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Comparison of classical and fluctuation-enhanced gas sensing with
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Abstract

Nanoparticle films of PdxWO3, with x being 0.01 or 0.12, were made by dual-beam gas evaporation. The stochastic signal component
(fluctuation-enhanced signal) originating from resistance fluctuations and the dc resistance (classical sensor signal) were measured during
e ve 300 times
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xposure to ethanol and hydrogen gas. For ethanol concentrations exceeding 50 ppm, changes in the resistance fluctuations ga
arger detection sensitivity than changes in the dc resistance.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Gas sensing technology is a rapidly growing research field,
or which improved sensitivity and selectivity are among
he strongest driving forces. With regard to applications,
ther crucial aspects include durability and reproducibil-

ty [1,2]. A large number of investigations have been per-
ormed on gas sensors, particularly on those based on thin
emi-conducting films for which changes in the dc transport
ave been used to probe a number of different target gases

3–13].
There are several types of sensors, utilizing different sens-

ng mechanisms. The most common sensors comprise thin
emiconducting metal oxide layers that can be reduced or
xidized by the gas, thereby changing their dc resistance

14] by modifying either the mobility or the concentration
f the charge carriers. The mobility is likely to be altered by
gas-induced modification of the grain boundary potential

etween adjacent particles. A change in the charge carrier
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concentration can be due to surface-related electron
The magnitude of the resistance difference depends o
concentration of the target gas[1,2]. Thus the change in d
resistance - i.e., the sensitivity - is correlated to modi
tions of the dc transport parameters of the sensor caus
the target gas.

Gas sensors with improved sensitivity can be acc
plished by fluctuation-enhanced sensing with measu
fluctuations in the resistance rather than changes in
dc resistance; the former are correlated to low frequ
components of the dynamic disorder[15]. This fluctua
tion spectroscopy provides a new detection principle
elaborated recently[14,16,17].

The purpose of this paper is to show that the gas dete
ability of PdxWO3 nanoparticle film sensors can be sign
cantly improved by recording fluctuations in resistance.
samples were porous films containing nanoparticles of W3
and Pd, prepared by gas evaporation[18–20]. Section2 de-
scribes the sample preparation in detail. Considerations
some of the fundamental measures of fluctuation-enha
sensing[14,16,17]are described in Section3, and results re
E-mail address: laszlo.kish@ee.tamu.edu (L.B. Kish). lated to gas sensing in air, ethanol, and hydrogen are presented

925-4005/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2005.03.009



J. Ederth et al. / Sensors and Actuators B 113 (2006) 310–315 311

in Section4. Finally, the results are discussed and analyzed
in Section5.

2. Samples

2.1. Gas evaporation

All samples were made by gas evaporation. A schematic
drawing of the gas evaporation unit is given inFig. 1, show-
ing that dual sources were used. A more detailed description
of the equipment can be found elsewhere[18]. The left-hand
source was employed for Pd evaporation. The starting mate-
rial was put in a carbon crucible and was evaporated by induc-
tion heating. A laminar flow of synthetic air was used to cool
the metal vapor so that nucleation and growth of Pd nanopar-
ticles took place in the lower chamber. These nanoparticles
were then transported to the upper chamber by the pressure
difference between the two chambers. The right-hand evap-
oration source was used to form WO3 nanoparticles by reac-
tive evaporation. A tungsten pellet was heated by inductive
heating. The surface of the pellet was then oxidized and sub-
limation led to the formation of WO3 nanoparticles, which
were brought to the upper chamber by the pressure gradient.

Films with a composition denoted PdxWO3 were de-
posited onto AlO substrates with pre-printed Au contacts
o back.
T ss
o
c r of
t alue
i ting
t were

prepared; they are denoted A and B and are characterized by
x being∼0.01 and∼0.12, respectively, the value ofx was
determined by Electron Spectroscopy for Chemical Analy-
sis (ESCA) method[23]. All samples were post-deposition
heat treated at 600◦C in air at atmospheric pressure for
1 h in order to produce structurally stable materials ready
for gas detection measurements between room temperature
and 350◦C.

Note, in an earlier extensive study, Solis et al.[3] have pre-
pared and characterized nanoparticle film samples of similar
kinds at similar conditions. More information about the rel-
evant structural properties can be found in[3].

3. Measurement and analysis techniques

3.1. Measurements

PdxWO3 samples were placed in a stainless steel chamber
with a volume of∼1 dm3 and were connected to a low-noise
current generator. The resistance and the stochastic signal
(voltage fluctuations) were then measured using a two-point
method. The voltage fluctuations were amplified by a Stan-
ford SR560 low-noise differential preamplifier and were sam-
pled with a rate of 10 kHz by a PowerLab/4SP (AD Instru-
ments) data acquisition unit. The power density spectrum
( ignal
[ cor-
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m
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2 3
n the top and a pre-printed Pt heating resistor on the
he substrates were 8 mm× 8 mm in size, and the thickne
f the evaporated PdxWO3 film was approximately 1�m. The
oncentration of Pd was controlled by varying the powe
he induction heating. In practice, this power was set to a v
n the 3.0–3.3 kW range, while the power used for hea
he tungsten pellet was 1.0 kW. Two batches of samples

Fig. 1. Schematic drawing of the gas evaporation unit.
PDS) was calculated from the recorded stochastic s
21]. Each recorded PDS exhibits a cut-off frequency
esponding to the RC time constant of the sample-ca
mplifier system. Gas concentrations were set by calib
ass-flow controllers.

.2. Sensitivity measures for gas detection

For comparison, we introduce several measures for th
ensitivity of the samples. ThusGu(f) compares the spect
f voltage fluctuations measured in synthetic air and in

arget gas:

u = Su(f )sa

Su(f )tg
(1)

hereSu(f) is the PDS due to voltage fluctuations, and
ubscripts sa and tg denote the synthetic air and the
as, respectively. WhileGu(f) can be a useful measure wh
omparing sensors with similar current-drive conditions
ctual value depends on the driving current. Thus a more
ersal measure of sensitivity,Gn(f), should be used for arb
rary driving currents.Gn(f) compares the normalized volta
pectra, which are equal to the normalized resistance fl
tion spectra[14], in synthetic air and in the presence o

arget gas:

n =
Sn(f )sa

U2
sa

Sn(f )tg
U2

tg

(2)
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whereU is the measured dc voltage across the sensor. Fi-
nally, the dc resistance sensitivityGdc, which is the classical
measure, is defined as:

Gdc = Rsa

Rtg
(3)

whereR is dc resistance of the sensor.

4. Data

4.1. General behavior of the spectra

Fig. 2illustrates normalized spectra for two samples (one
from each batch) measured at 350◦C for different target
gases and applied dc voltages in the 0.2 <U < 1.2 V range.
The normalized spectrumfSu(f)/U2 was obtained by multi-
plying the voltage spectrum by the frequency and dividing
it by the square of the dc voltage. The normalized spectra
of different samples at different dc voltages look practically
the same. Therefore the stochastic signals are caused by fluc-
tuations in the resistance and not by other effects, such as
thermal noise or fluctuations in the thermoelectric force due
to a conceivably non-homogeneous temperature profile[22].

F
P
b
e
a

Fig. 3. Temperature-dependent resistance measured in synthetic air for
PdxWO3 samples originating from separate batches.

Another consequence of this observation is that the resistance
fluctuations are independent of the electrical field or current
in the sample.

From Fig. 2 it appears that samples from batch A
show significantly different spectral patterns for synthetic
air, ethanol, and hydrogen. Samples from batch B, on the
other hand, yield slightly different patterns for synthetic
air and ethanol and a significantly different behavior for
hydrogen.

Fig. 3 presents the temperature dependence of the re-
sistance for samples from the two batches as measured in
synthetic air. It is observed that the sample from batch
A shows a maximum at∼275◦C. However, the sam-
ple from batch B does not exhibit a similar behavior,
but the resistance decreases monotonically with increasing
temperature.

4.2. Exposure to ethanol

The intensity of the voltage fluctuations became stabilized
a few minutes after the introduction of the alcohol vapor. Af-
ter the removal of the alcohol, the relaxation of the intensity
of fluctuations took about five minutes, and the sensors ex-
hibited very reproducible results.

Fig. 4displays the response of the short-time-estimate of
t tches
A -
p tion
o abil-
i less
f

ig. 2. Illustrative examples of normalized spectra recorded at 350◦C for
dxWO3 samples. Parts (a) and (b) correspond to samples selected from
atches A and B, respectively. The spikes on the spectra obtained with
thanol and hydrogen originate from the U.S. power line frequency (60 Hz
nd its harmonics).

for
e ob-
s fluc-
t nce
s sed
i

he noise voltage amplitude at 10 Hz for samples from ba
and B while exposed to 300 ppm of ethanol at 350◦C. Sam
le A shows fast response, high sensitivity with a varia
f 3.5 orders of magnitude (3000 times), and good st

ty, while the corresponding properties of sample B are
avorable.

Fig. 5 presents the different measures of sensitivity
thanol exposure to a sample from batch A. It is clearly
erved that the sensitivity of the normalized resistance
uationsGn is up to 300 times higher than the dc resista
ensitivityGdc, which is the sensor response classically u
n Taguchi sensors.
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Fig. 4. Noise voltage amplitude atf = 10 Hz versus time upon application of
300 ppm of ethanol at 350◦C to PdxWO3 samples from the two batches.

Fig. 5. Sensitivity, defined in three different ways as shown in Eqs.(1)–(3),
at different concentrations of ethanol for a PdxWO3 sample from batch A
measured at 350◦C.

Fig. 6. Noise voltage amplitude atf = 10 Hz vs. time upon application of
1000 ppm of hydrogen at 350◦C to PdxWO3 samples from the two batches.

4.3. Exposure to hydrogen

Fig. 6shows noise voltage amplitude at 10 Hz versus time
upon exposure to 1000 ppm of hydrogen gas. Initially the sen-
sors gave very good response, with a variation of 6.5 orders of
magnitude (3× 106) for the sensor from batch A. However,
after removing the hydrogen the fluctuation-enhanced signal
showed memory effects and a strongly fluctuating value (not
shown inFig. 6). It is important to note that the application
of a temperature pulse of 600◦C for 5 min did not remove
this remaining effect of hydrogen. Thus hydrogen seems to
act as a “poison” for this sensor.

5. Discussion

From the results presented in the previous sections, it is
obvious that the resistance noise provides far better sensitiv-
ity than the dc resistance response. This may be a result of
strong fluctuations in the grain boundary resistance due to
the gas exposure being observable in the noise but not in the
dc current. Further, relevant analysis of the possible origin
of the stochastic component of the sensor signal was given
elsewhere[14].

Samples from batch A contained only a very small amount
of palladium. Because Pd nanoparticles can stimulate cat-
a rom
b atch
A rent
t ty to
e and
r not
k

to
p ors
f fect
o ing
t ticle
fi

6

the
fl the
d y of
t thanol
c nced
s ance
s

A

e of
N d by
lytic activity, our first expectation was that sensors f
atch B would perform much better than sensors from b
. However, the opposite effect was found and it is appa

hat sensors from batch B provide poor noise sensitivi
thanol, while sensors from batch A exhibit very good
eproducible results. The reason for this dichotomy is
nown.

Further investigation is obviously needed not only
rovide an explanation for the low sensitivity of sens

rom batch B but also to study, in general, the ef
f Pd on the fluctuation-enhanced sensitivity includ

he optimal amount of Pd doping in these nanopar
lms.

. Conclusions

The main conclusion of this work is that using
uctuation enhanced (stochastic) signal, instead of
c resistance, can significantly improve the sensitivit

ungsten-oxide-based gas sensors. For example, at e
oncentrations exceeding 50 ppm the fluctuation-enha
ensitivity is at least 300 times larger than the dc resist
ensitivity.

cknowledgements

This research was sponsored by the U.S. Offic
aval Research. J.E.’s research at TAMU was supporte



314 J. Ederth et al. / Sensors and Actuators B 113 (2006) 310–315

the Swedish Foundation for International Cooperation in
Research and Higher Education (“STINT”). J.S.’s research
was sponsored by NATO.

References

[1] M.J. Madou, S.R. Morrison, Chemical Sensing with Solid State De-
vices, Academic Press, San Diego, USA, 1989.

[2] V. Lantto, Physical and chemical behavior of thick film semicon-
ductive gas sensors, in: G. Sberveglieri (Ed.), Gas Sensors, Kluwer,
Dordrecht, The Netherlands, 1992.

[3] J.L. Solis, A. Hoel, L.B. Kish, C.G. Granqvist, Gas sensing prop-
erties of nanocrystalline WO3 films made by advanced reactive gas
deposition, J. Am. Ceram. Soc. 84 (2001) 1504–1508.

[4] Y.D. Wang, Z.X. Chen, Y.F. Li, Z.L. Zhou, X.H. Wu, Electrical and
gas-sensing properties of WO3 semiconductor material, Solid State
Electr. 45 (2001) 639–644.

[5] M. Penza, G. Cassano, F. Tortorella, Gas recognition by activated
WO3 thin-film sensors array, Sens. Actuators B 81 (2001) 115–
121.

[6] X. Wang, N. Miura, N. Yamazoe, Study of WO3-based sensing ma-
terials for NH3 and NO detection, Sens. Actuators B 66 (2000)
74–76.

[7] A. Licciulli, S. Mazzarelli, G. De, P. Siciliano, L. Vasanelli, R. Rella,
Os and Pd modified tin oxide films for sensors by the sol gel process,
J. Sol-Gel Sci. Technol. 21 (2001) 195–201.

[8] I. Stambolova, K. Konstantinov, S. Vassilev, P. Peshev, T. Tsacheva,
Lanthanum doped SnO2 and ZnO thin films sensitive to ethanol and
humidity, Mater. Chem. Phys. 63 (2000) 104–108.

ed
224–

[ nO
gas

B 48

[ ectri-
SnO
000)

[ ref-
f.

[ or
003)

[ m
es and

[ tics

[ sens-
159–

[ on-

[ rical
lms,

[ of
ter.

[ pre-
585–

[21] B.D. Cullity, Elements of X-ray Diffraction, Addison-Wesley, Read-
ing, MA, USA, 1956.

[22] J.S. Bendat, A.G. Piersol, Random Data Analysis and Measurement
Procedures, Wiley, New York, USA, 2000.

[23] Th.G.M. Kleinpenning, 1/f noise in thermo EMF of intrinsic and
extrinsic semiconductors, Physica (Utrecht) 77 (1974) 78–98.

Biographies

Jesper Ederth received his Master of Science de-
gree in materials physics in 1998 at Uppsala Uni-
versity in Sweden. In January 2003 he obtained
his Ph.D. degree at the Division of Solid State
Physics at Uppsala University. His thesis treated
electrical and optical properties of nanoparticle
thin films of metals and highly doped semi-
conductors. During the spring of 2003, Dr. Ed-
erth was a visiting scientist at the Fluctuation and
Noise Exploitation Laboratory at the Department
of Electrical Engineering, Texas A&M University,

Texas, USA. From June until December 2003 he worked as a researcher at
the Department of Materials Science at Uppsala University. In September
2003 he received the Benzelius award from the Royal Society of Science
of Sweden for his thesis work.

Janusz M. Smulko was born in Kolno, Poland.
Sc.
nsk
G.

, re-

an-
of

ics,
of

lysis.
ry at
lege
arch
for

c-
ver-
e is
the
at

xas
e
s re-
om-
sys-
itor-
con-
gary;
nder
s and
005,
rded
ical
[9] Y. Zhao, Z. Feng, Y. Liang, SnO2 gas sensor films deposit
by pulsed laser ablation, Sens. Actuators B 56 (1999)
227.

10] D. Briand, M. Labeau, J.F. Currie, G. Delabouglise, Pd-doped S2

thin films deposited by assisted ultrasonic spraying CVD for
sensing: selectivity and effect of annealing, Sens. Actuators
(1998) 395–402.

11] S.I. Rembeza, E.S. Rembeza, T.V. Svistova, O.I. Borsiakova, El
cal resistivity and gas response mechanisms of nanocrystalline2
films in a wide temperature range, Phys. Stat. Sol. A 179 (2
147–152.

12] L. Ottaviano, E. Maccallini, S. Santucci, Visualisation of the p
erential adsorption sites of oxygen onto WO3 nano-particles, Sur
Sci. 492 (2001) L700–L704.

13] L. Chen, S.C. Tsang, Ag doped WO3-based powder sensor f
the detection of NO gas in air, Sens. Actuators B 89 (2
68–75.

14] L.B. Kish, R. Vajtai, C.G. Granqvist, Extracting information fro
noise spectra of chemical sensors: single sensor electronic nos
tongues, Sens. Actuators B 71 (2000) 55–59.

15] M.B. Weissman, 1/f noise and other slow, nonexponential kine
in condensed matter, Rev. Mod. Phys. 60 (1988) 537–571.

16] G. Schmera, L.B. Kish, Surface diffusion enhanced chemical
ing by surface acoustic waves, Sens. Actuators B 93 (2003)
163.

17] J.M. Smulko, L.B. Kish, Higher-order statistics for fluctuati
enhanced gas-sensing, Sens. Mater. 16 (2004) 291–299.

18] J. Ederth, L.B. Kish, E. Olsson, C.G. Granqvist, In situ elect
transport during isothermal annealing of nanocrystalline gold fi
J. Appl. Phys. 91 (2002) 1529–1535.

19] T. Inami, S. Okuda, H. Maeta, H. Ohtsuka, Thermal stability
nanocrystalline gold studied by X-ray diffraction method, Ma
Trans. 39 (1998) 1029–1032.

20] S. Okuda, F. Tang, Thermal stability of nanocrystalline gold
pared by gas deposition method, NanoStruct. Mater. 6 (1995)
588.
He is a member of IEEE. He received the M.
and Ph.D. degrees in electronics from Gda
University of Technology, 80-952 Gdansk, ul.
Narutowicza 11/12, Poland, in 1989 and 1996
spectively. His doctoral research was in 1/f noise
measurements in high frequency bipolar tr
sistors. Presently, he is working in Faculty
Electronics, Tele-communication and Informat
Gdansk University of Technology, on problems
low frequency noise measurements and ana

In 2003, He joined the Fluctuation and Noise Exploitation Laborato
the Department of Electrical Engineering, Texas A&M University, Col
Station, TX, USA, as a NATO Post-Doctoral Fellow. His main rese
activity was concentrated on application of 1/f noise measurements
gas sensing.

Laszlo B. Kish (formerly Kiss) obtained the Do
toral Degree in solid state physics at the Uni
sity of Szeged, Szeged, Hungary, in 1984. H
presently Associate Professor and Director of
Fluctuation and Noise Exploitation Laboratory
the Department of Electrical Engineering, Te
A&M University, College Station, TX, USA. H
is interested in a wide range of research topic
lated to noise, including condensed matters, c
plex systems, devices, nanosystems, and bio
tems. He is the founder and has been the Ed

in-Chief of Fluctuation and Noise Letters. He is the founder of the
ference series “Unsolved Problems of Noise” (1996, Szeged, Hun
1999, Adelaide, Australia; 2002, Washington DC, USA). He is the fou
and has been the Chair of the SPIE symposium series “Fluctuation
Noise” (2003, Santa Fe, NM, USA; 2004, Canary Islands, Spain; 2
Austin, TX, USA). The Swedish Royal Society of Science has awa
him the Benzelius Prize for 2001 for his activities in the field of chem
sensing.



J. Ederth et al. / Sensors and Actuators B 113 (2006) 310–315 315
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