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Abstract

SnO2 nanoparticles with small particle size distribution (σ < 1.2), and diameters of 10, 15 and 20 nm are deposited on platinum interdigital
transducers with 2�m finger width and 2�m spacing. Impedance spectroscopy measurements in synthetic air, taken in the temperature
r ◦ ons to the
o ode contact.
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ange between 100 and 250C show a clear dependence of the measured impedance on the particle size. Three different contributi
verall impedance have been resolved for 10 nm particles and assigned to the contribution of bulk, intergranular contact and electr
articles of larger diameters do not allow such a clear distinction. The experimental observations have been analyzed by fitting th
ata with equivalent circuit functions, where typical serial connections of simpleR and parallelRCs are used for fitting. As expected fo
emiconducting material, the resistance decreases with increasing temperature. Activation energies of the different charge carr
rocesses were determined from Arrhenius plots.
2005 Elsevier B.V. All rights reserved.

eywords: SnO2; Tin oxide; Nanoparticles; Gas sensing; Impedance spectroscopy; Activation energy

. Introduction

Within the past decades, solid state sensors based on SnO2
ave become an important analytical devices for air monitor-

ng in domestic and industrial environment[1]. Most of the
ommercially available sensors are produced by ceramic fab-
ication technologies or by thick film technology with SnO2
astes as the starting material[2,3]. Nevertheless these sen-
ors exhibit several disadvantages, such as poor selectivity,
ong response and stabilizing times and high power consump-
ion [1,4], which can be overcome by modern thin film tech-
ologies. Especially the utilization of nanosized powders in

hin film technologies is of increasing interest due to the high
urface to volume ratio and their large surface area[5].
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It is well known that the resistance of metal oxide se
conductors can be affected by temperature as well a
ambient gases[5,6]. Since the interaction of these mater
with gaseous medium depends on their structure and su
impedance spectroscopy is a useful tool for a detail ch
terization[7]. Coupled with additional physical characte
zation, impedance spectroscopy can yield a specific in
into the various occurring phenomena, within the dev
The most important advantage of such ac measureme
that they can distinguish individual contributions to elec
cal conduction and polarizing effects arising from differ
sources like grain and bulk boundaries, intergranular co
and grain/electrode contact, whereas dc measurements
only the overall effect of all contributions[8]. However, the
method suffers from the disadvantage that only integra
formation across the whole sample area can be obtaine
pecially in the case of polydisperse particulate materia
broadening and smearing of the obtained impedance sp
is observed.
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The current paper focuses on the investigation of SnO2 thin
films fabricated from size-selected nanoparticles (σ ≤ 1.2) in
the size regime between 10 and 20 nm.

2. Experimental

2.1. Sample preparation

The device fabrication is described in detail by Kennedy et
al. [9]. SnO was evaporated as precursor material for the syn-
thesis of SnOx nanoparticles, which offers significant advan-
tages over Sn or SnO2. As substrate, interdigitated structures
having an active area of 1 mm2 are used. For this purpose, a
method was developed for a localized deposition. An electro-
static precipitator was modified into a low-pressure impactor
by adding a nozzle (with an inner diameter between 0.5 and
2 mm and positioned 2 mm above the substrate) and evacuat-
ing the deposition chamber down to 3 mbar. The inertial fo-
cusing of the nanoparticle aerosol results in a deposition spot
as small as 200�m when using the 0.5 mm nozzle, so that
films with a thickness above 100 nm can be formed rapidly.
The particles exhibit a small size distribution, with a geomet-
ric standard deviation ofσ < 1.2 as described in[9].

2.2. Sensor geometry
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Fig. 1. Schematic draw of the sensor design.

doped silicate glass (PSG), which has a high resistance and
suitable viscous behaviour during processing. A schematic of
the structure is shown inFig. 1. The resistance of the structure
without deposited film is more than 1 G�. The structures are
bonded to a DIL8 chip carrier.

2.3. Measurement setup

For the impedance measurements, a Solatron SI 1255 fre-
quency response analyzer (FRA) in combination with a di-
electric interface SI 1296 was used in the frequency range
between 1 Hz and 1 MHz.Fig. 2shows a schematic draw of
the applied setup.

The sample was kept in a gas-tight chamber, filled with
a gas inlet and outlet and connected to a gas mixing system
and a vacuum pump (Fig. 2). A temperature-controlled tube
furnace was used to heat the chamber to a given temperature
between 100 and 250◦C.

Before measuring the impedance of different materials,
the following procedure was applied to all samples. First the

The ins
The structure with interdigitated electrodes was de
ped in cooperation with the Fraunhofer Institute, IM
uisburg,Germany. In order to enable electrical meas
ents of the deposited, highly resistive SnOx nanoparticles,
mm2 structure consisting of 160 interdigitated fingers w
width and a separation of 2�m was fabricated on a ch
mm× 3 mm in size. The electrodes are buried in phosp

Fig. 2. Schematic draw of the experimental setup.
 et in left bottom shows a magnification of the tube furnace.
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samples were dried and stabilized by heating at 300◦C in vac-
uum (10−5 mbar) for several hours. Afterwards, the vacuum
line was closed and dry synthetic air (80% N2, 20% O2) was
blown through the chamber at atmospheric pressure for some
additional hours. Then the chamber was cooled to 100◦C and
the ac-impedance measurements were carried out in the tem-
perature range between 100 and 250◦C in steps of 10◦C (with
17 measurement points/decade in frequency). Before starting
an impedance measurement, the system was thermally stabi-
lized for 30 min at the desired temperature. The temperature
deviation during the measurements was less than±0.3◦C.

3. Results and discussion

The impedance data for particles with a particle size of
20, 15 and 10 nm have been measured in the temperature
range from 100 to 250◦C.Fig. 3a shows the Bode plot of the
impedance measurements on 20 nm sized particles for 180
and 200◦C. The decrease of resistance with increasing tem-
perature is a well-known property of semiconducting materi-
als. All measurements on this particle size exhibit an almost
ideal semicircle. This can be ascribed to a very narrow relax-
ation time distribution due to the fact that the sensor material
consists of nearly monodisperse SnO2 particles and it indi-
c neou
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For the investigation of size-dependent properties in the
charge carrier processes, additional sensors with 15 and
10 nm have been examined. The preparation of the materi-
als and the measuring procedure were the same as described
above. For a direct comparison of the measurements,Fig. 3b
displays the normalized Bode plots of all samples. As can
be seen from the diagram, a transition in the impedance data
takes place. While the 20 nm particles show one relaxation
process, a slight shoulder at higher frequencies is observable
in the case of 15 nm particles whereas the 10 nm particles
show two well-separated semicircles. The small semicircle
as well as the shoulder can be distinguished by plotting the
imaginary part of the modulusM′′ versus the measuring fre-
quency using

M ′′ = ωC0Z
′ (1)

with the angular velocityω = 2πf and the background capac-
ity C0 of the platinum chip arrangement.Fig. 4 shows the
normalized imaginary part of the modulus for the three sam-
ples. In the case of 20 nm particles, only one signal at about
104 Hz can be observed. Its maximum corresponds to the
maximum of the semicircle in the Bode representation. The
spectrum of the 15 nm particles as well as the spectrum of
the 10 nm particles exhibit two signals that are only slightly
separated in the case of 15 nm particles but well separated
i 3
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ig. 3. (a) Impedance data in Bode representation for 20 nm particles and
he lines of best fit. The inset shows a magnification of the high fre-
uency range. (b) Normalized impedance data in Bode representation for
0 nm/15 nm/20 nm particles at 150◦C.
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s.n the case of 10 nm particles. The shoulder at 10Hz cor-
esponds to the large low-frequency semicircle in the B
lot, while the big signal at 106 Hz corresponds to the sm
igh-frequency semicircle.

The overall electrical conductivity of SnO2 particles is
ependent on the concentration of oxidizing and redu
gents in the surrounding atmosphere. In the presence o
en, its chemisorption on the particles leads to a depleti
harge carriers within the surface layer, whereas in the
nce of reducing agents the desorption of oxygen incre

he charge carrier concentration[10,11]. The depletion o
harge carriers due to the chemisorption of oxygen has
xplained by pulling electrons out of the tin oxide part

ig. 4. Normalized imaginary part of the moduls function against frequ
or 10, 15 and 20 nm sized particles. The inset shows the magnific
f the spectrum for 10 nm particles in a frequency range from 3× 102 to
× 104 Hz.
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Fig. 5. Schematic draw of the charge carrier processes in SnO2 sensor sys-
tems and according equivalent circuit diagram.RCCC describes the elec-
trode/particle contact,RgbCgb matches with the intergranular contact and
RB is the bulk resistance of the core.

surface[12]. The SnO2 (SnOx) core of the particles is as-
sumed to be unaffected and a well conducting core remains.

Due to their size, this sensing effect is more dominant in
the case of nanosized particles than in micrometer sized par-
ticles. Barsan and Weimar describe a model for the charge
carrier transport within a particulate SnO2 sensor[13]. They
postulate three different contributions to the overall conduc-
tion mechanism: intergranular contact, bulk conductivity and
electrode contact. From this model, an equivalent circuit was
developed. It consists ofRB representing the bulk contribu-
tion, a parallel (RgbCgb) element for the intergranular contact,
and a parallel (RCCC) element for the electrode contact.Fig. 5
shows the adapted equivalent circuit diagram and a schematic
drawing of the charge carrier transport processes. The ca-
pacitive contribution of the electrode contact (EC) originates
from the capacitance between the electrode and the conduct-
ing core, surrounded by a less conducting SnO2 shell. For
the same reason the intergranular contact (IC) also requires
a parallelRCunit.

For a quantitative analysis of our measurements, the data
obtained within the temperature range between 100 and
250◦C have been fitted using the adequate equivalent cir-
cuit. Due to the fact that in the case of 20 nm particles only
one relaxation process has been observed, the equivalent cir
cuit was reduced by oneRC-element, otherwise the problem
would have been over-determined.
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Fig. 6. Impedance data in Bode representation for 10 nm particles and the
lines of best fit. The inset shows a magnification of the high frequency range.

Fig. 7a and b shows the Arrhenius plots of the conduc-
tivities G= 1/R calculated from the fit on 10 and 20 nm par-
ticles. The smallest activation energy has been assigned to
the bulk contribution (RB) and exhibits values of the same
order of magnitude for both particle sizes. Probably due to a
size effect, the activation energy for the 20 nm particles with
a bigger, well conducting core is lower. Likewise, the high-
est activation energy which is assigned to the intergranular

Fig. 7. (a) Arrhenius diagrams of the different charge carrier transport pro-
cesses for 10 nm particles. The activation energiesEa calculated from the
slope are given in the plot. (b) Arrhenius diagrams of the different charge
carrier transport processes for 20 nm particles. The activation energiesEa

calculated from the slope are given in the plot.
The agreement between measurement and fit is very
R= 0.99) as can be seen from the drawn lines inFig. 3a
ndFig. 6. (Note that not only the position and diamete
ach semicircle is fitted, but that every measured poi

he complex plane is accurately reproduced.) The fit re
f the different resistances have been used to calcula
ctivation energiesEa of the different conduction process
sing equation:

= G0 e−Ea/kbT (2)
-
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contact is smaller for particles with 10 nm in size (−499 meV)
compared to the 20 nm particles (−542 meV). The analysis
of the remaining electrode-particle contribution (EC) results
in an activation energy of−126 meV. The assignments of
EC and IC bases on the simple model that the distance of
two conducting particle cores is bigger than the distance
between one core, surrounded by the SnO2 shell, and the
electrode.

The fact that the impedance measurements of the small,
monodisperse SnO2 particles show such structured spectra
allows a much closer insight to the sensing mechanism of
SnO2. It opens the opportunity to distinguish between sens-
ing mechanisms that need the interface electrode/SnO2/gas
phase and sensing mechanisms that influence the core/shell
structure directly. With this knowledge, multisensing devices
with only one particle size may be operated by simply switch-
ing the measuring frequency.

4. Outlook

First steps have been made to produce sensors in nanome-
ter dimensions with small finger distances. To distinguish
systematically between the contribution of the intergranular
contact (IC) and the electrode contact, structures with differ-
ent finger widths and finger distances will be produced.
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. Conclusion

SnO2 particles were deposited on platinum interdig
tructures to realize gas sensitive sensors. Impedance
urements of these SnO2 thin films were taken in an oxy
en/nitrogen atmosphere. The nanoparticles sensors e
ifferent behaviour, which directly depend on their pa
le size. Different frequency dependent contributions to
verall resistance for 10, 15 and 20 nm particles have
etected. The different contributions were separated u
quivalent circuit diagrams. Due to the fact that the mea
ents have been performed on nearly monodisperse par

he contributions of the bulk, the electrode contact and th
ergranular contact could be well separated. From Arrhe
lots, the activation energies of the different conduction
esses have been determined.
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