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Near edge X-ray absorption fine structure measurements „XANES… and
extended x-ray absorption fine structure measurements „EXAFS…

of the valence state and coordination of antimony in doped
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Colloids of nanocrystalline tin dioxide containing 9.1 at. % and 16.7 at. % antimony have been
prepared by the coprecipitation method. High-resolution transmission electron microscopy~TEM!
images show crystalline particles in the 2–6 nm size regime. X-ray powder diffraction patterns of
nanocrystalline powders obtained by drying the colloids and heating to 100 °C indicate the same
rutile lattice structure known from bulk SnO2. On heating to 500 °C in air, the nanocrystalline
powder shows a slight increase in particle size but especially a change in color from yellowish to
bluish which is accompanied by the development ofn-type conductivity. The coordination of
antimony in the SnO2 nanocrystallites has been investigated by extended x-ray absorption fine
structure measurements~EXAFS! at the SbK-edge at 5 K while its valence state was determined by
near edge x-ray absorption fine structure measurements~XANES! at the SbL1 edge. The Sb higher
neighbor shell distances in the doped material differ from the corresponding distances in Sb2O3 or
Sb2O5 but are identical to those in tin dioxide, indicating that antimony is almost completely
incorporated into the tin dioxide lattice despite the high doping level. XANES measurements reveal
that a large fraction of SbIII employed during the synthesis is already oxidized to SbV at low
temperatures. On the basis of these observations, a two-step model for the formation ofn-conductive
Sb-doped SnO2 nanocrystals is given and quantitatively discussed with respect to the data. ©2000
American Institute of Physics.@S0021-9606~00!70208-X#
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I. INTRODUCTION

The physical and chemical properties of colloidal nan
rystals have been of widespread interest and have been
scribed in several reports and review articles.1–9 While a
large variety of colloids of nanocrystalline materials h
been prepared successfully by wet-chemical synthesis, on
comparatively small number of reports has been publis
on doped nanoparticles prepared by this method.10–19

One of the nanocrystalline systems that can easily
prepared as a colloid is tin dioxide.20 Bulk stoichiometric tin
dioxide21,22is an insulator with a band gap of about 3.8 eV23

High n-type conductivity is observed in tin dioxide if it i
either oxygen deficient or doped with atoms such as fluo
or antimony.24 At doping levels of about 2% to 7% ant
mony, a degenerate semiconductor is formed, displaying
tallic properties.25–27If the doping level is not too high, con
ductive films of SnO2:Sb deposited on glass are transpar
for visible light and have been of interest28 for their potential
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use in photovoltaic and optoelectronic devices, flat panel
plays, etc. Due to the presence of free charge carriers,
conductive SnO2:Sb films exhibit a high absorption coeffi
cient in the infrared~IR! region. As a consequence, the
films are highly reflective for IR radiation, making them u
able for heat shields.29,30 The IR spectrum of these films ca
be reasonably well described by applying simple Dru
theory for a free electron gas.31,32 Within this theory, the
spectral onset of the IR reflection is described by the plas
frequency, which depends on the concentration and the m
free path of the carriers. The free carrier concentration in
material can easily be varied by changing the concentra
of dopant atoms. At low doping levels, antimony is incorp
rated in SnO2 almost exclusively as SbV.33 If the concentra-
tion of antimony is increased above;4%–7%, however, an
increasing amount of antimony in the oxidation state 31 is
incorporated into the lattice. The latter is accompanied b
decrease in conductivity.34

Nevertheless, tin dioxide containing a high amount
antimony is of technological importance, too, as it presen
good catalyst for the selective oxidation of olefins.35,36 The
catalysts as well as the conductive films consist of diox
particles in the nanometer size regime.
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Since the valence state of the antimony dopant as we
the local geometry of the antimony sites are considered to
of crucial importance for the catalytic and electronic prop
ties of the mixed oxide, tin antimony oxides have been
vestigated by several methods including x-ray diffraction37

neutron diffraction,38 ultraviolet39 and x-ray photoelectron
spectroscopy,39–42 and Mössbauer spectroscopy.33 Despite
these efforts, the nature of the antimony sites in highly do
nanocrystalline SnO2 is still not well understood.

In an attempt to directly probe the local atomic enviro
ment and the valence state of antimony in doped tin diox
we performed an EXAFS and XANES study on doped na
crystalline tin dioxide powders prepared from colloidal so
tions. Tin dioxide nanocrystals with two different antimon
contents~9.1 and 16.7 at. %!, treated at different tempera
tures~100 °C and 500 °C! have been investigated. The stru
tural results obtained are then compared with the electr
properties of thin films prepared by spin-coating glass s
strates with the colloidal solutions.

EXAFS studies of the local environment of tin in pu
tin dioxide43,44 as well as of europium,45 copper, and iron46

in doped SnO2 have already been reported in the literatur

II. EXPERIMENTAL SECTION

A. Preparation

Colloidal tin antimony oxide was prepared by the cop
cipitation method using a procedure similar to those given
the literature.47–49

In brief, an appropriate amount of SbCl3 was dissolved
in fuming HCl ~37 wt %! and the clear solution was droppe
into a solution of 85 mmol SnCl4•5H2O in 500 ml of water
cooled in an ice bath. After stirring for 30 min, aqueo
ammonia~25%! was added dropwise until apH value of 3 to
4 was reached. The white precipitate obtained was colle
by centrifugation and washed several times with water. D
ing the latter steps, the color of the precipitates contain
antimony changed from white to yellowish. In order to avo
loss of solid material, washing was stopped when the p
cipitate started to redissolve to a colloidal solution. Sub
quently, the precipitate was stirred overnight in about 500
of water containing 10 ml of aqueous ammonia~25%! The
turbid colloidal solution obtained was further purified by d
alysis against 10 liters of aqueous ammonia ofpH 9.5–10
~Dialysis tubing: Serva, no. 14146!. The resulting transparen
colloidal solution was concentrated to 500 ml by using
rotary evaporator, filtered, and finally stabilized by adding
ml of aqueous ammonia~25%!. The antimony-doped col
loids exhibited a yellowish to brownish color, whereas u
doped colloids were colorless. Similarly, colloids were p
pared by using SbCl5 instead of SbCl3. In this case the
colloids remained colorless, too. The molar ratio of tin a
antimony in the dialyzed colloids was determined by atom
absorption spectroscopy~AAS! and was found to be equal t
the ratio employed in the synthesis.

Powders of nanocrystalline tin dioxide were prepared
removing the solvent of the respective colloidal solution w
a rotary evaporator~bath temperature of 50 °C!. After drying
at 100 °C in air, the residue was ground in a mortar. A p
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tion of each powder sample was additionally heated
500 °C in air for 1 h in anoven. Upon heating, the brownis
color of the doped samples changed to bluish, in accorda
with observations made by others.43,50 Layers of nanocrys-
talline tin dioxide have been prepared by spin coating
2500 rpm quartz substrates with the concentrated collo
solutions. The latter were prepared by adding 1% of glyce
to each colloid and concentrating the colloids by a factor
about 4 using a rotary evaporator. Prior to deposition, 500ml
of 25% ammonia was added under vigorous stirring to
highly viscous solution, which was then passed through a
mm filter. Spin coating was repeated about ten times, in or
to obtain sufficiently thick layers. After each deposition st
the layers were heated to 500 °C for 5 min. For comparis
we also prepared layers which were heated to 150 °C o
The thickness of the layers was determined with an alp
step 200 device~Tencor Instruments!. The conductivity of
the layers was measured by the standard four-p
method.51

B. Transmission electron microscopy and powder
x-ray diffraction

High-resolution transmission electron micrographs
the colloids were taken using a Philips CM 300 UT electr
microscopy~300 kV acceleration voltage! equipped with a
CCD camera~Gatan, model no. 694!.

X-ray powder diffraction patterns of nanocrystallin
powders were acquired with a Philips Xpert x-ray diffractio
~XRD! system~Cu Ka-radiation!.

C. XANES and EXAFS measurements

Sb L-edge XANES measurements of the samples w
performed at 300 K in transmission geometry at beaml
E4 of the DORIS storage ring at HASYLAB, DESY~Ham-
burg, Germany!. This beamline is equipped with a Si~111!
double crystal monochromator. Higher harmonics were
jected by utilizing a toroidal Au and Ni plane mirror. Th
samples were prepared by attaching thin homogeneous la
of finely ground nanocrystalline material onto Scotch ta
An Sb metal foil was measured simultaneously with ea
sample at the SbL1 edge between 3850 and 4790 eV. Sb2O3

and Sb2O5 reference spectra were taken as model data
SbIII and SbV, respectively. The gases used in the three i
ization chambers were 110 mbar N2, a mixture of 45 mbar
Ar with 775 mbar N2, and a mixture of 65 mbar Ar with 775
mbar N2, respectively. The energy steps across theL edges
were 0.4 eV at a counting time of 1–2 s/step.

For the analysis of the SbL1-edge XANES data, a
smooth background function was determined by fitting
spline to the SnL1 postedge region using theAUTOBK soft-
ware~V2.61!.52 This background was combined with the S
L1-edge XANES spectra at about 4670 eV, extrapolated b
parabolic function beyond the SbL1 edge and then sub
tracted. The resulting spectra were finally normalized to
edge jump in the SbL1-continuum region.

Sb K-edge EXAFS measurements were performed
beamlineX1 ~RÖMO 2! ~HASYLAB, DESY! equipped with
a Si~311! double crystal monochromator which was detun
to 60% of the Bragg peak intensity to eliminate higher h
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monics. For the measurements, powders of the nanocry
line samples as well as powder samples of b
SnO2, Sb2O3, and Sb2O5 ~Aldrich! were mixed with boron
nitride ~Aldrich!, homogenized by ball milling, and presse
to form stable pellets. Simultaneously with each sample,
Sb foil ~Goodfellow! was measured as reference at the SbK
edge between 30 200 and 31 520 eV. Spectra were take
transmission mode using three ionization chambers. The
chamber was filled with argon, the second and third w
krypton at atmospheric pressure. Energy steps varied fro
eV in the K edge region to 4 eV at the end of the sca
Counting time was 2 s/step. Prior to the measurements,
samples were cooled to 5 K using a liquid helium bath c
ostat~Oxford!.

Background subtraction, normalization, and transfer
k-space of the SbK-edge data were performed followin
standard procedures using theAUTOBK software ~V2.61!.
Background subtracted data werek2-weighted and Fourier
transformed betweenk53.7 and 13.0 Å21. TheFEFFIT soft-
ware V2.5153 was used to fit the data in real space by me
of theoretical backscattering amplitudes and phases w
were calculated byFEFF5.54 Three shells were used to fit th
data in the regionr 51.0– 4.0 Å to describe the neare
neighbor Sb–O shell and two outer Sb–metal coordina
spheres; 19 independent data points were fitted by 9 v
ables.

III. RESULTS AND DISCUSSION

A. X-ray powder diffraction pattern and TEM images

Figure 1 shows the x-ray diffraction patterns of dop
nanocrystalline powders after heating to 100 °C and 500

FIG. 1. X-ray powder diffraction patterns of SnO2:Sb nanocrystals doped
with 9.1% and 16.7% antimony. Annealing temperatures and resulting
ticles sizes as labeled.
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respectively. The peak positions agree well with the b
SnO2 ~cassiterite! reflections~depicted schematically at th
bottom of Fig. 1!, indicating the same rutile lattice structur
No other phase but cassiterite is observed in the x-ray
fraction patterns. The width of the reflections is considera
broadened, indicating a small crystalline domain size. T
can be roughly quantified using the Debye–Scherrer form
for spherical particles. Analysis of the~110! peaks yields the
domain sizes noted in the figure. The extent of parti
growth upon heating to 500 °C is affected by the presenc
antimony. Heating of the initially 2 nm large particles co
taining no antimony yields colloids of about 9 nm in diam
eter, whereas doped particles~9.1% Sb as well as 16.7% Sb!
grow to only about 3.5 to 4 nm. A similar depression
particle growth has been frequently observed in doped S2

nanocrystals~see, for instance Ref. 46!.

r-

FIG. 2. High-resolution TEM images of SnO2:Sb nanocrystals~Sb 9.1%!
~a! after drying at 100 °C,~b! after subsequent heating to 500 °C.
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TEM images of doped SnO2 colloids heated to 100 °C
and 500 °C, respectively, are shown in Fig. 2. Lattice fring
are observed for most particles, proving their high crystal
ity. The micrographs show particles ranging from 2 to 3 n
in diameter for colloids dried at 100 °C, and particles
about 4 to 6 nm after heating to 500 °C, roughly in acco
with the XRD data.

B. Valence state and coordination of antimony by
means of XANES and EXAFS

Figure 3 displays the x-ray absorption raw data of o
sample~16.7% Sb, 500 °C! in the energy region betwee
3850 and 4790 eV. After background subtraction and n
malization~see Sec. II! the shape of the SbL1-edge spectrum
of each sample was compared with an Sb2O3 and Sb2O5

reference spectrum~solid lines in Fig. 4, top!, respectively.
Apparently, the position of the SbL1 edge is rather sensitiv
to the oxidation state of antimony. Both in SbIII and SbV

oxide, electronic transitions occur from the Sb 2s1/2 level
into unoccupiedp-like density of states derived from atom
5p states. The apparent sensitivity of the XANES data
Fig. 4, top to the Sb valence state originates therefore in
presence or lack of the 5s electrons in SbIII /SbV oxide, re-
spectively. This assumes that the edge position is domin
by the Sb valence state and that next-nearest neighbor
tering contributions which mostly influence postedge fe
tures are of minor importance. In this case, the SbIII /SbV ratio
in the samples can be determined by fitting SbL1-edge
XANES data with a linear combination of the Sb2O3 and
Sb2O5 reference spectra~broken lines in Fig. 4!. In addition,
the fits were also performed for the derivatives of the abso
tion spectra~Fig. 5! in order to prove a correct data norma
ization. As shown in Figs. 4 and 5, the linear combinatio
reproduce the experimentally obtained spectra very well.
result of this analysis, i.e., the relative amount of SbIII and
SbV in each sample, is listed in Table I. By comparing t
results in Table I, it is evident that, if SbIII is used in the
synthesis, there is a strong tendency to form SbV, irrespective

FIG. 3. XANES raw data at the Sn and SbL edges of SnO2:Sb ~16.7% Sb,
500 °C!. SnL3,2153929, 4157, 4465 eV; SbL3,2,154132, 4382, 4698 eV.
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of the doping level. The values in the first column show th
already after drying at 100 °C more than half of the initia
employed SbIII is oxidized. In contrast, if SbV is used in the
synthesis, almost no reduction to SbIII is observed upon dry-
ing at 100 °C and the sample remains almost colorle
whereas all samples containing antimony in both oxidat
states exhibit a strong yellowish to brownish color. In a p
vious study using a similar preparation of SnO2:Sb, this
color has been attributed to an intervalence transitio47

Since the yellowish coloration already develops during
synthesis, the oxidation of antimony is likely to take place
early stages of particle formation and crystallization. In fa
the driving force for the oxidation process is remarkab
strong. The data in Table I for the samples dried at 100
prove that slow oxidation takes place even at room temp
ture. This indicates that~hydrated! Sb2O3 is not the main
product after precipitation with ammonia, as the oxidati
state of antimony in this substance is known to be stable
room temperature.55 Independent of the doping level and th
antimony precursor used in the synthesis, the system fin
reaches an SbIII /SbV ratio of roughly 1 to 3~see Table I!.

FIG. 4. Normalized XANES spectra at the SbL1 edge. Upper part: Sb2O3

and Sb2O5 reference compounds. Middle and lower part: Experimental d
~solid! of SnO2:Sb(16.7%) after heating to 100 °C and 500 °C, respective
A linear combination fit~dotted! by means of the above reference spec
was applied to evaluate the relative amount of SbIII and SbV in the doped
nanocrystals.
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This ratio is not encountered in any of the known oxides
antimony, i.e., Sb2O3, Sb2O4, Sb6O13, and Sb2O5.

56 More-
over, none of the crystalline phases of any of the vario
antimony oxides is detected in our XRD patterns.

In order to probe the local atomic environment of an
mony in our samples, we studied the extended x-ray abs
tion fine structure~EXAFS! of the SbK edge at 5 K. The
solid lines in Fig. 6 display the normalized,k2-weighted Sb
K-edge EXAFS datak2x (k) and the magnitude of their Fou
rier transforms of nanocrystalline SnO2:Sb after heating to
100 °C and 500 °C, respectively. Fits to the experimen
data assuming three neighboring shells of antimony in

FIG. 5. Derivative spectra of the data shown in Fig. 4.
f

s

p-

l
n

dioxide~Sb–O, Sb–Sn/Sb, and Sb–Sn/Sb! are shown as bro-
ken lines in the same figure. The numerical results of all
are summarized in Table II. Since Sb and Sn are neighbo
the periodic table and, consequently, exhibit very simi
scattering properties, they cannot be distinguished as b
scatterers in EXAFS experiments. As was proven, fits w
Sb instead of Sn in the second and third shell around Sb g
similar results within the experimental error. Note that oth
fitting models than the one shown in Table II~including for
instance different coordination shells for SbIII and SbV)
yielded no reasonable description of the data.

The first strong peak around 2.0 Å in the Fourier tran
forms corresponds to the Sb–O coordination shell, which
very similar in all samples and is in accordance with lite
ture values for the nearest-neighbor distances in SnO2 and
various antimony oxides~Table II!. Therefore, the first coor-
dination shell by itself cannot be used to decide whet
antimony is part of an antimony oxide grain or is doped in
the tin dioxide lattice. Inspection of the higher neighbor sh
distances, however, reveals that the experimentally obse
distances~Table II! agree very well with the metal–meta
distances in SnO2. This is a very strong indication that ant
mony occupies tin sites in the tin dioxide lattice of the pa
ticles.

The contraction of the Sb nearest-neighbor dista
~Sb–O! with respect to bulk SnO2 indicates local distortions
of the Sb–O polyeder. The latter would be expected for
incorporation of SbV ions which, in sixfold coordination,
have a smaller ionic radius (r 50.60 Å) than the tin ions
(r 50.69 Å). The observed increase of the mean-squ
relative displacement (s1

2 in Table II! reflects an increased
lattice distortion with increasing doping level. Next-neare
neighbor distances~i.e., between Sb and Sb/Sn! do not show
a contraction as was observed in Cu-doped SnO2 by
others,46,57 probably because of the stronger Coulomb int
actions between Sb and the Sn atoms of its environm
Incorporation of the antimony into the tin dioxide lattice ma
also explain the strong tendency to form SbV which may be
built more easily into the lattice than the large SbIII ion (r
50.76 Å). In fact, an investigation of SnO2:Sb by Möss-
bauer spectroscopy indicated the presence of SbV ions in
roughly octahedral sites, together with SbIII at surface sites or
grain boundaries.33 Since the particle size and, consequent
the surface-to-volume ratio of our nanocrystals is similar
all doped samples~even after heating to 500 °C, see abov!,
t
TABLE I. Relative amount of SbIII and SbV determined from the SbL1-edge XANES spectra for differen
preparation and sample conditions of the SnO2:Sb nanoparticles.

Preparation conditions

Oxidation state and relative amount
of antimony chloride employed in synthesis

Drying at 100 °C
Percentage SbIII /SbV

Drying and subsequent
annealing at 500 °C
Percentage SbIII /SbV

9.1% SbIII ~a! after 1 week at 20 °C 35/65 28/72
~b! after 6 months at 20 °C 22/78 28/72

16.7% SbIII ~c! after 1 week at 20 °C 50/50 23/77
~d! after 6 months at 20 °C 21/79 21/79

16.7% SbV ~e! after 1 week at 20 °C 9/91 24/76
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FIG. 6. Solid lines: SbK-edge EXAFS functionsk2x(k) ~left part! and corresponding Fourier transforms~right part! for nanocrystalline SnO2:Sb at 5 K.
Broken lines: Fits to the experimental curves.
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this observation may also explain why the final SbIII /SbV

ratio is almost identical in all our samples. Moreover, th
picture is consistent with our observation that the coordi
tion numberN1 of the Sb–O shell in all our samples
smaller than the expected value of 6 for octahedral coo
nation. Therefore, some of the antimony ions must be loca
at the surface of the nanocrystals.

From the TEM micrographs and the XRD data, it
evident that the particles grow weakly upon annealing
500 °C. The slightly enhanced particle size and an impro
crystallinity is reflected in the observed increase of the co
dination numbers~Table II! of the third shell~Sb–Sn! and
the reduction of the corresponding mean-square relative
placement~MSRD! after annealing. Table II also shows th
the coordination numbers for the higher neighbor shells
lower than in the corresponding bulk material. This deviat
-

i-
d

t
d
r-

is-

re
n

is always observed for crystalline nanoparticles58–61and is in
part caused by the large surface-to-volume ratio in these
terials, which reduces the mean value of the coordinat
numbers of higher neighbor shells. An interpretation of t
measured coordination numbersN2 and N3 ~Table II! with
respect to the question of whether the Sb atoms are pred
nantly incorporated at the surface of the nanoparticle or r
domly substitute Sn within the whole particle would requ
a model assumption for nanocrystal shape and faceting. N
that in this specific case where EXAFS cannot distingu
between Sn and Sb backscatterers, no direct informatio
available from the data. However, the low values of N2 and
N3 are consistent with a preferred Sb occupation of sites
the nanocrystal surface. This may also be the reason for
observed hindering of particle growth during annealing
the doped particles with respect to the undoped ones~see the
TABLE II. Fitting results of SbK-edge EXAFS data.

Sample 1st shell: Sb–O 2nd shell: Sb–Sn~Sb! 3rd shell: Sb–Sn~Sb!

Sb
doping Temp. E0 N1 R1 @Å# s1

2@1023 Å 2# N2 R2 @Å# s2
2@1023 Å 2# N3 R3 @Å# s3

2@1023 Å 2#

9.1% 100 °C 10.1~17! 4.3~5! 2.00~2! 2.2~11! 0.9~6! 3.20~2! 2.0~12! 1.5~10! 3.71~2! 2.0~12!
500 °C 10.5~14! 4.9~6! 1.98~2! 2.4~10! 1.1~5! 3.20~2! 1.4~10! 2.4~10! 3.72~2! 1.4~10!

16.7% 100 °C 8.3~10! 4.1~3! 1.98~2! 3.4~8! 0.7~4! 3.20~2! 3.1~10! 1.3~6! 3.70~2! 3.0~10!
500 °C 10.3~10! 5.4~4! 2.00~2! 3.8~8! 0.9~4! 3.20~2! 1.5~9! 2.4~7! 3.73~2! 1.5~9!

References~Lit. values!
SnO2 6 2.05 2 3.19 8 3.71
Sb2O3 3 1.98 3 3.62 6 3.94
Sb2O5 6 1.89–2.10 113 3.24, 3.54 212 3.67, 3.78
Sb2O4 1.86–2.62 3.41–3.63 3.74–4.02
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XRD results!. Furthermore, Table II shows an increas
width of the bond-length distributions with respect to t
bulk due to the surface-induced deformation of the nanoc
tal’s lattice. This is often observed for nanoparticles.

C. Two-step formation model for n-conducting
SnO2:Sb nanocrystals

In this section, a quantitative two-step reaction mode
the formation ofn-conductive SnO2:Sb is presented. It is
based on the requirement of charge balance in the sam
during ~i! the low-temperature synthesis of the doped nan
rystals, and~ii ! the heating process. The results of the pre
ous section, in particular the Sb valence state determina
enable a quantitative evaluation.

Before heating to 500 °C, the samples show neithe
plasma absorption in the red-to-IR region nor are they c
ductive. Layers of the nanoparticles deposited onto g
substrates by spin coating exhibit a sheet resistance of.2
•1010 V/sq. Obviously, the mixed oxides obtained after d
ing at 100 °C contain no conduction band electrons and t
composition is given byxSnO2•(y/2)Sb2

IIIO3•(z/2)Sb2
VO5•aq

or, using a different notation, SnxSby
IIISbz

VO(2x11.5y12.5z)

•aq.The reaction leading to thenonconductiveproduce may
then be written as

xSnCl4•aq 1 ~y1z!SbCl3•aq

~1!OH2/H2O
——→
~2!O2

SnxSby
IIISbz

VO~2x11.5y12.5z!/aq. ~1!

Except for the special case where the product contains e
amounts of SbIII and SbV, the requirement of charge balanc
causes the metal-to-oxygen ratio in the mixed oxide
slightly deviate from 1:2. For the samples~a!–~d! dried at
100 °C with an SbIII /SbV ratio from 1:1 to 1:4~Table I!, a
metal-to-oxygen ratio ranging from 1:2.00 to 1:2.05 is e
pected@e.g., 1:2.01 for sample~a!, 100 °C#. It is emphasized
that all samples dried at 100 °C remain nonconductive a
after aging.

Upon heating to 500 °C, the doped samples change t
color to bluish and become electrically conductive. The sh
resistance of nanoparticle films deposited by spin coa
drops to<1000V/sq, i.e., by at least 7 orders of magnitud
although our samples contain more antimony than is usu
employed for highly conductive bulk films. The strong d
crease of the resistivity is commonly explained by the f
mation of ann-conductive oxide, the blue color being attrib
uted to the plasma absorption of free conduction ba
electrons.31,32,50Following standard theory, the donor ions
ann-conductive oxide are expected to occupy the sites of
host metal ion. In fact, the XRD data of bulk single crysta
of SnO2 doped with 4% antimony indicate that the antimo
ions occupy tin sites of the host lattice.62 Since each dono
ion replaces one metal ion of the host, doping with antimo
alone leaves the ratio between cations~tin1antimony! and
anions~oxygen! unchanged, i.e., at its value of the undop
host, 1:2 in the case of SnO2. Following the requirement o
charge balance in the doped oxide, the formation
n-conductiveSnO2:Sb is then given by the following reac
tion scheme:
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SbxSby
IIISbz

VO~2x11.5y12.5z!•aq

→
2aq

D

SnxSby2t
III Sbz1t

V O2~x1y1z!•~z2y12t !eCB
2

1 1
4~z2y!O2. ~2!

Here,eCB
2 indicates the number of conduction band electro

in the n-conductive oxide. The XANES results~Table I! al-
low the determination of the parametersy andzas well as the
change of the antimony valence state, given by paramett.

In reaction~2!, oxygen released from the lattice is a
sumed to form molecular oxygen and the formation of ox
gen deficiencies is neglected. However, bulk SnO2 is well-
known to form oxygen deficiencies.63 Moreover, the oxyge-
to-metal ratio in SnO2 films prepared by spray coating a
500 °C is reported34 to be 1.96. Oxygen vacancies in bu
SnO2 are known to increase then-conductivity of tin dioxide,
since they form donor states with low ionization energ
similar to antimony atoms.63 Reaction scheme~2! can be
extended easily to include oxygen deficiencies, as follow

(Sn,Sb!O2•neCB
2 →

D

(Sn,Sb!O22d•~n12d!eCB
2 1

d
2 O2.

~3!

Hence, each oxygen vacancy provides two electrons to
conduction band in accordance with standard theory.

In the following, we discuss reaction scheme~2! with
respect to our XANES results compiled in Table I. For sim
plicity, and since we heated our samples in air, i.e., un
oxidizing conditions, the formation of oxygen deficiencies
neglected.

If the tin dioxide particles contain 16.7% of antimon
and the educt contains equal amounts of SbIII and SbV @i.e.,
case~c! in Table I#, we can describe the formation of th
n-conductive phase at 500 °C as

Sn0.833Sb0.083
III Sb0.083

V O2.00•aq

→
2aq

D

Sp0.833Sb0.038
III Sb0.129

V O2.00•0.090eCB
2 . ~4!

In this case, the oxygen content of the lattice remains co
pletely unchanged. All conduction band electrons are crea
by the oxidation state change of a fraction of the antimo
ions.

On the other hand, if a product as above is produc
from an SbV source@case~e! in Table I#, the reaction scheme
is

Sn0.833Sb0.015
III Sb0.152

V O2.068•aq

→
2aq

D

Sn0.833Sb0.040
III Sb0.127

V O2.00•0.087eCB
2 1 0.034O2. ~5!

Thus, in this case each 3.5 nm particle~containing about 600
SnO2 molecules! is expected to release about 40 oxygen
oms during the formation of then-conductive oxide. Inter-
estingly, most authors describing the preparation of cond
tive SnO2:Sb films at temperatures around 500 °C used
SbIII source, although in single crystals of SnO2:Sb antimony
is known to have the oxidation state 51. In fact, we observe
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that the conductivity of particle layers is lower if SbV is used
in the colloid synthesis instead of SbIII . A possible explana-
tion is that at 500 °C and in the absence of any reduc
agent the release of oxygen as given by reaction~5! does not
reach completion, resulting in a product with a higher ox
gen content and a smaller number of free electrons as g
by scheme~5!.

For all other cases listed in Table I, the amount of ox
gen released during reaction~2! lies between the two ex
treme cases discussed above. Note that for a given SbIII /SbV

ratio the change in oxygen content is smaller at lower dop
levels.

The results indicate that the formation ofn-conductive
SnO2:Sb follows a two-step mechanism. The XRD a
EXAFS data clearly show that already after drying at 100
nanoparticles are formed which exhibit the~presumably dis-
torted! rutile phase~cassiterite!. Moreover, the EXAFS re-
sults reveal that the antimony is incorporated into the c
siterite lattice at moderate temperature. Incorporation
antimony is accompanied by a change of the valence sta
antimony from 31 to 51. The latter process proceeds slow
even at room temperature. Thus, the first step at low t
perature yields rutile phase SnO2:Sb nanoparticles exhibiting
no electrical conductivity and a yellowish color. Electric
conductivity is not observed until the particles are heated
elevated temperatures, i.e., 500 °C in our experiments.
structural changes accompanying this insulator-to-condu
transition are remarkably small. According to scheme~2!,
the oxygen content is expected to change, but this small
crease in the EXAFS mean coordination number is by
overcompensated by the occurring particle growth~Table II!.
The decrease of the EXAFS Debye–Waller factors a
heating indicates an enhanced crystallinity in the vicinity
the antimony ions; however, this may at least partly be
plained by growth of the SnO2:Sb particles upon heating~see
Fig. 1!. According to reaction scheme~2!, one mol
Sn0.91Sb0.09O2 containing antimony in an SbIII /SbV ratio of
1:3 should carry 45 mmol of conduction band electrons, c
responding to an electron density in the lattice of 1
•1021 cm23. Similarly, an electron density of 2.3
•1021 cm23 is expected in the case of Sn0.83Sb0.17O2 having
an SbIII /SbV ratio of 1:3. However, others have shown th
the electron density in SnO2:Sb films prepared by dip coat
ing is somewhat lower for doping levels in this range, i.
about 0.3•1021 cm23 to 0.8•1021 cm23.64 This indicates that
the compensation phenomenon34,64 between SbIII and SbV

alone cannot completely account for the low electron de
ties observed. Hence, either the reaction from the nonc
ductive to then-conductive oxide does not reach completi
at higher doping levels or an increasing number of electr
is trapped in deep sites, e.g., in surface sites. At present
are not able to distinguish between these two possibilities
order to verify the first model, it would be desirable to d
rectly measure the oxygen-to-metal ratio in each sam
e.g., by XPS or by chemical analysis. However, this is ha
pered by the fact that the surface of tin dioxide nanopartic
is saturated by OH species and H2O,47 preventing an exac
analysis of the oxygen content of the nanocrystalline part
core. On the other hand, the nature of trap states canno
g
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deduced from the model given above, since the latte
solely based on the requirement of charge neutrality in e
compound without making any assumption on the expl
nature of electronic states. Due to the latter, however,
analysis applies independently of the exact nature of the
nor states, for which different models have been given.33,38

IV. SUMMARY

Colloidal solutions and powders of rutile-type antimon
doped SnO2 nanocrystals with a particle diameter of abo
2–6 nm have been prepared by the coprecipitation meth
Whereas the XRD data only show that antimony does
form a separate crystalline phase, SbK-edge EXAFS mea-
surements at 5 K actually prove that the antimony is inco
porated into the tin dioxide lattice of samples dried and
nealed at 100 °C and 500 °C, respectively. A contraction
the Sb nearest-neighbor distance with respect to SnO2 indi-
cates local distortions of the Sb–O polyeder. SbL1-edge
XANES measurements of the samples reveal that S2
nanoparticles doped with 9.1% and 16.7% antimony b
exhibit a high amount of SbV before annealing at 500 °C in
air, although SbIII was used in the synthesis. Therefore, in t
first low-temperature reaction step, incorporation of an
mony in the host lattice as well as oxidation occurs, b
electrical conductivity is not observed.n-conductivity is only
developed after annealing the particles at 500 °C. During
second reaction step the relative amount of SbV in our 2–6
nm particles is stabilized at an SbIII /SbV ratio of about 1 to 3.
Despite the strong effect of annealing on the conductiv
the structural changes observed by SbK-edge EXAFS mea-
surements accompanying the insulator-to-conductor tra
tion are relatively small.
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