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Phase-change annealing effects on electrical and optical
properties of tin oxide thin films
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The change from tetragonal to orthorhombic phase due to annealing also changes the electrical and optical properties of tin
oxide thin films. X-ray diffraction and Atomic force microscopy studies reveal the changes in the phase and grain merger
with annealing of as-grown tin oxide thin films. Optical bandgap increase with annealing confirms the improvement in the
quality of film transparency. Electrical conductivity also shows an increasing trend with annealing. Parameters such as
activation energy, optical bandgap, average roughness, and extinction coefficient have been determined and interpreted

with respect to annealing.
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1. Introduction

There has been great interest in the gas-sensing
properties of tin oxide, because it is n-type and is very
sensitive to the surroundings. Tin oxide is extensively used
as an optically transparent, electrically conducting, and
high-bandgap material for optoelectronic applications,
solar cells, and liquid crystal displays, etc.'™ Tin oxide
thin films have a band gap of 3.6 eV.* useful in various
applications for low electrical resistance (resulting in high
conductivity) with high transparency in the visible region.
Doped and undoped tin oxide thin films were prepared by
spray pyrolysis,® magnetron sputtering,’ and reactive
electron beam evaporation.” Among these fabrication
methods, the electron-beam evaporation technique has
received much attention because of its very low deposition
rate, good adhesion, and ability to produce thin films with
larger area. Tin oxide thin films are most frequently
produced in SnO and/or SnO, phases. The SnO, phase is
by far the most studied because of its considerable
technological importance and stability. Moreno et al. have
analyzed and reported about the deviation in stoichiometry
due to metal vacancies of the tin monoxide phase. The
mechanism of the transformation from SnO phase to SnO,
phase is poorly understood.® At room temperature the
tetragonal phase of SnO is stable.” ' Under normal
conditions, SnO, exists in the most important crystalline
phase known as cassiterite, which has a rutile tetragonal
crystal structure. Another form of SnO, with an
orthorhombic structure is known to be stable only at high
pressures and temperatures. However, the orthorhombic
phase of SnO, has been produced by oxidizing epitaxial
SnO thin film by Kragevec et. al.'! Both phases are known
to undergo phase transformations to orthorhombic variants
at high pressures.'” ' In the present study, we synthesized
the stable tin oxide thin film at 250°C by the electron-

beam evaporation technique. Further annealing of these
films is carried out at different temperatures and we
studied their morphology, and structural, electrical, and
optical properties. In our experiments, we produced
orthorhombic tin dioxide by annealing the tetragonal tin
monoxide at 600°C in air atmosphere.

2. Experimental

Tin oxide thin films were deposited on soda-lime
glass using SnO, (Sigma-Aldrich, 99.99% purity) powder
as the starting material. The evaporation and deposition
was performed in a high-vacuum chamber by bombarding
the SnO, using a bent-beam electron gun. Prior to loading
the soda-lime glass substrates into the chamber, the
substrates were cleaned thoroughly in NaOH detergent and
then rinsed in deionized water. Finally, the substrates were
ultrasonically cleaned in ethanol. Tto grow the thin films
with good adhesion, the substrate temperature was set at
250°C. The chamber pressure was pumped to about 10
mbar before evaporation and to about 2x10” mbar during
evaporation. The rate of deposition of thin films was
controlled by a quartz-crystal monitor. In this way, the tin
oxide thin films were deposited on glass substrates at a
deposition rate of 1.5 A/s and to a thickness of 500 nm.

The as-grown films were annealed at atmospheric
pressure in the high-temperature furnace for one hour at
400°, 500°, and 600 °C for different samples, namely, Ann
400°C, Ann 500°C and Ann 600°C respectively. After this
process, the furnace was cooled naturally to room
temperature. The crystal structure of the as-grown and
annealed samples was characterized by X-ray diffraction
(XRD)""* using PANALYTICAL X’Pert PRO. The X-ray
wavelength (L) used in our experiment is 1.936 A by Fe
source. The surface morphology of the as-grown and
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annealed thin films was examined by using a NTMDT
Solver Pro-M Scanning Probe Microscope operating in
semi-contact mode. The optical studies of the as-grown
and annealed films were made by using a Perkin-Elmer
Lambda 900 double beam UV-VIS-NIR Spectro
photometer. Electrical contacts of the tin oxide thin films
were formed by fine copper leads using silver paste. All
measurements were done with a Keithley Electrometer
6517A.

3. Results and discussion

Fig. 1 depicts the XRD pattern of as-grown and
annealed tin oxide thin films. From the figure, as-grown
film shows diffraction peaks corresponding to (001),
(101), (002), (112), and (211) planes of the tetragonal SnO
structure (JCPDS No. 06-0395). The sample annealed at
400°C shows a similar XRD pattern and further annealing
at 500°C, the diffraction peaks corresponding to (110),
(006), and (115) related to the SnO, orthorhombic phase
are observed. As can be seen from Fig. 1(c), the peaks
corresponding to ((101) + (113)), the polycrystalline
phases are overlapping peaks, which could be attributed to
a mixture of tetragonal SnO with orthorhombic SnO,. This
result indicates that the phase transformation of SnO
tetragonal to SnO, orthorhombic occurs after annealing at
400°C_The presence of low-intensity peaks points out that
besides the predominating polycrystalline-like phase, the
grown film contains some amorphous-like (poorer
polycrystalline) phases, as well. Unfortunately, because of
the low intensities, the attempt to split the overlapping
peak and obtain more detailed information about the film
was not successful. Further, on annealing of these films at
600°C, we observed the diffraction peaks corresponding to
the SnO, orthorhombic phase (JCPDS No. 78-1063)
exhibit a strong orientation along the (113) direction, with
the development of a new peak (112). Thus, the present

analysis on annealing of tin monoxide in the tetragonal
phase at 600°C shows the conversion into the SnO,
orthorhombic phase. Oxidizing the epitaxial tin monoxide
films at ambient phase into the orthorhombic phase may
be ascribed to a misfit strain originating at the substrate
interface.'”” However, the orthorhombic phase was also
observed in a wide variety of powder samples, which are
unconstrained by substrate interactions, produced by wet-
chemical methods. Formation of the orthorhombic SnO,
phase by oxidizing the tetragonal SnO at ambient pressure
in this work may be attributable to the lower nucleation
barrier from a steric effect of tin and oxygen atoms'® for
the dominated peak in the XRD; changes with annealing
temperature are listed in Table 1.
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Fig. 1. XRD patterns of tin oxide thin films before and
after annealing at 400°, 500° and 600°C for 1 h.

Table 1. Properties of as-grown and annealed tin oxide thin films.

As-grown | Ann 400°C Ann 500°C Ann 600°C
Crystalline Phase* SnO (T) SnO (T) SnO (T) + SnO,(0) | Sn0O,(0)
Grain Size (nm) 103 54 92 85
Optical Bandgap E, (eV) 2.77 2.80 3.07 3.38
Activation Energy (eV) 1.97 0.64 0.56 0.96
Avg. Roughness (nm) 30.5 14.5 28.7 27
Extinction Coefficient at 450 nm 0.31 0.26 0.15 0.04
(a.u)

* T - Tetragonal
O - Orthorhombic

AFM images of as-grown and annealed films are
shown in Fig. 2. The average grain size and surface
roughness of these films are listed in table 1. From the
figure, the grains are found to be spherical in shape. From

the table, it is observed that as-grown films have an
average grain size of ~103 nm, whereas the average grain
size of annealed films were non-linearly changing with the
annealing temperatures. The change in grain size with the
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annealing temperature can be correlated with the oxidation
mechanism of SnO, thin film. On annealing at 400°C, the
figure shows a reduction in grain size as well as surface
roughness of the SnO thin film. Further increasing the
annealing temperature to 500°C, the average grain size of
the film was found to be ~92 nm from the AFM images,
which is higher than the sample annealed at 400°C. The
average roughness of the film is found to increase in value
(Table 1) in this stage as compared to earlier, which may
be due to the formation of a mixed phase of SnO and
SnO,. The higher surface roughness can be associated with
the larger grains, because the tendency is for grains to
grow by the fusion of adjacent grains when sufficient
energy for surface rearrangement is provided by the
annealing. Further, on annealing of this film at 600°C, the
SnO, orthorhombic phase shows a slight decrease of
roughness values and the grain size is decreased from 92
nm to 84 nm. The above results indicate that the non-linear
variation of grain size with annealing temperature occurs
due to rapid thermal annealing and cooling process, as
well as by crystal phase changes from tetragonal SnO to
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orthorhombic SnO, at higher annealing temperatures.
Table 1 presents the average surface roughness and grain
size of as-grown and annealed tin oxide thin films.

Fig. 3 shows the transmittance spectra of as-grown
and annealed thin films of tin oxide in the visible
wavelength range. From the figure it is observed that all
the spectra show an interference pattern; however, the film
becomes more transparent as the annealing temperature is
raised. As seen in the figure, the transmittance edge shifts
toward the lower-wavelength side for annealed films as
compared to as-grown films. Also, the transmission edge >
650 nm shifts toward the higher wavelength side. This
shows that the films are becoming more transparent and
are in a wider wavelength range. Furthermore, as-grown
films had a brownish color that disappeared after
annealing in ambient conditions. The values of the optical
bandgap E, for all as-grown and annealed samples were
estimated from Mott and Davis’ model'’ for the direct
allowed transition: a(v)hv = B(hv — Eg)m, where o is the
absorption coefficient, £, is the optical bandgap, hv is the
energy of the incident photons, and B is a constant.
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Fig. 2. AFM images of tin oxide thin films before (a) and after annealing at 400° (b), 500° (c) and 600°C (d) for 1 h,
respectively.
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Fig. 3. Optical transmittance spectra of tin oxide thin
films before and after annealing at 400°, 500° and 600°C
for1h.

In Fig. 4, the variation of o’ versus photon energy is
presented for as-grown and annealed films. The straight-
line portion of the plot is extrapolated to o’ = 0 to
determine the value of E,. As can be seen in Table 1, the
derived E, values increases with the annealing, which
confirms the improvement in tin oxide and formation of
tin-dioxide phase. It should be noted that the optical
bandgap of tin oxide thin films annealed at 400°C
increased from 2.77 to 2.8 ¢V, with no change in film
structure as seen from XRD. This blue shift in bandgap is
in view of the reduction in grain size from ~103 to ~54 nm
of tetragonal SnO phase. By further annealing at ambient
atmosphere, we obtained the bandgap E, = 3.07 eV for the
mixed (SnO + SnO,) phase and E, = 3.38 ¢V for the SnO,
orthorhombic thin films. The reported optical bandgap
value for orthorhombic SnO, thin films falls at ~4.02 eV."*
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Fig. 4. &’ vs photon energy of tin oxide thin films before
and after annealing at 400°, 500° and 600°C for 1 h.

Fig. 5 shows the variation in extinction coefficient (k)
with wavelength for as-grown and annealed films. The
extinction coefficient k has been obtained from o = 4zk//.
It is observed that the value of extinction coefficient
decreases with the annealing. The decrease of k value in
the shorter-wavelength region after annealing improved
the transparency. Such decrease of k indicates weaker
photon absorption by electron transitions in the bandgap
where fewer intermediate defect levels could be present
after annealing. We also believe that the phase change in
tin oxide with annealing affected the changes in the optical
parameters.
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Fig. 5. Extinction Coefficient vs wavelength of tin oxide
thin films before and after annealing at 400, 500 and 600
°C for 1 hr.

Fig. 6 depicts the conductivity values with annealing,
and it is observed that electrical conductivity increases
with the annealing. Subsequently, the transparency also
increases with the increase in annealing temperature. This
transparent conductivity is related to the existence of
shallow donor levels near the conduction band, formed by
a large concentration of oxygen vacancies."” Figure 7
shows the In 6 vs 1/T of as-grown and annealed tin oxide
films. The DC conductivity of the film is given by ¢ = o,
exp (-4E/Kg T), where o is the conductivity, o, is the pre-
exponential factor, AE, is activation energy, T is
temperature, and Kg is the Boltzmann constant. The
activation energy of these films is derived from the slope
of the In 6 vs 1/T and presented in Table 1. It is observed
that the activation energy of the films is 1.97, 0.64, 0.56,
and 0.96 eV for as-grown and 400°, 500°, and 600°C
annealed samples, respectively. It is known that for any
semiconductor, the activation energy decreases with
increasing density of impurities (carriers). It should be
noted that in this work the conductivity increased with an
increase in annealing temperature, whereas the activation
energy shows a decrement at 400°C annealing and further
at 500°C annealing. The decease in activation energy can
be attributed to the increase in carrier density and the
widening of optical bandgap, as discussed earlier. The
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increase in activation energy at 600°C resulted due to the
phase transformation from SnO to SnO, orthorhombic.
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Fig. 6. The dependence of the electrical conductivity of
tin oxide thin films on the annealing temperature.
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Fig. 7. In o vs 1/T of tin oxide thin films before and after
annealing at 400°, 500° and 600°C for 1 h.

4. Summary

Using the electron-beam evaporation method, a stable
tetragonal tin monoxide thin film was prepared. From the
above results and discussion, we found that annealing of
tetragonal tin monoxide thin film at 600° C in atmospheric
pressure can change the phase into orthorhombic tin
dioxide. This change in the phase can be interpreted as a
misfit strain originating at the substrate/thin-film interface.
A series of thermal annealing in air atmosphere showed
the increase in optical bandgap, transparency and
conductivity. The activation energies were 1.97 eV and
0.64 eV for tetragonal SnO and 0.96 eV for orthorhombic

SnO, thin films. This work showed that high pressure is
not a necessary condition for the formation of the
orthorhombic tin dioxide thin films.
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