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bstract

he effect of Sb doping in SnO2 thin films prepared by the sol–gel dip-coating (SGDC) process is investigated. Electronic and structural properties
re evaluated through synchrotron radiation measurements by EXAFS and XANES. These data indicate that antimony is in the oxidation state Sb5+
nd replaces tin atoms (Sn4+), at a grain surface site. Although the substitution yields net free carrier concentration, the electrical conductivity is
ncreased only slightly, because it is reduced by the high grain boundary scattering. The overall picture leads to a shortening of the grain boundary
otential, where oxygen vacancies compensate for oxygen adsorbed species, decreasing the trapped charge at grain boundary.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

In the undoped form, tin dioxide (SnO2) is a wide bandgap
-type semiconductor, due to oxygen vacancies and intersti-
ial tin atoms. When deposited as thin films, this material
s characterized by high optical transmission in the ultravio-
et (UV)–visible range and good electrical conductivity, being
idely used as transparent electrodes in electronic devices.1

nO2 thin film, deposited via sol–gel, is a polycrystalline com-
ination of nanograins and the electrical properties may be
ontrolled by the introduction of doping such as Sb5+ and the
onitoring for oxygen adsorbed species on the surface and

rain boundary.2 Although doping with Sb5+ is an efficient pro-
ess, this procedure is limited by the saturation, which takes
lace about 10 at% of Sb.3 Besides, antimony presents variation
f its oxidation state in the SnO2 matrix (Sb5+ and/or Sb3+),
hich may affect directly the electrical conductivity. If Sb5+

ons replace Sn4+ ions in a substitutional solid solution, they are

upposed to act as donors in the SnO2 matrix.

In this communication, SnO2:Sb colloidal suspensions pre-
ared by sol–gel route were used for thin film deposition by
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ip-coating technique. The variation of structural properties
as been investigated by using synchrotron radiation, through
ANES (X-ray absorption near edge structure) and EXAFS

extended X-ray absorption fine structure) measurements, in
rder to obtain information on Sb oxidation state as well as
he effect of Sb doping in electrical transport properties of trans-
arent SnO2 films.

. Experimental

Colloidal suspensions of Sb-doped SnO2 have been prepared
ith an aqueous solution of Sn4+ (0.5 mol/l) obtained by disso-

ution of SnCl4·5H2O, and an alcoholic solution of Sb obtained
y dissolution of SbF3. The nominal concentration of solu-
ions range from 3.0 to 16.0 at% of Sb. Hydrolysis of Sn4+ and
b3+ ions were promoted by addition of ammonium hydroxide
NH4OH) under stirring with a magnetic bar until pH reaches
1. The suspension was submitted to dialyses against distilled
ater for elimination of chloride and fluoride ions. Films were
eposited by dip-coating with 10 cm/min withdrawal rate, fol-
owed by drying in air by 20 min, and placed in a muffle at 200 ◦C

y 30 min between each of the 10 layers. Then, samples were
red at 550 ◦C by 1 h.

XANES and EXAFS measurements were carried out at room
emperature, at HASYLAB (HAmburg SYnchrotron radiation

mailto:scalvi@fc.unesp.br
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.137
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Fig. 1. (a) Resistivity as function of Sb doping in SnO2 thin films, measured at
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ABoratory) (4.5 GeV, 140 mA) Germany. XANES measure-
ents at Sb L1 edge (4698 eV) were carried out on the E4

tation, using as monochromator a Si (1 1 1) double crystal.
he XANES data for films were recorded in total electron yield
etection mode using the detector developed by Tourillon et al.4

ANES spectra were normalized far from the edge (∼4750 eV)
nd analyzed in comparison to Sb2O3 and FeSbO4 references
o determine the Sb oxidation in the Sb-doped SnO2 thin films.
XAFS data were recorded at Sb K edge (30491 eV) and Sn K
dge (29200 eV) of ROMO II station at HASYLAB, equipped
ith a Si (3 1 1) double crystal monochromator which was set to
0% in order to eliminate higher harmonics. Sn K edge data were
ecorded in transmission mode over 1200 eV with 2 eV energy
teps. Sb K edge EXAFS spectra were measured in fluorescence
ode using a solid state Ge monoelement detector over 1000 eV
ith 2 eV energy steps. Sn K edge EXAFS oscillations were

nalysed according to the procedure fully described elsewhere5

sing the EXAFS98 and ROUND Midnight programs6.
For electrical measurements, In electrodes have been evap-

rated on the samples by an Edwards evaporator system and
nnealed to 150 ◦C by 20 min. Low temperature data were
btained in an Air Product Cryostat that controls temperature
n the range 25–300 K within 0.05 K of precision.

. Results–discussion

Fig. 1(a) shows a plot of electrical resistivity as function of Sb
oping for several temperatures of SnO2 thin films. The overall
ffect of doping is to decrease the resistivity as the concentration
f Sb doping increases until the saturation is reached, which is
bout 10%.3 Therefore, the sample with 9 at% of Sb presents
he overall lower resistivity. However this resistivity is still
igh in comparison to films deposited by similar procedures.1,7

hese data raises several possibilities: (i) the doping is not being
ompletely incorporated into the sample, (ii) the Sb doping is
referentially in the Sb3+ state, instead of Sb5+ (donor), giving
irth to a high charge compensation and (iii) these films present
very low electron mobility.

L1 Sb XANES data for Sb-doped films are compared in
ig. 1(b) with XANES data for reference compounds. In the
b2O3 and the FeSbO4 compounds, the antimony presents Sb3+

nd Sb5+ oxidation sates, respectively. The spectra present max-
ma at 4703 and 4707 eV for Sb2O3 and FeSbO4, respectively.
hen the peak about 4707 eV, observed for Sb-doped film indi-
ates an oxidation state of Sb5+.8

XANES data obtained for thin films evidence the donor
ature of Sb5+, which rules out hypothesis (ii). Results of reflec-
ion in the near infrared9 show that Drude’s theory applies, which

eans a carrier concentration is as high as 1020 cm−3. It assures
hat there is enough free electrons to lead to a highly degenerate
emiconductor. All of these data lead us to investigate hypothesis
iii) carefully.

The influence of adding antimony to SnO2 matrix was inves-

igated by EXAFS at Sn K edge. The first peak (1 < R < 2.2 Å) of
ourier transform of EXAFS shown in Fig. 2(a) is related to the
rst oxygen coordination shell around tin atoms (Sn–O) and the
econd peak is related to Sn–Sn (3.19 Å), Sn–Sn (3.72 Å) and

s
F
a

everal temperatures (lines are drawn only as a guide to the eyes). (b) XANES
ata for references compounds and Sb-doped SnO2 thin films. Sb2O3 presents
xidation state Sb3+ and FeSbO4, oxidation state Sb5+.

n–O (3.58 Å) contributions of the second tin nearest neighbor.
he decrease of the second peak for the films compared to the
rystalline SnO2 powdered reference is due to the nanometer
cale of crystallites in the films. The smaller the crystallite, the
ewer neighbors are present at the second coordination shell (Sn-
n), and, thus, the second peak in the Fourier transform (FT) of
XAFS signal is lower. It can be noticed in Fig. 2(a) that the

ncrease of antimony concentration does not change the intensity
f the first oxygen contribution indicating that the first coordina-
ion shell of oxygen remains essentially invariant upon doping.
mall differences in intensity can be observed in Fig. 2(a) for

he second peak, in particular higher intensities are observed
or the second maximum of this peak when Sb is added. This
hange can be related either to an increase of the crystallite size
nd/or to a decrease of the disorder inside the crystallite. In the
atter case, it should be observed a decrease of the Debye–Waller
actor.
Table 1 presents structural parameters obtained by a least-
quares fitting procedure to simulate the first two peaks of the
T displayed in Fig. 2(a). It is clearly seen that the increase in the
ntimony concentration does not change the number of oxygen
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Fig. 2. (a) Fourier transforms of EXAFS signal at Sn K edge for films prepared
with different Sb loadings compared to a crystalline SnO2 reference. (b) Fourier
transform of EXAFS signal at Sb K edge for SnO2:9%Sb thin film.
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Table 1
Structural parameters determined from least-square fitting of the first two peaks of th

Sample Number of
neighbors N,
and type

Debye–Wal
factor, σ (Å

Crystalline
reference SnO2

6 O 0.05
2 Sn 0.04
8 Sn 0.05
4 O 0.20

Undoped film 5.8 O 0.07
1.7 Sn 0.06
5.9 Sn 0.08
4.0 0 0.18

SnO2:4%Sb 5.8 O 0.07
1.7 Sn 0.06
6.5 Sn 0.08
4.0 O 0.12

SnO2:9%Sb 5.7 O 0.07
1.8 Sn 0.07
6.3 Sn 0.08
4.0 O 0.16

Accuracy in the determination is 10% for N, 20% for σ and 1% for R.
eramic Society 27 (2007) 4265–4268 4267

f the first coordination shell of Sn. The overall effect of addition
f antimony is an increase of the coordination numbers for the tin
econd neighbors located at 3.73 Å, the Debye–Waller factors for
he tin contributions being essentially identical. This indicates
hat the addition of Sb gives rise to a small increase of the size of
he SnO2 crystallite. The error bar on the size estimated for larger
rystallites from coordination numbers determined by EXAFS
ncreases with the size of the crystallite, which means particle
ize is estimated as 5 ± 2 nm.

Fourier transform of EXAFS signal at Sb K edge for a
%Sb-doped SnO2 thin film is presented in Fig. 2(b). The very
imilar shape of FT obtained at both K edges for the same
lm suggests that Sb doping ions enter into the lattice substi-

utional to Sn atoms. Data fitting of Sb K edge EXAFS data
or SnO2:9%Sb can be summarized as follows: number of first
xygen neighbors: 5.0 ± 0.5, degree of disorder of the system
Debye–Waller factor): 0.09 ± 0.02 Å, distance between Sb–O
toms: 2.02 ± 0.02Å. It is noteworthy that the Sb-O distance in
rst coordination shell of doping is about 2% shorter than the
n–O distance in the SnO2 structure.

Using the procedure already used and described for Cu-
oped xerogels10, we have calculated by FeFF7 the theoretical
XAFS spectra of different possible substitutional sites for
ntimony in SnO2 lattice taking into account the structural
ontraction of 3% for the first oxygen coordination shell around
b. No contraction of distances has been considered for Sn and
atoms located at larger distances and the same Debye–Waller

actor for all the paths involved in the considered cluster, equal
o 0.07 Å, has been set. Fig. 3 compares the experimental
ignal of SnO2:9%Sb film with theoretical EXAFS data when

4+
ntimony gets into several distinct sites, substitutional to Sn
ons. The best agreement between experiment and theory for the
χ(k) signal is apparently obtained for Sb located at sites g and
.10 Nevertheless the comparison of Fourier transforms of the

e Fourier transforms of EXAFS signal at Sn K edge in Fig. 2(a)

ler
)

Interatomic
distance R (Å)

Agreement factor
ρ (%)

2.06 1.03
3.21
3.74
3.57
2.06 0.55
3.21
3.74
3.65
2.07 3.07
3.22
3.75
3.63
2.05 0.44
3.20
3.72
3.59
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Fig. 3. (a) EXAFS signal at Sb K edge for SnO2:9%Sb thin film, compared
to theoretical calculation (FEFF program), according to Sb position at several
d
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istinct sites. Details on sites a, c–e and g can be found in Ref. [10]. Inset: Fourier
ransform of EXAFS signal and theoretical EXAFS by sites g and e.

χ(k) signals for Sb impurity located at these two sites (g and e)
ndoubtedly addresses the site e (at cluster surface) as the best
ne. These results indicate that Sb enters into the lattice substi-
utional to Sn4+ and, moreover, the preferential site is located
t grain surface. As concluded from XANES measurements
Fig. 2) the antimony presents +5 oxidation state in these films,
roviding the conclusion that Sb5+ substitutes Sn4+ in the SnO2
attice, yielding more free electrons and then, doping contribu-
ion is the improving of electrical conductivity. However, the
alculation leading to Sb at an e-like site, located at the SnO2
luster surface, suggests also that besides substitutional position
n the lattice, the impurity is also located preferentially close to
rain surface. Finally it is important to stress that the substitution
f Sn4+ by Sb5+ gives rise to oxygen vacancies inside the SnO2
rystallites, which are located in the neighborhood of antimony
ince the average coordination of Sb is five-fold in spite of six-
old for Sn. The location of Sb close to the grain surface could
xplain that Sn K edge data are less sensitive to the presence of
xygen vacancies. But it appears from the Sb K edge data that
b acts as a better probe in the SnO2 crystallite to detect oxygen
acancy.

The picture drawn by the combination of results presented so
ar can be summarized as follow: highly doped SnO2 thin films
ith nanoscopic grains present the doping in the Sb5+ oxida-

ion state, which is located into the lattice substituting to Sn4+,
referentially at grain boundary layer. In addition, the Sb dop-
ng leads to an increase in the oxygen vacancy concentration,
hat helps to improve the free carrier concentration. Consider-

ng only the charge carriers contribution, the sample should have
ts resistivity substantially decreased by the high doping. How-
ver this is not observed. This picture is consistent with very low
lectron mobility due to grain boundary scattering associated to

he nanocopic grain size. Then, the slight increase in the con-
uctivity with doping concentration is due to oxygen vacancies
urrounding Sb5+ ions, located at grain boundary layer, since
t compensates for the adsorbed species and the overall result

1

eramic Society 27 (2007) 4265–4268

s a decrease of the potential barrier, what increases the charge
arrier mobility.

. Conclusion

XANES data indicate that the antimony atoms are in the oxi-
ation state +5. The ab initio simulation of experimental EXAFS
t Sb K edge evidences the presence of antimony atoms in a sub-
tational site located at grain boundary surface region, which
ust influence the intergrain charge potential barrier. Besides,

he increasing of Sb concentration also increases the oxygen
acancy concentration. Small grains imply in a higher amount
f grains and higher grain boundary scattering, which means a
ery low mobility, even though the free carrier concentration
s high. Film mobility is slightly increased due to Sb doping,
elated with lowering of grain boundary potential barrier, due to
educing trapped charge by interaction with oxygen vacancies.
he general effect is to increase the film conductivity with Sb
oping concentration.
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