NANO
LETTERS

. . . 2007
A Gradient Microarray Electronic Nose Vol. 7. No. 10

Based on Percolating SnO , Nanowire 3182-3188
Sensing Elements

Victor V. Sysoev,* -T Joachim Goschnick,* * Thomas Schneider, *
Evghenii Strelcov, $ and Andrei Kolmakov* -8

Department of Physics, Sarat@tate Technical Umersity, Sarate 410054, Russia,
Forschungszentrum Karlsruhe, Hermanor-Helmholtz-Platz 1, Karlsruhe 76021,
Germany, and Southern lllinois Urersity, Carbondale, Illinois 62901-4401

Received July 25, 2007; Revised Manuscript Received September 3, 2007

ABSTRACT

Fabrication, characterization, and tests of the practical gradient microarray electronic nose with SnO » nanowire gas-sensing elements are
reported. This novel device has demonstrated an excellent performance as a gas sensor and e-nose system capable of promptly detecting

and reliably discriminating between several reducing gases in air at a ppb level of concentration. It has been found that, in addition to the
temperature gradient across the nanowire layer, the density and morphological inhomogeneities of nanowire mats define the discriminating

power of the electronic nose.

A key requirement in the development of gas-analytical In particular, the recently fabricated quasi-one-dimensional
sensor systems for industrial, medical, security, and even(1D) metal oxide nanostructurés'® have been found to be
domestic applications is their ability to promptly and reliably outstanding for these applications because a multitude of
“detect” and “recognize” a broad range of gases, often in sensing properties are substantially improved compared to
low concentration$,while working in a continuous mode.  compact metal oxide gas detecting elements. Namely, high
It is well-known that materials or chemical processes releasesurface-to-bulk ratio allows very sensitive transduction of
characteristic complex gas ensembles (called odors if per-the gas/surface interactions (adsorption or catalytic oxidation)
ceptible by the human nose) that can be used like ainto a change of the electrical conductivify? The radius
fingerprint for condition monitoring, an indispensable task of these nanostructures approaches the material’s Debye
of future intelligent systems and therefore an urgently needed|ength, which makes nearly the whole nanowire a depletion
key technology for tomorrow. A biology inspired but (accumulation) zone of mobile charge carriers in response
challenging approach to design appropriate sensor systemsg surface redox proce$sand thus establishes an extreme
mimics the data acquisition principles of mammalian olfac- gensitivity of the electron (hole) transport to charge transfer
tory systems;*which allows one to discriminate single gases jnteractions of gas molecules at the surface. In addition, their
as well as odorlike gas ensembles by creating and processin%bi"ty to accept a variety of morphologié€’28and struc-

a multidimensional pattern of many signals generated by ares in conjunction with their surface and bulk dopfhg
receptor (sensor) arrdy’ Devices employing this pattern qfers wide possibilities to tune the gas-sensing propeitiés.
recognition concept are frequently called “electronic noses” ap, advantage over nanostructured oxide films, which hamper
(see terms, history, and references in the comprehensivey,o gas diffusion with reduction of the grain size, the

monograph ref 8). o nanowire layers render the empty space between the nano-
Recent developments in micro- and nanotechnol8g®®s  finers no matter how small the diameter of the individual
have made available new material platforms, device fabrica- nanowires is. As a result, these structures are currently

tion fi_lt‘_amat'l\_/ es'i' and novel sensing conce;-jpts o IMPrOVE ¢onsidered to be a prospective platform for the next genera-
sensitivity, reliability, energy consumption, and response time i, ¢ alectronic (nano)-nosés.

of the next generation sensors. : . .
However, despite encouraging demonstrations of an array
*Corresponding  authors. E-mail:  vsysoev@ssturu  (V.V.S); Of individgal metal oxide nanowire%,there still exi.sts a
Achim.Goschnick@imt.fzk.de (J.G.); akolmakov@physics.siu.edu (A.K.). technological gagpetween the laboratory demonstrations and
T Saratov State Technical University. tical icrodevi itable f to-date |
# Forschungszentrum Karlsruhe. a practical e-nose microdevice suitable for up-to-date large-
8 Southern lllinois University. scale microfabrication and capable of operating in real-world
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nanobelts) were grown on alumina plates and dry-pressed
mechanically onto the 4 8 mn? area of the KAMINA's
SiO,/Si/SiO; substraté foreseen to carry the metal oxide
gas detection layer and equipped with predeposited coplanar
39 Pt electrodes (see Figure 1c and Section 1 in Supporting
Information). The electrodes, Am thick, were fabricated
by rf magnetron sputtering through a shadow mask. To
preserve the surface of the nanowires from contamination,
no wet processes (such as those used in resist-based
lithography) were employed at any stage of the chip
fabrication or characterization. To create the desired tem-
perature profile across the array of gas-sensing segments,
each substrate rear side was equipped with four meander-
shaped Pt heaters. The adhesion of the nanofibers to the wafer
and to the electrodes was found to be excellent, presumably
due to the electrostatic affinity of the SiGurface. The
morphology of the nanowire layers was inspected with a
scanning electron microscope (SEM). Figure 1c shows the
SEM image of the chip surface used in this study. As can
be seen, the average sensing element contains a low-density
layer of percolating nanowires and nanobelts with charac-
teristic diameters in the range of 5600 nm and a length
from a few up to hundred micrometers. Some of the
nanofibers are long enough to bridge theur® gap between
Figure 1. (a) KAMINA microarray chip with Sn@ nanowire the electrodes, while most others form percolating networks.
sensing elements; (b) IR image of the chip under application of ~ The X-ray diffraction (XRD) pattern of the nanowire layer,
temperature gradient, 520 K (green area) - 600 K (red area) alongdeposited on a SigSi wafer, is shown in Figure 2a. The
the electrode array; (c) SEM image of Snanowires on SigJ major observed reflexes correspond to a gndile single
Si/SiO, substrate between two Pt complanar electrode strips. . X

crystal with no other phases present, thus revealing the

environments. Hence, our aim was to bridge this gap and structural and chemical homogeneity of the nanowire samples.
demonstrate the excellent performance of a practical deviceX"T@Y Photoelectron spectroscopy (XPS) spectra taken from
made by combining “bottom-up” fabricated Sp@anowires/ @S Prepared nanowire layers (Figure 2b) under ultrahigh
nanobelts as sensing elements with a “top-down” technology Vacuum conditions (see Section 1 in Supporting Information)
of the state-of-the-art multielectrode KAMINA platfof&# conflrms.the. generlc.purlty of the obtained nanowire (_jepos!ts
(Figure 1a,b). and qualitatively defines the degree of oxygen dgflCl_ency in
The key feature of the innovative KAMINA technology the topmost_ surface Ia_yers o_f these nearly stoichiometric
is the substitution of an ensemble of separate conventionalSNC: nanowires (see discussion below).
sensors with thgradient techniquapplied to a single metal To carry out conductometric gas-sensing tests, the coated
oxide layer. The latter is usually deposited onto an array of chips were mounted and wire-bonded into-pgrid—array
Pt strips to form a multitude of sensor segments between(PGA) carriers (see Figure 1a) compatible with KAMINA'’s
them (Figure 1b). To differentiate the response of sensorstandard chip housing to provide controlled fluidics for the
elements,two gradientsare usually applied across the analyte gas. The housed chips were exposed to pulses of
microarray: (i) the lateral variation of the surface temperature three model gases diluted to a variety of concentrations in
of the film and (ii) the gradual thickness change of the gas- dry synthetic air: 2-propanol (050 ppm), ethanol (05
permeable coating topping the metal oxide layer (the latter 50 ppm), and CO (0:510 ppm). Test gas and clean air
was not applied so far with the nanowire layers). In this pulses were periodically alternated at a flow rate of 0.33
report, we demonstrate that already the nanowire densityL/min. The electrical resistances of the nanowire segments
variation over the segments alone can provide substantialwere recorded with a rate of 0.3 Hz for the readout of the
differences in the conductivity patterns of the gradient entire microarray by the PC-controlled KAMINA electronics.
microarray and establishes a gas discriminating action of theThe values measured were in the range of-2@ MQ. The
array. When an additional temperature gradient is applied, gas response from the nanowire array was investigated while
it reinforces the discrimination power. Hence, we show that operating the chip under two different thermal regimes: (i)
new nanowire-based sensing elements with their density quasihomogeneous temperature distribution (isothermal) (ca.
variation coupled with a temperature gradient lead to a new 580+ 10 K) and (ii) applying a spatial temperature gradient
discrimination mechanism in multielectrode e-noses. of 520—-600 K across the chip. The surface temperature was
The SnQ nanowires were synthesized at 1280 K under monitored and controlled through two Pt meander thermo-
ca. 200 Torr of Ar carrier gas according to previously resistors placed aside the nanowire layer and visualized using
reported protocol® Briefly, the nanowires (and coproduct an IR camera (Figure 1b).

A

i

eaihd

20 pm

i

Nano Lett., Vol. 7, No. 10, 2007 3183



10000 - .
(101), (200 Sno, rutile a)iw' 1 CO in dry air
10004 14
(202)  (400)
2.0M -
197 (110)
g-
© 500 ppb 2 ppm
2 10 '
g 2 T T T T
8 1o NN W 20000 30000 40000 50000
= 2 40 60 80 100 Time [sec]
b 2 theta b) ~0.30 -
) 300 K Ethanol I Qo 4
. 100+ g% a=035 -
6x107 | \'_‘? = - L e
ot = e o[ a=0s1
¢ | 2-propanol A
<110 ' I ~ AR/R~C"
3"10“:25 B 534 537 3 CcoO
o Sn 3d}, 1L
3 adﬂ |
£ \ 1 10
o TRl o 50,5 substrate Analyte concentration in dry air  C [ppm]
= o 200 400 600 800 -
Binding energy, eV c) = 2410
9 9y, 2.4x10° _EQ\ S’ 2-propanol
Figure 2. (a) XRD (log scale) and (b) XPS spectra taken from <) 22410° 500 ppb in ar
SnQ, nanowire layer dispersed on the $i6i wafer demonstrate i
the structural homogeneity (rutile) and surface purity of the prepared 2.2x10° 2.0x10°
nanowire sensing elements. Because of preferable growth direction
of the nanowires and nanobelts, the intensity of XRD reflexes from 1.8x10° = . .
(101), (200), (202), and (400) lattice planes exceeds that of (110), 2. 0x10° 0 1000 2000
which is usually a dominant peak in the spectrum of rutile $nO : veee Time [sec]
powder. ey, ... seveey, ... ., R - o

Figure 3a shows the typical isothermal response of the 60 Tir:ne rs::g] 120 Mo
nanowire layer resistance being exposed at 580 K to a pulse

sequence of 500 ppb, 2 and 5 ppm of CO. The signal-to- Figure 3. Gas response of the gradient microarray: (a) the median
noise ratio obtained from the Sahanowire mats is of the nanowire layer resistances during the exposure to a sequence

excellent. The very similar response to two sequential gas OLCO p“'?ef] (500 ppb, 2 and 5 pp(rjn); (b) average rﬁlative resistance
. . Change o the nanowire-equippe Segments Vs the concentration
pulses of the same concentration shows the high reproduc of the three model gases; all curves follow a power law with the

ibility of the nanowire response. Moreover, the magnitude gyponent, = 0.3 up to 0.6; (c) temporal evolution of the resistance
of resistance change under CO exposure is, to our knowledgeof the middle e-nose segment upon exposure to 500 ppb of
comparable to or even better than the best reported result2-propanol in air. The time constant is defined as intersection of
in the literature for undoped SpGn dry air33 |n fact, the initial slope of the response with its saturated value.
defining the significance level as three times of the current

noise, the detection limit of the nanowire mats for CO is in (Figure 2b and Supporting Information), we found the
the range of 156200 ppb (Figure 3a). nanowire surface stoichiometry (i.e,= [O]/[Sn] ratio,

The apparent response time for reducing analytes (elapsedietermined using Sn 3d5/2 (binding energy: 486.4 eV)
time after exposure to analyte gas), evaluated via analysisversus O 1s (530.4 eV) peak’s intensity) to be in the vicinity
of the initial slope of the response (see details in the Figure of 1.9. Consistent with other XPS studies taken on SnO
3c), was found to be on the order of 30 s, which implies polycrystalline film$”3 and nanofiberd? our data thus
that sensor response time is less than 30 s because thendicate an oxygen deficiency at the surface of the as-
apparent value is convoluted with the contribution from our prepared nanowires. Moreover, a decrease in the oxygen
gas-mixing/delivery setup. content by about 8% was found during annealing of the

As in the case of the macroscopic oxide surfaces, the nanowires at 570 K in vacuum, which can be assigned to
oxygen vacancies control the steady state n-type conductanceéhermally induced surface reduction and corroborates the
and the surface reactivity of Sa@anowires. Indeed, from  previous UHV studies (see recent comprehensive review ref
XPS characterization of the nanowire mats taken in a wide 40 and references therein). In air, the aforementioned surface
temperature range, from room temperature up to 570 K vacancies are repopulated back, resulting in ionosorbed
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surface oxygen of the general formgg) The oxygen a)
ionosorption leads to the depletion of the n-type $nO
nanowires with electrons in accordance to the surface O-
reaction®* (8)/(2)0*° + ore” + Ns < Oyg (herea,f = :
{1,2} accounts for the charge and molecular versus atomic AO . f‘@
N

nature of the chemisorbed oxygen awgis the concentration
of the surface vacancies). Upon adsorbing a reducinggas A@
the following surface reaction takes place with the ionosorbed idizi i ' D72
g °f p oxidizing environment |
oxygenf:X9s + Ogg — B-XO% + are, resulting in the A-reducing gas . CB
donation of electrons back to Sp@anowire. 1 —

Figure 3b depicts the dependence of the isothermal relative
resistance chang®R/R = (Rar — Ryag/Rair Of the nanowire
layer (averaged over the segments) as a function of the
reducing gas concentratid In accordance with previous

results for compact metal oxide surfaces, M®R(C) curve b)

obeys a power law with an exponent equal to 0460.06, e - hode

0.35 + 0.03, and 0.30+ 0.04 for CO, 2-propanol, and \ - wire

ethanol, respectively, which is consistent with Freundlich’s lectrod

adsorption isotherm. Thus, the surface chemistry for SnO electrode

nanowire mats so far agrees well with data reported for thin- 10 T 7T T

and thick-film SnQ sampleg?“2Hence, the receptor scheme C) Ap=15 Nm /onowire node

at this size domain seems to be independent from the ':' D=40 nm

morphology of the oxide-sensing element and appears to be KA -

governed only by the gas and the doping level the metal a"nanowire

oxide. The extrapolation of the straight linesA&R ~ 3% o J D=70 nm .-

(AR'R ~ 3% is another alternative way to define the = s l L )

significance level for the signaf8)indicates CO to be clearly 14 ! e

detectable already at less than 500 ppb level, while the | / =7 7 .7 T

alcohols are measurable even at low ppb concentrations. '.'r-ménowire D=100 nm
Although, as can be seen from the above discussion, the

general chemical processes (receptor function) are not much

eAV/kT ’

affected by the quasi-1D nature of the oxide gas-sensing g
element, such a high detection power suggests a significant T=600 K
contribution of the nanowire layer morphology to the signal
transduction mechanism. Apparently, the current transport Figure 4. (a) Receptor and transduction functions of the percolating
via the nanowire mats has a percolating character where thg'@nowire net. In the oxidizing ambient, the exposure to reducing

. . . as leads to decrease the contact barriers and increase of the cross
Conductanc_e b_e_tween two adjacen_t electrodes is determlne@ection of the conducting channels inside the nanowires. (b) Increase
by the availability of the conduction path(s) through the of the density of the nanowires leads to an increase of the relative
overlapping single-crystal nanowires (or nanobelts) (Figure contribution of nodes with respect to straight parts of the percolating
4b). Although the electron transport through such a percolat- path. () Comparison of the relative contribution of nodes and
ing network can so far only be solved numeric#fiythe nanowires to the sensor signal (log scale).
major features observed in the sensing performance of the
array may be explained qualitatively with a simple cere  response due to adsorbate-induced alternating barrier on the
shell model (see schematics in Figure 4a). Applying the latter node will be:
to the percolating nanowire layer, we propose that at least
two mechanisms contribute concomitantly in the transduction Ro

function of the sensors: R

(i) Adsorbate-induced change of the potential barrier
heightsAVs at the contact points between nanowires (see where Ry and R are sensor’s resistance in air and upon
“node” area in the Figure 4a) effectively modulates the admission of an electron-spending gas, correspondifigly,
transport properties between two overlapping nanowires. is the operating temperaturethe elementary charge, akd
Similar to the well-known theory of intergranular con- the Boltzmann’s constant.
tacts?>46the current has to pass at overlapping wires through  (ii) Adsorbate influence on the electron transport inside
the charge carrier depletion zones of both wires. Direct the straight n-type Snhanowire with diameters of the order
imaging of the electrostatic action of such a node was of 100 nm exposed to ambient air may be considered within
reported in ref 47. The electron transport in the node areathe frame of the simplistic coaxial picture where the
can be described in terms of a thermoelectronic emissionsemiconducting core of the nanowire is surrounded by an
mechanism (see as an example ref 41) so that the sensoelectron depletion region with the widiW. The depletion

eAVS)
NODE ex kT

1)
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width depends on the Debye lendth of the SnQ nanowire 2-propanol

signal for the straight nanowire can be estimated as:

(Ap ~ 10—20 nm for our moderately doped nanowirég} in Air .‘ 'ﬁl"ﬂliﬁtﬂ fﬁl'ﬂ] Ml os &
anDd the steady-state coverage of the ionosorbed acceptor %ﬁ%ﬂ%ﬂ%@iﬂ%ﬂﬂmﬂw “ 06 &
molecules (@, O-, OH") from the ambient at the particular ﬂnﬂﬂ@l’lﬂ'ﬂ,ﬂﬂﬂl’“ﬂlﬂ“’mﬂ ] (P
temperature. The depletion widiV will change due to a ﬁ-ﬁlﬂmﬂﬂﬂiﬂ’]ﬂ] ]lﬂ]ITI ]ﬂlllm

e . . Pl ‘l,'lq‘]ﬂn]ﬂ 'l]| & 02
reaction with a reducing gas accordingA®V ~ Ap(eAVs/ =) ,4'1‘||g‘||.'."1‘||ﬁlflﬂlﬂ]'ﬂ flfllﬂfl"
kT)*2, thus “widening” the cross section of the conducting "'ﬂHﬂ'ﬁ?'ﬁ'ﬂﬁﬁ]ﬂﬁl1'ﬂ]1ﬂ|1ﬂl-- “ 00
channel. Because of this pure geometrical factor, the sensor | ' '1' "l " "]' ’ll ’ll | I ﬂ

I

500 ppb
2 ppm

7 ppmm ppm

I 2 WIRE D 2[ &W k I ( )

whereD is the nanowire diameter. Time [sec]
The relative contributions of these two mechanisms to ) ) -
chemiresistive response are depicted in the Figure 4c. AsFigure 5. Normalized resistance response of the 38 individual

L N nanowire sensing elements toward 2-propanol pulses when 80 K
one can see, for realistic valuesefVs/kT~ 1 and average thermal variation is established along the sensing array. The side

diameters of the nanowires to be of 7000 nm, the line indicates the growth of responsiveness with the temperature.
resistance ratio of the nodes is comparable to that of the

straight parts of the percolating channels. However, because
the majority of the nanowires are not long enough to make : ;
a direct contact between the electrodes, the electrical current s R e
has to flow through node areas. The shorter the wires and :
the higher the density of statistically distributed wires, the =
more nodes the current has to pass and the shorter the averageg
travel length between two nodes. This conclusion has ~
important consequences for the discriminating function of
the electronic nose and will be discussed below.

As once mentioned, the principle of conventional 20, P Sthanal, o
KAMINA e-nose technology is based on the temperature 10 v S : :
gradient and a thickness gradient of a gas-permeable metal
oxide coating (membrane) established along the array to
differentiate the responses from laterally distributed nearly tbA2
identical individual sensing elements. Because the gas
diffusion through the membrane and the redox interactions Figure 6. LDA analysis of the conductivity patterns obtained with
between analyte molecules and the metal oxide interface are>": nanowire-based gradient microarray at exposure to the sample

o . ases (210 ppm concentration range). The classification spheres
temperature dependent, gas-specific conductivity patterns arEgorrespond to normal distribution of data at 0.9999 confidence level.

usually produced The performance of the KAMINA array  The microarray operates under (a) quasihomogeneous heating at
equipped with Sn@nanowire mats operated under a tem- 580 K (constT areas inside the ellipse with dimmed colors) and

perature gradient is shown in the Figure 5 for 2-propanol as (b) temperature gradient at 52600 K (gradT areas with bright
a test gas. As can be seen, at approximately 600 K, theC0lors).
nanowire sensing element reliably and reproducibly responds
to as low as 500 ppb of 2-propanol in air which was the (separated) the conductivity patterns for the various trained
lowest concentration used in this studly. gases, the better the discrimination power of the e-nose.
Similar response data from all 38 channels are collected, Figure 6 shows the analysis of the patterns obtained with
stored, and processed continuously by software to create thd<AMINA equipped with a Sn@ nanowire layer. The most
“images” of the analyte in the “conductivity patterns” striking feature is that the patterns of all model gases are
depending on the type of the analyte and its concentration.clearly separable and hence can be used to distinguish them.
To test the discrimination power of these conductivity Two very important features can be extracted from this LDA:
patterns quantitatively, a linear discriminant analysis (i) The isothermal (taken without thermal gradient)
(LDA)“#-51was applied. This supervised multivariate pattern conductivity patterns of the nanowire sensor array are already
recognition method transfers sensor signals (points in the sufficient to obtain substantially different signal patterns for
original space of 38 sensor signals) into an optimized the various gases (see shadowed central area in the Figure
coordinate system of lower dimensionality equal to the 6). In this case, the average Mahalanobis distance, employed
number of training gases minus oieAs the result of the  as a quantitative measure to distinguish classes (in our case,
gas specificity of the conductivity patterns, the sensor array the gases) in the LDA, is about 15.3. This means that using
response to one gas is distanced from that of another gas imanowire mats as sensing elements in the multielectrode array
such a coordinate systef! Apparently, the more different  does not necessarily require the presence of the temperature

300 B T ) ey
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gradient. As the microscopic analysis shows, the density of sensing elements demonstrate one of the best reported
the nanowire layer is stochastically different from segment sensitivities with pristine (undoped) Sp€ensors to carbon
to segment due to the imponderables of the nanofiber monoxide in air. The excellent discrimination power of such
deposition. Therefore, the statistical variations of the nano- gradient gas sensor microarrays apparently stems out of two
wires density between electrode arrays alternate the ratiocumulative contributions, the spatial temperature gradient and
between nodes and nanowire straight segments, thus provid{stochastic) nanowire density difference between the indi-
ing the specificity of the gas response for any individual vidual sensing elements. The latter alone has been found to
sensing element. This specificity is particularly crucial for be sufficient for isothermal gas discrimination between
the nanowire densities close to the percolation threshold 2-propanol, ethanol, and CO analytes in air. The comparative
(Figure 1c)p~ MywE2 ~ 2 x 1073 um~2 (whereLyw is an studies of the aging effects of nanowire mats and thin films
average length of the nanowir#)As one can see from the are currently in progress, and preliminary results demonstrate
Figure 4b,c, the increase of the density of the nanowires leadsthe elevated stability of the nanowire mat sensing elements.
to an enhancement of the node contribution in the sensingOverall, gradient microarrays with sensing elements based
response. Therefore, the obtained individuality in the re- on metal oxide nanowire mats of different density appear to
sponse of a specific nanowire sensing segment stems frombe a novel technologically simple and powerful approach
the unique ratio between the abundances of nodes versudor fabrication of the robust, cost-effective, sensitive, and
straight parts of the nanowires. Consequently, a gradient orhighly selective nose-like gas analytical devices.
random variations in the nanofiber density can be used, as Acknowledgment. We thank Dr. D. Fuchs, V. Trouillet,
well as the other gradients such as temperature, nanowire .
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