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Conductive SnO2/Sb powder: preparation and 
optical properties 

Z.CRNJAK OREL, B. OREL, M. HODOS(3EK, V. KAUCIC 
Boris Kidrid Institute of Chemistry, 61 115 Ljubljana, POB 30, Yugoslavia 

Preparation of an SnOz semiconducting powder doped with antimony ( x =  2.38 mol%) was 
achieved by co-precipitation. The unit cell parameters of the doped Sn02 powders were measured 
and their changes with dopant concentration were determined. Four-point sheet resistance 
measurements, together with optical and infrared spectra of the powder were taken in order to 
obtain a highly-conducting, low-emitting powder which could be used for antistatic paint 
preparation. Evolution of the phonon bands corresponding to Sn-O stretching modes as 
a function of dopant concentration were followed, and a model calculation based on an extended 
four-parametric Kurosawa relation was applied to the reflection spectra of differently doped 
powders. It was found that the frequency of the plasma oscillations shifts with dopant 
concentration, and the intensity of the reflectivity peaks was correlated with plasmon-phonon 
interactions. An additional negative reflection peak in the range 11 O0 to 1200 cm -1 was found in 
the reflection spectra of highly doped powders and was attributed to the coupled modes between 
the plasma oscillations and one of the phonon combinational or overtone modes of Sn02. 

1. I n t r o d u c t i o n  
SnO2 has been extensively investigated in the past 
because of the semiconducting properties which it 
exhibits in monocrystalline, powder or thin-layer 
forms [1]. Due to a wide band gap (3.8eV), the 
absorption edge appears in the ultraviolet range 
(0.36 ~m) which makes this compound transparent to 
visible and near infrared radiation. The free carrier 
concentration could be varied at will when thin layers 
of SnO2 are formed, simply by changing the concen- 
tration of dopant atoms. The onset of free carrier 
absorption and/or reflection appears in the mid in- 
frared and is described by the plasma frequency (~%). 
SnO2 acts as a spectrally selective window in which 
transparency and reflectivity can be controlled in or- 
der to meet requirements which are specific for par- 
ticular applications [2-4]. Moreover, due to the high 
free carrier concentration of 10-20 cm-3, SnO2 also 
exhibits d.c. electrical conductivity which still further 
extends its applicability [5]. 

SnO2 in thin film form is generally accepted as 
a transparent electrode and is used in photovoltaic 
devices and in "smart" window design, where electro- 
chromism is exploited for controlling the solar radi- 
ation which enters the building through the glazing, 
thus decreasing the heat loads during the day, in 
particularly for hot climates [2]. 

Spectrally selective SnO2 coatings on vitreous black 
enamel substrates [3] have been prepared for photo- 
thermal conversion of solar energy. In this configura- 
tion high infrared reflectivity, i.e. low emittance, de- 
presses the thermal radiation losses from the warm-up 
solar collector panel surface. Although good spectral 
selectivity has been achieved (solar absorptance 0.9 
and thermal emittance 0.13) [4], the preparation of 
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large coatings on an industrial scale is difficult and 
requires sophisticated equipment. Achieving very high 
selectivity is impossible due to the high refractive 
index (n) of the coating and the consequent reflection 
of visible light. Nevertheless, the adherence, stability 
and durability of such a reflector/absorber tandem is 
satisfactory. 

Similarly, SnO2 deposited on glass has been used as 
a low-emittance coating in order to decrease radiative 
heat losses through window glazing [2]. Nevertheless, 
sprayed pyrolytically prepared coatings are not free of 
defects and their preparation is expensive. 

It is generally accepted [2] that paint coatings could 
represent a much cheaper alternative for spectrally 
selective solar collector surfaces, and also as low- 
emittance coatings in window glazing. Besides a resin 
binder, such a paint should contain a conductive pig- 
ment and would also exhibit antistatic properties. 
So far [5,6J, antistatic coatings have been confined 
mainly to carbon blacks and metallic pigments. More- 
over, organic polymer binders were mostly cationic 
electrolytes and therefore sensitive to humidity and 
not suitable for exposure to external conditions. 

An additional application of SnO2 powders is their 
ability to prevent photolysis of TiO2 pigments when 
they are formed by co-precipitation with TiOz [6]. 
Chaulking of paints, especially epoxies, would be 
minimized with application of such mixed pigments. 

The structural properties of various Sn/Sb oXides 
have been studied by X-ray diffraction techniques, and 
the cell parameters correlated with d.c. electrical 
measurements [7,8]. It was found, for example [9], 
that calcination temperatures above 1000~ are 
needed to obtain proper dopant compounds. Too low 
calcination temperatures or too high an antimony 
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oxide content results in a phase-separated Sb204- 
SnO2 system [9]. Optical spectra of SnO2/Sb powders 
have been measured in order to determine the influ- 
ence of crystallite size on the colour matching para- 
meters [63. 

The infrared spectra of conductive powders are dif- 
ficult to measure. The SnOz/Sb particle size should be 
in the range 0.3 to 0.4 lam in order to minimize the Mie 
type of scattering. This condition could be easily fulfil- 
led for the infrared spectral region due to the longer 
wavelength of the infrared radiation. However, anti- 
mony-doped compounds exhibit a higher refractive 
index in the infrared due to the onset of plasma oscilla- 
tions which makes it difficult to detect phonon bands 
in the transmission spectra. 

In this paper, we report our attempts to prepare 
SnO2 powder doped with antimony. The purpose of 
our work was not only to correlate the structural and 
optical properties of the powders, but to find the 
optimal concentration of antimony dopant atoms in 
order to obtain a semiconducting powder with the 
lowest possible thermal emittance. 

2. E x p e r i m e n t a l  p r o c e d u r e  
The SnOz/Sb powder was prepared by a co-precipita- 
tion method [10] from SnC14"5H20 and SbC13 
(Merck). The main purpose was to determine to what 
extent the concentration of antimony dopant atoms 
could be varied in the parent crystal. We started with 
a water solution of SnC14' 5H20 in which the Sn 4+ 
ion concentration was kept constant and to which 
SbClawas added. In order to increase the solubility of 
SbCla, concentrated HC1 was added. In a warm-up 
solution (95 ~ a pH of 3.2 was achieved. The result- 
ing mixed hydroxide precipitate was washed alter- 
nately with NH4NO3 solution (to prevent peptization) 
followed by water until no trace of chloride ions could 
be detected. The precipitate was then peptized to re- 
lease any further occluded chloride and uncoagulated 
with NH4NO3 solution. The final precipitate was in 
a colloidal state, its yellowish colour depending upon 
the concentration of antimony dopant. The precipi- 
tates were dried at 45 ~ for 48 h and were afterwards 
calcined for 7 h at 1200 ~ 

Fourier transform-infrared (FT-IR) spectra were 
recorded on a Digilab FTS-80 spectrophotometer 
equipped with a diffuse reflectance infrared cell (Drift- 

Barnes) with a collection solid angle of 30 ~ The sam- 
ples were pressed into pellets, surfaces slightly 
polished and reflection spectra measured. Transmis- 
sion spectra were recorded as nujol mulls or in KBr 
pellets. 

Surface resistivity measurements were performed on 
an ordinary four-point measurement device (Faculty 
for Electrotechnology, Ljubljana). Unit cell para- 
meters were determined using an X-ray diffraction 
unit (Philips). 

3. Results and discussion 
3.1. X-ray studies 
X-ray diffraction studies [9] were carried out on pow- 
dered samples in which the concentration of dopant 
atoms had been previously determined by atomic ab- 
sorption spectroscopy. The powders were finely 
ground and put into the sample carrier which were 
exposed to Ks radiation in a Philips powder diffrac- 
tion goniometer. In all cases a cassiterite pattern was 
produced. This was well developed for all the samples, 
containing various concentrations of antimony atoms 
(0-2.38mo1%). No spurious bands were detected 
which might have indicated the presence of the glassy 
state. A typical X-ray powder spectrum is presented 
in Fig. 1, and the results of the X-ray analysis are 
presented in Fig. 2. 

Owing to the scattering of the results shown in Fig. 
2, it was impossible to draw definite conclusions about 
the nature of the distortion of the cassiterite structure 
due to the presence of the impurity. The linear depend- 
ence of the unit cell parameters in the concentration 
range 0.05 < x < 0.023 observed by Kikuchi and 
Umehara [9] was not detected due to the lack of 
samples having such small concentrations of dopant 
atoms. Unit cell dimension changes are of the same 
order as reported [9] but they are greater for the 
a- and not for the c-axis and do not increase linearly 
with dopant concentration. Independence of unit cell 
parameters at small dopant concentrations [9] was 
not observed due to an insufficient number of data 
points in this concentration range of dopant. 

3.2. Visible and infrared spectra 
The parameters of interest in low-emittance coatings 
and transparent coatings for solar radiation control 
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Figure 1 Typical X-ray powder spectrum 
of doped SnO2/Sb powder (x = 0.5 mol %, 
50 ~ < 20 < 100~ 
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Figure 2 Unit cell parameters as a function of 
concentration of dopant atoms (Sb) in SnO2/Sb 
powders. (a) crystallographic a-axis, (b) crystal- 
lographic c-axis, (c) unit cell volume. 

are the transmittance in the visible and near infrared 
range, and the infrared reflectance [11, 12]. It is very 
difficult to measure quantitatively the transmission of 
powdered samples in the visible and near infrared 
region. Owing to the high refractive index of SnO2 
powder (n > 2), elementary particles of the powder 
must be of the order of 0.3 to 0.4gin in order to 
compensate for the effects of Mie and Rayleigh type 
scattering. For  transmission measurements the pow- 
der was mixed with a non-absorbing vehicle (nujol), 
thus the correlation between the optical thickness of 

the nujol film and the transmission parameters was 
lost or was at least inaccurate. Therefore, only quali- 
tative transmission spectra of powders containing dif- 
ferent amounts of dopant atoms are given in Fig. 3. 

It is apparent that the transmission of the samples 
decreases with increasing content of antimony dopant 
atoms. Nevertheless, the last two spectra, which cor- 
respond to samples with x = 2.22 and 2.38 tool %, 
respectively (see also Table I), have approximately 
equal transmission spectra. The minimum of transmis- 
sion, marked with arrows in Fig. 3, shifts to shorter 
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T A B L E  I Influence of antimony content on SnOz powder pro- 
perties 

Sample C o n c .  S b  3 + p (l)pl, exp (l)pl, talc Ypl, calc 

(mol %) (f~cm) (cm -1) (cm -1) (cm) 

1 0 2736 - - 
2 0.41 13.50 1600 1070 1350 
3 0.90 16.9 2200 1500 1500 
4 1.07 10.24 2700 2900 2400 
5 1.32 2 3000 2800 2064 
6 2.22 4.5 3300 3200 2300 
7 2.38 10.0 3600 3500 2700 

m 

(ut,) 

Figure 3 Transmission spectra of SnO//Sb powders at various 
contents of antimony atoms. Arrows indicate transmittance min- 
imum which corresponds to the function infrared transmittance. 
Dopant concentrations correspond to samples listed in Table I 
(x - nujol band). 

wavelengths on further increasing the dopant concen- 
tration. Nevertheless, a more detailed determination 
of the vibrational bands of SnO2 powder and the 
corresponding plasma oscillations appearing in the 
absorption spectra of the doped powders was impos- 
sible to obtain. The transmission spectra (Fig. 3) were 
determined only qualitatively, thus preventing calcu- 
lation of exact infrared transmittance values [11]. 

The infrared reflection spectra (Fig. 4) indicate that 
the onset of the broad reflection band due to free 
carrier oscillations starts approximately at the same 
wavenumber at which the minimum in transmission 
spectra of nujol mulls appears (Fig. 3) for those sam- 
ples containing the same amount of dopants. The 
intensity of the reflection maximum is increased with 
x and at the same time is shifted to higher wave- 
numbers, but the part of the reflectivity curve which is 
close to the phonon bands (1000 to 700cm-1) shows 
some kind of saturation with x. 

A correlation of reflectivity in the middle of the 
infrared range ( ~ 1800 cm- 1) with dopant concentra- 
tion was expected according to the results obtained on 
thin films [-123, because reflectivity is related to the 
resistivity of doped SnOz/Sb thin films. Our four- 
point sheet resistance measurements indicate that the 
highest conductivity values were already reached for 
samples with x = 1,32 mol% (Table I and Fig. 4, 
sample 5), which means that resistivity measurements 
do not follow exactly increase of dopant concentration. 
This phenomenon has been already observed for thin 
films and correlated with mobility of free carriers due 
to the formation of crystallites of various sizes [3]. 

Evolution of the infrared reflectivity spectra as 
a function of dopant concentration reveals that the 
phonon bands [13] which correspond to the SnO 
stretching at 682 and 620cm-1, which are well re- 
solved for x = 0 (Fig. 4), become less distinct with 
increasing x. Nevertheless, the reflection minimum at 
758 cm-1 remains visible, but loses its sharpness. Ad- 
ditionally, similar but not so pronounced inversion of 
reflectivity is observed for the second minimum start- 
ing to appear at 1084 cm-1 (sample 3, Fig. 4). 

Direct observation of the reflectivity spectra does 
not make possible a detailed description of the 
phonon modes of doped SnO2 crystals. Characteristic 
broadening of the phonon bands due to the presence 
of a strong plasma reflectivity band hinders detection 
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Figure 4 Infrared reflection spectra of 
SnOz/Sb powders. Arrows indicate phonon 
modes of SnO2 powder: (1) 682 cm 1, (2) 
620 cm-1, (3) 500 cm-1. I first inversion 
band, II second inversion band (see text). 
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Figure 5 Example of fitting procedure achieved for SnO2/Sb (x = 0.41 mol %). 
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of the frequency shifts and damping of the phonon 
modes. Model calculations based on an extended 
Kurosawa-Drude dispersion relation [14], which is 
suitable for treatment of monocrystalline systems have 
been also applied for SnOz/Sb powder. 

The dielectric function, s(m), was expressed by the 
formula 

I C02o- c0 z - h'Lo 
= Soo F I  

1-- jpl - -  i71"o 

- J 
where C0LO, C0VO, 7LO, YTo are oscillator parameters, (d)pl 

and 7pJ are plasma frequency and damping, Soo is the 
dielectric constant at infinite (~4000cm -1) fre- 
quency, and the summation is carried out over all the 
observed phonon modes. The function is fitted to the 
reflectivity spectra (Fig. 4) according to the formula 

R = ~kfol/2 -~ 

from which the parameters listed in Table I were 
obtained. 

One of the fitted reflectivity spectra is reproduced in 
Fig. 5. 

We are aware of approximations which were used in 
our calculations. For example, the limited spectral 
range (4000-400 cm -t) decreases the reliability of 
the calculated parameters. Nevertheless, the greatest 
source of error is the fact that the effects of poly- 
crystallinity of the samples have not been considered 
in our calculations. For the polycrystalline samples 
with randomly oriented single crystals, phonon modes 
having different symmetries contribute in various ex- 
tents to the reflectivity of the powder. The intensities 
of A and E phonon modes of a tetragonal SnO2 
monocrystal appearing in IIc and ]]a spectra should be 
weighted in different ways in the reflectivity spectra in 
order to simulate the different participations of the 
randomly oriented single crystals in the powder. 
Moreover, the influence of the surface roughness of 
the powder pellets on the measured reflectivity has not 

been taken into account during our fitting procedure. 
For the above reasons, the results of the model calcu- 
lations could be taken only as an indication of a blue 
shift (Table I) of plasma oscillations as a function of x, 
while detailed description of phonon mode shifts and 
their damping do not describe the phonon-plasmon 
interactions properly. 

4. Conclusion 
Our attempts to make highly doped SnO2 powder 
with antimony atoms in which doping should be 
greater than that known for the films (x ~ 2 to 
3 tool %) was not successful, because the highest con- 
centrations of antimony which were achieved in our 
experiments did not exceed 2.38 tool% despite the 
very high initial concentration of SbCI3 ( - 50 tool %). 
The main reason was the insufficient solubility of 
SbC13 in the futile phase [15]. 

Until cell distortion due to the dopant atoms did 
not exceed that reported previously by others [9], 
although increases of the a and c crystallographic axes 
were observed. Linearity was not achieved and might 
be due to the insufficient precision of analytical pro- 
cedures used in our experiments. 

Sheet resistance measurements revealed that for 
concentrations of antimony atoms higher than x = 
1.32mol %, increased resistivity values appeared. 
Similar dependences of resistivity upon dopant con- 
centration have been reported for thin films [12] and 
also for powders [5], although the minima have been 
achieved at higher dopant concentrations, 3 tool % 
and 10 wt %, respectively, [12], 

Optical properties do not fully support our sheet 
resistance measurements. Visible transmission spectra 
reveal that the transparency of the powdered samples 
is gradually decreased with increasing x. Near and 
infrared transmission spectra support this behaviour, 
indicating additionally that the plasma oscillations are 
gradually shifted from the infrared (200cm -1) to the 
near infrared (5000 cm- 1) spectral range. 

The existence of a one-to-one correspondence be- 
tween the reflectivity band attributed to the plasma 
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oscillations and the concentration of dopant atoms 
was found. The evolution of the intensity of the corres- 
ponding reflectivity band is not symmetric, i.e. the 
peak intensity of this band is shifted from smaller to 
higher wavenumbers. That part of the reflectivity 
band which is close to the phonon modes is damped in 
the greatest extent and does not show an increase in 
intensity, while the part further away increases with 
dopant concentration. 

At higher concentrations (x > 1.0 mol %), a peak in 
the reflectivity curve centred at ~ 1200cm -1 was 
assigned as due to electronic absorption [10]. We 
found no additional experimental fact which could 
support this assignment. On the other hand, this band 
might be a spurious band which becomes apparent 
due to the presence of a negative reflectance peak 
appearing at 1084 cm- 1 which shifts up to 1186 cm- 1 
with increasing dopant concentration. 

Similar negative peaks are known, from molecular 
transmission and reflectance spectra, as Evans' bands 
[16] and appear due to the interactions between 
a weak phonon mode and closely spaced phonon 
levels. Recently, negative reflectance peaks have also 
been found in the reflectance spectra of some complex 
oxides exhibiting superconductivity [17]. In the latter 
case, the negative reflectance peaks correspond to the 
coupled modes between plasma oscillations and the 
phonon mode. Their intensities depend upon the 
strength of the electron-phonon interactions and is 
weak in the case of weak interactions. 

Two negative reflectance peaks have been found in 
our spectra of doped SnO2/Sb powders (Fig. 5). The 
first one (I) at 758 cm -1 appears to be due to the 
vicinity of fundamental phonon modes in the region 
below 600 cm-1. The second one (II) appears in the 
range 1084 to l186cm-land could not be directly 
connected with the corresponding phonon funda- 
mental mode. Nevertheless, we have found weak fea- 
tures in transmission spectra at 1082 cm- 1 which indi- 
cate the existence of overtone or combinational modes 
in this spectral region. Nevertheless, the shape, 

appearance and shift with doping of the negative re- 
flectance peak strongly support its coupled plasmon- 
phonon character. 
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