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Abstract The detection of chemicals such as industrial gases
and chemical warfare agents is important to human health and
safety. Thus, the development of chemical sensors with high sen-
sitivity, high selectivity, and rapid detection is essential and could
impact human beings in signi cant ways. 1-D metal oxide nanos-
tructures with unique geometric and physical properties have been
demonstrated to be important candidates as building blocks for
chemical sensing applications. Chemical sensors composed of a
wide range of pristine 1-D metal oxide nanostructures, such as
In, O3, SNO,, ZnO, TiO,, and CuO, have been fabricated, and
exhibited very good sensitivity in the detection of important indus-
trial gases, chemical warfare agents, and human breath. In this
review, we provide an overview of this chemical sensing eld. Vari-
ous key elements of the topics will be reviewed, including 1-D metal
oxide nanostructure synthesis, electronic properties of nanowire-
based FETs, and their chemical sensing behaviors. In addition, this
paper provides a review of the recent development of electronic
nose systems based on metal oxide nanowires, which indicate great
potential for the improvement of sensing selectivity.

Index Terms Electronic noses, metal oxide nanowire synthesis,
nanowire chemical sensors, nanowire FETS.

|I. INTRODUCTION

HEMICAL sensors such as conductive polymer sensors
[1], [2], surface acoustic wave (SAW) sensors [3], [4],
metal oxide sensors [5], [6], and microcantilever sensors [7]
have important applications in the area of environmental mon-
itoring, public security, automotive application, and medical
diagnosis. Over the past few decades, researchers and engineers
have dedicated their effort to develop both materials and sensors
with the characteristics of high sensitivity, good selectivity, and
reliability. Till now, most commercial sensors were based on
pristine or doped metal oxides due to their compatibility with
high temperature operation [8] and great sensitivity, when com-
pared with other active materials. Sensors and electronic noses
based on metal oxide thin-film [9], [10] materials have potential
for many applications, including the National Aeronautics and
Space Administration (NASA) space shuttle programs [11].
In 1998, Morales and Lieber demonstrated the synthesis of
single-crystalline Si nanowires using the laser ablation method
[12]. Inspired by this work, enormous progress has been made
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in the synthesis of single-crystalline 1-D nanostructured materi-
als including metals [13]-[16], I1I-V semiconductors [17]-[20],
IV-VI semiconductors [21]-[24], and metal oxides [25]-[30].
The achievements in the synthesis of nanostructured materi-
als enabled scientists to explore the physical, chemical, and
electronic properties for various applications in the field of na-
noelectronics [31]-[35], nanooptics [36]-[38], energy conver-
sion [39]-[41], and chemical sensing [42]-[48].

With large surface-to-volume ratios and Debye length com-
parable to their small size, these 1-D nanostructures have al-
ready displayed superior sensitivity to surface chemical pro-
cesses [49]-[54]. For example, Comini et al. [55] reported the
first SnO, nanobelt chemical sensor in the detection of CO,
ethanol, and NO, at elevated temperatures (300-400 C). The
reported detection limit of NO, was 0.5 ppm in the synthetic
air. In the sense of practical applications, both sensitivity and
selectivity are important topics to the chemical sensing com-
munity. By using chemical coating [56], [57] or nanoparticle
decoration [58]-[60], both device sensitivity and selectivity can
be improved. In addition, the electronic nose technique [61] is
one of the approaches to solve the selectivity problem. We note
that both nanowires and conventional films based on nanostruc-
tures can offer good chemical sensing performance; however,
nanowires can offer certain advantages such as precise diam-
eter control, easy integration into transistor configuration, and
single-crystalline material quality.

This paper is restricted primarily to chemical sensors and elec-
tronic nose systems based on 1-D semiconducting oxide nanos-
tructures, including nanobelts, nanoribbons, and nanowires.
Section Il introduces the synthesis of 1-D metal oxide nanostruc-
tures, including vapor phase growth and a laser ablation method.
Section 11l discusses the electronic properties of metal oxide
nanowires. In Section IV, chemical sensing based on different
1-D metal oxides including In,O3, ZnO, SnO,, V,0s, CuO,
TiO,, and WO3 will be discussed. The concept of electronic
noses and recent achievements will be studied in Section V.
Finally, an outlook on other possible and new applications of
1-D metal oxide nanostructure chemical sensor is presented in
Section VI.

Il. SYNTHESIS OF 1-D METAL OXIDE NANOSTRUCTURES

Over the past decades, a variety of approaches including elec-
trochemical deposition [66], hydrothermal process [25], vapor
phase growth [26], and solution phase growth [27], [28] have
been developed to obtain bulk-quantity and high-quality 1-D
semiconducting nanostructured materials (see Table I). Among
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SYNTHETIC METHODS DEVELOPED FOR THE SYNTHESIS OF 1-D METAL OXIDE NANOMATERIALS [62]-[65]

TABLE |

Ga,0O3 NWs, ete.

Synthetic Methods Products Advantages/Disadvantages
ZnO, SnO,, . . .
Vapor phase Advantages: 1. Typically produce high quality
S}I/)nthzsis VLS growth NIIHZOO ;’“l;f SZO;C single-crystalline nanowires with easy control
(Thermal % 0.3 (’) — over the diameter and length; 2. Capable of
evaporation, InnO > CIL (2)’ producing nanowires on a large scale.
CVD, Laser 20% T2 Disadvantages: 1. Need high temperature; 2.
ablation, VS growth WOs, Co50., complicated procedures are needed in some
MOCVD) V,0s, MgO, methods.

Solution phase

Template-free
growth

Zn0, SnO,, V,0s,
MnO, NWs, etc.

Advantages: Only need ambient temperature
with reduced fabrication complexity and cost.
Disadvantages: 1. Typically difficult to control

(electrospinning, etc.)

NWs, etc.

synthesis Template-assisted | ZnO, TiO,, SnO, | the diameter of nanowires; 2. Template-assisted
growth NWs, efc. method usually produces poly-crystalline

nanowires.
Other methods TiO,, ZnO, SnO, | It usually requires complicated procedure and is

difficult to control diameters.
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Fig. 1. (a) Schematic diagram of a laser-assisted chemical vapor deposition
setup. (b) llustration of the VLS mechanism.

these methods, the vapor phase growth, governed by the vapor—
liquid-solid (VLS) and vapor-solid (VS) mechanisms, is one
of the most promising methods since it provides an easy and
cost-efficient way to produce numerous single-crystalline 1-D
nanomaterials with precise diameter control down to 10 nm, and
thus, enables the production of nanowires on a large scale.

The laser-assisted chemical vapor deposition system is one
of the vapor phase growth methods, and a schematic diagram is
shown in Fig. 1(a). Detailed experimental setup can be found in
the literature [67]. Here, we would like to use In, O3 nanowire
as an example. Briefly, Si/SiO, substrates coated with gold
clusters were placed into a quartz tube at the downstream end
of a furnace and the gold clusters were used as the catalysts for
the In,O3 nanowires growth. An InAs target is placed at the
upper stream of the furnace and laser ablated to supply the In
vapor. The approach is based on the VLS growth mechanism,
where the In vapor first diffuses into the gold catalytic particles
and forms In/Au liquid drops, as shown in Fig. 1(b). Continued
addition of In into the In/Au drops brings the alloy beyond
supersaturation and leads to the nucleation of In, which reacts
with the ambient oxygen and yields In, O3. Further supply of In

vapor feeds the In, O3 growth, and eventually the diameter of the
In, O3 nanowire is directly linked to the catalytic particle size.
After material synthesis, it is necessary to check the material
quality by SEM, X-ray diffractometer (XRD), transmitted elec-
tron microscopy (TEM), and selected area electron diffraction
(SAED), which will be discussed in the following sections.

A. Zinc Oxide Nanobelts

Among nanostructured semiconducting oxides, ZnO nanos-
tructures have been widely explored because of their interest-
ing physical and electronic properties, such as wide bandgap
( 3.37eV atroom temperature), strong piezoelectric, pyroelec-
tric properties, etc. On the other hand, in the chemical sensing
direction, chemisensors built on ZnO nanostructures have also
attracted intensive attention due to good sensitivity to important
industrial gases, suchas H,, NH3, CO, and H,S. Itis desirable to
generate high-quality and single-crystalline ZnO nanostructures
for the above-mentioned applications based on ZnO nanomateri-
als. Thus, numerous approaches, for example, electrochemical,
vapor phase growth, and liquid phase growth methods, have been
developed toward this direction in the past few years [68]-[70].

ZnO nanobelts grown on alumina plate were first reported
by Pan et al. [25] using a thermal evaporation method. Zinc
oxide powder without the presence of catalysts was placed in an
alumina tube that was inserted in a tube furnace, and the growth
was carried out under low pressure (300 torr) at 1400 C.
Without the aid of catalysts, the growth of ZnO nanobelts was
governed by the VS process. Fig. 2(a) is an SEM image of as-
grown ZnO nanobelts, revealing wire-like morphology with the
lengths of several tens to several hundred micrometers. Both
energy dispersive X-ray spectroscopy (EDS) and XRD results
showed that the as-grown sample was wurtzite crystal structured
ZnO nanobelts with the lattice constants of a =3.249 A and ¢ =
5.206 A\, consistent with bulk ZnO. TEM images in Fig. 2(b)—(d)
exhibit their belt-like shapes with a uniform width of 50-300 nm
along the entire length, and the surface of these nanobelts are
clean, suggesting the absence of any sheathed amorphous phase.

B. Indium Oxide Nanowires

Li et al. [29] reported the synthesis of 1n, O3 nanowires by
laser ablation method. Fig. 3(a) shows a typical SEM image

Authorized licensed use limited to: University of Southern California. Downloaded on March 16, 2009 at 14:16 from IEEE Xplore. Restrictions apply.



670

Fig. 2. (a) SEM image of the as-synthesized ZnO nanobelts obtained from
thermal evaporation of ZnO powder at high temperature. (b)—(d) TEM images of
several straight and twisted ZnO nanobelts, displaying the shape characteristics
of the belts (adapted from [25] with permission).
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Fig. 3. (a) SEM image of In, O3 nanowires grown by laser ablation on an
Si/SiO; substrate coated with 20 A Au film. (b) XRD pattern of In, O3
nanowires on an Si/SiO; substrate. Indexes of the peaks are marked above
the peaks. Au peaks come from the catalyst. (c) TEM image of an In,O3
nanowire with a catalyst particle at the very tip. The scale bar is 100 nm. The
lattice spacing is consistent with the lattice constant (10.1 A) for bulk In, O3.
(d) Electron diffraction pattern of the In, O3 nanowire indicating the single-
crystalline nature (reprint permission from [29]).

of the In,O3 nanowires grown on an Si/SiO, substrate with
5 nm evaporated Au film. Straight nanowires were found to
cover the whole substrate. As-grown nanowires had diameters
in the range of 30-50 nm and lengths exceeding 3 m, indi-
cating an aspect ratio of more than 100:1. XRD was utilized to
examine their crystal structure and all samples had similar XRD
patterns, as shown in Fig. 3(b). The four major diffraction peaks
in the pattern can be indexed to the (2 2 2), (4 0 0), (4 4 0),
and (6 2 2) crystal planes of cubic structured In, O3 crystal with
a cell constant of a = 1.01 nm [71]. Besides, two gold peaks
from the Au catalysts were also identified. No diffraction peaks
from InAs could be found, indicating the high purity of the syn-
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thesized In, O3 nanowires. EDS was also performed to analyze
the composition of the nanowires, and no peaks corresponding
to As were detected down to the limit of the equipment.

To make nanowire-based FETS, nanowires with diameters
below 30 nm are usually required because of the finite depth
a gate electric field can penetrate. This was achieved by using
monodispersed gold clusters instead of evaporated gold films.
Fig. 3(c) is a TEM image of a single In,O3 nanowire synthe-
sized from a 10 nm Au cluster. The Au/In alloy particle, with
a diameter around 10 nm, can be clearly seen at the tip of the
nanowire. The In,O3 appeared rather homogeneous without
any domain boundaries, indicating the single-crystalline nature
of our material, as expected from the VLS growth mechanism.
The nanowire diameter (10 nm) is consistent with the di-
ameter of the catalytic particle. The highly crystalline nature of
our In, O3 nanowires was further confirmed by SAED. Fig. 3(d)
shows an SAED pattern, recorded perpendicularly to a nanowire
long axis, which indicates the single-crystalline nature of the
synthesized In, O3 nanowires having a cubic crystal structure
with a lattice constant of 1.03 nm, consistent with the XRD re-
sults [61]. In addition, unlike Si nanowires usually coated with
native oxide, In, O3 nanowires are exposed to the ambient. This
important difference leads to significant results such as reliable
electrical contacts and superior chemical sensing properties for
In, O3 nanowires.

C. Tin Oxide Nanowires

SnO; is a very important n-type semiconductor with a large
bandgap (Eq = 3.6 eV at 300 K [72]), thus making it ideal
for transparent conducting electrodes in organic light-emitting
diodes and solar cells [73]. SnO; thin films have been exten-
sively studied and used as chemical sensors for environmental
and industrial applications [74]. Liu et al. [30] suggested that
SnO, inthe nanowire form has enormous potential for nanoelec-
tronics, and also offers superior chemical sensing performance
due to the enhanced surface-to-volume ratios.

Fig. 4(a) shows a typical SEM image of SnO, nanowires
synthesized by the laser ablation method and grown atop the
Si/SiO; substrates covered with gold clusters [30]. Most of
the nanowires have smooth sidewalls and appear rather straight
with diameters around 20 nm and lengths in the order of
10 m, indicating an aspect ratio of 500:1. Further analy-
sis by XRD is depicted in Fig. 4(b). Six of the diffraction peaks
can be indexed to the (11 0), (101), (200), (211), (220),
and (3 1 0) crystal planes of the rutile structure of bulk SnO,
with lattice constants a = b = 4.750 A, and ¢ = 3.198 A [75].

TEM examination determines the nanowire crystal struc-
ture and confirms the VLS growth mechanism, as depicted
in Fig. 3(c), where an Au/Sn alloy can be found attached to
the tip of the nanowire. The nanowire appeared homogeneous
and free of domain boundaries under TEM observation even
with the sample tilted, indicating the single-crystalline nature
of nanowires. This is further confirmed by the sharp SAED
pattern (Fig. 4(c), lower inset) recorded perpendicularly to the
nanowires long axis. More than 50 nanowires were examined
and a histogram of the diameter distribution is shown in the
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Fig.4. (a) SEM image of tin oxide nanowires grown on an Si/SiO; substrate.
(b) XRD pattern of SnO, nanowires obtained on Si/SiO> substrate. (c) TEM
image of an SnO, nanowire with a catalyst at the tip. (Lower inset) SAED
pattern taken perpendicular to the nanowire long axis. (Upper inset) Histograms
of the nanowire diameter distributions. The solid line is a Gaussian fit (reprint
permission from [30]).

upper inset of Fig. 4(c). It was found that the majority of the
nanowires have diameters between 20 and 25 nm, and the dis-
tribution can be well fitted with a Gaussian curve peaked at
22.4 nm. The results convincingly demonstrated the precise
control over the diameter of the nanowires, which can be easily
achieved by using monodispersed gold clusters, an important
advantage of the VLS approach.

I1l. ELECTRONIC PROPERTIES OF 1-D METAL
OXIDE NANOSTRUCTURES

With the success of producing 1-D metal oxide nanostruc-
tures, 1-D nanostructure-based FETs can be made readily. In
Table 11, we summarize the metal-oxide-nanowire-based FETS
described in literature and their corresponding electronic trans-
port properties. Among them, transistors made of In,0O3
nanowires, ZnO nanowires, and SnO, nanowires have been
widely reported. In comparison with other metal oxide nano-
materials, as one can see, FETSs fabricated with these three ma-
terials exhibit high electron mobility, high transconductance,
and low threshold voltage (not shown here), which are impor-
tant for applications of nanoelectronics. Besides, there is still
a challenge to develop p-type metal oxide nanomaterials with
good electronic performance. Doping is a good approach to
achieve p-type nanowires (Table I1). For instance, Xiang et al.
reported p-type ZnO nanowires with P as dopant during synthe-
sis with a mobility of 1.7 cm?/Vss and a carrier concentration
of22 10" cm 1.

Here, FETSs built on In,O3 nanowires are used as examples
to illustrate the electronic properties of 1-D metal oxide nanos-
tructures. The AFM image of Fig. 5(a) inset shows an In, O3
nanowire contacted by two metallic electrodes (Ti/Au) patterned
atop the Si/SiO, substrate. These electrodes are used as the
source—drain electrodes while the silicon substrate is used as a
back gate. Fig. 5(a) shows the gate-dependent 1-Vys curves of
the device measured at room temperature. With the gate voltage

varying from +15to 10 V, the conductance of the nanowire
was gradually suppressed. This behavior is in agreement with
the well-known fact that In, O3 is an n-type semiconductor due
to the O, deficiency [76]. Detailed analysis of the transistor data
reveals an ON/OFF ratio of 2.08 10, a carrier concentration of
2.30 nm 1, and a mobility of 98.1 cm?/Vss.

In addition, In, O3 is known to be one of the best candidates
for transparent electronic applications due to its large bandgap
( 3.6eVatroom temperature). Fig. 5(b) shows the optical pho-
tograph of transparent In, O3 nanowire transistors with indium-
tin-oxide (ITO) electrodes patterned atop a high-k dielectric
layer (50 nm HfO;) on an ITO/glass substrate, showing very
good transparency [62]. 1-Vgs curves of one device with the
gate voltage varied from 5 to 5 V are shown in Fig. 5(c),
which displays a high oN-current of 3.8 A at 2 V with zero
gate voltage. Fig. 5(d) is the linear-scale and log-scale drain
current versus gate voltage (14s—Vg) characteristics for the same
In, O3 nanowire transistor at Vqs = 100 mV. Detailed analysis
revealed an ON/OFF ratio  10°, a mobility of 168.7 cm?/Vss,
and a threshold voltage of 1.8 V. The electronic performance
of these transparent In, O3 nanowire transistors is comparable
with or even better than traditional In, O3 nanowire transistors,
made using low-k dielectric and nontransparent electrodes.

Several approaches have been reported suggesting that the
electronic performance of nanowire-based transistors can be im-
proved using some postfabrication treatments such as thermal
annealing under vacuum [89] or exposure to UV ozone [90].
After exposure to UV ozone for 2 min, the device perfor-
mance parameters, including ON/OFF ratio, mobility, and sub-
threshold slope of one In, O3 transistor, were enhanced to 108,
514 cm?/V/ss, and 160 mV/decade, respectively.

IV. CHEMICAL SENSING BEHAVIOR OF 1-D METAL
OXIDE NANOSTRUCTURES

Both thin-film and bulk semiconducting metal oxide materi-
als have been widely used for the detection of a wide range of
chemicals such as NO,, NH3, H,, H,S, CO, ethanol, acetone,
human breath, and humidity. The sensing mechanism of metal
oxide materials mainly relies on the change of electrical con-
ductivity contributed by interactions between metal oxides and
surrounding environment. The conductance of 1-D metal oxide
nanomaterials can be expressed as [91]

2
(D . 2w) 1)

where ng represents carrier concentration, represents mobility,
I is the length of the nanomaterials, D is the diameter of the
nanomaterials, and w is the width of surface charge region that
is related to the Debye length of the nanomaterials. The Debye
length of sensing materials can be expressed as the following
formula obtained in the Schottky approximation [92]:

G = nge

EVS 1/2
=Lp — 2
W D KT ( )
kT 1/2
Lp = -2 3
° = an. ®)

Authorized licensed use limited to: University of Southern California. Downloaded on March 16, 2009 at 14:16 from IEEE Xplore. Restrictions apply.



672

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 7, NO. 6, NOVEMBER 2008

TABLE Il
SUMMARY OF THE ELECTRONIC PROPERTIES OF DIFFERENT METAL-OXIDE-NANOMATERIALS-BASED FETS
Carrier Mobility | Transconductanc
Materials Conce;ltratlo (cm2 /VeS) e (uS) Synthesis Method Ref
ZnO (n-type) 5x10° cm’ 1175 0.06 Thermal CVD [78]
ZnO:P (p-type) 2.2x107cm’! 1.7 0.1 Thermal CVD [79]
Zn0:Ga (n-type) 3.9x10% cm™ 10.2 N/A Thermal CVD [80]
In,0; (n-type) 8.56x10” cm’! 1450 5.87 Laser Ablation [81]
In, 05 (n-type) 1.02x10” cm’! 71 1x10° Laser Ablation [29]
SnO, (n-type) 2.98x10" cm’ 172 0.18 Laser Ablation [82]
SnO, (n-type) 1.5x10° cm™ 40 3.1x10° Laser Ablation [30]
SnO,:Ta (n-type) N/A 156 2.94 Thermal CVD [83]
T;0; (n-type) 4.5x10" cm™ 0.2 3x107 Thermal CVD [84]
3

V,0s5 (n-type) N/A 9(16 ;2112) N/A Solution Synthesis [85]
Ga,0s (p-type) 53x10%cm™ | 9.6x107 9.88x10® Thermal CVD [86]
a-Fe,0; (n-type) 1.59x10°cm™ | 9.6x107 8.2x10° Thermal CVD [87]
a-Fe,0; (p-type) 4.9x10°cm™ | 3.09x107 2.2x10° Thermal CVD [88]
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Fig. 5. (a) Gate-dependent 1-V curves of a single-In, Oz-nanowire FET
recorded at room temperature. The lower inset shows the current versus gate
voltage at Vqs = 0.32 V. The gate modulated the current by five orders of
magnitude. The upper left inset is an AFM image of the In,O3 nanowire
between two electrodes (reprint permission from [29]). (b) Photograph of trans-
parent In, O3z nanowire FETS. (c) Gate-dependent 1-V curves recorded with
varied gate voltages from 5 to 5 V with step of 1 V. The inset SEM image
shows an Iny O3 nanowire between two ITO electrodes. (d) Linear-scale (blue)
and log-scale (red) I4s—Vg characteristics of an In; O3 nanowire transistor at
Vgs 100 mV [77].

where g is the absolute dielectric constant, is the relative
dielectric permittivity of the structure, k is the Bolzmann’s con-
stant, T is the temperature, and Vs is the adsorbate-induced
band bending.

Generally speaking, the response of the chemoresistors in
ambient environment can be defined as

G, Gy 4
S=—"—_"=—(Wy W
Go D( 0 W)
4 o Y% un 172
= D en, Vso Vg1 4)

where Gy and G; are the conductance before and under expo-
sure to chemicals, ng and n; represent the carrier concentration
before and under exposure to chemicals, wy and w; represent
the width of surface charge region before and under exposure
of chemicals, Vs is the adsorbate-induced band bending due to
oxygen molecule and moisture (Vsg 0.1 eV [93]) in ambient
environment, and Vs is the adsorbate-induced band bending
from exposure of chemicals (e.g., NHs  0.25 eV [94]).

As one can see in (4), the sensing response can be clearly at-
tributed to three different parts in the right term of the equation,
including geometric factor (4/D), electronic transport charac-
terizations of nanomaterials (  ¢/eny), and adsorbate-induced

band bending (Vslg 2 Vslll ?) due to molecular adsorptions and
reactions on metal oxide material surface. The detail of reac-
tions of chemisorbed molecules on nanomaterial surface can be
found in [92].

According to (4), there have been a number of approaches
developed to improve sensitivity, such as applying an external
gate voltage [95], [96], doping metal impurities during mate-
rial growth [91], modulating operation temperature [97], and
changing the geometric structures of nanomaterials [98]. For
instance, as one can see in Table 11, the detection limit of a ZnO
nanowire sensor to NOs is tenfold better than the detection limit
of aZnO nanorod sensor because nanowire has a higher surface-
to-volume ratio than a nanorod. And also an In, O3 porous nan-
otube film sensor exhibits a 100-fold better sensitivity than a
nanowire mat sensor to ammonia at room temperature.

Typically, the detection limits of chemical sensors are also re-
lated to the SNR, which has been discussed in carbon-nanotube-
based chemical sensors [99]. However, until now, works ad-
dressing the noise level of metal-oxide-based chemical sensors
have been lacking. This is still a task that needs to be considered
in this field.

Table Il summarizes some important characterizations of
metal oxide nanostructured materials with various sensor types,
different geometric structures, and measuring environments. It
is not easy to compare the sensing results from different groups
due to different material characterizations and electronic trans-
port properties, and a lack of standard procedure for gas testing.
For example, instead of humid air (50% RH), some research
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TABLE 111
GAS SENSORS BASED ON QUASI-1-D METAL OXIDE NANOMATERIALS
Material Material Type Sensor Type Target Gas Media Detection Limit Response Time | 12Ref. |
NOZ
NO 10 ppm (125°C) 30 sec [138]
N,O
Nanorods Chemoresistor Et-OH Air 1 ppm(350°C)
N/A [104]
H,S 0.1 ppm (RT)
2 0.05 ppm (130°C)
ZnO . NO, 1 ppm
Nanowires FET NH, Ar 0.5% N/A [95]
Nanowires Ozone Humid air 150 ppb (350°C) N/A [105]
Multi-nanowires Et-OH 1 ppm (300 °C) N/A [106]
HCHO 50 ppm
LPG Air 500 ppm
Nanowire Paste Chemoresistor | 90 gasoline 50 ppm (330 °C) N/A [102]
CcO 500 ppm
NH; 50 ppm
Pd-ZnO Multi-nanorods H, N 10 ppm N/A [103]
Pt-ZnO Multi-nanorods Hy - 500 ppm N/A [98]
Sinele nanowire FET NH; Air 0.02% 2 min [42]
e Chemoresistor NO, 20 ppb 20 min [100]
cO 10 ppm
H, 500 ppm (275 °C) <1 min 971
Et-OH 1 ppm
CH, Air
Single nanowire H,S 50 ppm (250 °C) N/A [107]
HCHO
Inzo_} NO
Chemoresistor NoO 0.1 ppm (150 °C) 20 sec [138]
Ozone Humid air 75 ppb (400 °C) N/A [106]
Eg; Air 5(;0 ppta)m ]661nlp [100]
Multi-nanowires 2 pp 3 nr::]nn
Acetone Humid air 25 ppm (400 °C) 16 min [108]
Porous nanotube film NH; N, 5 ppm 20 sec [109]
NO,
WO; Nanowire Chemoresistor E% Air 0.1 ppm (250 °C) 10 sec [138]
WO, 7 Nanowire H2S Humid air 1 ppm (250 °C) <100 sec [101]
Nanowire Et-OH Air 2% (550 °C) N/A [110]
TIiO Nanobelt Chemoresistor [0)3 N, 200 ppb N/A [111]
- Nanotube H, N, 1000 ppm (290 °C) 150 sec [112]
Mat-nanofibers Chemoresistor NO, Air 1ppb (300 °C) N/A [113]
CO . 25 ppm (280 °C)
NH; Alr 100 ppb (300 °C) N/A [114]
Chemoresistor CO o
Single nanowire NO, 0.1 ppm (400°C) N/A [49]
Ozone Humid air 75 ppb (400 °C) N/A [106]
CO 100 ppb (300 °C)
. AC Impedance humidity 15 % (295 °C) N/A [115]
2 Nanoribbon NO, Air 3 ppm (photoinduced) < Imin [116]
Nanobelt DMMP 78 ppb (500 °C) N/A [43]
NH; 10 ppm (200 °C)
Nanotube E-OH 10 ppm (200 °C) S5 sec [117]
Nanorods Et-OH 10 ppm (300 °C)) N/A [118]
Multi-nanowhisker Chemoresistor Et-OH Air 50 ppm (300 °C) N/A [119]
Nanofiber film Et-OH 100 ppb (300 °C) N/A [120]
SnO;:In . . Et-OH 10 ppm (400 °C) 2 sec [121]
Multi-
Sn0,:Sb uiti-nanowire Et-OH 10 ppm (300 °C) N/A [122]
Au-SnO Nanobelt co 50 ppm (400 °C) ~ 1 min [123]
Nanobelts Et-OH Air 5 ppm (400 °C) 30~50 sec [124]
l-but}élamm 30 ppb
V,0s Nanofibers Chemoresistor a-propanol N, 1000 ppm N/A [125]
1000 ppm
Tolune
NH, 10 ppm
CuO Nanoribbons Chemoresistor HCHO Air 5 ppm N/A [126]
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groups carried out the sensing experiments in vacuum, nitro-
gen, or dry air environments without consideration of moisture
adhesion on nanomaterials surface, which is different in real
environments for practical applications and also influenced the
sensing results. Besides, different groups have different defini-
tions of response time. For instance, Zhang et al. reported a very
long response time of 1000 s since they defined the response
time corresponding to a decrease of the resistance down to 80%
of the original value [100], while another group adopted 90%
difference from original value as response time [101], [102].
The difference in definitions may generate confusion about the
performance of different chemical sensors. It would be better if
there was a standard testing procedure for chemical sensors in
the community.

As shown in Table Ill, in comparison of sensors made of
Pt—ZnO thin films (20 nm), Pt-ZnO nanorods (diameter: 50—
150 nm) based sensors achieved a threefold increase of sensi-
tivity due to higher surface-to-volume ratio of nanorods [98].
However, the detection limits of these metal oxide nanostruc-
tured sensors to some chemicals are still far behind the detec-
tion limits required by the U.S. Department of Health and Hu-
man Services. For example, the Agency for Toxic Substances
and Disease Registry (ATSDR) minimal risk levels (MRLS)
of formaldehyde (HCHO) is 0.04 ppm, which is far beyond
the detection limits reported from CuO nanoribbon sensors
(5 ppm [127]), In,O3 nanowire sensors (50 ppm [108]), and
ZnO nanowire paste sensors (- 50 ppm [101]). Much work still
needs to be done to improve the sensing detection limits.

In the following sections, the chemical sensing behavior of
several extensively studied 1-D metal oxide nanostructured ma-
terials will be discussed.

A. 1-D ZnO Nanostructure Sensors

Among metal-oxide-based chemical sensors, ZnO has been
intensively studied for the detection of a host of inflammable and
toxic chemicals. Chemical sensors based on 1-D ZnO nanostruc-
tures are able to detect both reducing and oxidizing gases and
follow the same sensing mechanism as In,Os-nanostructure-
based sensors.

Fan and Lu [95] studied oxygen and NO, adsorption on the
ZnO nanowire surface by using individual ZnO nanowire FETS.
A considerable variation of conductance was observed when the
device was exposed to oxygen or NO,. In addition, an electrical
potential to the back gate electrode was applied, which could
help to adjust the sensitivity range of the device or initialize the
device completely before exposure to chemicals. For instance,
a ZnO chemical sensor was fully refreshed by applying a high
negative gate bias of 60 V, as shown in Fig. 6. Besides, the
authors also reported that the sensitivity was increased with a
decreasing gate voltage while a gate voltage was applied above
the device threshold voltage.

Because of the demand for renewable energy resources, in-
stead of NO,, detection of hydrogen has already attracted a
great attention. Pearton and coworkers studied Pt-, Pd-coated,
and pristine ZnO nanorods as hydrogen sensors [98], [103]. With
the aid of catalytic Pt or Pd coated on the nanowire surface, the
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Fig. 6. Response of a ZnO nanowire FET exposed to 10 ppm NO; gas. After
applying a gate voltage pulse with 60-s duration, the conductance is turned
off followed by a current surge. In about 4 min, the conductance recovers to
the initial level. The sensing experiments were carried out in dry air (reprint
permission from [95]).
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Fig. 7. Single-In, O3-nanowire chemical sensor. (a) 1-V curves measured
before and after exposure to 100 ppm NO3. (b) 1-V curves measured before
and after exposure to 1% NH3 with Vg = 30 V. The arrows inside indicate
different scales used for the curves. The authors carried out the experiment at
room temperature using dry air as carrier gas and purge gas. The flow rate of
the chemical here is about 200 sccm (reprint permission from [42]).

sensitivity can be improved by a factor of 3 compared with tradi-
tional ZnO thin-film sensors operated at room temperature [98].
This can be attributed to the enhancement of dissociation effi-
ciency of molecular hydrogen to reactive atomic form. These
sensors showed reducing response while hydrogen was intro-
duced into the sensing chamber. The reducing response may be
attributed to the fact that hydrogen introduces a shallow donor
state in ZnO nanorods and contributes to the conductance in-
crease of ZnO-nanorod-based devices.

B. In, O3 Nanowire Sensors

Li et al. [42] have demonstrated a chemical sensor built upon
an In,O3 FET in 2003. Fig. 7(a) shows the 1-V curves recorded
before and after exposing the nanowire device to 100 ppm NO,
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in Ar for 5 min with 0 V applied to the gate electrode. Different
scales (left axis for the curve before the exposure and right
axis for the curve after the exposure) were used to elucidate the
change in the current magnitude.

The 1-V curve recorded before the exposure is typical for
In, O3 nanowire FETs with a well-defined linear regime and a
saturation regime under the positive bias. The asymmetry in the
I-V curve is due to the local gating effect, similar to the pinch-
off effect of conventional silicon-based FETs [127]. After the
exposure, the device showed a reduction in conductance around
six orders of magnitude for Vg5 = 0.3 V, as manifested by the
data shown in Fig. 7(a). After each exposure, the device was
easily recovered to its initial status within a short time by pump-
ing down the system to vacuum followed by UV illumination to
desorb the attached NO, molecules.

The underlying physics is that UV exposure generates elec-
tron and hole pairs in the nanowire, and the adsorbed NO,
molecules undergo the transition from NO, to NO; by taking
one hole and leave the nanowire surface. This recovery mecha-
nism works for all sorts of adsorbed species such as NO,, NH3,
O,, and moisture. Fig. 7(b) depicts two curves recorded before
and after exposure to NH3 gases with the gate bias maintained at

30 V. A reduction in conductance of five orders of magnitude
forVgs = 0.3V was obtained. The enhanced sensitivity is pri-
marily attributed to the enhanced surface-to-volume ratio due to
the small diameter (10 nm) of In, O3 nanowires. An additional
reason is related to the nature of the In, O3 nanowire surface
that can readily react with ambient species, as compared to the
inert sidewall of carbon nanotubes [128].

In order to explore the detection limit and improve the device
yield, Zhang et al. [100] reported an ultrasensitive NO, sensor
based on In, O3 nanowire networks. Fig. 8(a) plots the changes
in nanowire conductance normalized by the initial conductance
(Go) at gate bias Vg = 0V as a function of time. Six cycles were
successively recorded, corresponding to six different NO,/air
concentrations ranging from 5 to 200 ppb, respectively. The
multiwire sensor showed an even lower detection limit of 5 ppb,
compared to the 20 ppb limit of single-nanowire sensors
[99].

Detailed examination showed a normalized conductance
change 20% to 5 ppb NO; in air, with a response time of

1000 s, defined as the time corresponding to a decrease of
the resistance down to 80% of the original value. This room
temperature detection limit to NO; is the lowest level achieved
so far with all metal oxide film or nanowire sensors. The au-
thors attributed the improved sensitivity to the formation of
nanowire/nanowire junctions between the metal electrodes, a
feature available in the multiple nanowire devices [Fig. 8(b)]
but missing in the single-nanowire devices. Such junctions,
when exposed to NO,, should form a depleted layer around
the intersection and thus block the electron flow in a way more
prominent than the surface depletion of single nanowires with
metal contacts.

To reach practical applications of metal oxide nanowire sen-
sors, operating the nanosensors at elevated temperature with
minimal inconvenience and low power consumption is very im-
portant. Ryu et al. proposed a facile integration of nanowire
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Fig. 8.
ing to NO, concentrations of 5, 10, 20, 50, 100, and 200 ppb. (b) SEM image of
the as-fabricated multiwire devices, where bulk quantity (102-103) of In, O3
nanowires is contacted by four electrodes. The authors carried out the experi-
ment at room temperature and used dry air for both carrier gas and purge gas.
The flow rate of the chemicals is about 200 sccm (reprint permission from
[100]).

(a) Six sensing cycles of a multi-In, O3 nanowire device, correspond-

chemical sensors with micromachined hot plates built on SiN
membranes. The details can be found in literature [97]. Fig. 9(a)
is an SEM image of the active area of one chemical sensor chip,
where the dashed box represents the SiN membrane and one
nanowire is bridged by two electrodes that can be used as a
chemical sensor, as shown in Fig. 9(b).

The performance of these microelectromechanical systems
(MEMS) hot plates can be evaluated by measuring the hot plate
temperature as a function of the power consumption. As one
can see in Fig. 9(c), only 60 mW of power is enough to raise
the heater temperature up to 300 C within 1 min, which is
much lower than the chemical sensors based on the KAMINA
technique [9], [10]. With the aid of micromachined hot plates,
the detection limit of ethanol can be down to 1 ppm while the
operating temperature is at 275 C [Fig. 9(d)].

C. 1-D SnO, Nanostructure Sensors

SnO; nanowires and nanobelts have been widely reported
as chemical sensors in a number of reports [129]-[131]. The
first SnO, nanobelt chemical sensor was made on an alumina
substrate by dispersing SnO, nanobelts atop prefabricated plat-
inum interdigitated electrodes on a substrate. The sensor was
employed to detect CO and NO, for environmental pollut-
ing species and ethanol for breath analysis. In 2005, Yu et al.
[43] reported a single-SnO,-nanobelt sensor integrated with
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Fig.9. (a) SEM image of the chemical sensor chip integrated on single-In; O3
nanowire and micromachined hot plates, where the dashed box indicates the SiN
membrane. (b) SEM image of asensing device with an In, O3 nanowire bridging
two electrodes. (c) Hot plate temperature as a function of the power consumption
of the Pt heater. (d) Sensing response of an In, O3 nanowire sensor operated
at 275 C to four different ethanol concentrations (1, 10, 50, and 100 ppm).
The normalized conductance change ( G/G) of an In, O3 nanowire is plotted
as a function of time (d). The authors carried out the experiment at room
temperature and used dry air for both carrier gas and purge gas (adapted from
[97] with permission).

microheaters to sense dimethyl methylphosphonate (DMMP),
a nerve agent simulant. The conductance of the SnO, nanobelt
sensor was reduced by 5% when the sensor was exposed to
78 ppb of DMMP [Fig. 10(a)]. Recently, Wan et al. [122]
proposed a high-performance ethanol senor based on branched
SnO,/Sh-doped SnO; nanowire films. The metallic backbones
of Sb-doped SnO, dramatically reduced the resistance by a fac-
tor of 10° and the branched structure offered more pathways
for electrical conduction in comparison of pure SnO, nanowire
films, thus significantly reducing the detectable limit of ethanol
to sub-ppm at 300 C.

Instead of using pristine SnO, nanomaterials as chemical
sensors, Kolmakov et al. demonstrated an enhanced 1-D SnO,-
nanostructure-based sensor with Pd nanoparticles decorated on
the surface of nanowires and nanobelts [44]. It is known that
Pd can work as catalysts for oxygen dissociation. The catalytic
effect of a Pd nanoparticle and sensing capability of functional-
ized SNO, were investigated in detail. Fig. 10(b) shows different
sensing responses of Pd-SnO; and pristine SnO, nanostruc-
tures to oxygen and hydrogen, respectively. As one can see, Pd
functionalization leads to significant sensing response and also
shortens the recovery time. The improvements of sensitivity can
be explained by the “spillover effect” and the “back-spillover
effect,” which are well established in catalysis literature [44].
Through these two processes, the numbers of oxygen ions ad-
sorbed on SnO, surface were increased, and thus resulted in
shorter response time. In addition to Pd nanoparticle decora-
tion, Ag [132], Ni [91], and Au [123] nanoparticles have also
been reported for SnO, nanostructure decoration, leading to
improved sensitivity of ethylene [130] and CO [122] down to
several tens ppm.

100 200
Time [sec]

300 400

Fig. 10. (a) Response of the SnO; nanobelt sensor to 78 and 53 ppb DMMP
balanced with air at 500 C. The applied voltage to nanobelt was 1.5 V (reprint
permission from [43]). (b) Response of a pristine SnO, and Pd-SnO, to
sequential oxygen and hydrogen pulses at 473 (top) and 543 K (bottom). The
sensing experiments were carried out in low-pressure environment with oxygen
as back ground gases. The detail can be found in [44] (reprint permission
from [44]).

D. Other 1-D Metal Oxide Nanostructure Sensors

In addition to the above-discussed nanomaterials, other
1-D metal oxide nanostructures, such as titanium oxide (TiO;)
[110], [113], [133], vanadium oxide (V,Os) [124], [125], cop-
per oxide (CuO) [134], [135], and tungsten oxide (WQO3) [136]-
[138], have also been investigated and used as chemical sensors.

Several studies on TiO, nanowires and nanofibers in the
detection of ethanol, hydrogen, and NO, have been reported.
Tuller et al. reported a novel electrospun method to fabricate
TiO, nanofiber mat sensors [113], which exhibited a sensi-
tivity to NO, down to 1 ppb at 300 C. The device resis-
tance was found to increase by 833% after the exposure to
500 ppb NO,. The authors stated that the sensing mechanism
of TiO, nanofibers is similar to the sensing mechanism of re-
ported n-type semiconducting metal oxides. These electrospun-
fabricated TiO, nanofiber sensors were also exposed to Hy,
CH,, and DMMP, and the sensing limits of these chemicals
were several ppm.

In the case of V,0Os5 nanostructures, Raible et al. reported
V,Os-nanofiber-based sensors that showed a high sensitivity
of 30 ppb 1-butylamine at room temperature, and the authors
suggested that V,Os nanofibers have a strong affinity to amine
species [125]. Inaddition, Liu et al. synthesized V, Os hanobelts
using a hydrothermal method, and the V,Os nanobelt chemical
sensors showed a good selectivity among ethanol vapor, H,, and
CO[125]. Since V,O5 nanostructures showed a good sensitivity
and selectivity to amine and ethanol, these nanostructures might
be utilized as components in an electronic nose system or for
diagnosis of diseases such as uremia and cancers.
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Recently, the sensing behavior of CuO nanoribbons produced
using a hydrothermal process was also investigated [89]. CuO
nanoribbons exhibited a high sensitivity ( 5 ppm) to HCHO,
which is a cancer marker for diagnosis of early-stage breast
and bladder cancer [126] at room temperature. Besides, the re-
sponses with different CuO nanostructures were comparatively
studied and CuO-nanoribbon-based sensors showed eight orders
of magnitude higher sensitivity than CuO-nanoplate-based sen-
sors [134]. There was almost no significant response to HCHO
in commercial bulk CuO-powder-based sensors. The authors
believed that this specialty was because of the high surface-to-
volume ratio of the intrinsic morphology of CuO nanoribbons.

V. ELECTRONIC NOSES
A. Concept of Electronic Noses

As illustrated in the section IV, metal oxide nanostructured
chemical sensors have shown good sensitivity toward a broad
range of chemicals. However, a critical issue in the develop-
ment of chemical sensor systems for practical applications is the
“selectivity.” One promising way to achieve selectivity among
different chemicals is to build “electronic noses.” The idea of
electronic noses was inspired by the mechanisms of human ol-
faction. In general, basic elements of an electronic nose system
include an “odor” sensor array, a data preprocessor, and a pat-
tern recognition (PARC) engine [139]. Among them, a sensor
array that mimics the olfactory receptor cells situated in the roof
of the nasal cavity of human beings is like signal receptors.

The concept of “chemical sensor array” for odor reorganiza-
tion was demonstrated by Persaud and Dodd [140]. After that,
considerable effort has been directed to develop different types
of sensor arrays such as chemoresistors, acoustic/SAW sensors,
optical sensors, and potentiometric transducers. On the other
hand, sensor arrays made by different active materials were also
studied. For example, Yu et al. [141] and McApline et al. [142]
have reported using functionalized carbon nanotubes [141] and
Si nanowires [142] as active materials for chemical sensor arrays
of electronic nose systems.

Sensor arrays made of thin-film metal oxides have been
widely discussed [143]-[146], but only limited work on
semiconducting-oxide-based sensor arrays has been performed.
The following sections review two different sensor arrays that
have good “discrimination factors” and successfully recognized
the target chemical among different chemicals.

B. Hybrid Nanowire/Carbon Nanotube Sensor Array

To enhance the “discrimination power” of important chem-
icals, Chen et al. [147] studied a new template built with four
different semiconducting nanostructured materials, including
In, O3 nanowires, SnO, nanowires, ZnO nanowires, and single-
walled carbon nanotubes (SWNT). The integration of n-type
semiconducting metal oxide nanowire and p-type semiconduct-
ing SWNT provides an important discrimination factor. In addi-
tion, the integrated micromachined hot plate enables individual
and accurate temperature control for each sensor, thus providing
the second discrimination factor. A chemical sensor array, com-

Fig. 11. Hybrid chemical sensor array chip composed of four individual
chemical sensors, including individual In; O3 nanowire, SnO; nanowire, ZnO
nanowire, and SWNT chemical sensor chips. The source—drain electrode dis-
tance is about 3 m [147].
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Fig. 12. PCA scores and loading plots of the chemical sensor array composed

of four different nanostructure materials [147].

posed of four different sensor chips, each with individual 1n, O3
nanowire, SnO, nanowire, ZnO nanowire, and an SWNT mat,
was examined using field-emission SEM (FESEM) and optical
microscopy (corresponding images are depicted in Fig. 11).

This sensor array was exposed to important industrial gases
such as hydrogen, ethanol, and nitrogen dioxide at different
concentrations and sensing temperatures, and a good selectivity
was obtained to build up an interesting “smell-print” library of
these gases. Principal component analysis (PCA) of the sens-
ing results showed great discrimination of those three tested
chemicals, and in-depth analysis revealed clear improvement
of selectivity, as shown in Fig. 12. This nanoelectronic nose
approach has great potential to detect and discriminate a wide
variety of gases, including explosives and nerve agents. \We note
that further improvement to the selectivity can be achieved by
incorporating more diverse nanosensors into the electronic nose.
For instance, using nanosensors decorated with Pd nanoparti-
cles may help the discrimination between hydrogen and other
chemicals.
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Fig. 13. (a) KAMINA chip with SnO;, nanowire sensing elements. (b) IR
image of the chip under application of the temperature gradient, 520 (green
area) to 600 K (red area) along the electrode array. (c) LDA analysis of the
conductivity patterns obtained with SnO,-nanowire-based gradient sensor at
exposure to chemicals (2-10 ppm concentration range). The KAMINA chip
operates at 580 K (constant T area inside the ellipse with dimmed colors) and
at temperature gradient from 520 to 600 K (gradient T areas with bright colors)
(adapted from [152] with permission).

C. KAMINA Technology

The key feature of the KAMINA technology [148] is the
“temperature gradient technique” applied to a single metal oxide
layer that is usually deposited onto an array of Pt strips. Metal
oxide layers between two Pt electrodes can serve as an individual
sensor element. This technology has been widely applied to
both semiconducting oxide thin-film and nanostructure-based
sensors [149]-[151].

With the help of the patented KAMINA technology, Sysoev
et al. [152] reported a platform based on SnO, nanowire net-
works for nanoelectronic—nose systems. The sensor success-
fully recognized several violate organic compounds (VOCs)
such as ethanol, CO, and 2-propanol at elevated temperatures
from 520 to 600 K. Fig. 13(a) shows the KAMINA platform
with SnO, nanowire networks as the sensing elements. SnO,
nanowires were mechanically transferred onto a KAMINA’s
Si0,/Si/SiO, substrate that was patterned with Pt electrodes.
The chip can be heated by applying an external voltage to the
rear-side meander-shaped Pt heating filaments. The temperature
gradient on a KAMINA chip is clearly observed through an IR
detector, as shown in Fig. 13(b). In this paper, the “discrimi-
nation factors” were achieved by the variation of the density
and also the morphological inhomogeneities of nanowire mats
in temperature gradient across the nanowire layer on the sensor
chip.
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Linear discrimination analysis (LDA) was applied to examine
the discrimination power quantitatively and the result is shown
in Fig. 13(c). As one can see, the isothermal conductivity pat-
terns are good enough to obtain well-separated signal patterns
for various VOCs. With the application of a temperature gradient
along the sensor chip, the discrimination power is significantly
enhanced, which is attributed to the surface chemistry and the
charge transport of SnO, nanowire networks [151].

VI. SUMMARY

This review is a report of the current accomplishments on
the investigation of 1-D metal oxide nanostructures, ranging
from material synthesis and chemical sensing behavior, to the
realization of electronic noses. 1-D metal oxide nanostructures
of In,O3, SNO,, ZnO, TiO,, and CuO, have been synthesized
using various means and further demonstrated to exhibit very
good sensitivity in the detection of industrial gases, chemical
wafare agents, and human breath (e.g., NHz, HCHO, H, S, and
ethanol). In addition, several electronic nose systems based on
metal oxide nanowires have been developed to address the chal-
lenging issues of choice of sensing materials (In,O3, SNO,,
Zn0O, and carbon nanotubes) and of using the nanowire density
variation and temperature gradient. Further improvement of the
overall nanowire sensor performance, such as sensitivity and
selectivity, will likely generate significant practical impact on
environment monitoring, defense applications, and even medi-
cal diagnosis.
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