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Abstract

Nanoparticle films of PAVOs, 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 duri
exposure to ethanol and hydrogen gas. For ethanol concentrations exceeding 50 ppm, changes in the resistance fluctuations gave 300 tin
larger detection sensitivity than changes in the dc resistance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction concentration can be due to surface-related electron traps.
The magnitude of the resistance difference depends on the

Gas sensing technology is arapidly growing research field, concentration of the target gfk2]. Thus the change in dc

for which improved sensitivity and selectivity are among resistance - i.e., the sensitivity - is correlated to modifica-

the strongest driving forces. With regard to applications, tions of the dc transport parameters of the sensor caused by

other crucial aspects include durability and reproducibil- the target gas.

ity [1,2]. A large number of investigations have been per-  Gas sensors with improved sensitivity can be accom-

formed on gas sensors, particularly on those based on thinplished by fluctuation-enhanced sensing with measuring

semi-conducting films for which changes in the dc transport fluctuations in the resistance rather than changes in the

have been used to probe a number of different target gasesic resistance; the former are correlated to low frequency

[3-13] components of the dynamic disordgk5]. This fluctua-
There are several types of sensors, utilizing different sens-tion spectroscopy provides a new detection principle, as

ing mechanisms. The most common sensors comprise thinelaborated recentlji4,16,17]

semiconducting metal oxide layers that can be reduced or The purpose of this paper is to show that the gas detection

oxidized by the gas, thereby changing their dc resistanceability of Pd,WO3 nanoparticle film sensors can be signifi-

[14] by modifying either the mobility or the concentration cantly improved by recording fluctuations in resistance. Our

of the charge carriers. The mobility is likely to be altered by samples were porous films containing nanoparticles ogWO

a gas-induced modification of the grain boundary potential and Pd, prepared by gas evaporafib&-20] Section2 de-

between adjacent particles. A change in the charge carrierscribes the sample preparation in detail. Considerations about

some of the fundamental measures of fluctuation-enhanced
* Corresponding author. Tel.: +1 979 847 9071; fax: +1 979 845 6250,  S€nsind14,16,17]are described in Sectid and resullts re-
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in Sectiond. Finally, the results are discussed and analyzed prepared; they are denoted A and B and are characterized by

in Sectionb. x being~0.01 and~0.12, respectively, the value afwas
determined by Electron Spectroscopy for Chemical Analy-
sis (ESCA) method23]. All samples were post-deposition

2. Samples heat treated at 60 in air at atmospheric pressure for
1h in order to produce structurally stable materials ready
2.1. Gas evaporation for gas detection measurements between room temperature
and 350C.
All samples were made by gas evaporation. A schematic  Note, in an earlier extensive study, Solis ef3] have pre-
drawing of the gas evaporation unit is giverfig. 1, show- pared and characterized nanopatrticle film samples of similar

ing that dual sources were used. A more detailed descriptionkinds at similar conditions. More information about the rel-

of the equipment can be found elsewhgr@]. The left-hand evant structural properties can be found3h

source was employed for Pd evaporation. The starting mate-

rial was putin a carbon crucible and was evaporated by induc-

tion heating. A laminar flow of synthetic air was used to cool 3. Measurement and analysis techniques

the metal vapor so that nucleation and growth of Pd nanopar-

ticles took place in the lower chamber. These nanoparticles3.1. Measurements

were then transported to the upper chamber by the pressure

difference between the two chambers. The right-hand evap- Pd,WO3 samples were placed in a stainless steel chamber

oration source was used to form W@anoparticles by reac-  with a volume of~1 dn? and were connected to a low-noise

tive evaporation. A tungsten pellet was heated by inductive current generator. The resistance and the stochastic signal

heating. The surface of the pellet was then oxidized and sub-(voltage fluctuations) were then measured using a two-point

limation led to the formation of W@®nanoparticles, which  method. The voltage fluctuations were amplified by a Stan-

were brought to the upper chamber by the pressure gradientford SR560 low-noise differential preamplifier and were sam-
Films with a composition denoted R¥Os; were de- pled with a rate of 10 kHz by a PowerLab/4SP (AD Instru-

posited onto AJO3 substrates with pre-printed Au contacts ments) data acquisition unit. The power density spectrum

on the top and a pre-printed Pt heating resistor on the back.(PDS) was calculated from the recorded stochastic signal

The substrates were 8 mxi8 mm in size, and the thickness [21]. Each recorded PDS exhibits a cut-off frequency cor-

ofthe evaporated RWOz film was approximately um. The responding to the RC time constant of the sample-cable-

concentration of Pd was controlled by varying the power of amplifier system. Gas concentrations were set by calibrated

the induction heating. In practice, this power was set to a value mass-flow controllers.

in the 3.0-3.3kW range, while the power used for heating

the tungsten pellet was 1.0 kW. Two batches of samples weres 2. Sensitivity measures for gas detection

For comparison, we introduce several measures for the gas

To vacuum pump sensitivity of the samples. Thu,(f) compares the spectra
of voltage fluctuations measured in synthetic air and in the
| target gas:
Movable substrate
é <— holder _ Su(f)sa
T S O S @
Substrate w g
. E——  Transfer pipe wheresu(f) is the PDS due to voltage fluptua}tions, and the
R > To subscripts sa and tg _denote the synthetic air and the target
pump vacuum gas, respectively. Whil&(f) can be a useful measure when
To pump comparing sensors with similar current-drive conditions, its
vacuum . — | actual value depends on the driving current. Thus a more uni-
P— Tungsten pellet L .
pump / versal measure of sensitivit§s(f), should be used for arbi-
Crucible E E E E <1—  |nduction trary driving currentsGn(f) compares the normalized voltage
;(()imaining 1 coil spectra, which are equal to the normalized resistance fluctu-
|

ation spectrd14], in synthetic air and in the presence of a

ﬂ | | ﬂ | target gas:
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Fig. 1. Schematic drawing of the gas evaporation unit. Utzg
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whereU is the measured dc voltage across the sensor. Fi-
nally, the dc resistance sensitivific, which is the classical
measure, is defined as:

®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 38D for different target
gases and applied dc voltages in the 012<1.2V range.
The normalized spectruyfs,(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 flu

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 pieip
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Fig. 2. lllustrative examples of normalized spectra recorded af G50r
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Fig. 3. Temperature-dependent resistance measured in synthetic air for
Pd.WO3 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
the noise voltage amplitude at 10 Hz for samples from batches
A and B while exposed to 300 ppm of ethanol at 380Sam-
ple A shows fast response, high sensitivity with a variation
of 3.5 orders of magnitude (3000 times), and good stabil-
ity, while the corresponding properties of sample B are less
favorable.

Fig. 5 presents the different measures of sensitivity for
ethanol exposure to a sample from batch A. It is clearly ob-
served that the sensitivity of the normalized resistance fluc-

Pd.WO3 samples. Parts (a) and (b) correspond to samples selected fromtuationan is up to 300 times higher than the dc resistance

batches A and B, respectively. The spikes on the spectra obtained with
ethanol and hydrogen originate from the U.S. power line frequency (60 Hz
and its harmonics).

sensitivityGgyc, which is the sensor response classically used
in Taguchi sensors.
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Fig. 4. Noise voltage amplitude &t 10 Hz versus time upon application of
300 ppm of ethanol at 35 to PdWO3 samples from the two batches.
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Fig. 5. Sensitivity, defined in three different ways as shown in Egs(3),
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measured at 35CC.
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Fig. 6. Noise voltage amplitude &t 10Hz vs. time upon application of
1000 ppm of hydrogen at 35C to PdWQO3 samples from the two batches.
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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« 10P) 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 60CQ for 5min 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
elsewhergl14].

Samples from batch A contained only a very small amount
of palladium. Because Pd nanoparticles can stimulate cat-
alytic activity, our first expectation was that sensors from
batch B would perform much better than sensors from batch
A. However, the opposite effect was found and it is apparent
that sensors from batch B provide poor noise sensitivity to
ethanol, while sensors from batch A exhibit very good and
reproducible results. The reason for this dichotomy is not
known.

Further investigation is obviously needed not only to
provide an explanation for the low sensitivity of sensors
from batch B but also to study, in general, the effect
of Pd on the fluctuation-enhanced sensitivity including
the optimal amount of Pd doping in these nanoparticle
films.

6. Conclusions

The main conclusion of this work is that using the
fluctuation enhanced (stochastic) signal, instead of the
dc resistance, can significantly improve the sensitivity of
tungsten-oxide-based gas sensors. For example, at ethanol
concentrations exceeding 50 ppm the fluctuation-enhanced
sensitivity is at least 300 times larger than the dc resistance
sensitivity.
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