 2. (Color online). AFM image of ATO thin films: (a) as-deposited and (b) annealed at
550°C.

The binding energy difference of 8.4eV between the Sn3ds, and Sn3ds, doublet
levels is assigned to Sn in SnO,, SnO (or) Sn. Owing to the low-doping concentration
of Sb, no trace of a peak is observed for Sb3ds, in the survey spectra. The Sb3ds/,
peak is found in the region of the O s peak because its binding energy (530.3 eV) lies
close to the binding energy of O 1s which is deduced from a Gaussian fit. Image (b)
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Figure 3. XPS survey scan spectra of ATO films annealed at 550°C (a) for the whole spectra
and (b) for O 1s+ Sb3d5/2 XPS.

illustrates the binding energy of Sb3ds, which appears at 531.07 eV, indicating the
presence of Sb™ state in Sb,Os.

Figure 4 shows the PL spectra of the ATO thin films. It is observed that a
blue/violet peak at 420 nm is present for the as-grown and all the annealed samples.
The intensity of this peak increases gradually on increasing the annealing
temperature. Blue/violet peaks at 400 and 430 nm for undoped SnO, have been
reported by several researchers [15,16]. Chang et al. [17] observed a luminescence
peak at 2.95eV from undoped SnO, powder and suggested that the origin of
blue/violet luminescence peak of undoped SnO, arises from oxygen vacancies, tin
interstitials or dangling bonds, and other structural defects. In general, in
polycrystalline oxide thin films/powders, oxygen vacancies are known to be the
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Figure 4. Room temperature photoluminescence spectrum of ATO thin films annealed
at different temperatures.

most common defect and form a donor level [18]. In this study, Sb ion doping
is shown to alter the characteristic property of the host atoms by creating acceptor
and donor Sb™ and Sb™ ions, which lead to electron transitions that is suggested to
be the reason for the appearance of the blue/violet peak. The increase in the peak
intensity with annealing is shown in Figure 5. Annealing may be expected to decrease
the density of defects and improve the crystal orientation, thereby reducing the
non-radiative recombination and leading to an increase in the intensity of
the blue/violet peak. Also, as a consequence of an increase in oxidation processes,
the Sb*> ion population is enhanced, which again leads to an increase in the
blue/violet emission as shown in Figure 4.

The transmittance spectra of ATO films as-deposited and annealed at the
temperatures of 400°C, 450°C, 500°C, and 550°C in the air under atmospheric
conditions are shown in Figure 5a. The films are highly transparent over the visible
and near-infrared regions, but the optical transmission falls very sharply near the
UV region owing to the onset of fundamental absorption. The spectra show a high
transmission for films annealed at 550°C, an effect that is attributed to less
scattering, structural homogeneity, and better crystallinity [19]. The spectral shift
towards the UV region may be attributed to the improved crystallinity and a higher
concentration of carriers [20]. Furthermore, the fundamental absorption edge
is shifted toward the shorter wavelength side with the increase of annealing
temperature suggesting that the widening of the energy gap in the films may arise
from a Moss—Burstein shift [21].

Figures 5b and c shows the plots of refractive index and extinction coefficient
as a function of wavelength A for the latwt % ATO film. The transmission
performance is related to the refractive index and the extinction coefficient.
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Figure 5. Optical properties of ATO films with different annealing temperatures: (a)

transmission spectra, (b) refractive index 7, (c) extinction coefficient k, and (d) variation of
(ahv)® with photon energy.

The refractive index n is evaluated from the measured transmittance versus

wavelength [22]:
n*(A) = H+ \/H> — n2(Mn2(R)

T ()
(mg(R) + nZ(1)) + 2ngny [Tm"“ T‘“‘“}.

H= _max - min
Tmax Tmin

N —

Here, n, (=1.5) is the refractive index of the glass substrate.
The values of the extinction coefficient k are calculated using the equation:

oA

k=—.

4

The effects of annealing on the refractive index and the extinction coefficient of
the ATO films are shown in Figures 5a and b. The refractive index increases from
1.87 to 2.0 on raising the annealing temperature from 400°C to 550°C, which may be
attributed to an increase in the packing density and the crystallinity of the film.

3)
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Table 2. Optical constants, n and &, at 550 nm, and the optical band gap
E, for as-deposited and annealed ATO thin films.

Annealing Optical band Refractive Extinction
temperature (°C) gap E, (eV) index n coefficient k&
As-deposited film 3.59 1.89 0.362
400 3.064 1.87 0.413
450 3.67 1.92 0.300
500 3.71 1.98 0.311
550 3.76 2.00 0.268

The variation of absorption co-efficient with photon energy for direct band-to-band
transitions is given by the relation ahv = A(hv — E,)" where hv is the photon energy,
E, is the energy difference between conduction and valence bands, n is 1/2 for
allowed transitions, and 3/2 for forbidden transitions. Figure 5d shows a plot of
(ahv)? versus photon energy values for the ATO films. Values of E, are determined
by extrapolating the linear portion of these curves to zero absorption and are
presented in Table 2. An increase in the band gap from 3.59 to 3.76 eV with increase
of annealing temperature is observed. The values of E, found are close to reported
values of 3.1-4.1eV [7,23,24]. Huang et al. [20] reported a similar type of variation
of optical band gap with annealing temperature in RF sputtered ATO thin films.
The variation of optical band gap is attributed to the improved crystallinity and
higher concentrations of carriers which leads to a rise of Fermi level within the
conduction band producing electrically degenerate semiconductors [19,20].

The electrical resistivity of ATO films as a function of annealing temperature is
shown in Figure 6a. It is observed that the electrical resistivity decreases with the
increase in annealing temperature. This might be partly due to the increase in carrier
concentration. At lower annealing temperature, fine grains are formed because of
a relatively low thermal energy. However, at higher annealing temperature, the
surface mobility of constituent elements increases and grain growth is favored.
An increase in carrier mobility may arise from an increase in the crystallinity of the
films on annealing. Schottky barriers cause the grain boundary to have a lower
conductivity than that inside the grain. As the annealing temperature increases, it is
proposed that a higher concentration of carriers as well as a higher mobility both
contribute to the decrease in the electrical resistivity.

Devices using transparent conductors require high electrical conductivity
and optical transmission. Scropp et al. [25] suggested a figure of merit F for
conductivity and optical transmission which are inversely proportional to each other.
It is reported that the performance of such device is solely dependent upon higher
values of F, which is defined as

1

F:—m, “)

where T is the transmittance and p is the electrical resistance. The figure of merit
(Figure 6b) of the ATO films is found to increase from 3.3 x 10°Q 'em™' to
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Figure 6. Variation with different annealing temperatures of (a) electrical resistivity, and
(b) figure of merit of ATO thin films.

146 x10°Q 'em™' on increasing the annealing temperature. This arises from
the decrease in the electrical resistivity. The highest value of the figure of merit
1.465 x 10° Q™ 'em ™" occurs for the film annealed at 550°C in air.

4. Conclusions

Highly transparent and nanostructured ATO thin films were prepared by electron
beam evaporation technique. The structural and optical properties of these films
were studied as a function of annealing temperature. The grain size increased with
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the annealing temperature while the cell volume, dislocation density, and strain
decreased. The optical band gap energy of evaporated and annealed films lies in the
range 3.59-3.76eV. A widening of the band gap in the films on annealing is ascribed
to a Moss—Burstein shift. The refractive index and extinction coefficient at 550 nm
decreased with the annealing temperature from 2.0 to 1.89 and from 0.362 to 0.268,
respectively. Also, on annealing, the electrical resistivity of the films decreased,
which is interpreted in terms of an increase in the mobility and the carrier density.
The highest value of the figure of merit 1.46 x 10° Q™' cm™' was obtained for the film
annealed at 550°C. It is concluded that the effect of annealing temperature can play a
pivotal role in controlling the structural, electrical, and optical properties of ATO
thin films.
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