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a b s t r a c t

Co-doped SnO2 TCOs were prepared by spray pyrolysis technique and the influence of N2-

and Ar-ambient annealing on their structural, electrical and optical properties was

studied. XRD results show that all samples become single phase after post-annealing

treatments. In addition, the Co-doped films exhibit a faceting characteristic that is

conserved after the post-annealing treatments. Analysis of the XRD patterns shows that

the size of crystallite decreases with increasing microstrain and both of them reach

extremum at about 20 at% doping level. Electrical measurements demonstrate gradual

increase in resistivity with increasing doping level. The annealing causes increase in the

electrical resistivity of the cobalt-doped samples. About 40% of this increase should be due

to penetration of nitrogen ions within the rutile structure and the remaining 60% may be

attributed to the structural and compositional relaxations. The optical spectra show that

transparency of the samples in the visible region decreases between 10% and 40% with

increasing cobalt content. Although transparency of the samples at lower than 30 at%

doping level slightly increases after post-annealing treatments, this increase is compen-

sated for by compositional relaxations in the samples with more cobalt content. The band

gap energies are increased by about 1.5% by post annealing treatment.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

SnO2 is a wide-band-gap semiconductor with band-
width Eg=3.6–4.2 eV. In addition to excellent optical
transparency, it is very stable chemically [1–13]. It is
known that electrical resistivity of thin films of SnO2

depends on concentration of oxygen vacancies within their
rutile crystal structure (S.G. P4/nmm) [14]. During the last
decade, large attention has been paid to tuning of oxygen
vacancies by doping various metallic elements, changing
the deposition technique and annealing at certain atmo-
spheres [15–19]. Previous results show that substitution of
a few percent of Sn4 + ions by Co2 + affects concentrations of
oxygen vacancies and charge carriers. Ogale et al. [12]
prepared Co-doped SnO2 films by pulsed laser technique,

which leads to room temperature ferromagnetism with a
Curie temperature (TC) as high as 650 K. Remarkably, at low
doping concentration, a giant magnetic moment of
7.570.5 mB/Co was also observed, which has not been
seen in any DMS system thus far [20,21]. Hence SnO2:Co
films are potentially interesting DMSs for application in
new spintronic and magneto-optic devices.

In this work, Co-doped SnO2 films with various doping
levels have been deposited using the spray pyrolysis
technique. Then the structural, electrical and optical prop-
erties of the prepared samples have been studied. In the
study of SnO2 crystallites, (1 1 0), (1 0 1) and (1 0 0) are
recognized as three significant crystallographic planes.
Previous theoretical and experimental results indicate that
(1 1 0) plane has the lowest surface energy and thus
stability [22]. Surface energy, which is the characteristic
parameter of the faceting behavior of SnO2 polycrystals,
depends on the chemical potential of oxygen and its
deviation from surface stoichiometry. Considering that
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the chemical stoichiometry of planes is affected by the
deposition method and post-annealing of the deposited
films at certain atmospheres, we expect that the faceting
behavior of the Co-doped SnO2 samples may be controlled
by changing these parameters. Therefore, the effects of N2-
and Ar-ambient annealing on the faceting, electrical and
optical properties of Co-doped SnO2 films are studied.

2. Experimental

2.1. Material preparation and deposition of films

The undoped SnO2 thin films were deposited using an
aqueous ethanol solution including SnCl2 �2 H2O, H2O and
CH3CH2OH with the same weight percentage (1:1:1) and a
few ml of hydrochloric acid by the spray pyrolysis techni-
que. Also, Co-doped SnO2 films have been prepared using 0,
2, 4, 8, 10, 12 and 14 wt% of CoCl2 �6H2O, which were added
to the initial solution without any changes in the clarity of
the solution. The spray solution compositions and atomic
concentration ratios in the prepared solutions are given in
Table 1.

Firstly, for deposition of films, glass substrates (com-
mercial glass substrates with 1 mm thickness and
25�75 mm2 dimensions) were cleaned and placed on a
hot plate. The hot plate temperature was kept in the range
480�500 1C, which is known to be optimal for the forma-
tion of SnO2 films. After reaching 500 1C, the solution was
sprayed on the hot glass substrates under the following
conditions: carrier-gas-pressure (O2), 1.7–2 atm; flow rate
of solution 14 ml/min;, solution volume, 10 cm3 and
substrate–nozzle distance, 45 cm. All samples were pre-
pared at almost the same conditions. The metallic salt
solution, when sprayed onto a hot substrate pyrolitically it
decomposes, and a chemical reaction takes place on the
heated substrate and at least a thin layer of SnO2 (undoped
or doped) is deposited. Thin films of about 0.4 mm thickness
are prepared in this manner as estimated by SEM micro-
graphs and optical method. After deposition, the original
thin samples were cut into 13�26 mm2 dimensions and
four similar series of the Co-doped SnO2 films were
prepared for executing post-annealing treatments. Below,
we will refer to each one of these series in the following
manner. SnO2:Co transparent conducting films prepared
with different Co concentrations: (Series 1) as-deposited,
(Series 2) annealed in a quartz tube furnace at 550 1C in Ar
for 5 h, (Series 3) annealed at 550 1C in N2 atmospheres for

5 h and (Series 4) annealed at 550 1C in Ar for 5 h followed
by N2 for 5 h.

2.2. Structural

Step scanned powder X-ray diffraction (XRD) of
undoped and Co-doped SnO2 films were performed at
room temperature in a D8 Advance Bruker system using
Cu Ka (l=0.154056 nm) radiation. Phase analysis of the
samples was performed based on the XRD patterns. The
information on microstrain (es) and crystallite size (D) of
the deposited films have been obtained from the full width
at half maximum (FWHM) of the diffraction peaks (b) via
the Williamson–Hall relation [23]

bcosy
l
¼

1

D
þ
es siny

l
ð1Þ

Lattice parameter refinements were performed using
CELREF software from LMGP Institute (Grenoble, France).

2.3. Electrical

Electrical measurements consisting of resistivity, car-
rier concentration and mobility determination were con-
ducted via the Van der Pauw method [24]. In addition,
Seebeck’s effect measurements were performed for iden-
tification of the carrier type.

2.4. Optical

Absorption coefficient is a suitable quantity for studying
band gap energy. Optical transmission and absorption
spectra of the Co-doped SnO2 films between 200 and
1000 nm wave lengths have been recorded at room tem-
perature using a HP-UV–vis system (Agilent 8453, model).
For estimating band gap, the optical absorption coefficient
(a(l)) was calculated from the absorption spectra (A(l))
using the following equation:

aðlÞ ¼ 2:303
AðlÞ

t
ð2Þ

where t is the thickness of the deposited film. Considering
that the following relation holds between the optical
absorption coefficient, a(l), and the optical band gap
energy of a direct band gap semiconductor [25]

ðahnÞ ¼ Bðhn�EgÞ
1=2

ð3Þ

where B is an energy-independent constant, Band gap
energy of the samples is estimated by extrapolating the
linear part of (ahn)2 vs. hn plots.

3. Results and discussion

The XRD patterns of the samples are shown in Fig. 1. It is clear that the

as-deposited samples are finely polycrystalline and some of the Co-doped

films are predominantly oriented. This preferential orientation and

faceting behaviors can be observed in Fig. 2, where the normalized

intensities of the (1 1 0), (1 0 1), (2 0 0) and (2 1 1) Brag peaks are plotted

as a function of cobalt content for the series 1 samples. Comparative

analysis of the XRD patterns indicates that the faceting characteristics are

conserved after post annealing treatments. It is clear that the ratio of the

intensity of (2 0 0) diffraction peaks considerably increases with con-

centration of Co impurities increasing to 25 at%. Analyses of these results

Table 1
Composition of the Co-doped SnO2 solutions.

CoCl2
. 6H2O

(wt% in
solution)

SnCl2
. 2H2O

(M)
CoCl2

. 6H2O
(M)

[Co]/[Sn]
(at% in
solution)

0 14.6 0 0

2 14.6 0.73 5

4 14.6 1.46 10

8 14.6 2.92 20

10 14.6 3.65 25

12 14.6 4.30 30

14 14.6 5.11 35
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show the faceting of films along tetragonal a-axis, especially for the

samples with 20 and 25 at% impurity levels. The preferential alignment

usually originates from the strains created during deposition of films,

which are a function of deposition parameters such as substrate tem-

perature and deposition rate [15]. Here, the observed faceting can be

attributed to the decrease in surface energy density of the (2 0 0) plane

with respect to that of (1 1 0) after partial substitution of Sn by Co [22].

Comparison of the sharpnesses of diffraction peaks of the undoped films

indicates that intensity of (1 1 0) peak considerably increases with

annealing in N2 ambient but intensity of the (2 0 0) peak of the Co-doped

films decreases, while Ar ambient has no such effect. This indicates that

the Co-doped films become poor in crystallinity by N2-ambient annealing.

There is no appreciable peaks shift in films beyond the 20 at% doping

level. This suggested that most Co atoms are not in the SnO2 lattice beyond

the 20 at% doping level. As shown in Fig. 1, some additional peaks appear

in the XRD pattern in the series 1 sample with more than 20 at% doping

level. These additional peaks correspond to the standard diffraction

pattern of Co2SnO4 and Co3O4 phases with cubic structures. The presence

of such phases is also reported in Zn1�xCoxO [26] and Sn1�xCoxO2 [27]

samples, which may affect the structural, electrical and optical properties

of the studied samples. The unwanted phases considerably decrease after

annealing and all the annealed samples seem to be of single phase.

The derived rutile lattice parameters of the series 1 sample are given in

Fig. 3. This figure shows that the ‘a’ and ‘V’ parameters of the tetragonal

unit cell decrease with increasing cobalt content, while the ‘c’ parameter

passes through a minimum for 20 at% doping level. The calculated lattice

parameters of the annealed samples exhibit similar behavior as well. It is

well known that the ionic radius of Co3 + (0.63 Å) is small, while the ionic

radius of Co2 + (0.72 Å) is greater than that of Sn4+ (0.71 Å) [28]. Therefore,

decreases in a and V are a natural consequence of the substitution of Co3 +

ions instead of Sn4+ in the SnO2 rutile structure. In addition, Fig. 1 shows a

shift of peaks towards the lower diffraction angle in films after annealing

in N2 and Ar, which may be due to the chemisorptions of N2 on the surfaces

of films after annealing in N2. Ogale et. al. [12] reported such a shift in Co-

doped SnO2 films after annealing in Ar.

In addition, the observed increase in full width at half maximum

(FWHM) of the XRD peaks with increasing Co content indicates possible

changes in the crystallite size and microstrains. The crystallite sizes and

microstrains have been calculated based on the (1 1 0), (2 0 0) and (1 0 1)

Brag peaks in the XRD patterns (Fig. 4). These results show that the size of

the crystallite decreases with increasing microstrain (and conversely),

and both of them reach extremum at about 20 at% doping level. In fact, a

minimum of the c parameter is accompanied by the minimum size of

crystallites and the maximum value of microstrains. So, one may attribute

the abnormal minimum in the c lattice parameter to increase in

introduced stress after substitution of Sn by Co in the rutile structure.

Also, decrease in the microstrains below 20 at% doping level is compen-

sated for by the formation of Co2SnO4 and Co3O4 unwanted phases in the

Fig. 1. XRD patterns of SnO2:Co transparent conducting films prepared

with different Co concentrations: (a) as-deposited, (b) annealed at 550 1C

in Ar for 5 h, (c) annealed at 550 1C in N2 atmospheres for 5 h and (d)

annealed at 550 1C in Ar followed by N2 for 5 h. The XRD pattern of Co3O4 is

also given on the top of figure.

Fig. 2. Normalized intensity of the (1 1 0), (1 0 1), (2 0 0) and (2 1 1) Brag

peaks of series 1 samples vs. Co/Sn atomic ratio. Normalized intensities

were deduced by dividing the intensity of each peak by the sum of

intensities of all the 4 peaks. Also, normalized intensities in the standard

pattern of SnO2 powder have been represented on the left hand side of the

figure by appropriate symbols.
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series 1 samples. Comparison of the sharpnesses of diffraction peaks of the

undoped films indicate that the size of crystallites considerably increases

with annealing in N2 ambient, while Ar ambient has no such effect. The

crystal sizes were nearly the same in Co-doped films before and after

annealing in N2 and Ar.

Results of the electrical measurements exhibit a gradual increase in

resistivity with cobalt additives for series 1 (Table 2). Also, the carrier

concentration decreases with increasing Co content to 20 at%, and then

remains approximately constant with additional doping level. The

decrease in n-type carrier concentration can be attributed to the

substitution of Sn4 + by smaller Co3+ in the rutile unit cell. Although by

this trend, one may expect the type of carriers to gradually change from

n� to p+ with increase in doping level, the results of the Seebeck’s

measurements emphasize the presence of n-type carriers in all studied

samples. This can be explained considering that the XRD patterns show

the complete penetration of Co atoms within crystal structure of SnO2

only for lower than 20 at% doping levels. Therefore, increase in resistivity,

only for lower than 20 at% doping levels, can be explained as due to

decreasing carrier concentration. Increase in resistivity beyond 20 at% Co

could be due to additional impurity phases, e.g. Co3O4 and Co2SnO4.

Results of electrical measurements after annealing are shown in Fig. 5.

Resistivity of the undoped film decreases with annealing in N2. When the

SnO2 film is annealed in N2, N2 gas is likely to react with the top oxygen

layer of the film to produce NOx and create oxygen vacancies [29]. Also, it

is clear that the N2- and Ar-ambient annealings cause increase in electrical

resistivity of the cobalt-doped samples and this increase is mostly a

function of the annealing duration. In addition, comparison of the effects

of N2- and Ar-ambient annealings on resistivity indicates that about 40% of

this increase is due to penetration of the nitrogen ions within the rutile

structure. Structural and compositional relaxations should be origins of

the remaining 60% of the increase in resistivity. Increase in the resistivity

of Co-doped SnO2 films is also reported in Co-doped SnO2 [12] films in Ar-

ambient annealing. Resistivity r is proportional to the reciprocal of the

product of carrier concentration n and mobility m. Nitrogen was chemi-

sorbed readily as an acceptor on the Co-doped SnO2 surface and into the

pores of the films, which decreased the electron concentration in the films

due to poor crystallinity of Co-doped films by N2-ambient annealing.

Variation in mobility in terms of carrier concentration is due to a

combination of ionized impurity and grain boundary scattering mechan-

isms, where the former seems to be dominated [30,31].

The optical transmittance of the samples at the typical 600 nm

wavelength is shown in Fig. 6. These results show that transparency in

the visible region decreases between 10% and 40% by increasing cobalt

content. Otherwise, transparency of the samples with lower than 10 wt%

doping level is slightly increased after post annealing treatments. How-

ever, this increase is compensated for by compositional relaxations in the

samples with more cobalt content. The observed increase may be ascribed

to the decrease in surface defects due to post annealing treatments [32].

The derived band gap energies are shown in Fig. 7, which in all

samples become minimized at about 10 at% doping level. This behavior is

comparable to that found in thin films with minimum band gap [26].

However, these energies are increased somewhat in the films with post-

annealing treatment, which may be attributed to defect concentration and

crystalline perfection.

Fig. 3. Variation in crystal lattice parameters of series 1 samples vs. Co/Sn

atomic ratio.

Fig. 4. Crystallite sizes and microstrains calculated based on the (1 1 0),

(2 0 0) and (1 0 1) Brag peaks in the XRD patterns of series 1 samples vs.

Co/Sn atomic ratio.

Table 2
Resistivity (r), carrier concentration (n) and Seebeck’s coefficient (a) of

the series 1 samples.

Sample
(at%)

Thickness
(nm)

q (X cm) n�1016

(cm�3)
a (lV/K)

0 �400 0.025 �766.00 �140

5 �400 2.32 �1.27 �75

10 �400 4.23 �0.77 �60

20 �400 5.12 �0.59 �50

25 �400 16.50 �0.69 �50

30 �400 25.00 �0.67 �55

35 �400 28.10 �0.64 �65

Fig. 5. Electrical resistivity of SnO2:Co transparent conducting films

prepared with different Co concentrations: (a) as-deposited, (b) annealed

at 550 1C in Ar, (c) in N2 atmospheres for 5 h and (d) in Ar followed by N2

for 5 h.
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4. Summary

Co-doped SnO2 TCOs were prepared by spray pyrolysis
technique and the influence of N2- and Ar-ambient annealing
on their structural, electrical and optical properties was
studied. XRD patterns show that some of the Co-doped films
exhibit a faceting characteristic that is conserved after post-
annealing treatments. This faceting is attributed to the
decrease in the surface energy density of the (2 0 0) plane
with respect to that of (1 1 0) after substitution of Sn by Co.
Analysis of the XRD patterns show that the size of crystallite
decreases with increase in microstrain and both of them
reach extremum at about 20 at% doping level. In addition, a

and V parameters of the tetragonal unit cell decrease
with increasing impurity content, while c parameter
passes through a minimum at 20 at% impurity level. Electrical

measurements demonstrate gradual increase in the resistiv-
ity with increasing doping level. Annealing causes increase in
the electrical resistivity of the cobalt-doped samples and this
increase is mostly a function of the annealing duration. About
40% of this increase should be due to penetration of the
nitrogen ions within the rutile structure and the remaining
60% may be attributed to the structural and compositional
relaxations. The optical spectra show that the transparency of
the samples in the visible region decreases between 10% and
40% with increasing cobalt content. However, transparency of
the samples with lower than 30 at% doping level slightly
increases after post annealing treatments. The band gap
energies are minimized at about 10 at% doping level, while
these are increased somewhat with post-annealing treat-
ment. The observed band gap variations may be attributed to
defect concentration and crystalline perfection.
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Fig. 6. Optical transmittance of SnO2:Co transparent conducting films

prepared with different Co concentrations: (a) as-deposited, (b) annealed

at 550 1C in Ar, (c) in N2 atmospheres for 5 h and (d) in Ar followed by N2

for 5 h.

Fig. 7. Variations in the band gap energy of SnO2:Co transparent con-

ducting films prepared with different Co concentrations: (a) as-deposited,

(b) annealed at 550 1C in Ar, (c) in N2 atmospheres for 5 h and (d) in Ar

followed by N2 for 5 h.
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