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Abstract

Monodisperse tin oxide nanoparticles of size from 10 to 25 nm with different initial oxygen stoichiometry are prepared by a gas-phase
condensation technique. Auger electron spectroscopy is used to study the stoichiometric changes of the particle surfaces processed under
different conditions. Annealing the as-deposited SnO, particles at 300 °C for 1 h in synthetic air leads to an intermediate phase of tin oxide and
on further annealing, an equilibrium phase is stabilized. The annealing treatments oxidize the particle surface nearly to stoichiometric SnO,,
depending on the initial oxygen content. In the case of pre-oxidized particles in the gas phase, an under-stoichiometric phase, with the surface
composition of SnO g, is observed even after multiple heat treatments whereas the SnO particles, that are not pre-oxidized, transform into
SnO, after annealing twice at 300 °C. The surface stoichiometry is not found to change with the particle size.
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1. Introduction

Tin oxide (SnO,)-based gas sensors have become impor-
tant solid state devices for detecting combustible and toxic
gases in the past few decades [1]. In recent years, the use of
nanocrystalline particles with a high surface-to-volume ratio
made it possible to improve the gas-sensing properties [2]
which are mainly influenced by the surface region of the
particles. Therefore, the study of surface/interface conduc-
tivity and geometric effects [3], of work function [4],
microstructure [5] and the analysis of surface stoichiometry
is of great importance to better understand the gas-sensing
mechanism. The oxygen stoichiometry of tin oxide particles/
surfaces varies between SnO and SnO, for different pre-
paration and processing conditions. Since the charge transfer
process is different in SnO and SnO,, the stoichiometric
changes during synthesis need to be optimized and a stable
stoichiometry must be formed for optimum sensor opera-
tion.

Oxidation of Sn and SnO thin films prepared by different
techniques, from Sn and SnO, precursors, has been studied
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by X-ray and ultraviolet photoelectron spectroscopy (XPS,
UPS) and Rutherford backscattering spectroscopy (RBS) for
many years [6,7]. Since no significant chemical shift
between the Sn>" and Sn*' states can be detected by
XPS, this method does not allow to identify the stoichio-
metric changes in SnO,.

Post-annealing treatments of Sn films at 450-550 °C for
4 h is found to oxidize the film to SnO g5 in air and to SnO,
in oxygen [7]. However there is a strong dependence on the
initial processing conditions of the films. In spite of many
studies on the oxidation of SnO, thin films prepared from Sn
or SnO, precursors, there is little amount of work on the
oxidation process of SnO nanoparticles found in the litera-
ture.

It is well known that oxygen stoichiometry, annealing
treatments and microstructure influence the sensitivity
of SnO, thin film gas sensors [8]. Similar effects are
expected with SnO, nanoparticle sensors. The present
Auger electron spectroscopy (AES) study is thus focussed
on variations of the initial surface stoichiometry of SnO
and SnO,, (1 < x <2), nanoparticles prepared under dif-
ferent conditions and deposited onto a small circular
spot (1-2 mm) on Si substrates. In addition, the change
of surface composition after various annealing steps at
300 °C is investigated.
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2. Experiment

SnO nanoparticles with diameters of 10, 15, 20 and 25 nm
are prepared by a gas-phase condensation method [9].
SnO powder (99%, Aldrich, Germany) is evaporated at
(800 £ 10) °C in a tube furnace in nitrogen atmosphere.
The SnO vapor condenses into particles which are trans-
ported to the deposition chamber by the carrier gas N, at a
constant flow rate of 1.6 I/min. Before deposition, the aero-
sol is charged by a radioactive neutralizer (Kr®). The

charged aerosol particles are then size-selected by a differ-
ential mobility analyser (DMA).

The size-selected particles are sintered inflight at 650 °C
for recrystallization and shape refinement in another furnace
on their way to the deposition chamber. A schematic dia-
gram of the experimental setup for preparation of the
monodispersed nanoparticles is shown in Fig. 1(a). The
particle concentration in the flow is monitored by a con-
densation nucleus counter (3025-TSI, Minneapolis, USA)
and is dependent on the evaporation temperature [10]. For
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Fig. 1. Schematic diagram of the synthesis setup of nanoparticles (a) and AFM images of 10 nm SnO particles at two different sites of the deposition spot (b)

and (c) as indicated by arrows.
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inflight oxidation of the SnO particles, oxygen is supplied to
the carrier gas flow at concentrations of 10, 20 and 35 vol.%
in the sintering stage. The SnO particles are then collected
onto a small spot of 1-2 mm in diameter on a Si(l1 1 1)
substrate in the deposition chamber at room temperature by a
low-pressure impaction method. The Si substrate is etched
with hydrofluoric acid to remove the native oxide. However,
a small amount of oxygen contamination is still observed.

The particle morphology and coverage on different places
of the samples are studied by ex situ atomic force microscopy
(AFM) (Nanoscope III, Digital Instruments) in non-contact
mode. To determine the surface stoichiometry, the samples
are transferred under ambient atmosphere to an ultrahigh
vacuum chamber for electron-induced AES. The base pres-
sure in the analysis chamber is below 1 x 10~ hPa. AES
spectra are recorded in the first derivative mode and the
energy of the primary electron beam is adjusted to 3 keV.
The oxygen stoichiometry is estimated from the ratio of the
Auger peak-to-peak heights of the O(KLL) line at a kinetic
energy of 510 eV and the low-energy feature of the Sn(MNN)
doublet at 421 eV. The AES spectrum of sintered SnO,
powder was used as a calibration reference for determining
the oxygen content in the SnO, nanoparticles.

Post-annealing of the samples occurs at 300 °C for 1 hina
continuous flow of synthetic air. After AES measurements of
those annealed samples, they are once again annealed under
the same conditions to study the variation of oxygen stoi-
chiometry due to multiple heat treatments. The post-anneal-
ing parameters were chosen to match the working conditions
of typical SnO, gas sensors.

3. Results and discussion
3.1. Morphology

Transmission electron microscopy studies (not shown
here) demonstrate that the SnO nanoparticles are spherical
and monodisperse when deposited on the Si substrates. AFM
images of 10 nm particles at the center and at the edge of the
deposition spot are shown in Figs. 1(b) and (c), respectively.
In the area of low coverage, Fig. 1(c), individual particles
and small clusters of a few particles are observed. In the high
coverage regions, large agglomerates of particles up to
heights of 300 nm are probed. Obviously, the roughness
of the deposited film is increased with larger coverage. Due
to a tip size of 20 nm the lateral extension of the imaged
particles appears larger than 10 nm. However, the correct
diameter of (10 4+ 1) nm is extracted from the vertical
modulation in Fig. 1(c).

3.2. Chemical composition of deposited and
post-annealed SnO nanoparticles

The top panel of Fig. 2 shows a typical AES spectrum
recorded from 10 nm SnO nanoparticles deposited on a
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Fig. 2. Upper panel: Auger spectrum of as-deposited 10 nm SnO
nanoparticles; lower panel: Auger spectra of SnO nanoparticles of
different size annealed once at 300 °C for 1 h in synthetic air.

Si(1 1 1) surface. The Sn(MNN) doublet consists of two
well-separated features at 421 and 429 eV. The intensity
ratio between the O and Sn Auger features corresponds to a
composition of SnOy ». This finding is in agreement with X-
ray studies which prove the tetragonal SnO phase of the
particles. The C signal at 270 eV is due to residual hydro-
carbon contamination during transfer of the samples from
the deposition to the analysis chamber. Shape and intensity
of the Auger lines do not change with the particle size
indicating that the composition is independent of the particle
diameter.

The samples are post-annealed at 300 °C for 1h in
synthetic air. Auger spectra of annealed nanoparticles of
different sizes are shown in the lower panel of Fig. 2. This
treatment changes the shape of the Sn doublet significantly.
The double structure in the first derivative spectrum corre-
sponds to a well-resolved double peak structure in the
original spectrum which may be retrieved by numerical
integration of the recorded Auger spectra. The observed
variation of the line shape due to annealing indicates a
broadening of the original peaks which may be attributed
to different chemical environments of the tin atoms. Similar
line distortions were reported earlier for as-deposited and
annealed (500 °C) SnO, films prepared by ion-beam assisted
deposition [11]. The authors interpreted this finding with the
presence of metallic Sn at the surface which leads to
chemically shifted Auger lines. However, in our study no
evidence for metallic Sn could be found. The change of the
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Sn Auger lines may be related to an intermediate and not
fully relaxed oxidation state of the Sn atoms.

Annealing leads also to a structural change of the nano-
particle film since weak Auger features of oxidized Si are
observed at around 80 eV. The film apparently opens up
when the nanoparticles are oxidized. Oxidation of SnO is
accompagnied by a volume reduction of approximately 7%
and a change of microstructure has been observed with thin
films earlier [8,12].

The change of the Sn line shape and the enhanced oxygen
signal due to SiO, make a quantitative analysis of the
nanoparticle stoichiometry intricate. To get a good estimate,
the Auger spectra were corrected by substracting the SiO,
background signal (see below) and by comparing the results
from the peak-to-peak-intensities with an analysis of the
original, i.e. integrated spectra. Both ways of determining
the Auger line intensities result in a composition of approxi-
mately SnO,, i.e. the particles are oxidized by the annealing
procedure, however, the distorted line shape indicates a
mixed oxidation state.

A second post-annealing process at 300 °C for 1h in
synthetic air leads to a further change of the Auger spectra as
shown in the top panel of Fig. 3. The Si substrate signal
increased due to an enhanced opening of the nanoparticle
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Fig. 3. Upper panel: Auger spectra of SnO, nanoparticles of different size
post-annealed twice at 300 °C for 1 h in synthetic air; middle panel: Auger
spectrum of the Si substrate; lower panel: corrected Auger spectrum for
10 nm SnO, nanoparticles.

film. The Sn Auger doublet shows again two well-resolved
features indicating a uniform oxidation state. To extract the
true stoichiometry of the nanoparticles, the tin oxide spectra
are corrected by substracting the normalized Auger spec-
trum of the Si substrate shown in the middle panel of Fig. 3.
The Si spectrum is normalized to the intensity of the Si line
in the tin oxide spectra. The lower panel of Fig. 3 shows the
corrected Auger spectrum for the 10 nm nanoparticles as an
example. The resulting oxygen content is almost unchanged
irrespective of the particle size and corresponds to SnO .

3.3. Composition of as-deposited and post-annealed,
inflight-oxidized SnO, nanoparticles

In order to study the properties of nanoparticles oxidized
in the gas phase, SnO, particles of 20 nm in diameter were
prepared by adding 10, 20 and 35 vol.% O, into the carrier
gas. The increasing oxygen content extracted from the peak-
to-peak Auger intensities is plotted as solid squares in Fig. 4.
By taking the original Auger line intensities after numerical
integration, the error in the determined oxygen content is
Ax = 4+0.2. Hence, we can only conclude that with increas-
ing oxygen content in the carrier gas, inflight oxidation of
the particles changes the stoichiometry from SnO; , (no O,)
to SnOl_g.

After deposition on the Si substrates the inflight oxidized
particles are post-annealed at 300 °C for 1 h in synthetic air.
The resulting oxygen contents are also plotted in Fig. 4 for
single and double post-annealing steps. The stoichiometry of
the nanoparticles is obviously independent of the number of
post-annealing steps. All inflight oxidized nanoparticles show
a composition of approximately SnO; g which is significantly
lower than the oxygen content of post-annealed SnO nano-
particles. Even heating at 300 °C for 4 h in synthetic air does
not change the SnO, g composition. Thus, for the given heat
treatment, the final stoichiometry of the particles is dependent
on its previous history during synthesis. Effective oxidation
by post-annealing of the deposited particles is suppressed
if the particles are pre-oxidized in the gas phase. A possible
explanation may be an inhomogeneous phase mixture of
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Fig. 4. Change of oxygen content with different concentration of oxygen in
the carrier gas before and after annealing. The lines are guides to the eye.
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SnO, Sn;04 and SnO, of the inflight oxidized particles.
From oxidation studies of thin SnO films, it is known that the
transformation into SnO, during heating at 500-600 °C for
1 h occurs either directly or by passing an intermediate
phase of Sn30, [13]. Inflight oxidation occurs on a much
shorter time scale (<1 s) and may leave the nanoparticles in a
non-uniform state which shows a different oxidation beha-
vior during post-annealing.

4. Conclusions

The oxygen content of SnO nanoparticles oxidized
inflight or by a post-annealing process after deposition is
independent of the particle size. SnO, and SnO nanoparticles
prepared with and without oxygen exposure during synthesis
behave differently when oxidized after deposition at 300 °C
in synthetic air. The SnO particles oxidize into stoichio-
metric SnO, through an intermediate phase of tin oxide
revealed by a distorted Auger line shape. On the other hand,
the inflight oxidized SnO, particles remain in an under-
stoichiometric phase of SnO;g even after multiple heat
treatments at 300 °C. This may be due to a local, non-
uniform oxygen distribution and its internal displacement
inhibits the diffusion of external oxygen into the particles in
the pre-oxidized cases. Thus, two stabilized phases with
different stoichiometry can be obtained. This finding may be
of great relevance for the optimization of SnO, based gas
Sensors.
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