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Abstract. A method for estimation of the Sb**/Sb>* content ratio in antimony-doped tin
oxide (ATO) is described. It involves measuring of XRD pattern of ATO sample in a narrow
20 range and individual profile fitting of diffraction lines 110 and 101. The ratio of full-
widths at half-maximum (FWHM) of the lines 110 and 101, FWHM,,(/FWHM,¢,, is corre-
lated with the Sb**/Sb*" content ratio in the ATO samples. The method resulted from XRD
and '*'Sb-M&ssbauer spectroscopy investigation of ATO samples.

Introduction

Tin oxide, SnO,, is a wide-band gap semiconductor with transmittance cut-off at 333 nm [1].
It has a tetragonal TiO, (rutile)-type structure, in the space group P4,/mnm [2]. When doped
with F, Sb or Mo it becomes a conductor [3,4]. Sb-doped SnO, is well known by the name
ATO (antimony tin oxide). Thin ATO films possess an excellent combination of superior
optical and electrical properties: high transparency in the visible range and high electrical
conductivity, which makes them applicable for various optoelectronic devices [3]. However,
it was evidenced that the conductivity was not linearly dependent on the Sb-doping level, it
increased for lightly-doped SnO, and decreased for heavily-doped SnO, [5]. Terrier et al. [6]
examined the actual doping level of Sb in the doped SnO, films, and also the oxidation state
of incorporated antimony, by means of X-ray photoelectron spectroscopy (XPS) and secon-
dary ion mass spectroscopy (SIMS). They found that in doping the Sb** overcame Sb>* con-
tent, but they could not ascertain the exact content of antimony for which that occurred.
Many structural studies of ATO have been performed so far with the purpose of elucidating
the above phenomena [7-10]. The present paper reports a study of the influence of Sb**/Sb*>*
content ratio on structural properties of powder ATO samples.
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Experimental

The powder SnO, sample (sample SO) and ATO samples containing 3.1, 6.2, 11.9 and 14
at% Sb (samples S1-S4) were prepared by a sol-gel technique followed by hydrothermal
treatment at 250 °C and 2.5 MPa. The sample S2 was additionally heat treated at 350, 450
and 550 °C for 1 h, then slowly cooled to RT. The antimony content in the samples was
determined by both the atomic emission spectroscopy, using a Jobin Yvon JY24 spectrome-
ter, and particle induced X-ray emission (PIXE), using a 3 MeV proton beam. The results of
both methods agreed within the experimental error.

The samples were characterized by X-ray diffraction (XRD) using a Philips MPD 1880
counter diffractometer with monochromatized Cu Ko radiation. Unit-cell parameters were
determined by taking silicon powder as an internal standard. Calculations were done by
means of the computer program UNITCELL [11]. Then, the unit-cell parameters were re-
fined by the whole-powder-pattern fitting method using the program WPPF [12]. The ATO
samples were also examined by Mdssbauer spectroscopy. The '*'Sb-Méssbauer spectra were
recorded at 12 K by a Wissel Mossbauer spectrometer system using a Ca'>'™SnOj; source (16
MBq). Analysis of spectra was performed by a transmission integral method [13].

Results and discussion

X-ray powder patterns indicated that all examined samples were tetragonal, space group
P4,/mnm, and isostructural with TiO, (rutile). Only sample S4 contained an impurity phase,
namely 5 wt% Sb,Os. The results of the whole powder pattern fitting for samples SO and S2
are displayed in figure 1, while the changes of unit-cell parameters with antimony content are
shown in figure 2. Both a and ¢ parameters for the samples S1, S2 and S3 increased with
Sb-doping level, while for S4 decreased to the values which could be situated between those
for SO and S1. Such behaviour of the cell parameters indicated a possibility that both Sb**
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and Sb> ions were substituted for Sn**, but with variable Sb>*/Sb>* content ratio. Unit-cell
parameters of the annealed sample S2 decreased with the increase in thermal treatment tem-
perature as seen in figure 3. This suggested that oxidation of the antimony ion Sb*" took
place on annealing. As seen in figure 1, diffraction lines were broadened indicating the
nanosized crystallites in the samples. The line broadening was anisotropic. The line 110 was
the broadest, while the line 101 was the narrowest one for all the samples. Both the line
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broadening and line anisotropy were dependent on the Sb doping level, and also on annealing
temperature (examined for the sample S2), as shown in figure 4. For the as-prepared samples
(figure 4 (A)), the lines of SO showed the greatest broadening. Incorporation of Sb up to 11.9
at% decreased the line broadening and increased the line anisotropy. For S4 the broadening
was bigger again, while the line anisotropy decreased. The XRD patterns of annealed sample
S2 (figure 4 (B)) showed that the line broadening increased up to 350 °C, then decreased
upon heating at higher temperatures, while the line anisotropy decreased over the whole
temperature range.
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Figure 4. Characteristic part of the XRD patterns: (A) for the samples S0, S2 and S4; (B) for the
annealed sample S2. The figures are results of individual profile fitting by the PROFIT program
[12]. Black triangle denotes an impurity, Sb,0;, in S4.

The crystallite sizes for the samples were determined from the diffraction lines 110 and 101
by the Scherrer formula [14]. The obtained values are listed in table 1. The profiles of 110
and 101 lines were corrected for the instrumental broadening using the nearest profiles of
LaBg standard, 110 and 111 respectively, and the Ruland relation among the integral line
widths for the Cauchy profile [15]. The correction of the observed widths for the broadening
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due to the angular separation of the components Ko, and Ko, was done according to
Popovic [16].

Table 1. Full-widths at half-maximum (FWHM) for the lines 110 and 101 of ATO samples and crystal-
lite sizes in the direction normal to the planes (110) and (101).

ATO | Sbcontent | T FWHM (° 26) FWHM (° 20) Dy | Diqon
sample (at%) (°C) by PROFIT by WPPF (nm) (nm)
110 101 110 101
S 3.1(4) 20 | 1.449(7) | 1.107(7) | 1.4096) | 1.107(7) | 62) | 8()
S2 6.2(6) 20 | 1.409(6) | 0.936(6) | 1.356(6) | 0.918(6) 6(2) 93)
S3 11.95) | 20 | 1.356(6) | 0.813(6) | 1.321(7) | 0.836(7) | 6(2) | 11(3)
S4 14.07* | 20 | 1.8388) | 1.260(8) | 1.838(8) | 1.274(7) | 4)) | 7(2)
S2 6.2(6) 350 | 3.22(3) | 2.96(3) 3.16(3) 2.95(4) 2(1) 2(1)
450 | 2.4802) | 2.382) | 2433) | 2353) | 3(1) | 3D
550 | 1.94(1) | 1.922) | 1.902) | 1.882) | 4(1) | 4

* The total content of antimony found in S4 was 19.4(7) at%. A part of it (5.4 at% Sb)
crystallized as Sb,O; (namely 5 wt% Sb,0;), as found by XRD.

The '*'Sb-Mdssbauer spectra of the as-prepared samples S0-S4 showed that both Sb*" and
Sb*>" ions were incorporated in the samples, as presented in figure 5. The Sb**/Sb>* content
ratio in the samples was determined from the relative peak areas of each species in the
Massbauer spectra as listed in table 2. It is seen that the Sb>*/Sb”" content ratio increases
with the increase in Sb doping level up to sample S3, while for sample S4 it is smaller than
for S3. Also, it was confirmed that sample S4 contained the additional phase Sb,O;. The
12ISh-Méssbauer spectroscopy results for the annealed sample S2 (figure 6) showed that the
Sb*" content really decreased upon annealing. The Mossbauer spectroscopy results con-
firmed that the behaviour of the unit-cell parameters is determined by the Sb**/Sb>* content
ratio in the samples: the increase in the Sb**/Sb*>" content ratio causes the increase in the unit-
cell parameters, and accordingly the decrease in Sb>'/Sb*> content ratio causes the decrease in
the unit-cell parameters.
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Figure 5. ?1Sb-Mossbauer spectra of the Figure 6. 21Sb-Mgssbauer spectra of the
samples SO-54. annealed sample S2.
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Changes in full-widths at half-maximum values (FWHM) for various diffraction lines on the
Sb**/Sb*" content ratio were also examined. The lines 110 and 101 were chosen to calculate
the FWHM ratio since their FWHM ratio strongly changed with Sb content as listed in table
2. The FWHM,;(/FWHM|(, ratio values were determined from both the individual profile
fitting and the whole-powder-pattern fitting results presented in table 1.

Table 2. Values of FWHM ratios for lines 110 and 101 and Sb>*/Sb>" content ratios.

ATO | T FWHM,,¢/ | FWHM,,¢/ St | sb™ | Sb’/Sb>
sample | (°C) FWHM, FWHM,, (at%) | (at%) | content
by PROFIT | by WPPF ratio
S1 20 1.31 1.27 66 34 1.9
S2 20 1.51 1.48 70 30 2.3
S3 20 1.67 1.58 74 26 2.8
S4 20 1.46 1.44 49 19 2.6
S2 350 1.09 1.07 18 82 0.2
450 1.04 1.03 13 87 0.1
550 1.01 1.01 10 90 0.1

The relation of the FWHM,,(/EWHM, , ratio and the Sb>*/Sb>" content ratio in the examined
ATO samples is shown in figure 7. From figure 7 the following equation was derived:

Sb*"/Sb*>" content ratio = 19.9 FWHM, ;(/FWHM,q, - 5.8 (FWHM,;(/FWHM,,,)* — 14.1, (1)

which is proposed for quick estimation of the Sb*>*/Sb*>" content ratio in ATO samples.

Figure 7. Relation between determined

49 — FWHMI110/FWHMI01 ratio and the
Sb**/SH** content ratio for the samples S0-S4.
1 The values obtained from the PROFIT results
are denoted by open circles, while those ob-
tained from the WPPF results are denoted by
solid circles.
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The equation (1) suggests that the anisotropy in line broadening is present if the Sb>* ions are
present in the ATO structure. This is consistent with the work reported by Geurts et al. [17].
It is interesting to notice that the function (1) tends to the maximum value of Sb**/Sb>* con-
tent ratio equal to 2.97 at FWHM,,o/FWHM,o, = 1.71. The method is easy and quick in com-
parison with spectroscopic methods. Special convenience in application of the proposed
method is the fact that 110 and 101 lines are the neighbouring lines, so the XRD pattern in a
narrow 26 range (20=22-42 °) suffices for determination of the Sb**/Sb** content ratio.
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Concluding remarks

The XRD and Mdssbauer spectroscopy studies of the Sb-doped SnO, were performed. A
correlation between FWHM),;(/FWHMq, ratio (obtained by XRD study) and Sb**/Sb”" con-
tent ratio (obtained by '2'Sb-Méssbauer spectroscopy study) was found, which can be used as
a basis for quick estimation of the Sb**/Sb*" content ratio in ATO samples.
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