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The defect structure of sintered SnO, was investigated by
high-resolution transmission electron microscopy (HRTEM),
cathodoluminescence (CL), and electrical measurements.
HRTEM shows the presence of the SnO phase in the sintered
samples as well as twinning, stacking faults, and disordered
intergrowths. The sintered samples annealed under an oxy-
gen atmosphere show changes in the defect structure and in
the CL spectra. In particular, the intensity of a CL band at

1.94 eV, related to oxygen vacancies, decreased as the elec-
trical resistivity increased. The results are discussed by con-
sidering the presence of stoichiometric defects such as oxy-
gen vacancies and Sn interstitials in the final structure and
their evolution during the annealing process under an oxy-
gen atmosphere.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

SnO, is a semiconducting oxide of interest for technolog-
ical applications such as gas sensors, transparent electrical
contacts, or optoelectronics.'3! It is commonly accepted
that its electrical conductivity is related to its nonstoichio-
metry, which is due to a large concentration of oxygen va-
cancies that act as shallow donors close to the conduction
band.™ However, this vacancy model seems to raise a few
fundamental questions with regard to the general under-
standing of the phenomenon of transparent conductivity.
Some theoretical resultsi®! point to an important role of the
interstitial Sn atoms, which present unusual stability owing
to the multivalence of tin, under different chemical poten-
tial conditions in SnO,.

In this work, the defect structure of sintered SnO, ce-
ramic samples and its correlation with optical and electrical
properties were investigated. In particular, the role of oxy-
gen vacancies and of tin interstitials in the luminescence
and electrical resistivity of the sintered samples was ana-
lyzed. Samples prepared under different thermal treatments
were characterized by the cathodoluminescence (CL) mode
in a scanning electron microscope (SEM), x-ray diffraction
(XRD), high-resolution transmission electron microscopy
(HRTEM), and electrical resistivity measurements.
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Results

The sintered samples have irregular-shaped grains with
different sizes and porosities as a function of the annealing
temperature. We have previously reported® that the catho-
doluminescence spectra of SnO,-sintered samples show
three main contributions centered around 1.94, 2.25, and
2.58 eV, whose relative intensities depend on the sintering
treatment. The 1.94 eV emission has been related to the
presence of oxygen vacancies!®”! which act as shallow do-
nors in SnQO,.

Figure 1 shows CL spectra recorded at 80 K on samples
sintered in air for 10 h at 1200 °C, and subsequently treated
under an oxygen atmosphere at 600 and 900 °C. As a refer-
ence, the spectrum of the sample sintered in air for 10 h at
1200 °C, is also represented. No significant changes in the
spectrum can be appreciated after the treatment under an
oxygen atmosphere at 600 °C. However, thermal treatments
at higher temperatures (900 °C) produce a decrease in the
total CL signal, but mainly of the 1.94 eV emission inten-
sity. Figure 2 shows CL spectra of samples sintered in air
for 10 h at 1500 °C, with and without subsequent treatment
in an oxygen atmosphere. The 2.25 eV emission is dominant
in the three spectra, whereas the 1.94 eV emission has al-
most disappeared. A decrease in the CL intensity is also
observed as the temperature of the oxygen annealing is in-
creased.

In order to investigate the changes that these treatments
produce in the oxide microstructure and composition of
SnO,, analysis by means of XRD and HRTEM were car-
ried out. XRD of the samples sintered at 1200 °C and
1500 °C show a crystalline structure of rutile type, with a
tetragonal unit cell and parameters ¢ = 0.4738 nm and ¢ =
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Figure 1. CL spectra of samples sintered in air at 1200 °C, some of
which were subsequently treated under an oxygen atmosphere at
600 or 900 °C.
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Figure 2. CL spectra of samples sintered in air at 1500 °C for 10 h,
and samples further annealed under an atmosphere of oxygen at
600 and 900 °C.

0.3187 nm, and P4,/mnm space group. SAED and HRTEM
studies show the presence of different defects, including
twinning, stacking faults, disordered intergrowths, domains,
and amorphization.

Figure 3a shows the fast Fourier transform (FFT)
pattern along the [001] zone axis of the sample sintered at
1200 °C, which can be indexed on the basis of the rutile
crystal structure. The corresponding HRTEM image (Fig-
ure 3b) shows a very well-ordered material with interplanar
distances of 0.47 nm.

Figure 3. FFT pattern along the [001] axis (a), and HRTEM image
(b) of a sample sintered in air at 1200 °C for 10 h.

In contrast, Figure 4a shows the FFT pattern along the
[111] zone axis of the same sample, which can also be index-
ed on the basis of the rutile crystal structure. However, the
splitting of the main diffraction spots (marked by arrows)
suggests the existence of twining. In the corresponding
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HRTEM image (Figure 4b), twin planes along (011) are ob-
served. These straight twin boundaries are coherent and
consist of Sn atoms shared by the two neighboring compo-
nents of the twin.®! Huang et al.’! reported that the Sn
sublattice is mirror symmetric to the coherent twin bound-
ary (CTB), whereas the oxygen atoms forming octahedral
cages around the Sn atoms are not mirror symmetric to the
CTB.

Figure 4. FFT pattern along the [111] zone axis (a) of a sample
sintered in air at 1200 °C for 10 h and the corresponding HRTEM
image (b), showing twin planes along (011).

Figure 5 corresponds to a different area of the same sam-
ple. The inset (Figure 5a) shows the corresponding FFT
pattern along the [111] zone axis, which shows both split-
ting and streaking of the diffraction spots; this is indicative
of high structural disorder, as it can be seen in the corre-
sponding HRTEM micrograph (Figure 5b) where recurrent
twinning and disorder intergrowths are observed. HRTEM
characterization also shows that after annealing under an
oxygen atmosphere at 900 °C, the density of defects de-
creases.

Figure 5. FFT pattern along the [111] axis (a) and HRTEM image
showing structural disorder and recurrent twinnings (b) corre-
sponding to a different area of the sample observed in Figures 3
and 4.

Alternatively, Figure 6a shows the SAED pattern of the
sample treated at 1500 °C in air for 10 h. The diffuse rings
indicate the presence of an amorphous phase. Moreover,
the intensity and discrete spots in this FFT pattern (Fig-
ure 6b) suggest the presence of randomly oriented grains of
very small dimensions. Figure 6¢ reveals a complex micro-
structure, where crystallized domains (dashed circle) in an
amorphous matrix are observed. Therefore, in some crystals
of this sample, interplanar distances of 0.48 nm were mea-
sured (Figure 7a), which corresponds to the ¢ axis of the
SnO phase. The inset (Figure 7b) shows the corresponding
1545
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FFT pattern. Notably, further thermal treatment at 900 °C
under an oxygen atmosphere led to better recrystallization
of the sample.

Figure 6. SAED (a) and FFT pattern (b) of a sample sintered in
air at 1500 °C for 10 h. HRTEM image (c) reveals the presence of
crystallized domains in an amorphous matrix.

Figure 7. HRTEM image (a) of a sample sintered in air at 1500 °C
for 10 h. The inset shows the corresponding FFT pattern.

As the presence of oxygen vacancies acting as donors
determines the electrical properties of SnO,, resistivity mea-
surements were carried out. Results are presented in Table 1
and Figure 8.

Table 1. Evolution of the samples resistivity as a function of the
sintering temperature and post annealing under an oxygen atmo-
sphere at 900 °C.

Temperature [°C] Resistivity [Qcm] + 0, (900 °C)

1000 (0.9+0.2) 10° (3.1+0.5) 10*
1100 (3.5+0.7) 10°
1200 (2.3x£0.4) 104 (1.2x0.2) 10*
1300 9.0+ 1.5 10°
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Figure 8. Resistivity of samples as a function of the sintering tem-
perature and further annealing under an oxygen atmosphere at
900 °C.
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The results show a rise in the resistivity as the tempera-
ture used during the sintering treatments was increased.
Note that the y axis in Figure 8 is logarithmic-scaled, which
denotes a faster increase in the resistivity at higher sintering
temperatures. Moreover, the annealing process, which is
performed under an oxygen atmosphere heated at 900 °C,
also causes an increase in the resistivity, as shown in Fig-
ure 8. The samples sintered at temperatures above 1300 °C
present a resistivity higher than 10® Qcm, but exact values
could not be obtained with the experimental setup used.

Discussion

The influence of oxygen vacancies (Vo) on the electrical
conduction, structure, or luminescence properties of SnO,
has been often considered, whereas the influence of Sn in-
terstitials (Sn;) is usually ignored. Different authors!*!
have pointed out that oxygen vacancies are mainly responsi-
ble for several optical and electrical properties of SnO,, and
they act as shallow donor levels below the conduction band.
Both donor defects, Vg and Sn;, can donate electrons to the
conduction band without increasing the optical interband
absorption, which explains the coexistence of conductivity
and transparency in this material. Themlin et al.,l'" from
their synchrotron results on the SnO, (110) surface, con-
cluded the existence of states sensitive to oxygen chemisorp-
tion, situated 1.4 eV above the valence band top. These
levels, related to the Sn?>* cation and associated with the
presence of oxygen vacancies, are compatible with the tran-
sitions leading to the 1.94 eV emission observed in the pres-
ent work. Also, our previous studies® showed the connec-
tion between this emission and the oxygen vacancies. The
fact that treatment of the sample under an oxygen atmo-
sphere heated at 900 °C causes the intensity of the 1.94 eV
band to decrease, also indicates an annealing-induced de-
crease in the vacancy concentration as a result of thermally
activated oxygen diffusion. In the samples sintered at
1500 °C without additional treatments, the 1.94¢e¢V CL
emission hardly appears; therefore, subsequent oxygen
treatments cannot affect this emission intensity as much as
in the samples sintered at 1200 °C. The kinetics of the oxy-
gen—-SnO», reaction, as well as the oxygen diffusion mecha-
nism, were previously investigated. Kamp et al.l'’l con-
cluded that at temperatures below 800 °C, only surface reac-
tions like adsorption occurs, which is the diffusion process
that is activated at higher temperatures. These processes
would be related to a change in the oxidation state of the
adsorbed oxygen at 450 °C,['3l which turns O, into O~ (the
latter being more reactive). Themlin et al..''l observed that
an increase in the temperature to 630 °C initiates the bulk-
oxygen diffusion process. Our CL results (Figure 1) show
a decrease in the 1.94 eV emission, related to the oxygen
vacancies, that occurs during the treatment of the sample
under an oxygen atmosphere heated at 900 °C, which agrees
with these observations. Sintering at high temperatures, up
to 1500 °C, results in the progressive disappearance of the
oxygen vacancies’ concentration, as suggested not only by
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the decrease in the 1.94 eV emission, but also for the charge
effects appearing during the observations in SEM. The res-
istivity increase that is produced at higher sintering tem-
peratures and during oxygen treatments, shown in Figure 8,
agrees with a decrease in the vacancy concentration de-
tected by the evolution of the 1.94 eV band. Indeed, per-
fectly stoichiometric samples are highly resistive.['¥ Paria et
al.l'3! obtained similar resistivity results on sintered SnO,
to those presented here. The crystallinity improvement pro-
duced by the oxygen treatments agrees with the well-or-
dered appearance observed in the HRTEM images. Con-
versely, sintering treatments can also increase the presence
of defects (as shown in Figures 5 and 7), which reduces the
carriers mobility, and the conductivity as well. Previous
work confirms the decrease in the conductivity as the pres-
sure and the oxygen content in the reactive atmosphere is
increased.[!¢)

SAED and HRTEM analyses show that planar defects,
such as recurrent twinning, stacking faults, and vacancies,
are present in these samples. In addition, at high tempera-
tures, the material seems to consist of both a polycrystalline
SnO, phase and an amorphous SnO phase.l'”l Moreover,
the decomposition of SnO, into SnO, according to the reac-
tion SnO, — SnO+Vq, at high temperatures, has to be
considered. These processes begin with the formation of in-
termediate phases, such as Sn;O,4, SnO, and even metallic
Sn, by internal oxygen disproportionate allocation, de-
pending on the temperature and atmosphere conditions, as
described by Cahen et al.['81 Many crystal defects, including
twinning, crystallographic shear planes (CSP), stacking
faults, and oxygen vacancies, are formed during these pro-
cesses. In our case, the partial SnO formation was observed
when the SnO, material was treated at high temperatures in
air. Because both compounds are structurally related, it is
reasonable to think that they can easily exist in the same
crystal, as observed in samples treated at 1500 °C in air
(Figure 7). In the SnO, rutile structure, each Sn atom has
six oxygen neighbors, which form a distorted octahedral.
The distance between the Sn and O atoms within one octa-
hedron is 0.21 nm. In SnO, each Sn atom has four oxygen
neighbors, but all of them are located on the same side of
the Sn atoms, as shown by the pyramid consisting of one
Sn atom and four O atoms in the SnO unit cell. The Sn—O
bonds have a length of 0.222 nm. Accordingly, the SnO,
phase can be easily transformed into the SnO phase by re-
moving the O atoms from SnO, and by slightly adjusting
the position of the Sn atoms. The formation of Sn; requires
the rearrangement of its atomic environment by ionic relax-
ations resembling the local structure of SnO, which can also
explain the observed SnO phase.

The sintered samples that were treated under an oxygen
atmosphere were found mainly to consist of the SnO,
phase. This shows that the SnO phase formed by the re-
duction of SnO, at high temperature is unstable under oxi-
dation conditions and will be transformed into the SnO,
rutile phase through an oxidation process. During this pro-
cess, a decrease in the Vo and Sn; concentration takes place
along with an increase in resistivity.
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Conclusions

Sintering SnO, in air at high temperatures results in a
high density of defects, as observed by SAED and
HRTEM, as well as in the presence of the SnO phase which
can be explained by Sn; formation. The sintering treatments
modify the CL signal, mainly the 1.94 ¢V emission, which
disappears at temperatures greater than 1500 °C. This emis-
sion, which has been associated with the presence of oxygen
vacancies, is decreased during post sintering treatments un-
der an oxygen atmosphere. This process governed by oxy-
gen diffusion, was detected after treatments at 900 °C. The
decrease in the Vg concentration is associated with a large
increase in resistivity. Annealing under an oxygen atmo-
sphere at high temperatures improves the crystallinity of the
samples and leads to the formation of a pure SnO, rutile
phase.

Experimental Section

The starting material used was commercial SnO, powder (Aldrich
Chemical Company Inc., 99.9% purity). The powder, consisting of
particles and aggregates of rounded particles with sizes of about
200 nm, was compacted under a compressive load of 2 tons to form
disc-shaped samples that were about 7 mm in diameter and 2 mm
thick. The samples were sintered in air for 10 h at temperatures
between 1000 °C and 1500 °C and some of them were subsequently
annealed for 2h under an oxygen atmosphere at 600 °C and
900 °C.

The samples were observed in the secondary electron (SE) and ca-
thodoluminescence (CL) modes with a Hitachi S-2500 or a Leica
440 SEM, at accelerating voltages ranging from 10 to 30 kV at a
temperature of 80 K. The CL spectra were recorded either with the
photomultiplier tube attached to an Oriel 78215 computer-con-
trolled monochromator or with a CCD camera with a built-in spec-
trograph (Hamamatsu PMA-11). Resistivity measurements were
performed by means of the Van der Pauw technique, in air and
at room temperature. Structural information of the samples was
obtained by X-ray diffraction (XRD) performed with a Philips dif-
fractometer and high resolution transmission energy microscopy
(HRTEM) with a JEOL 300 FEG electron microscope.
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