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ABSTRACT

The array of chemiresistors made of individual pristine SnO 2, surface doped (Ni)-SnO , nanowires, and TiO , and In,O3; mesoscopic whiskers
was fabricated on a Si/SiO , wafer. Their conductance was measured under pulses of H  , and CO reducing gases in oxygen as background gas.
The nanostructures were shown to be n-type semiconductors possessing high sensitivity to the target gases. Following the “electronic nose”

concept, correlation analysis of response of three-chemiresistor array is shown to be sufficient to discriminate between H » and CO signals.

For the past few years a great variety of metal oxide quasi- sensors to improve their selectivity, including, for example,
one-dimensional (1D) nanostructures have been synthesizegbarticular bulk (or surface) doping, operating temperature
(see recent reviewd and references therein), and a number cycling or lateral thermal gradients, the application of gas
of groups have been testing these nanostructures’ gasspecific prefilters, etc.

sensitive properties against the range of reducing and Ajternatively, the principally different approach is to read
oxidizing gase$:*! As in traditional semiconductors the oyt a signal from the array of individual sensors with
chemisorbed gas species induce near the surface space charggerlapping but different (i.e., orthogonal) gas sensitivity.
region (SCR) which becomes depleted (enriched) with |nstead of identifying the specific target gas with an
electrons or holes in comparison with bulk equilibrium. Due ndividual sensor, the response of an entire array carries the
to enhanced surface-to-bulk ratio and because the charac«fingerprints” or “image” of the gas mixture and is potentially
teristic diameters of these nanostructures are comparable tqnore redundant and fault tolerant. The response of such a
the width of SCR, quasi-1D metal oxides demonstrate an sensing net toward complex gas mixtures and odors relies
excellent sensing performaréevhich is comparable or even 5 well-developed pattern recognition technigife® The
better compared to the best thin film counterparts. Single- geyices based on these sensing arrays are frequently referred
crystal quasi-1D nanostructures are particularly good pros-1q as “electronic noses” because they mimic the principle of

pects for chemical sensing applications where the large-scalghe mammalian olfactory system (see refs—14 and
integration, reproducibility, and aging performance are (eferences therein).

lzmoﬂ?rlt:rzte?tg%e t.r;ﬁ'rr:t')m;n;': dns :ﬁ‘_?jer}!gz dsils:t'xg{oare The present Letter is a comparative study of gas-sensing
b Wi u W ' P g9y properties of individual Sng§) In,Os, and TiGQ nano- and

surface faceting, and stoichiometry. However, these nanosen- . . .
. . . - - .~ 'mesowires placed on the same chip and wired as an array
sors inherited the insufficient selectivity of macroscopic oxide T ;
. . . of chemiresistors. We report the data on gas sensing toward
sensors, a challenge which still remains unresolvedl.

. . . .. oxygen (as a model oxidizing agent) and its mixture with
variety of methods were developed in macroscopic oxide : .
two model reducing gases (hydrogen and carbon monoxide)
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Three separate areas with low densities of $n0O,,

3 In,0, bee In,Oz nanowires were created on a commerciat  mn?
> H Si:Si0, wafer. The array of Ti/Au, 40/300 nm thick, contact
g § § pads was deposited over these three areas using a resist free
E — L shadow mask evaporation method. The individual $nO
: oo et TiO,, In;O; nanowire chemiresistors with well-defined

contacts were determined using SEM or a high-resolution
optical microscope. The space between the contact pads,
shown in Figure 1, is 1Zm. The sample was mounted in
the holder inside the custom-made variable pressure and
temperature probe station for conductometric measurements.
The details of the station can be found in ref 33. Briefly, the
probe station with basic pressure up to 1Pa is equipped
with micromanipulators and computer-controlled pulsed
= T valves. By regulation of the pulse structure and needle valves,
1 l the total pressure and mixture composition of the target and
T background gases can be tuned. The substrate holder is
Figure 1. (left panel) SEM micrograph of metal oxide nano- and equipped with a resistive heater capable of operating up to
mesowires taken from three corresponding areas of the sample: top1 200 K. In this particular set of measurements the array of

and bottom, 1803 and TiG, mesoscopic rods, respectively, in the :
middle,—SnQ, segmented nanostructure and Ni surface doped SnO nanostructures was kept at 623 K to speed up adsorption/

nanowire (see also the comment in ref 32). Compositional (middle dgsorption kinetics. Ni source was use.d to func.tion_alize in
panel) and structural (right panel) analysis of the nanostructures Situ the surface of one of the Sp@anowire chemiresistors
performed using EDX and XRD techniques. The interelectrode with the catalyst®? The conductance measurements during

Intensity [au]

In ?ens‘i'ly [au] .

distance is 12tm. the metal deposition were used to ensure an absence of the
percolation between Ni nanoparticles on the surface of,SnO

Single-crystal nano- and mesowires of Sn®iO,, and In a separate test it was observed that the deposited
In,O3 were synthesized via a vapesolid method (VS) using  nanoparticles were covered with a thin layer of NiO which
only slight deviations from previously reported protoctl& is manifested in p-type conductance when thin film is formed

To achieve diversity in the gas response, the surface of one(see ref 33).

of two SnG nanostructures employed in the study was  The measurements of the nanostructures’ conductance

functionalized in situ with Ni catalyst nanoparticles using were performed: (i) under high vacuum conditions, (i) while

the method described earli€r. admitting pure oxygen as oxidizing background gas up to a
The morphology, composition, stoichiometry, and structure pressure of 1.3 102 Pa, and (iii) during pulses of +and

of the synthesized oxide nanowires and whiskers were CO having oxygen as a background gas. All the pressure

examined using a scanning electron microscope (SEM)readings were corrected to the gauge sensitivity factor of

(Hitachi S2460N) equipped with an energy dispersive X-ray the particular gas. The percentage of reducing gasa(td

(EDX) detector (NORAN Voyager llI) and also using X-ray CO) in the mixture was driven by adjusting the ON/OFF

diffraction (XRD) analysis on nanowire mats. pulse structure of the corresponding valves. To check the

Figure 1 depicts SEM images, EDX and XRD data of linearity of the response, two different concentrations of
mesoscopic whiskers, and nanowires used in this study. The"educing gases were chosen which, along with4.3072
different morphology of these structures is a positive factor Partial pressure of oxidizing background, made the total
which, along with the compositional divergence, contributes Pressure in the vacuum chamber during these measurements
to a specificity of the response to the particular gas. The 2:6 x 1072 and 4x 1072 Pa.
effective diameters (see comment in ref 32) of the nano- After the array was heated to the operating temperature
structures,D, were in the order of 100 nm for tin oxide inavacuum but prior to starting the measurements| thé
nanowires, and ca. 1000 nm for the titanium and indium curves were measured for each nanostructure to ensure the
oxide whiskers. XRD reflexes from the titanium oxide Ohmic character of the contacts (Figure 2). As one can see
nanostructures are in agreement with diffraction #atéich from Figure 2, the thicker structures have higher absolute
correspond to the tetragonal rutile structure. The spectrumVvalues of the conductance roughly obeying-a D? trend.
of tin oxide contains major reflexes from (110), (101), (200)  The oxygen admission led to a decrease of conductance
lattice planes, which identifies the nanostructure as SnO of all the nanowires indicating their n-type behavior. The
rutile crystal?® The indium oxide spectrum has peaks largest change in conductance, about an order of magnitude,
indexed as (222), (400), (440), (622) lattice planes which, upon 1.3x 1072 Pa oxygen exposure was observed in the
in turn, identify the whiskers to be 4@; body-centered cubic  case of a Sn® nanowire functionalized with Ni(NiO)
(bce) crystaPO It is worth noting that relative intensities of nanoparticles. The sequential exposure of the nanostructures
peaks in XRD spectra of the nanostructures deviate fromto hydrogen pulses showed a reproducible and pronounced
the standard powder ones. The latter is due to a preferentialincrease of the conductance for all the structures (Figure 3).
growth of the nanowires in a certain direction. Similar responses were observed in the case of carbon
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— Table 1. The Measured Responses of the Nanowires to
] T=623 K In__OQ/I'iC)2 Reducing Gases, %
© in vacuum /&
o 21 SnO#0.4 ™ partial pressure® nanostructure
~ 1 -2 NS .
- o gas x 1072 Pa SnO» SnO9:Ni TiO9
x Ni/SnO, -
— O 0.0 x Hs 3.2 24.1 131.7 041
< | W 6.4 39.5 253.2 0.59
“— CO 1.2 12.2 25 0.16
5 21 Dl-0.4 2.5 16.1 46.8 0.32
—_
= 2 The values are corrected accounting for a calibration factor of penning
O 4 ionization gauge.

2 0 2
VOItage [V] SnG, SnQ/Ni, and TiQ.. The response of the chemiresistors

Figure 2. Current-voltage characteristics taken on individual metal was defined as
oxide nanostructures in a vacuum at 623 K. Right-top scales

correspond to highly conductive J@; nanowhisker. The insert G.g - Go
diagram represents the effective cross section of the nanostructure S= o (1)
whereW is the width of the depletion zone. o
< 0.925
£ TiO where Gy _and Go are the nanostructure conductance under
g 2 the reducing gas mixed with oxygen and under pure oxygen
o 0.920 background, respectively. The results of measurements at 623
'E | . . . : . K are summarized in Table 1.
& 0 500 1000 1500 The basic principle of responsiveness of the conductance
o & SnOlei in these quasi-1D structures toward chemisorbed species
e 6 relies on the fact that the gas species chemisorbed on the
g 4- oxide surface change the number of free carriers within SCR
3 0 T 00 y 1000 " 1800 while the rest of the oxide bulk remains unaffected. The
5 14 SnO differences in the observed gas responses therefore would
o 1.2 2 obey roughly the degree of adsorbate induced depletion/
°:°° o accumulation in the nanostructure’s SCR with respect to its
w 1.0 diameter.
0 100 200 300 400 500 600 By acceptance of the coaxial geometry as a first ap-
11.5 ] InO proximation of the conducting channel (see insert in the
'T: 11.0] 273 Figure 2), the conductance through the nanostructure in an
* 10'5. oxidizing environment is

0 100 200 300 400 500 600 JT(D—ZVV)Z

Go=n 2
Figure 3. The response of the array of the chemiresistors to three 0 ot 4ad (2)

consecutive hydrogen pulses with partial pressure of>6.402

Pa. The background conductance is measured under the ConStaerheren is the carrier's concentration in the conducting
oxygen pressure of 1.8 1072 Pa 0

channel.e the elementary chargg, the carrier mobility,d
monoxide pulses with an exception of the indium oxide the' Iength of the chgmwesstor, ail the W'dth of SC.R
whisker. At the chosen range of concentrations, CO did not Wh'c.h is depleted with electrons. Assumiky 1o be stil
cause a measurable change in conductance in this mesowireS'gmﬂcantly smaller thaiD for our structures, one can show
In addition, the 1rO; whisker response to hydrogen was that response
slower than that for any of the other structures. These
particular observations presumably result from the large swﬂv (3)
diameter of this whisker's conducting channel which appar- D
ently cannot be effectively modulated by the surface
processes SUCh as Oxygen Chemisorption and CcO Oxidatiorj.e., iS pl‘OpOI’tional to the ratiO Of SCR W|dth to the diameter
reaction. On the other hand, dissociation and facile diffusion Of the structure. To estimate SCR width
of hydrogen can change the doping level through the entire
bulk of this mesowire and therefore account for the observed W= (ﬂjm 4)
conductance changes. PLKT

Due to the InO; structure’s minute sensitivity toward CO

and slow response to hydrogen, further measurements on th@ne has to evaluate the adsorbate-induced band bekding
chemiresistor array were limited by three nanostructures of and the Debye length,. The latter one:Lp = (eeokT/e?ng)?
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Table 2. The Calculated Concentration of Free Carriers and Snoz
1

Effective Debye Length in Oxide Nanostructures -~ 3.2-102Pa
SnO; Sn04:Ni TiOs H -B-6.4102Pa
no, cm™3 ~5 x 1017 ~1 x 1016 ~2 x 1018 z
Lp, nm ~10 ~70 ~10

(here ¢; the absolute dielectric constart, the relative
dielectric permittivity of the structurek the Bolzmann’s

constant, T the working temperature irK) in fact is Ti Ni’/SnO
: . . ) |O2 2

determined by concentration of oxygen vacancies which are

dominant point defects in Sp@nd TiG.?! The vacancies 0.5+ SnO,

induce shallow donor states in the oxides gap rather close

to the conduction band edevhich might be considered CO e 1.2:102Pa

to be fully ionized® under operating temperatures about 623 825102 Pa

K. The concentration of free carriers can be determined from
I(V) measurements of the conductance at high vacuum
conditions using formula (2) under conditio = 0.
Adopting the mobility data known for bulk oxide single , .
crystalg* 28 asu, to be equal to 80 and 1 &V s), ande TiO, Ni/SnQO,
to be equal to 15 and 70, respectively, for Sredd TiG,
crystals, one can get results fay andLp (see Table 2).
AssumingVsis typically in the order of 0.1 eV under such
exposure levels and keeping in mind tkatis ca. 0.052 eV ) ] o
at the operation temperature, one can consitder Lo, as a angly3|s of the sensing p_erformancelof pristine and doped
feasible approximation. Under these simplistic assumptions ©Xide nanowires is a subject of ongoing studies.
and using calculatetl, from Table 2, the estimated values ~ Both hydrogen and carbon monoxide increase the con-
for Sfor SN, SnQ:Ni, and TiO, would be ca. 40, 260, ductance of the chemiresitors, and the magnitude of this
and 4%. Despite the above rough assumptions, these datghange is controlled by the surface reactivity to the specific
not only nicely match the relative ratio between measured gas and also by gas concentratféithus, as in the case of
responses but also reasonably well predict their absolute thin film sensors, the selectivity of the individual nanostruc-
values at higher surface coverages by gas adspecies (as i&ire is not sufficient to discriminate between them. However
the case of hydrogen input at a pressure of6.40 2 Pa). the gas recognition can be achieved using well-established
This argues in favor of a simple coaxial depletion picture methods realized for “electronic nos€4”** Namely, signal
summarized by formula (3) and all related assumptions. ~ patterns can be depicted for these three sensing elements as
From transport and sensing measurements one can noticéadial plots: each radial beam shows the signal of one single
significantly elevated gas responses &gd/alues obtained sensing element normalized to its maximum value. As can
for SnQx:Ni in comparison with other chemiresistors. Pro- be seen from Figure 4, the radial plots of &hd CO gas
vided that these functionalized and pristine Sm@nostruc-  responses over the chemiresistor array are prominently
tures have comparable dimensions, the large differences indifferent for two gases. This visual difference is supported
Lp and sensitivity properties between these two structuresby results achieved by processing the data with simple
apparently come from the Ni (or NiO) doping effect. In correlation analysis performed in accordance with a simple
conjunction with Ni doping results obtained for thin film algorithm (see ref 31 as an example). This analysis indicates
sensor® and our own TEM studies of Ni deposits on SnO  that the nanostructure array responses to hydrogen and carbon
nanowires, surface Ni atoms being accommodated at the tinmonoxide have only a slight correlation (the correlation
oxide surface form small Ni clusters which become (at least coefficient is ca. 0.25). Therefore, while the single structures
at the surface) oxidized to possess p-type NiO properties (sedrave no specific sensitive properties to these two test
ref 33). This p-type semiconductor dopes n-gm@h holes reducing gases, the array’s response is rather selective.
that leads to an additional near surface compensation of aApparently, increasing the number of nanostructures as-
number of available donors. The reduced number of availablesembled as an array should lead to higher degree of gas
carriers in the Sn@Ni nanowire allows the chemisorption  discrimination.
of gas to affect the entire nanowire volume leading to higher In conclusion, we have synthesized individual $n€hQ:
gas sensitivity. Conversely, the ratio betwdegnandD is Ni nanowires, and Ti@and Ii,O3; mesoscopic whiskers and
smaller in the pristine SnOnanowire and results in only assembled them as an array of chemiresistors on the single
partial depletion. A similar situation occurs in the BiO chip. The response of the active elements toward the minute
whisker; thus the gas adsorption on Sréhd TiG, nano- concentrations of hydrogen and carbon monoxide mixed with
(meso)structures affects mainly the space charge region ofoxygen was compared at 623 K. We have established that
aboutLp deep leaving the free carrier concentration in the at tested size scale the differences of gas response of the
conducting channel unchang&drhe detailed comparative  nanowires in the first approximation are governed by a ratio

Figure 4. The response of a three-chemiresistor array 1¢tép)
and CO (bottom) inputs, normalized by maximum value.
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between the diameter of the nanostructure and its Debye (13) Kolmakov, A.; Moskovits, MAnnu. Re. Mater. Res2004 34, 151~
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methodology used in this study can be easily transferred to (18) Kalinin, S. V.; Shin, J.; Jesse, S.; Geohegan, D.; Baddorf, A. P.;
« ” . Lilach, Y.; Moskovits, M.; Kolmakov, AJ. Appl. Phys2005 98,
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M. Nano Lett.2005 5, 667—673.
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