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Abstract

A method which includes synthesis of SnO nanoparticles, size-selection, in-flight oxidation, film formation and post-deposition annealing
in oxygen has been investigated. High-temperature in-flight annealing of SnO nanoparticles in the presence of oxygen allowed to assess the
effect of this short-time annealing in comparison to post-deposition annealing at lower temperature. This high-temperature annealing was
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erformed in-flight and allowed to keep the crystal size constant, whereas post-deposition high-temperature annealing would
rystal growth. Its effect on crystal structure, surface stoichiometry and normalized conductance in ethanol-containing air was in
urthermore, the influence of different particle deposition methods on the crystal phase is shown. Finally, the results indicated th
f the response transients was markedly different for different gases.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The gas-sensing mechanism of metal-oxide materials de-
ends on chemical and electronic properties and on the three-
imensional ordering of both the bulk and the surface mate-
ial, and is mainly influenced by the surface region of the
rains. G̈opel et al. emphasized that the development and im-
rovement of a chemical sensor requires a balance between
mpirical knowledge and systematic research as long as the
asic processes involved are unknown[1]. SnO2 gas sen-
ors are one of the examples of functional materials where
he use of nanoparticles was shown to lead to improved sen-
or properties[2,3]. Nanoparticles form porous films, thus
aximizing the surface area which is accessible to the gas.
ccordingly, studying the structure as well as the chemical
omposition, is of great importance to better understand the
as-sensing mechanism[4].

∗ Corresponding author. Fax: +49 203 379 3268.
E-mail address:e.kruis@uni-duisburg.de (F.E. Kruis).

Generally, non-stoichiometric tin oxide (SnO2−x) is used
as sensing material. Oxygen vacancies are necessary
adsorption and desorption of ionized oxygen species, w
depend on the temperature. Typical chemisorption spec
the surface of tin oxide are O2− and O− [5]. In spite of many
studies concerning the oxidation of SnOx thin films prepare
from Sn or SnO2 [6], only a little amount of work on th
oxidation process of SnO nanoparticles can be found i
literature. Even less is known on the influence on the
sensing behavior. The main problem here is that oxida
is promoted at higher temperatures, i.e. deposited sam
are treated at elevated temperatures, leading to chan
crystallite size due to solid state sintering.

It is known that annealing treatments influence the
malized conductance of SnO2 thin film gas sensors[7]. How-
ever, this can be due to changes in crystallite size as wel
the crystal phase. The best-known crystallographic struc
of SnO2 are orthorhombic and tetragonal[8]. The tetrago
nal structure is, generally, thermodynamically more sta
Using EPR (electron paramagnetic resonance) it was f
925-4005/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2005.01.054
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that a strong adsorption of O2− and O−on SnO2 films hav-
ing a mixture of the orthorhombic and tetragonal phase oc-
curred, whereas O− appear predominantly on a fully tetrago-
nal SnO2 phase. If hydrogen is to be detected the O− species
plays a major role. Therefore, the occurrence of orthorhom-
bic crystallographic structure lowers the sensitivity to hy-
drogen detecting[9]. Additionally, orthorhombic crystallo-
graphic SnO2 structure is detected if a mechanical milling
process is carried out but an effect on the gas-sensing proper-
ties was not investigated[10]. In most synthesis experiments
one has to change the synthesis conditions drastically in or-
der to change the crystal phase, so that the influence of the
crystal phase on the sensing behavior becomes difficult to be
understood.

In our previous work the synthesis and characterization
of tailored thin films based on size-selected SnOx nanoparti-
cles for gas-sensing application was studied[3]. It has been
demonstrated that the gas-sensing properties depend on the
particle size in the range of 10–35 nm. The effect was espe-
cially evident for particles sizes below 20 nm. However, not
only the particle size effects on the sensing behavior but also
the chemical composition is important because the amount of
oxygen vacancies can influence the number of chemisorbed
oxygen species and, thus, the conductivity change due to this
process.
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Fig. 1. Schematic of the advanced electrostatic precipitator for a more lo-
calized deposition of nanoparticles by means of low pressure impaction.
The window caps and movable table are needed to adjust the position of the
substrate accurately.

after the sintering step as determined with the DMA (mobility
equivalent diameter) was denoted asDms.

The thus formed tin oxide aerosol is then deposited in form
of a thin film. Two deposition methods were investigated in
this study: an electrostatic precipitator (ESP)[16]; and a low
pressure impactor (LPI). The main purpose of the LPI is to
obtain a more localized deposition area, whereas the ESP
typically produces a film area of 0.5–1 cm2 is this for the
LPI below 1 mm2. This is effective for fast deposition on
microhotplates with a small sensor area[15]. The LPI is a
modification of the ESP housing by adding a nozzle with an
inner diameter of 0.5 mm which is positioned 2 mm above the
substrate and a critical nozzle placed in the inlet tube (Fig. 1).
The critical nozzle allows to create a low pressure (2.7 mbar)
in the LPI chamber by means of a rotary pump.

The microhotplates consisted of a 1 mm2 structure con-
sisting of 160 interdigitated fingers with a width of 2�m
and identical separations was fabricated on a chip of
3 mm× 3 mm size. The electrodes were buried in the
phosphor-doped silicate glass having a resistance value much
higher than the nanoparticle sample and a viscous behav-
ior required for processing. The resistance of the structure
without the deposited film is more than 1000 G� at room
temperature and 5 G� at 300◦C and thus is suitable for high-
resistance (∼10 M�) nanoparticle layers. The electrode con-
sisted of platinum and was buried in order to eliminate the
i
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To vary the normalized conductance of a metal-oxide
ensor, different methods exist, such as doping[18,19], pro-
ucing a second metal-oxide phase in the sensing laye[20]
nd, as presented in this investigation, varying the pa
ize. In this work, an simpler way to increase the normal
onductance will be described. This investigation will sh
ow the process parameters of the synthesis set-up affe
anoparticle properties and the gas-sensing properties
anoparticle films generated and, consequently, will pro

nformation to enable the material dependent propertie
efined SnOx gas sensors produced in the gas phase
etter understood.

. Experimental procedure

The fabrication of well-defined SnOx nanoparticle film
as described earlier in more detail[11]. The experimen

al setup consisted of an evaporation–condensation ae
eactor in which SnO powder was sublimated in flowing
ier gas. The aerosol formed was then size-fractionate
eans of a differential mobility analyzer (DMA). The

ulting monodisperse aerosol was then passed throug
ther tube furnace in which the aggregates were sintere
ight for ∼1 s at 650◦C into quasi-spherical monocrystalli
anoparticles. Furthermore, in this furnace oxygen cou
dded for oxidation into SnO2. The procedure allowed

abricate almost equal sized nanoparticles with a very g
rystallinity, in which the size could be selected indep
ently from the synthesis conditions. The particle diam
nfluence of electrode walls on the particle deposition.
The inertial focusing of the nanoparticle aerosol resu

n a deposition spot with a diameter of 500�m when using
n 0.5 mm nozzle so that a deposition area of 2× 10−7 m2

an be assumed as a mean value. Consequently, layers
hickness of more than 100 nm using size-selected nan
icles in the range of 10–35 nm could be formed rapidly. T
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window caps, together with a movable table, are necessary
to control the position of the substrate below the nozzle. If a
SnO2 nanoparticle film with a particle diameter of 20 nm and
a layer thickness of 1�m is to be generated, this would need
approximately 4 h for a particle number concentration of 1010

particles/m3. The particle concentration cannot be too high,
because Brownian coagulation will then lead to collision in
the sintering and oxidation furnace which leads to loss of
the monodispersity and spherical shape of the particles. The
size-selection step automatically leads to a reduction of the
number concentration so that no collisions take place in the
high-temperature zone.

To interpret gas-sensing properties in connection to mate-
rial properties the morphology and the chemical composition
of the sensing layer was investigated. The SnOx nanoparticle
films were investigated by means of X-ray radiation from a
synchrotron source in order to analyze the crystallographic
structure of the films. The width of the X-ray reflection peaks
was determined by the number of the reflecting lattice planes
and increases as the crystallite size decreases. The mean crys-
tallite sized was calculated by the Scherrer equation using
the Bragg peak broadening effect:

d = Kλ

β cosΘ
(1)
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Table 1
Comparison of the mean particle size after sintering measured with DMNPS
and TEM and the mean crystallite size calculated with the XRD data for
different initial mobility particle diametersDmi

Dmi (nm) DMNPS (nm) TEM (nm) XRD (nm)

15 10.5 9.6 7.3
25 14.5 14.0 14.9
32 18.3 18.8 17.5
45 24.5 24.2 23.3

broadening of all Bragg peaks, and was compared with those
obtained from TEM measurements on samples deposited on
a TEM grid and from online measurements of the mobility-
equivalent diameter by means of DMA.Table 1shows the
crystallite size compared to particle size values measured
by means of DMA and by TEM analysis. The values agree
quite good, so that indeed the particles are monocrystalline.
The larger difference detected in measuring the 10 nm sam-
ple might have occurred due to the fact that only one Bragg
peak could be used to calculate the crystallite size.

In order to investigate the gas-sensing properties with the
knowledge of the material properties, especially the surface
stoichiometry is essential. Therefore, Auger electron spec-
troscopy (AES) measurements have been performed on the
SnOxnanoparticle layers[14]. The base pressure in the analy-
sis chamber was below 10−9 hPa. AES spectra were recorded
in the first derivative mode and the energy of the primary
electron beam was adjusted to 3 keV. The oxygen stoichiom-
etry was 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 SnO2 powder was used as a
calibration reference for determining the oxygen content in
the SnOx nanoparticles.

For measurements of the sensitivity and dynamic behav-
ior of a nanoparticle gas sensor, a picoamperemeter (model
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hered is the mean crystallite size;K is a grain shape
ependent constant (here assumed to be 1);λ is the wave

ength of the incident beam;Θ is the Bragg reflection pea
ndβ is the full width of half maximum. The measured Bra
eak width value consists of the full width of half ma
umβ and a valueb given by the resolution of the diffra

ometer.b is determined by a diffraction phenomenon at
perture:

=
√

(b2 + β2
real) (2)

It has been demonstrated that the strain and shape of
um dots can be separated by means of grazing incid
-ray scattering. In this case, the intensity along the
ular direction at different positions was analyzed[12]. If

he diffraction peak broadening has a Lorentz profile,
s caused mainly by crystallite size effects. A Gauß pr
ould indicate microstrains inside the crystal lattice[13]. X-

ays from synchrotron sources have the advantage th
ncoming beam has such a high intensity that the mea

ents can be done on small amounts of nanoparticle la
In this investigation,θ–2θ scans of SnOx nanoparticle

lms on silicon substrates are measured under a gr
ncidence angle of 1◦. X-ray diffraction from synchrotro
ources (incoming beam energy 8 keV) at the European
hrotron Radiation Facility (ESRF) in Grenoble/Switzerl
as carried out with different mobility-equivalent diam

ers in the range ofDms= 10–25 nm after in-flight sinterin
s-deposited nanoparticles as well as annealed nanop

ayers were investigated. The mean crystallite size of
elected, in-flight sintered SnO was calculated from the
- 87, Keithley Instr./Germany) with an internal voltage sou
as used. The instruments were connected via an IEEE
us to the computer. The set-up can be used to me
as-sensing characteristics in well-defined temperatur
les and gas concentration levels[15]. The sensing gas mu
e introduced into a defined reaction volume. This volum
ssured by a closed measurement chamber with feedthr

or preparing the electrical connections for resistance
urement and for heating and temperature control. Durin
easurement a constant gas flow of 150 ml/min was m

ained in the chamber. It is essential to purge the tube
he measurement chamber volume before its commence
o ensure stable experimental conditions; adequate pu
f the system is achieved by allowing nitrogen or synth
ir without any humidity to flow for a minimum period
0 min. Long-time (several days) measurements are po

n predetermined gas ambients and temperature cycles
ut the need of an operator. A virtual instrument allowe
asy control of the different experimental conditions use
as sensor characterization[15].
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Fig. 2. SEM micrograph of a nanoparticle (Dms= 20 nm) film made by LPI composed of (a) size-fractionated as-deposited SnO nanoparticles and (b) after
annealing at 300◦C for 1000 h in synthetic air containing ethanol.

3. Results and discussion

3.1. Effect of annealing of nanoparticle film on particle
morphology

For efficient gas sensing the particle layer should have a
porous structure to enable rapid chemisorption. Therefore,
scanning electron microscopy (SEM) was used mainly to
show the surface morphology of as-deposited and annealed
nanoparticle layers and also provided information about the
design of the microhotplates used for gas-sensing measure-
ments.Fig. 2 shows SEM (LEO 1530, LEO Elektronen-
mikroskopie GmbH, Germany) micrographs of a nanopar-
ticle film composed of size-fractionated (Dms= 20 nm) SnO
nanoparticles as-deposited (Fig. 2(a)) and after annealing
at 300◦C for 1000 h in ethanol-containing synthetic air
(Fig. 2(b)). An equal grain size, a uniform film formation,
a compact film structure and a good connectivity between
the particles can be recognized. No difference between the
nanoparticle film which was annealed and the unannealed
nanoparticle film can be seen. This was supported by XRD
measurements, which did not detect a change in crystallite
size after annealing. Due to insufficient resolution the sinter-
ing necks connecting individual particles which most likely
will be present after the annealing cannot be seen in the SEM.
These necks enable current transport through the film. Fur-
t for-
m ize.

3
c
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the oxidation step, as the aerosol which is produced by the
evaporation–condensation is SnO. Theθ–2θ plots for size-
fractionated nanoparticles with different mobility-equivalent
diameters in the range ofDms= 10–25 nm after in-flight sin-
tering at 650◦C without the addition of oxygen are shown
in Fig. 3. For particle sizes over 15 nm, the predominant
peaks can be observed at 2θ = 21.11◦ (d= 4.88Å), 2θ = 34.4◦
(d= 3.002Å), 2θ = 38.88◦ (d= 2.689Å) and 2θ = 43.13◦
(d= 2.435Å) correspond to the (0 0 1), (1 0 1), (1 1 0) and
(0 0 2) planes of the tetragonal SnO (romarchite) phase. The
(1 0 1) and the (1 1 0) planes could also be detected for 10 nm
particles which showed a strong peak broadening. No Bragg
peaks corresponding to known SnO2 phases were found.

Thus, an oxidation step is necessary to obtain a SnO2
phase. If 10 vol.% oxygen was added to the nitrogen car-
rier gas during the in-flight sintering furnace at 650◦C,
both the tetragonal as well as the orthorhombic SnO2
phase was detected (Fig. 4). “O” denotes the position

F SnO
n e
a gonal
S

hermore, the uniform grain size ensures a similar neck
ation rate for all particles without changing the grain s

.2. The influence of in-flight oxidation on the
rystallographic structure

The influence of the various process parameters o
rystallographic structure of nanoparticle layers was in
igated. One of the most important process paramete
ig. 3. θ–2θ scans of nanoparticle films composed of size-fractionated
anoparticles of different diameters (Dms) deposited with LPI without th
ddition of oxygen in the second furnace. The lattice planes of tetra
nO are indicated.
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Fig. 4. θ–2θ scans of nanoparticle films composed of size-fractionated SnOx

nanoparticles of different diameters (Dms). The particles were oxidized in-
flight in 10 vol.% oxygen in the sintering furnace at 650◦C. “O” denotes the
position of the Bragg peaks for orthorhombic SnO2 and “T” the position of
the Bragg peaks for tetragonal SnO2 planes.

of the Bragg peaks for orthorhombic SnO2 and “T”
the position of the Bragg peaks for tetragonal SnO2.
The Bragg peaks at 2θ = 24.4◦ (d= 3.64Å), 2θ = 29.8◦
(d= 2.984Å) and 2θ = 35.7◦ (d= 2.609Å) clearly point to
the (1 1 0), (1 1 1) and (0 0 2) planes of orthorhombic SnO2;
2θ = 31.04◦ (d= 3.34Å), 2θ = 34.4◦, 2θ = 39.63◦ (d= 2.64Å)
and 2θ = 44.27◦ (d= 2.375Å) clearly point to the (1 1 0),
(1 0 1) and (2 0 0) planes of the tetragonal SnO2 phase. The
tetragonal phase is more dominant than the orthorhombic
one. An increase in the oxygen concentration during in-flight
oxidation did not change the crystallographic structure, nor
did annealing of the films in synthetic air at 400◦C for 1 h.

3.3. The influence of film annealing in oxygen and the
deposition method on the crystallographic structure

One of the key questions with respect to the oxidation
is whether the in-flight high-temperature oxidation is neces-
sary or not. Gas-sensing films are usually ‘activated’ by ex-
posing it to oxygen at elevated temperatures. InFig. 5 θ–2θ

F SnO
n ere
p

plots of size-selected SnO nanoparticles withDms= 20 nm
which were post-annealed in synthetic air for 2 h at 300◦C are
shown. For a comparison, the results for as-deposited films
consisting of SnO nanoparticles are shown. Furthermore, the
results are shown for both the ESP as well as LPI deposition
technique.

FromFig. 5, it can be seen that the deposition technique
does not have an influence on the crystal phase in case of
the as-deposited SnO nanoparticles. The post-annealing of
the SnO nanoparticle film leads to SnO2 crystal phases. But,
unexpectedly, the deposition technique seems to have an in-
fluence on which SnO2 phase is formed. If the LPI method is
used, the nanoparticle layer consists of an orthorhombic SnO2
phase, whereas a mixture of a tetragonal and orthorhombic
SnO2 appears if the ESP method is used for the deposition of
the nanoparticles.

This difference can only be due to the different impaction
velocities of the nanoparticles on both the substrate and the al-
ready deposited nanoparticles. The impaction velocity of the
nanoparticles was on the order of 1 m/s for the ESP method,
whereas a much higher velocity was reached when the parti-
cles were accelerated through a critical orifice and expanded
in a low-pressure region, so that they could reach sonic veloci-
ties of a few hundreds m/s. It was not possible to directly relate
this impact velocity to a different crystal structure because
of a higher pressure inside the nanoparticle during impact,
a ition.
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ig. 5. θ–2θ scans of nanoparticle films composed of size-fractionated
anoparticles withDms= 20 nm using an ESP and LPI. Both samples w
ost-annealed at 300◦C in synthetic air for 2 h.
s both deposition techniques showed SnO after depos
hese phenomena can be explained by a modified oxid
rocess when using the LPI deposition method caused
ifferent morphology of the deposit; it results in a metast
nO2 phase. Because of the much higher impact veloci
anoparticles during the LPI process, it is assumed th
PI method will create more dense particle layers than w
sing an ESP. A possible explanation is that the part
hich are not in-flight oxidized are deposited in the form
meta-stable intermediate orthorhombic phase, which is

ly transformed at 300◦C to the more stable tetragonal ph
nder the influence of oxygen. However, the LPI depos
robably much more dense, and the oxygen diffusion thr

he film is much slower than in case of the presumably o
nd porous films in case of the ESP deposition, so tha

ransformation was not completed due to a much decre
xygen transport through the film.

.4. Effect of in-flight and post-deposition oxidation on
he surface stoichiometry

For the analysis of gas-sensing properties of S2
anoparticle films not only the crystallographic structur
f importance but also the stoichiometry, especially at
urface.Table 2shows the stoichiometry changes indu
y in-flight oxidation at 650◦C (for 1 s) and post-depositio
nnealing at 300◦C (for 2 h) in synthetic air[14]. The mos

nteresting result is that when the nanoparticles are in-fl
xidized at high temperature, the stoichiometry after p
eposition low-temperature annealing was always clo
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Table 2
Oxygen contentx in SnOx nanoparticle films as a function of oxygen concentration during in-flight high-temperature oxidation and as a function of post-
deposition low-temperature annealing in synthetic air[14]

Oxygen supply (vol.%) Stoichiometry (SnOx)

As-deposited Annealed once at 300◦C in synthetic air Annealed twice at 300◦C in synthetic air

0 1.2 1.9 2
10 1.5 1.8 1.8
20 1.75 1.8 1.76
35 1.85 1.8 1.8

SnO1.8. When they were not in-flight oxidized, the stoichiom-
etry was SnO1.9 after one annealing step and becomes SnO2.0
after prolonged annealing. Thus, for a given heat treatment,
the final stoichiometry of the particles is dependent on its
previous history during synthesis. The high-temperature oxi-
dation, even only for approximately 1 s, seems to stabilize the
nanoparticles such that even a prolonged oxidation at 300◦C
has little influence. It is important to note that a stoichiometry
below 2.0 is expected to be advantageous for gas sensing, as
oxygen vacancies are needed for the charge transport. Fur-
thermore, the operation temperature is often around 300◦C,
so that a structural stability during operation in oxygen-
containing atmosphere at this temperature is advantageous
in terms of sensor stability. From oxidation studies of thin
SnO films, it is known that the transformation into SnO2 oc-
curs during heating at 500–600◦C for 1 h, either directly or
by passing through an intermediate phase of Sn3O4 [17]. In
this investigation, in-flight oxidation occurred within a much
shorter time scale (0.5 s).

3.5. Influence of in-flight oxidation on gas-sensing
behavior SnO2 nanoparticle layers

It has been demonstrated how the variation of the process
parameter during the synthesis and deposition can influence
t the
c
n ture
a rat-
i d

F F20
a thick-
n

Dms= 20 nm (NF20) which were not in-flight oxidized. It also
shows results forDms= 20 nm (NF20) which was in-flight
oxidized with 10 vol.% oxygen at 650◦C for 0.5 s. All sam-
ples were annealed after deposition in synthetic air at 300◦C.
Compared to the samples which were not in-flight oxidized
in the gas phase, the maximum normalized conductance of
an in-flight oxidized SnO2 nanoparticle sample is nearly one
order of magnitude higher. The maximum normalized con-
ductance shifts towards a lower operating temperature.

We can now relate this higher normalized conductance
to the results of the crystallopgraphic investigations and the
AES measurements. Based on the AES results, the in-flight
oxidation leads to more sub-stoichiometric tin oxide, around
SnO1.8. A lower stoichiometry results in a higher concentra-
tion of ionized donator atomsNd and, therefore, in a larger
value for thickness of the space charge regionLD:

LD =
√

2εrε0Nd

eN2
sVs

(3)

so that a larger portion of these small particles is depleted.
This will lead to higher normalized conductance values.

Furthermore, the absence of in-flight oxidation and de-
position by LPI led to the orthorhombic SnO2 crystal
phase, whereas high-temperature in-flight oxidation leads
to a mainly tetragonal crystal structure. From this, we can
c onal
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t
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K ction
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b nt gas
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he properties of the nanoparticle films, most importantly
rystal phase and surface stoichiometry.Fig. 6 shows the
ormalized conductance (often referred to in the litera
s “sensitivity”) in 1000 ppm ethanol as a function of ope

ng temperature for samples havingDms= 10 nm (NF10), an

ig. 6. Normalized conductance of NF10, NF20 and in-flight oxidized N
s a function of the operating temperature in 1000 ppm ethanol. Film
ess is 1.5�m, the deposition technique is LPI.
onclude that the thermodynamically more stable tetrag
hase[13] and surface sub-stoichiometry (here SnO1.8) is ap-
arently responsible for the higher normalized conduct

owards ethanol below 300◦C.

.6. Response transients for different gases

There is a continually increasing interest in the produc
f a selective gas sensor. Many different methods have

ollowed: for instance, film thickness has a great influenc
ormalized conductance. Sakai et al. assumed that the m
lar weight of the gas is responsible for different normal
onductance values[21]. They explained this by using t
nudsen diffusion equation assuming that the gas rea

ollows first-order kinetics with respect to the gas concen
ion and, therefore, a calculation of the concentration pr
or different gases in the pores of the sensing materia
e made. We studied the response transients for differe

ypes as we expect that the form of the electrical resist
ersus time for both the reaction and the recovery proce
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Fig. 7. Response transients on switching the methane flow on and off (Dms:
20 nm,T= 270◦C; concentration 1000 ppm).

will be a function of the gas type. Due to the fact that the
chemical reaction of the gas with the sensing surface can
produce intermediate products with different reaction rates,
it will influence the oxygen adsorption and desorption reac-
tion. 1000 ppm methane is introduced into the measurement
chamber and resistance measurements are carried out with the
NF20 sample at 270◦C (Fig. 7). The reaction and recovery
processes are repeated four times. It can be seen that intro-
duction of methane is followed by two minima. The form
of the response transient methane under these conditions is
reproduced very well.

If hydrogen is detected by the same sample under the same
conditions (gas concentration; temperature), the slope of the
response transient is different compared to that of methane or
ethanol. The response transients for hydrogen are presented
in Fig. 8. Introduction of H2 leads to a rapid decrease in
the resistance and then a more gradual increase towards a
steady state. No further peaks in the response transient were
detected. The recovery process inFig. 7is also different com-
pared to that using hydrogen, as shown inFig. 8. Introduction
of synthetic air for sensor recovery leads to a stable value via a
maximum in the response transient. Here also, the process can
be repeated, leading to identical forms of the response tran-
sients. Further investigations are necessary to explain these

F
T

results in a detailed form. Clearly, the response transients
will depend on the transport properties of the different gas
molecules in the film, the activation energy for the chemical
reactions and the electrical properties of the sensing layer
itself.

4. Conclusions

High-temperature annealing of SnO nanoparticles in the
presence of oxygen allowed to assess the effect of this short-
time annealing in comparison to post-deposition annealing at
lower temperature. This high-temperature annealing was per-
formed in-flight and allowed to keep the crystal size constant,
whereas post-deposition high-temperature annealing would
have led to crystal growth. The high-temperature annealing
in oxygen led to a sub-stoichiometric particle surface even af-
ter post-deposition annealing (SnO1.8) whereas values closer
to stoichiometric SnO2 were found when leaving out the
high-temperature step. The sensor films composed of in-flight
treated tin oxide showed higher normalized conductance val-
ues. Interestingly, different particle deposition methods led
to different crystal structures of SnO2 when the nanoparticle
films are post-treated, even when the as-deposited films pro-
duced without the in-flight oxidation step had the same SnO
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rystal structure. This might be explained by a different
ensity due to the impact velocities being very differen
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