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Abstract

A method which includes synthesis of SnO nanopatrticles, size-selection, in-flight oxidation, film formation and post-deposition annealing
in oxygen has been investigated. High-temperature in-flight annealing of SnO nanopatrticles in the presence of oxygen allowed to assess tl
effect of this short-time annealing in comparison to post-deposition annealing at lower temperature. This high-temperature annealing wa:
performed in-flight and allowed to keep the crystal size constant, whereas post-deposition high-temperature annealing would have led t
crystal growth. Its effect on crystal structure, surface stoichiometry and normalized conductance in ethanol-containing air was investigated
Furthermore, the influence of different particle deposition methods on the crystal phase is shown. Finally, the results indicated that the forn
of the response transients was markedly different for different gases.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Generally, non-stoichiometric tin oxide (SpQ) is used
as sensing material. Oxygen vacancies are necessary for the

The gas-sensing mechanism of metal-oxide materials de-adsorption and desorption of ionized oxygen species, which
pends on chemical and electronic properties and on the threedepend on the temperature. Typical chemisorption species on
dimensional ordering of both the bulk and the surface mate- the surface of tin oxide are O and O™ [5]. In spite of many
rial, and is mainly influenced by the surface region of the studies concerning the oxidation of Spihin films prepared
grains. @pel et al. emphasized that the development and im- from Sn or Sn@ [6], only a little amount of work on the
provement of a chemical sensor requires a balance betweeroxidation process of SnO nanoparticles can be found in the
empirical knowledge and systematic research as long as thditerature. Even less is known on the influence on the gas
basic processes involved are unknofh. SnQ gas sen- sensing behavior. The main problem here is that oxidation
sors are one of the examples of functional materials whereis promoted at higher temperatures, i.e. deposited samples
the use of nanoparticles was shown to lead to improved sen-are treated at elevated temperatures, leading to changes in
sor propertieg2,3]. Nanoparticles form porous films, thus crystallite size due to solid state sintering.
maximizing the surface area which is accessible to the gas. It is known that annealing treatments influence the nor-
Accordingly, studying the structure as well as the chemical malized conductance of Sa@hin film gas sensoig]. How-
composition, is of great importance to better understand theever, this can be due to changes in crystallite size as well as in

gas-sensing mechanigdi. the crystal phase. The best-known crystallographic structures
of SnG, are orthorhombic and tetragon@]. The tetrago-

* Corresponding author. Fax: +49 203 379 3268. nal structure is, generally, thermodynamically more stable.
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that a strong adsorption ofO and O on SnQ films hav- inlet
ing a mixture of the orthorhombic and tetragonal phase oc-
curred, whereas Oappear predominantly on a fully tetrago-
nal SnQ phase. If hydrogen is to be detected the €pecies
plays a major role. Therefore, the occurrence of orthorhom-
bic crystallographic structure lowers the sensitivity to hy-
drogen detectingQ]. Additionally, orthorhombic crystallo-
graphic Sn@ structure is detected if a mechanical milling
process is carried out but an effect on the gas-sensing proper-
ties was not investigatddO0]. 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 Sin@noparti- l 1
cles for gas-sensing application was studi@dd It has been
demonstrated that the gas-sensing properties depend on the
particle size in the range of 10-35nm. The effect was espe-Fig. 1. Schematic of the advanced electrostatic precipitator for a more lo-
cially evident for particles sizes below 20 nm. However, not calized deposition of nanoparticles by means of low pressure impaction.
only the particle size effects on the sensing behavior but also The window caps and movable table are needed to adjust the position of the
the chemical composition is important because the amount ofSuPstrate accurately.
oxygen vacancies can influence the number of chemisorbed
oxygen species and, thus, the conductivity change due to thisafter the sintering step as determined with the DMA (mobility

window cap

"

nozzle

substrate

movable
table

exhaust exhaust

process. equivalent diameter) was denotedgs.
To vary the normalized conductance of a metal-oxide gas ~ The thus formed tin oxide aerosol is then deposited in form
sensor, different methods exist, such as dojpir#g19], pro- of a thin film. Two deposition methods were investigated in

ducing a second metal-oxide phase in the sensing [20¢r  this study: an electrostatic precipitator (E$Hg]; and a low
and, as presented in this investigation, varying the particle pressure impactor (LPI). The main purpose of the LPI is to
size. In this work, an simpler way to increase the normalized obtain a more localized deposition area, whereas the ESP
conductance will be described. This investigation will show typically produces a film area of 0.5-1éris this for the
how the process parameters of the synthesis set-up affect thé.P1 below 1 mn?. This is effective for fast deposition on
nanoparticle properties and the gas-sensing properties of thanicrohotplates with a small sensor afda]. The LPl is a
nanoparticle films generated and, consequently, will provide modification of the ESP housing by adding a nozzle with an
information to enable the material dependent properties of inner diameter of 0.5 mm which is positioned 2 mm above the
defined Sn@ gas sensors produced in the gas phase to besubstrate and a critical nozzle placed in the inlet tiig. (1).
better understood. 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 fstructure con-
sisting of 160 interdigitated fingers with a width ofun
2. Experimental procedure and identical separations was fabricated on a chip of
3mmx 3mm size. The electrodes were buried in the
The fabrication of well-defined Sn(hanoparticle films phosphor-doped silicate glass having a resistance value much
was described earlier in more detill]. The experimen- higher than the nanoparticle sample and a viscous behav-
tal setup consisted of an evaporation—condensation aerosoior required for processing. The resistance of the structure
reactor in which SnO powder was sublimated in flowing car- without the deposited film is more than 100@Gt room
rier gas. The aerosol formed was then size-fractionated bytemperature and 5%at 300°C and thus is suitable for high-
means of a differential mobility analyzer (DMA). The re- resistance{10 M) nanoparticle layers. The electrode con-
sulting monodisperse aerosol was then passed through ansisted of platinum and was buried in order to eliminate the
other tube furnace in which the aggregates were sintered in-influence of electrode walls on the particle deposition.
flight for ~1 s at 650 C into quasi-spherical monocrystalline The inertial focusing of the nanopatrticle aerosol resulted
nanoparticles. Furthermore, in this furnace oxygen could bein a deposition spot with a diameter of 5Qth when using
added for oxidation into Sn The procedure allowed to  an 0.5 mm nozzle so that a deposition area af 20~/ m?
fabricate almost equal sized nanoparticles with a very good can be assumed as a mean value. Consequently, layers with a
crystallinity, in which the size could be selected indepen- thickness of more than 100 nm using size-selected nanopar-
dently from the synthesis conditions. The particle diameter ticles in the range of 10-35 nm could be formed rapidly. Two
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window caps, together with a movable table, are necessaryTable 1 o o .

to control the position of the substrate below the nozzle. If a CO(;“?;\'/'ISO” gftt:e mean pa“"tf"l"l_f'ze_aﬂerSl'mlert'”g m_‘:sstt‘]rei‘l’qvghd')';"'\‘fps
. - . . . an an € mean crystallite size calculated wi e ata tor

sSnQ nan_oparncle film Wlth a particle dlameter of 20nm and different initial mobility particle diameterBr;

a layer thickness of m is to be generated, this would need

approximately 4 h for a particle number concentration P10 Dmi (M) DMNPS (nm) TEM (nm) XRD (nm)
particles/nd. The particle concentration cannot be too high, ;g ig-g 1% 11-3
because Brownian coagulation will then lead to collision in 32 18.3 188 175

the sintering and oxidation furnace which leads to loss of 45 245 om0 233
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 broadening of all Bragg peaks, and was compared with those
high-temperature zone. obtained from TEM measurements on samples deposited on
To interpret gas-sensing properties in connection to mate-a TEM grid and from online measurements of the mobility-
rial properties the morphology and the chemical composition €quivalent diameter by means of DMAable 1shows the
of the sensing layer was investigated. The $n@noparticle crystallite size compared to particle size values measured
films were investigated by means of X-ray radiation from a by means of DMA and by TEM analysis. The values agree
synchrotron source in order to analyze the crystallographic duite good, so that indeed the particles are monocrystalline.
structure of the films. The width of the X-ray reflection peaks The larger difference detected in measuring the 10 nm sam-
was determined by the number of the reflecting lattice planesPle might have occurred due to the fact that only one Bragg
and increases as the crystallite size decreases. The mean crygeak could be used to calculate the crystallite size.
tallite sized was calculated by the Scherrer equation using I order to investigate the gas-sensing properties with the

the Bragg peak broadening effect: knowledge of the material properties, especially the surface

stoichiometry is essential. Therefore, Auger electron spec-

_ K (1) troscopy (AES) measurements have been performed on the
B cose SnQnanoparticle layefd 4]. The base pressure in the analy-

sis chamber was below 18hPa. 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 Sp@owder was used as a
calibration reference for determining the oxygen content in
the SnQ nanoparticles.

_ 2 2 For measurements of the sensitivity and dynamic behav-
B =1/(6°+ Brea) ) . , ;
ior of a nanoparticle gas sensor, a picoamperemeter (model

It has been demonstrated that the strain and shape of quan487, Keithley Instr./Germany) with an internal voltage source
tum dots can be Separated by means of grazing incidencavas used. The instruments were connected via an IEEE-488
X-ray scattering. In this case, the intensity along the an- bus to the computer. The set-up can be used to measure
gular direction at different positions was analyZa@]. If gas-sensing characteristics in well-defined temperature cy-

the diffraction peak broadening has a Lorentz profile, this cles and gas concentration levflS]. The sensing gas must
is caused main|y by Crysta”ite size effects. A GaulR prof”e be introduced into a defined reaction volume. This volume is

would indicate microstrains inside the crystal latfjit8]. X- assured by a closed measurement chamber with feedthroughs
rays from synchrotron sources have the advantage that thor preparing the electrical connections for resistance mea-
incoming beam has such a high intensity that the measure-surementand for heating and temperature control. During the
ments can be done on small amounts of nanoparticle layers.measurement a constant gas flow of 150 ml/min was main-

In this investigation—20 scans of SnQ nanoparticle tained in the chamber. It is essential to purge the tubes and
films on silicon substrates are measured under a gracingthe measurement chamber volume before its commencement
incidence angle of 1 X-ray diffraction from synchrotron  to ensure stable experimental conditions; adequate purging
sources (incoming beam energy 8 keV) at the European Syn_Of the system is achieved by allowing nitrogen or synthetic
chrotron Radiation Facility (ESRF) in Grenoble/Switzerland air without any humidity to flow for a minimum period of
was carried out with different mobility-equivalent diame- 30 min. Long-time (several days) measurements are possible
ters in the range dby,s= 1025 nm after in-flight sintering. i predetermined gas ambients and temperature cycles with-
As-deposited nanoparticles as well as annealed nanoparticlé@ut the need of an operator. A virtual instrument allowed an
layers were investigated. The mean crystallite size of size- €asy control of the different experimental conditions used in
selected, in-flight sintered SnO was calculated from the line- 9as sensor characterizatifir].

whered is the mean crystallite size is a grain shape-
dependent constant (here assumed to be. 19;the wave-
length of the incident bean® is the Bragg reflection peak;
andp s the full width of half maximum. The measured Bragg
peak width value consists of the full width of half maxi-
mum g and a valueb given by the resolution of the diffrac-
tometerb is determined by a diffraction phenomenon at the
aperture:
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Fig. 2. SEM micrograph of a nanoparticlB4s=20 nm) film made by LPI composed of (a) size-fractionated as-deposited SnO nanoparticles and (b) after
annealing at 300C for 1000 h in synthetic air containing ethanol.

3. Results and discussion the oxidation step, as the aerosol which is produced by the
evaporation—condensation is SnO. The0 plots for size-

3.1. Effect of annealing of nanoparticle film on particle fractionated nanoparticles with different mobility-equivalent

morphology diameters in the range @f,s=10-25 nm after in-flight sin-

tering at 650 C without the addition of oxygen are shown

For efficient gas sensing the particle layer should have ain Fig. 3. For particle sizes over 15nm, the predominant
porous structure to enable rapid chemisorption. Therefore, peaks can be observed &=221.1F (d:4.88,&), 20=34.4
scanning electron microscopy (SEM) was used mainly to (d=3.0023), 20=38.88 (d=2.689A) and 2=43.13
show the surface morphology of as-deposited and annealedd= 2.435,&) correspond to the (001), (101), (110) and
nanoparticle layers and also provided information about the (0 0 2) planes of the tetragonal SnO (romarchite) phase. The
design of the microhotplates used for gas-sensing measure{1 0 1) and the (1 1 0) planes could also be detected for 10 nm
ments.Fig. 2 shows SEM (LEO 1530, LEO Elektronen- particles which showed a strong peak broadening. No Bragg
mikroskopie GmbH, Germany) micrographs of a nanopar- peaks corresponding to known Spghases were found.
ticle film composed of size-fractionateB{s=20 nm) SnO Thus, an oxidation step is necessary to obtain a;SnO
nanoparticles as-depositeBli§. 2(a)) and after annealing phase. If 10vol.% oxygen was added to the nitrogen car-
at 300°C for 1000h in ethanol-containing synthetic air rier gas during the in-flight sintering furnace at 6%0
(Fig. 2b)). An equal grain size, a uniform film formation, both the tetragonal as well as the orthorhombic $SnO
a compact film structure and a good connectivity between phase was detected-i§. 4). “O” denotes the position
the particles can be recognized. No difference between the

nanoparticle film which was annealed and the unannealed 3
nanoparticle film can be seen. This was supported by XRD - 1
measurements, which did not detect a change in crystallite ’§

size after annealing. Due to insufficient resolution the sinter- 2

ing necks connecting individual particles which most likely =

will be present after the annealing cannotbe seeninthe SEM. &

These necks enable current transport through the film. Fur- o

thermore, the uniform grain size ensures a similar neck for- §

mation rate for all particles without changing the grain size. ©

3.2. The influence of in-flight oxidation on the 0 20 3 4 5 6 70
crystallographic structure 26

The influence of the various process parameters on theFig. 3. 629 scans of nanopatrticle films composed of size-fractionated SnO
nanoparticles of different diameter®s) deposited with LPI without the

qrystallographm structure (?f nanoparticle layers was mvesl' addition of oxygen in the second furnace. The lattice planes of tetragonal
tigated. One of the most important process parameters iSsno are indicated.
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plots of size-selected SnO nanoparticles witis=20 nm
which were post-annealed in synthetic air for 2 h at3D@re
shown. For a comparison, the results for as-deposited films
consisting of SnO nanopatrticles 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 nanopatrticles. The post-annealing of
the SnO nanoparticle film leads to Sh@ystal phases. But,
unexpectedly, the deposition technique seems to have an in-

29 fluence on which Sngphase is formed. If the LPI method is
used, the nanoparticle layer consists of an orthorhombigSnO
Fig. 4. 629 scans of nanoparticle films composed of size-fractionateg, SnO phase, whereas a mixture of a tetragonal and orthorhombic

nanoparticles of different diametef®s). The particles were oxidized in- : : "
flight in 10 vol.% oxygen in the sintering furnace at 6% “O” denotes the SnQ appear; if the ESP method is used for the deposmon of
the nanoparticles.

position of the Bragg peaks for orthorhombic Sréind “T” the position of

counts (arbitrary units)

10

the Bragg peaks for tetragonal Snlanes. This difference can only be due to the different impaction
velocities of the nanoparticles on both the substrate and the al-
of the Bragg peaks for orthorhombic SpCGand “T” ready deposited nanoparticles. The impaction velocity of the

the position of the Bragg peaks for tetragonal $nO nanoparticles was on the order of 1 m/s for the ESP method,
The Bragg peaks at6224.4 (d=3.64A), 20=29.8 whereas a much higher velocity was reached when the parti-
(d= 2.984,&) and ¥=35.7 (d= 2.609,&) clearly point to cles were accelerated through a critical orifice and expanded
the (110), (111) and (00 2) planes of orthorhombic §nO  inalow-pressure region, so that they could reach sonic veloci-
20=31.04 (d= 3_34,&), 20=34.4,20=39.63 (d= 2.64,&) ties of afew hundreds m/s. Itwas not possible to directly relate
and =44.27 (d:2.375A) clearly point to the (110), this impact velocity to a different crystal structure because
(101) and (200) planes of the tetragonal $Srbase. The  ©of @ higher pressure inside the nanoparticle during impact,
tetragonal phase is more dominant than the orthorhombic@s both deposition techniques showed SnO after deposition.
one. An increase in the oxygen concentration during in-flight These phenomena can be explained by a modified oxidation
oxidation did not change the crystallographic structure, nor Process when using the LPI deposition method caused by a

did annealing of the films in synthetic air at 400 for 1 h. different morphology of the deposit; it results in a metastable
SnQ phase. Because of the much higher impact velocity of

nanoparticles during the LPI process, it is assumed that an
LPI method will create more dense particle layers than when
using an ESP. A possible explanation is that the particles
which are not in-flight oxidized are deposited in the form of
ameta-stable intermediate orthorhombic phase, which is eas-
ily transformed at 300C to the more stable tetragonal phase
under the influence of oxygen. However, the LPI deposit is
probably much more dense, and the oxygen diffusion through
the film is much slower than in case of the presumably open

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 temperaturegtim 56-20

o and porous films in case of the ESP deposition, so that this
. o 00, o LPL300°C in air transformation was not completed due to a much decreased
% T oxygen transport through the film.
S T
§ M‘“" 3.4. Effect of in-flight and post-deposition oxidation on
g g the surface stoichiometry
[2]
g §  LPiasdeposited For the analysis of gas-sensing properties of $nO
© nanoparticle films not only the crystallographic structure is
H ESP as-deposited of importance but also the stoichiometry, especially at the
e e e surface.Table 2shows the stoichiometry changes induced
10 20 30 40 50 60 70

by in-flight oxidation at 650C (for 1 s) and post-deposition
26 annealing at 300C (for 2 h) in synthetic aif14]. The most

Fig. 5. 0—29 scans of nanoparticle films composed of size-fractionated SnO |nt_er_est|ng re_sult is that when the nan_opf::lrtlcles are |n-f||ght

nanoparticles wittDms= 20 nm using an ESP and LPI. Both samples were OXidized at high temperature, the stoichiometry after post-

post-annealed at 30C in synthetic air for 2 h. deposition low-temperature annealing was always close to
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Table 2
Oxygen contenk in SnQ 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 synthetid i

Oxygen supply (vol.%) Stoichiometry (SRP
As-deposited Annealed once at 3@Win synthetic air Annealed twice at 30Q in synthetic air
0 1.2 1.9 2
10 15 1.8 1.8
20 1.75 1.8 1.76
35 1.85 1.8 1.8

SnQOs. When they were notin-flight oxidized, the stoichiom- Dms=20 nm (NF20) which were notin-flight oxidized. Italso
etry was Sn@g after one annealing step and becomes£n0O  shows results foDyns=20nm (NF20) which was in-flight
after prolonged annealing. Thus, for a given heat treatment, oxidized with 10 vol.% oxygen at 65 for 0.5s. All sam-

the final stoichiometry of the particles is dependent on its ples were annealed after deposition in synthetic air af800
previous history during synthesis. The high-temperature oxi- Compared to the samples which were not in-flight oxidized
dation, even only for approximately 1 s, seems to stabilize the in the gas phase, the maximum normalized conductance of
nanoparticles such that even a prolonged oxidation at@00 an in-flight oxidized Sn@nanoparticle sample is nearly one
has little influence. Itis important to note that a stoichiometry order of magnitude higher. The maximum normalized con-
below 2.0 is expected to be advantageous for gas sensing, aductance shifts towards a lower operating temperature.
oxygen vacancies are needed for the charge transport. Fur- We can now relate this higher normalized conductance
thermore, the operation temperature is often around@00  to the results of the crystallopgraphic investigations and the
so that a structural stability during operation in oxygen- AES measurements. Based on the AES results, the in-flight
containing atmosphere at this temperature is advantageousxidation leads to more sub-stoichiometric tin oxide, around
in terms of sensor stability. From oxidation studies of thin SnQ; g. A lower stoichiometry results in a higher concentra-
SnO films, it is known that the transformation into Snéz- tion of ionized donator atomNy and, therefore, in a larger
curs during heating at 500-60G for 1 h, either directly or ~ value for thickness of the space charge redipn

by passing through an intermediate phase afCgr{17]. In

this investigation, in-flight oxidation occurred within a much Lo 2¢re0Ng 3)
shorter time scale (0.55). b= eN2Vs

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-

It has been demonstrated how the variation of the processpﬁSition t;‘y LPI Lgdhto the orthorhofrlr]brif Sﬁ?ffrys“il' d
parameter during the synthesis and deposition can influenceP"@se, whereas high-temperature in-flight oxidation leads

the properties of the nanoparticle films, most importantly the to a Im:mlﬁ tetLagc;]nal cré/stal s’FrU(Izlture. Frombtlhls, we canl
crystal phase and surface stoichiometffig. 6 shows the conclude that the thermodynamically more stable tetragona

normalized conductance (often referred to in the literature phas¢13] and sur.face sub—stoi_chiometry (hgre Snfls ap-
parently responsible for the higher normalized conductance

towards ethanol below 30C.

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

as “sensitivity”) in 1000 ppm ethanol as a function of operat-
ing temperature for samples havibg,s= 10 nm (NF10), and

3.6. Response transients for different gases

Q:-E’ 254 ~—— NF20 + 10vol%0,

e e = There is a continually increasing interest in the production

§ 20+ of a selective gas sensor. Many different methods have been
8 4l \ followed: for instance, film thickness has a great influence on
B { « . normalized conductance. Sakai et al. assumed that the molec-
g 104 ular weight of the gas is responsible for different normalized
E 5 \ conductance valud®1]. They explained this by using the

E { . a—p Knudsen diffusion equation assuming that the gas reaction
5 Ot—T T T T follows first-order kinetics with respect to the gas concentra-
= 80 100 120 140 160 180 200 220 240 260

tion and, therefore, a calculation of the concentration profile
for different gases in the pores of the sensing material can
Fig. 6. Normalized conductance of NF10, NF20 and in-flight oxidized NF20 be made. We studied the response transients f_or dlﬁerent gas
as a function of the operating temperature in 1000 ppm ethanol. Film thick- tyPes as we expect that the f(_)rm of the electrical resistance
ness is 1.fum, the deposition technique is LPI. versus time for both the reaction and the recovery processes

T(°C)
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Fig. 7. Response transients on switching the methane flow on aridgif (
20nm,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 measuremen

chamber and resistance measurements are carried out with th

NF20 sample at 270C (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
reproduced very well.

If hydrogen is detected by the same sample under the sam

response transient is different compared to that of methane o
ethanol. The response transients for hydrogen are presente
in Fig. 8 Introduction of H leads to a rapid decrease in

t

q

conditions (gas concentration; temperature), the slope of the

rHwarkedly different for different gases.
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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 nanopatrticles 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 (Sng) whereas values closer
to stoichiometric Sn@ were found when leaving out the
high-temperature step. The sensor films composed of in-flight
treated tin oxide showed higher normalized conductance val-
e ) . . "
ues. Interestingly, different particle deposition methods led
to different crystal structures of Sa@hen the nanoparticle

films are post-treated, even when the as-deposited films pro-

iéjuced without the in-flight oxidation step had the same SnO

crystal structure. This might be explained by a different film
density due to the impact velocities being very different, so
hat oxygen transport into the film is influenced. Finally, the
results indicated that the form of the response transients was

the resistance and then a more gradual increase towards a
steady state. No further peaks in the response transient werd\cknowledgements

detected. The recovery proces$ig. 7is also different com-
pared to that using hydrogen, as showRiig. 8. Introduction

This work was supported by the German National Sci-

of synthetic air for sensor recovery leads to a stable value via a8Nc€ Foundation (DFG) in the framework of the Collabora-
maximum in the response transient. Here also, the process caffve Research Center on ‘Nanoparticles from the gas phase:
be repeated, leading to identical forms of the response tran-formation, structure and properties’ (SFB 445).

sients. Further investigations are necessary to explain these
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