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Abstract

SnQ, nanoparticles with small particle size distributieng(1.2), and diameters of 10, 15 and 20 nm are deposited on platinum interdigital
transducers with @m finger width and 2um spacing. Impedance spectroscopy measurements in synthetic air, taken in the temperature
range between 100 and 280 show a clear dependence of the measured impedance on the particle size. Three different contributions to the
overall impedance have been resolved for 10 nm particles and assigned to the contribution of bulk, intergranular contact and electrode contact.
Particles of larger diameters do not allow such a clear distinction. The experimental observations have been analyzed by fitting the measured
data with equivalent circuit functions, where typical serial connections of siRpled paralleRCs are used for fitting. As expected for a
semiconducting material, the resistance decreases with increasing temperature. Activation energies of the different charge carrier transport
processes were determined from Arrhenius plots.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction It is well known that the resistance of metal oxide semi-
conductors can be affected by temperature as well as by
Within the past decades, solid state sensors based on SnOambient gasefb,6]. Since the interaction of these materials
have become an important analytical devices for air monitor- with gaseous medium depends on their structure and surface,
ing in domestic and industrial environméi. Most of the impedance spectroscopy is a useful tool for a detail charac-
commercially available sensors are produced by ceramic fab-terization[7]. Coupled with additional physical characteri-
rication technologies or by thick film technology with SnO  zation, impedance spectroscopy can yield a specific insight
pastes as the starting matefiaJ3]. Nevertheless these sen- into the various occurring phenomena, within the device.
sors exhibit several disadvantages, such as poor selectivity,The most important advantage of such ac measurements is
long response and stabilizing times and high power consump-that they can distinguish individual contributions to electri-
tion[1,4], which can be overcome by modern thin film tech- cal conduction and polarizing effects arising from different
nologies. Especially the utilization of nanosized powders in sources like grain and bulk boundaries, intergranular contact
thin film technologies is of increasing interest due to the high and grain/electrode contact, whereas dc measurements show
surface to volume ratio and their large surface §&¢a only the overall effect of all contribution8]. However, the
method suffers from the disadvantage that only integral in-
mpondmg author. forn_watiqn across the whole sgmple area can be obtaingd. Es-
E-mail addresseshuelser@vug,uni-duisburg.de (T, lilser) pecially in the case of 'polydlsperse partlgulate materials, a
wiggers@uni-duisburg.de (H. Wiggers), e.kruis@uni-duisburg.de broadening and smearing of the obtained impedance spectra
(F.E. Kruis). is observed.
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The current paper focuses on the investigation of &hid Pt 175 nm Burried interdigital structure
films fabricated from size-selected nanopartictes:(L.2) in Ti: 25mm
the size regime between 10 and 20 nm. PSG 300 NI
| 2um  2pum
[ Poly-Si: 520 nm | BPSG: 750 nm
LP-Nitride: 135 nm

2. Experimental

2.1. Sample preparation Si0?: 720 nm

The device fabrication is described in detail by Kennedy et p-Si Substrate
al.[9]. SnO was evaporated as precursor material for the syn-
thesis of Sn@nanopatrticles, which offers significant advan-
tages over Sn or SnOAs substrate, interdigitated structures Fig. 1. Schematic draw of the sensor design.
having an active area of 1 nfrare used. For this purpose, a
method was developed for a localized deposition. An electro- doped silicate glass (PSG), which has a high resistance and
static precipitator was modified into a low-pressure impactor Suitable viscous behaviour during processing. A schematic of
by adding a nozzle (with an inner diameter between 0.5 andthe structure is shown ifig. 1. The resistance of the structure
2 mm and positioned 2 mm above the substrate) and evacuatwithout deposited film is more than K& The structures are
ing the deposition chamber down to 3 mbar. The inertial fo- bonded to a DIL8 chip carrier.
cusing of the nanoparticle aerosol results in a deposition spot
as small as 20@m when using the 0.5 mm nozzle, so that 2.3. Measurement setup
films with a thickness above 100 nm can be formed rapidly.

The particles exhibit a small size distribution, with ageomet-  For the impedance measurements, a Solatron Sl 1255 fre-

ric standard deviation af < 1.2 as described if?]. guency response analyzer (FRA) in combination with a di-
electric interface Sl 1296 was used in the frequency range
2.2. Sensor geometry between 1 Hz and 1 MHEIig. 2shows a schematic draw of

the applied setup.

The structure with interdigitated electrodes was devel-  The sample was kept in a gas-tight chamber, filled with
oped in cooperation with the Fraunhofer Institute, IMS, a gas inlet and outlet and connected to a gas mixing system
Duisburg,Germany. In order to enable electrical measure-and a vacuum pumg-{g. 2). A temperature-controlled tube
ments of the deposited, highly resistive Sm@noparticles,a  furnace was used to heat the chamber to a given temperature
1 mn? structure consisting of 160 interdigitated fingers with between 100 and 25C.

a width and a separation ofdn was fabricated on a chip Before measuring the impedance of different materials,
3mmx 3mm in size. The electrodes are buried in phosphor- the following procedure was applied to all samples. First the

tube fumace

MFC Temperature-
controlling PC
Frequency
= 2 Response
tube furnace AuEly e
ube fu
/’Sensor (ERA)
rd Thermo-
L—T"" |couple
exhaust / vacuum

Fig. 2. Schematic draw of the experimental setup. The inset in left bottom shows a magnification of the tube furnace.
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samples were dried and stabilized by heating at&io vac- For the investigation of size-dependent properties in the
uum (10-° mbar) for several hours. Afterwards, the vacuum charge carrier processes, additional sensors with 15 and
line was closed and dry synthetic air (80%,120% Q) was 10 nm have been examined. The preparation of the materi-
blown through the chamber at atmospheric pressure for someals and the measuring procedure were the same as described
additional hours. Then the chamber was cooled t"@and above. For a direct comparison of the measuremeéigs3b
the ac-impedance measurements were carried out in the teméisplays the normalized Bode plots of all samples. As can
perature range between 100 and 260n steps of 10C (with be seen from the diagram, a transition in the impedance data
17 measurement points/decade in frequency). Before startingtakes place. While the 20 nm particles show one relaxation
an impedance measurement, the system was thermally stabiprocess, a slight shoulder at higher frequencies is observable
lized for 30 min at the desired temperature. The temperaturein the case of 15nm particles whereas the 10 nm particles
deviation during the measurements was less thar3°C. show two well-separated semicircles. The small semicircle
as well as the shoulder can be distinguished by plotting the
imaginary part of the modulugl” versus the measuring fre-

3. Results and discussion quency using

1/ /
The impedance data for particles with a particle size of M = wCoZ @)
20, 15 and 10nm have been measured in the temperaturevith the angular velocity = 2zf and the background capac-
range from 100 to 250C. Fig. 3a shows the Bode plot of the ity Cq of the platinum chip arrangemerfig. 4 shows the
impedance measurements on 20 nm sized particles for 18hormalized imaginary part of the modulus for the three sam-
and 200°C. The decrease of resistance with increasing tem- ples. In the case of 20 nm particles, only one signal at about
perature is a well-known property of semiconducting materi- 10* Hz can be observed. Its maximum corresponds to the
als. All measurements on this particle size exhibit an almost maximum of the semicircle in the Bode representation. The
ideal semicircle. This can be ascribed to a very narrow relax- spectrum of the 15nm particles as well as the spectrum of
ation time distribution due to the fact that the sensor material the 10 nm particles exhibit two signals that are only slightly
consists of nearly monodisperse Sn@articles and it indi-  separated in the case of 15nm particles but well separated
cates that the electron scattering processes are homogeneouig the case of 10 nm particles. The shoulder atH8 cor-
responds to the large low-frequency semicircle in the Bode
plot, while the big signal at fHz corresponds to the small

4x100 ———————————— . -
X T TE high-frequency semicircle.
o 200°C| | The overall electrical cond.uct|V|ty qf SQanrtches is
3x10° | —Fit dependent on the concentration of oxidizing and reducing
= agents in the surrounding atmosphere. In the presence of oxy-
=] . gen, its chemisorption on the particles leads to a depletion of
e R 1 charge carriers within the surface layer, whereas in the pres-
'*:1 ence of reducing agents the desorption of oxygen increases
1x10° i the charge carrier concentrati¢h0,11] The depletion of
charge carriers due to the chemisorption of oxygen has been
explained by pulling electrons out of the tin oxide particle
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Fig. 3. (a) Impedance data in Bode representation for 20 nm particles and Fig. 4. Normalized imaginary part of the moduls function against frequency
the lines of best fit. The inset shows a magnification of the high fre- for 10, 15 and 20 nm sized particles. The inset shows the magnification
quency range. (b) Normalized impedance data in Bode representation forof the spectrum for 10 nm particles in a frequency range fromi® to

10 nm/15 nm/20 nm particles at 150. 4x 10*Hz.
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1X10° T T
180°C
electrode electrode Q&] ; 200°C
8X10* ) —— Fit :
E 5X10% + i
[ ;
3xio¢ 1
0
0 5X104 1X10° 2X10° 2X10°
Bulk Z'in[0]
H(‘CC R bC b RB . . . .
g g4 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.
I
Fig. 5. Schematic draw of the charge carrier processes in Sefsor sys- Fig. 7a and b shows the Arrhenius plots of the conduc-

tems and according equivalent circuit diagrRaCc describes the elec-  tivities G =1/R calculated from the fit on 10 and 20 nm par-
trode/particle contactgrCqgn matches with the intergranular contact and  ticles. The smallest activation energy has been assigned to
Re is the bulk resistance of the core. the bulk contribution Rg) 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

surface[12]. The SnQ@ (SnQ,) 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 T T - T
carrier transport within a particulate Sp®ensof13]. They
postulate three different contributions to the overall conduc-
tion mechanism: intergranular contact, bulk conductivity and
electrode contact. From this model, an equivalent circuitwas A =

. . . -10F
developed. It consists &g representing the bulk contribu- IS E, =-126 meV
tion, a parallel RyhCqyp) element for the intergranular contact,
and a parallelRcCc) element for the electrode contdety. 5 o In(1/R)
shows the adapted equivalent circuit diagram and a schematic a4k ﬁ ::g;gc))
drawing of the charge carrier transport processes. The ca- L
pacitive contribution of the electrode contact (EC) originates -16
from the capacitance between the electrode and the conduct-
ing core, surrounded by a less conducting Sis0ell. For
the same reason the intergranular contact (IC) also requires
a parallelRCunit. T U T

F(_)r a qugnt_itative analysis of our measurements, the data 10 E =-5meV BuII: -
obtained within the temperature range between 100 and A
250°C have been fitted using the adequate equivalent cir-
cuit. Due to the fact that in the case of 20 nm particles only 2 T
one relaxation process has been observed, the equivalent cir-
cuit was reduced by orieC-element, otherwise the problem
would have been over-determined.

The agreement between measurement and fit is very good 0 In(1/Ry)
(R=0.99) as can be seen from the drawn linesig. 3a a6k © MORY)
andFig. 6. (Note that not only the position and diameter of . . .
each semicircle is fitted, but that every measured point in 1.8X103 2.0X10° 2.2X10°3
the complex plane is accurately reproduced.) The fit results (b) Temperature 1/T in [1/K]
of the different resistances have been used to calculate the

activation energieg, of the different conduction processes Fig. 7. (a) Arrhenius diagrams of the different charge carrier transport pro-
using equation: cesses for ?.0 nm particles. The actlvgtlon gnerﬁ@salculate_d from the

slope are given in the plot. (b) Arrhenius diagrams of the different charge
— Ea/koT carrier transport processes for 20 nm particles. The activation en&gies
G = Goe " (2 calculated from the slope are given in the plot.

E, =-499meV .

2.1x10-° 2.2x10-*  2.3x10-*  2.4x10-° 2.5x10-°
(a) Temperature 1/T in [1/K]
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contactis smaller for particles with 10 nmin size499 meV) [2] G. Martinelli, M.C. Carotta, Thick-film gas sensors, Sens. Actuators
compared to the 20 nm particles%42 meV). The analysis B 23 (1995) 157-161.

of the remaining electrode—particle contribution (EC) results [3] M. Prudenziati, Thick-film technology, Sens. Actuators A: Phys. 25

. I h ) s of (1-3) (1990) 227-234. o o

In an activation energy Of__l26 meV. The aSS|gnm.en [4] K. Ihokura, J. Watson, The Stannic Oxide Gas sensor: Principles and
EC and IC bases on the simple model that the distance of = sppiications, CRC press, Boca Raton, FL., 1994.

two conducting particle cores is bigger than the distance [5] N.S. Baik, G. Sakai, K. Shimanoe, N. Miura, N. Yamazoe, Hy-

between one core, surrounded by the Srsbell, and the drothermal treatment of tin oxide sol solution for preparation of
electrode thin-film sensor with enhanced thermal stability and gas sensitivity,
' Sens. Actuators B 65 (2000) 97-100.

The fact that the impedance measurements of the small, [6] A. Dieguez, A. Romano-Rodriguez, J.R. Morante, J. Kappler, N.

monodisperse Sr@ar_tid_es show such SFrUCturEd sp_ectra Barsan, W. ®pel, Nanoparticle engineering for gas sensor optimi-
allows a much closer insight to the sensing mechanism of sation: improved sol-gel fabricated nanocrystalline Siidick film
SnQ. It opens the opportunity to distinguish between sens- gas sensor for N@detection by calcination, catalytic metal introduc-
ing mechanisms that need the interface electrodeé@a@ tion and grinding treatments, Sens. Actuators B 60 (1999) 125-137.

. . . [7] E. Endres, H.D. Jander, W.d&ler, A test system for gas sensors,
phase and sensing mechanisms that influence the core/shell"" ¢ ") & biors B 23 (1995) 163-172.

st_ructure directly. _With_this knowledge, mUltisen_Sing de\/_ices [8] O.K. Varghese, L.K. Malhotra, Studies of ambient dependent elec-
with only one particle size may be operated by simply switch- trical behaviour of nanocrystalline SaGhin films using impedance

ing the measuring frequency. spectroscopy, J. Appl. Phys. 87 (2000) 7457-7465.
[9] M. Kennedy, F.E. Kruis, H. Fissan, B.R. Metha, S. Stappert, G.

Dumpich, Tailored nanoparticle films from monosized tin oxide
4. Outlook nanocrystals: particle synthesis, film formation, and size-dependent
gas-sensing properties, J. Appl. Phys. 93 (2003) 551.

First steps have been made to produce sensors in nanome:0 H- 0gawa, M. Nishikawa, A. Abe, Hall measurement studies and
an electrical conduction model of tin oxide ultrafine particle films,

ter dimeqsions with small finger_dis_tances. T(_) distinguish J. Appl. Phys. 53 (1982) 4448-4455.
systematically between the contribution of the intergranular [11] J.M. Herrmann, J. Disdier, A. Fernandez, V.M. Jiminez, J.C.
contact (IC) and the electrode contact, structures with differ- Sanchez-Lopez, Oxygen gas sensing behavior of nanocrystalline tin

ent finger widths and finger distances will be produced. oxide prepared by the gas phase condensation method, Nanostruct.
Mater. 8 (1997) 675-686.

[12] S.C. Chang, Oxygen chemisorption on tin oxide: correlation between
5. Conclusion electrical conductivity and EPR measurements, J. Vac. Sci. Technol.
B 17 (1980) 366-369.

SnG ticl d ited lati interdiaital [13] N. Barsan, U. Weimar, Understanding the fundamental principles of
n particies were deposited on platinum interdigia metal oxide based gas sensors; the example of CO sensing with

structures to realize gas sensitive sensors. Impedance mea- sno2 sensors in the presence of humidity, J. Phys.: Condens. Mater.
surements of these SaGhin films were taken in an oxy- 15 (2003) 813-839.

gen/nitrogen atmosphere. The nanoparticles sensors exhibit

different behaviour, which directly depend on their parti-

cle size. Different frequency dependent contributions to the Biographies

overall resistance for 10, 15 and 20 nm particles have been

detected. The different contributions were separated usingTim Patrick Huelser is graduated with a degree in Physics at the
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