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Abstract: A series of nanocrystalline SnO2 powders, doped with different Sb contents, were synthesized by route

of alkoxides hydrolysis using SnCls * 5SH20 and SbCls as starting materials and calcined at different temperatures.

The microstructure and morphology of samples are investigated by XRD and TEM, the valence state changes of Sb

in SnO:2 crystal lattice is detected by M 0ssbauer spectroscopy and XPS. The resistivity of powders is examined with a

mould of inside diameter d= 10 mm at a constant pressure. The results show that lightly-doping Sb is effective

means of semiconducting of nanocrystalline Sn0O2. The ratio of Sb™ to Sh* decreases with increasing Sb content in

SnO:2 crystal lattices and calcination temperature. The XPS diffraction confirms the same result as M 0ssbauer spec-

troscopy.
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1 INTRODUCTION

Sn0O2 has non-stoichiometric structure and its
conductivity critically originates from oxygen va-
cancies in itself, but the content of oxygen vacan-
cies in materials is usually difficult to control.
Doped SnO2 with Sb, Mo and F is often available
for applications to various areas such as displays,
electrochromic windows, gas sensors, catalysts,
rechargeable Li batteries and optical electronic de-
vices'"". Specially Sb is the best dopant, because
SnO: is of the preferable conductivity and transpar-
ency in visible light wavelength range after doped
with Sh'* ® ),

According to semiconductor physics it is well
known that the conductivity of SnO2 depends on
the concentration of charge carries and their mobil-
ity in the case of Sb doping. The concentration and
mobility of charge carries depend respectively on
the content of Sb and scattering of charge carries in
crystal lattice of SnO2. If Sb exists in form of
Sb203, Sn0O2 doped with Sb should be a P-type
semiconductor. But the measurements of Hall
mobility confirms that SnO2 doped with Sb is a N-
type semiconductor. This problem has been stud-
ied in many literatures to explain the above phe-
nomena, where two species of Sb valence state ex-
ist in crystal lattice of SnO2 doped with Sb which
transform to each other under different condr
tion''™ """, Despite the clear knowledge about coex-
isting of Sb™ and Sb™ in crystal lattice of Sn0O»

doped with Sb, there still exists uncertainties of
semiconducting mechanism of SnO: and its effect
factors yet, specially the transforming rule of Sb
valence state. The advantages of the route of
alkoxides hydrolysis is that doping Sb is incorpo-
rated homogeneously into crystal lattice of SnO2,
and the synthesized materials by the method of
alkoxides hydrolysis will provide more precise in-
formation of valence state about Sb in crystal lat-
tice of SnO: than these by mechanical mixture
methods. The aim of this work is to investigate
semiconduting mechanism and its influence factors
of nanocrystalline SnO2 powder synthesized by
alkoxides hydrolysis.

2 EXPERIMENTAL

2.1 Synthesis of nanocrystalline SnO: doped with
Sb

All the chemical reagents used in the experi-

ments were of analytical grade, they were SnCls *

5H20, SbCls, isopropyl alcohol [ (CH3)2CHOH],
ammonia ( NHsOH). Ration SnCls * 5H.0 and
SbCls were dissolved in 300 mL isopropyl alcohol
respectively according to 1%, 3%, 7%, 12% and
17% ( mole fraction) Sb and solution was reflowed
and stirred at 78 C for 16 h. The solution was cen-
trifuged and the white solid precipitates was re
moved. Transparent Sn alkoxides was hydrolyzed
at 60 C using 1 mol/ L. ammonia as additive agent
till the pH value of final solution is 3. 0. At this
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point the heater was turned off and the solution
obtained was stirred continuously for 2 h. The sol
was aged for 72 h at room temperature, washed
with deionized water, and dried in an oven at 80 C
for 10 h. The dry sol was ground and sol powders
was calcined in an open ceramic crucible at differ-
ent temperature respectively for 2 h in atmosphere.
Blue Sn0O2 doped with Sb powders was obtained af-
ter ground.

2.2 Analysis of XRD, Modssbauer spectroscope,
XPS and resistivity

Powder XRD data was carried out with a
Rigaku D/ max-RB diffractometer with Cu K. radi-
ation ( &= 0. 154 18 nm). The sample was scanned
from 1. 2° to 10° and 20° to 80° in step of 0.02°.
The mean crystalline sizes of powders examined
from XRD diffraction peaks based on the Scherre e
quation: D= kX (Bcos), where D is mean crystal-
lite sizes of powder; k is a constant, 0. 89; Ais
wavelength of X-ray; 0is diffraction angle and B is
the true half-peak width of diffraction peak. The
"*'Sh Méssbauer spectroscope were recorded at 12
K for detecting the oxidation state of Sb in the
samples. XPS measurements were performed with
the Al Kq line. The resolution of apparatus has
been fixed to 0.5 eV. The resistivity of powders
was examined with a mould of inside diameter of 10
mm at a constant pressure.

3 RESULTS AND DISCUSSION

3.1 Microstructure and resistivity of powders

Fig. 1(a) shows the XRD patterns of the sam-
ples doped with different contents of Sb respective-
ly and calcined at 600 C. It shows that crystal
structure of nanocrystalline SnO2 powders is a tet-
ragonal rutile structure and no precipitates of Sb
oxides is detected in the samples doped with 1% ~
12% Sb( mole fraction, the same below). But the
diffraction peak of Sbh.03 is found in the samples
doped with 17% Sb. The solubility of Sb in SnO2 is
less than 17%, doping elements Sb replaces tin i
ons in the SnO: lattice and the powders become a
substitutive solid solution. Diffraction lines are
considerably broadened with increasing Sb con-
tent, and the line broadening indicates that the
mean crystalline sizes of powders reduces after
doped with Sb. The average crystalline sizes of
powders doped with 1%, 3%, 7%, 12% and 17%
Sb which are calculated from XRD diffraction
peaks based on the Scherre equation are respective
ly 15.4, 9.3, 7.2, 6.6 and 8. 9 nm. Fig. 1(b)
shows XRD patterns of the samples doped with 3%
Sb which is calcined at different temperatures re-
spectively. At 100 and 300 C the degree of pow-
ders crystallization is incompleteness and the dif-

fraction peaks are not sharp. Up to 600 C diffrac
tion lines are narrowed with increasing calcinations
temperature, which indicates the increasing crys-
talline sizes of powders calcined at higher tempera-
ture. The average crystalline sizes of powders cal-
cined at 600, 900 and 1 200 ‘C which are calculated
from XRD diffraction peaks based on the Scherre e
quation are 12.5, 28.7 and 42. 3 nm. This results
correspond to that of TEM as shown in Fig. 2,
which shows that the mean crystalline sizes of
powders increase with increasing calcinations tem-
perature.
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Fig.1 XRD patterns of nanocrystalline
Sn0: samples (a) doped with different
mole fraction of Sb samples calcined at 600 C,
and SnO2 sample with 3% Sb calcined at

different temperatures
(Arrowheads denote diffraction peaks of Sbh203)

Fig. 3 shows the dependence of resistivity of
powders on Sb content and calcination tempera-
ture. They reveal that resistivity of powders de-
creases with increasing Sb content in lightly-doping
range and at a Sb content of 3. 5% it reaches a min-
imum, whereafter it begins to increase with in-
creasing Sb content in heavily-doping range. The
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Fig.2 TEM images of ATO nanocrystalline
calcined at 600 C(a) and 1200 ‘C(b)

resistivity of powders doped with 3% Sb decreases
with increasing calcination temperature and reaches
a minimum at about 600 ‘C, then increases with in-
creasing calcinations temperature. These changes
are related to changes of valence state of Sb in
crystal lattice of Sn0,'"™> ™,

3.2 Changes of Sb valence state and relation with
resistivity of powders

Fig. 4 shows '"'Sb Mossbhauer spectroscope
patterns of samples doped with different Sb con-
tent, there are broad asymmetric peaks at around
12 mm/s and narrow symmetric peaks at 0 mm/ s in
spectroscope patterns, they correspond respective
ly to Sb™ and Sb™ . The mole ratio of each va-
lence state is equal to the peak area ratio of its
curve in M 0ssbauer spectroscope. Based on relative
areas of both peaks, the mole ratio of Sb>* to Sb™
in samples with different Sb contents are calculated
respectively, relation curve of the Sb™ to Sb* and
Sbh content are presented in Fig. 3. It shows that
the values of the mole ratio of Sb™ to Sb™ decrea-
ses with increasing Sb content. The values of the
mole ratio of Sb>* to Sb* in lightly-doped range is
larger than that in heavily-doped range, where
there is no inflexion in the curve. But there is a
inflexion in Fig. 3 for the resistivity dependence of
Sb content, the resistivity of powders has a mini-

100 300 600 %00 1200
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Fig. 3 Dependence of resistivity on
Sb content and calcination temperature

mum values. If we take the relative content of
Sb’* and absolute content of donor in crystal lat-
tice of SnO7 into account, this difference can be ex-
plained by two reasons: firstly, although the val-
ues of the mole ratio of Sb™ to Sb™ in lightly-do-
ping range is larger than that in heavily-doping
range, the absolute content of donors which origi-
nates from Sb’* is low due to low Sb content and
the resistivity of samples is relatively large. With
increasing Sb content the absolute content of do-
nors increases and the resistivity of samples decrea-
ses; secondly the larger the Sb content is the less
the values of the mole ratio of Sb™ to Sb** . The
absolute content of donors which originates from
Sb’* does not increase as quickly as that of Sb’ .
At the same time, that more Sb™ is incorporated
into crystal lattice of SnO2 causes malformation.
The scatter of carrier is enhanced and its mobility
is reduced. The appearance of resistivity minimum
is due to the fact that the absolute content of do-
nors originating from Sb>* increases in lightly-do-
ping range and the carrier is scattered by malfor-
mation of crystal lattice in heavily-doping range. It
is Sb™ that turns SnO: into a semiconductor. So
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Fig. 4 "'Sb Mossbauer spectroscope patterns of
samples doped with different mole fractions of Sh

the SnO2 doped with Sb is a N-type semiconductor.
The results of XPS measurements is shown in Ta-
ble 1, which indicates that the Sb™ and Sb’ con-
tents in crystal lattice of SnO drop and rises as Sb
content increases. It is in accord with that of

M 6ssbauer spectroscopy.

3.3 Effect of calcination temperature on valence
state of Sb

Fig. 5 shows the

patterns of doping 3% Sb samples calcined at dif-

ferent temperatures. There are still a broad asym-

?'Sh M 6sshauer spectroscope

metric at around 12 mm/s and narrow symmetric
peaks at 0 mm/s respectively for Sb™ and Sb™ at
all calcinating temperatures. The change of relative
areas for two peaks can be detected from spectro-
scope patterns. In the same way content of the
Sh’* and Sb™ is proportion to areas of two

Table 1 XPS results of ATO samples doped with

Velocity/(mmes™1)

Fig. 5 '*'Sb Mossbauer spectroscope patterns of
doping 3% Sb samples calcined at
different temperatures

different Sb contents

%(Sb)/% Binding energy (Sb3dy2)/eV  n(Sb™ )/n(Sb)
1 539.78 0. 305
3 539.95 0. 258
7 539. 60 0.184
12 539.55 0.103
17 539.51 0.055
peaks'” . The values of the mole fraction of Sh>*

to Sb™ based on relative areas of two peaks as a
function of the calcinations temperature as shown
in Fig. 3, the ratio of the pentavalent and trivalent
state of Sb decreases with the increasing calcinat-
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ing temperature. That the reaction Sb™ + 2e=
Sb™ progresses toward the right-hand side leads
the pentavalent state Sb to decrease and the triva-
lent state Sb to increase in crystal lattice of SnO:
when calcination temperature is elevated, despite
there is more pentavalent state Sb at low calcina-
tions temperature than at high calcinations temper-
ature, the resistivity of samples is yet large be
cause of incomplete crystallization for powders at
low calcination temperature, which is testified in
the XRD patterns of Fig. 3. It is impossible for the
pentavalent state Sb to be entirely incorporated in-
to crystal lattice of SnO2 in the case of incomplete
crystallization, so a low absolute amount of the
pentavalent state Sb in crystal lattice of SnO2 leads
to a higher resistivity. The higher the calcinations
temperature the more complete the crystallization
of samples, that more pentavalent state Sb exists
in crystal lattice of SnO2 induces minimum values
of resistivity up to 600 C. At calcination tempera-
ture of 600~ 1200 C, with complete crystallization
of the samples, Sb segregation occurs as trivalent
state Sb at the surface'® ', leading content of
pentavalent state Sb in crystal lattice of SnO2 to
drop and resistivity of the samples to rise. This
implies that the distribution of Sb in samples is in-
homogenous. The results of XPS are shown in T a-
ble 2 and accord with that of MoOssbauer spectros-
copy. Sb’* and Sb™ content in crystal lattice of
SnO is to drop and rise as calcination temperature
increases.

Table 2 XPS results of ATO samples calcined at

different temperatures

Binding energy

(Sb 3ds2)/ eV

Calcinating n(Sb>* )/ n(Sh)

temperature/ C

100 539. 67 0.113
300 539.76 0.278
600 539.98 0.335
900 539.63 0.102
1200 539.58 0. 067
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