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Metal oxides are often the choice for conductometric gas sensing due to their thermal and envi-
ronmental stability as well as good response reversibility. Due to the fact that sensing with these
materials relies on interactions with the surface, one strategy to enhance the sensitivity is to increase
the surface area or active sites by decreasing their physical dimensions. Nanoscale metal oxides
such as nanoparticles, nanospheres; nanotubes, nanobelts and nanowires are routinely synthe-
sized for development of solid-state gas sensors with improved sensing, properties. In this review,
gas sensing applications of a variety of metal oxide nanostructures in various device configurations;
bulk, two-terminal and field effect transistor (FET) sensors are presented. The application of nano-
structures as building blocks for sensor can be achieved by implementing effective assembly and
integration techniques to transfer the nanostructures from growth substrates onto their respective
device substrates. Two common methods have been reviewed which include transfer printing and
dielectrophoretic alignment of nanowires. In essence, these approaches employ external forces to
align the nanostructures via dry and wet media respectively. Finally, the non conventional substrates
sensors such as textile and free standing nanowire sheet are reviewed. The non conventional sub-
strates have the advantages of being flexible, shock proof, wearable and portable etc.
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1. INTRODUCTION

There is a great demand to enhance the sensitivity of
chemical sensors for various sensing applications such as
monitoring and conditioning of air quality, detection of
flammable or toxic gases, medical diagnosis, detection of
chemical-warfare agents, and optimization of combustion

150 Sci. Adv. Mater. 2011, Vol. 3, No. 2

ing material where the molecular recognization or chemi-
cal reactions take place, (ii) transducer which serves as an
interface between the sensor and environment and trans-
forms the molecular adsorption and/or chemical reactions
into some physical parameters and (iii) signal processor
system to quantify the physical parameter and feed the
information back into a readable output.

Sensors can be classified into various transducing
principles.! The types of transducers include (i) electrical
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(or electrochemical) transducers, which transform
chemical reactions into electrical signals—either cur-
rent (amperometric sensors), or voltage (potentiometric)
(ii) gravimetric transducers which register changes in mass
due to molecular adsorption and (iii) optical transduc-
ers which are based on different interferometry measure
changes in refractive index and thickness of membranes
caused by different chemical reactions. To realize a supe-
rior solid-state gas sensor, three well-known “S” which
is the sensitivity, selectivity and stability of a sensor are
often studied and improved.
The sensitivity (S) of a sensor is defined as,

_dy

S =
dx

the ability to detect a given analyte concentration which
is usually determined from a slope of an output signal
y (e.g., a change in the electrical resistance) for a given

concentration x of a specific gas to be detected.??
The selectivity (Q) of a sensor,

dy/dx’
dy/dx

0(%) = 100 x

is the ability to discriminate between a mixture of gases
which is defined by the cross sensitivity to all other
gases.>?

Oxide materials represent an important class of materi-
als whose properties cover the entire range from insulators,
semiconductors to metal. In addition, oxide materials pos-
sess a broad range of electronic, chemical, and physical
properties that are often highly sensitive to the changes
in a chemical environment, through a variety of detec-
tion and transduction principles, based on the semicon-

ducting, ionic conducting, photoconducting, piezoelectric,I

pyroelectric, and luminescence properties.*

Thus, the interest for gas-sensing applications of oxide
materials is continuously growing, and further develop-
ment of this field will require a constant effort towards
the synthesis and processing of nanomaterials suitable for
specified applications. Theoretically, there is no limita-
tion for the use of any oxide materials for gas sensing

applications. However, not all oxide materials are effec-
tive sensors. The selection of optimal sensing material is
highly dependent on the design, manufacturing, chemi-
cal activity, stability etc. Because of the wide availability
of synthesis and processing of oxides materials, a careful
selection of methodology to prepare oxide of sufficiently
fine dispersion, porous structure, high crystallinity and
bulk quantity is preferred. Nevertheless, novel synthesis
and fabrication techniques as well as new material science
and physics await discovery and remain to be explored
based on the newly acquired nanoscience and nanotechnol-
ogy knowledge. At present, various nanocrystalline oxide
nanomaterial such as indium oxide (In,0;), titanium diox-
ide (TiO,), gallium oxide (Ga,0,), zinc oxide (Zn0O), tin
oxide (SnO,), tungsten oxide (WO;) etc. are synthesized
for gas sensing applications.”'* Some information and
operating parameters about the commonly employed solid-
state oxide gas sensing materials characteristics are sum-
marized, in the Table L.

Nanocrystalline -oxide materials are classified into dif-
ferent categories depending on their dimensions and struc-
tures., Numerous oxide nanostructures of zero, one and
two-dimensional oxide nanostructures with suitable prop-
erties, composition and morphologies are routinely being
synthesized for gas sensing applications. The synthetic
conditions to obtain nanocrystalline oxides product are
extremely broad, ranging from high temperatures and/or
pressures coupled with long processing times, to very mild
conditions without any applied pressure and even at room
temperature. Such a large variation of synthetic condi-
tions is a result of the large variety of reactions avail-
able in the formation of crystalline structures. Generally,
there are two methods of preparing oxide nanostructures

| namelyithe physical (dry) and chemical (wet) techniques.

The. physical techniques include chemical vapor deposi-
tion, thermal vapor deposition, solid-state reaction, sput-
tering ‘etc. starting from oxide powder, oxide target, inert
gas to various reactive gasses. The main structures that
are synthesized via physical methods are thin films,
nanowires, nanotubes etc. On the other hand, chemical
techniques include sol-gel, hydro/solvothermal, electrode-
position, Langmuir-Blodgett etc. starting from various
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Table I. Properties and operating parameters on some of the commonly employed solid-state oxide gas sensing materials.

Metal oxide = Melting point ~ Type of conductivity =~ Operating temperature Optimal gas detection Stability Humidity sensitivity
SnO, 1900-1930 n 200-400 CO, H,, CH, Excellent High

Ga,0, 1740-1805 n 400-1000 0,, CO, NO,, NH, Good Low

In, 04 1910-2000 n 200400 0O;, NO,, NH; Fair Low

TiO, 1855 n 350-800 0,, CO, SO, Fair Low

ZnO 1800-1975 n 250-350 CH,, C,H,,, O,, NO,, NH, Fair High

WO, 1470 n 200-500 0;, N,0, SO,, H,S Excellent Low

oxide precursors, solvents, surfactants and additives. The
structures prepared by physical techniques have the advan-
tages of being able to directly grow onto the final sub-
strate and can be directly manipulated for the fabricating
of a nanodevice. On the other hand, the advantages of
producing nanostructured materials using chemical route
is that large quantity of processable nanostructures can be
obtained in a cost-effective, highly-scalable and mild reac-
tion condition.

2. NANOSTRUCTURE SENSORS

Various oxide nanostructured materials are prepared and
deposited as thick, thin film or incorporated into transis-
tor for gas sensing applications."”? The sensor perfor-
mance depends on percolation path of electrons through
intergranular regions, thus by varying small details in
the preparation process, each sensor differs slightly in
its sensing characteristics. The first generation sensors
are prepared by thick film technology starting from pow-
der. Then comes along the thin film technology whereby
physical deposition techniques are largely implemented.
Thin films are developed based on vapor phase deposition
using chemical vapor deposition, sputtering, evaporation
etc. However, the sensing performances are still not sat-
isfactory due to a relatively low surface area of the pre-
pared thick and thin films. Another downside aspect of
both the thin and thick films is the significant electrical
properties drift due to grain coalescence, porosity modi-
fication and grain-boundary issues. These effects become
especially critical when the metal oxide active layers are
operated at relatively high temperature in order to guar-
antee the reversibility of chemical reactions at the sur-
face. Thus, several solutions have been put forward; first
to increase the surface area by synthesizing nanostructures
and then to stabilize the nanostructure by e.g., addition of
a foreign element or phase. Up to date, various types of
dopants,?! such as group-III (Al,>>2* Ga,?*? In%), group-
IV (Sn,?2%), group-V (N,?22 P2 As,2% % Sb*), group-VI
(S3"), and transition metal (Co,*?> Fe,*® Ni,* Mn*) have
been implanted into ZnO nanostructures. Doping group-
IIT and IV elements into ZnO has proven to enhance its
n-type conductivity.

More recently, a great step forward in the preparation
of a highly stable and sensitive sensor has been made
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by incorporating single crystal one-dimensional semicon-
ducting oxides nanostructures (nanobelts, nanowires or
nanoribbons) into the sensor.***5 The high crystallinity
and the nanosized lateral dimension assure improved sta-
bility and good sensing properties. Their novel phenomena
and size effects make them interesting both for fundamen-
tal studies and for potential nanodevice applications, lead-
ing to a third generation of oxide gas sensors.

2.1. Bulk Nanostructure Sensor

The bulk nanostructure sensors that have been reported
consist of nanostructures pressed into pellets,*® coated
directly as thick film on ceramic tube or nanostructures
grown on substrate and directly fabricated as sensors.*-
Tan et al. have reported SnO, nanostructures pellet sensor
where powders were processed into bulk sensor in a form
of thick pellet (~1 mm).*® Individual pellets were created
by adding 0.5 g of the SnO, with embedded Pt wires and
applying a pressure of 15 tons on a mould. The SnO,
nanoparticles were prepared by solid-state reaction syn-
thetic route whereby reactions are usually initiated by self-
initiation via grinding. The solid-state reaction has several
unique features: the reaction can be self-initiated at room
temperatire, and internally produced heat can be self-
sustained to produce crystalline products (Figs. 1(a—d)).
The effects of various reaction parameters are investigated
to control the dimension of the SnO, nanoparticles which
in turn were used for hydrogen sensing studies. Figure 1(e)
shows that the SnO, nanostructure sensor exhibits highly
consistent responses over many cycles, which translates
to high device stability. Figure 1(f) shows the sensitivity—
temperature relationships obtained for different average
particle sizes of 20, 30 and 40 nm. It is observed that sen-
sors made up of smaller nanoparticles possess higher gas
sensitivities due to the increase in effective surface area.
Another type of bulk nanostructure sensors are based
on thick film coating on ceramic tube incorporated with
heater.>>>” Typically a ceramic tube is printed with metal
electrodes and conducting wires (Fig. 2(a)). The working
temperature of the sensor can be controlled by adjusting
the heating voltage across a resistor inside the ceramic
tube. A reference resistor is put in series with the sensor to
form a complete measurement circuit. A working voltage
was applied and by monitoring the output voltage across
the reference resistor, the response of the sensor in air or in
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Fig. 1.
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SEM images of the SnO, nanostructures obtained with variation in (a-b) precursor and (c-d) additive concentrations. (e) Typical current

response and (f) Sensitivity—temperature relationship of the bulk SnO, nanostructure hydrogen sensor. Reprinted with permission from [48], E. T. H.

Tan et al., Nanotechnology 19, 255706, (2008). © 2008, IOP, Publishing.

an analyte gas can be measured. Guo et al. have reported
Fe,0; porous nanorods and branched nanostructures bulk
sensors. The nanostructures were synthesized by dehydra-
tion and recrystallisation of B-FeOOH precursor, which
was obtained from the hydrothermal reaction of FeCl,
with urea in an aqueous system. The morphology of the
as-prepared nanostructures was characterized by TEM as
shown in Figure 2(b). The inset shows the electron diffrac-
tion pattern and ring which indicate the polycrystalline

nature. Figure 2(c) shows voltage response of thei-(jeﬁo]}atl 1|

a working temperature of 150 °C and 30% relatiye humid-
ity. It can be seen that output voltage values-increased

response of the sensor correlates to the concentration of
the test gas, the structure and the morphology of In,O;.

~ Another form of bulk nanostructure sensor is based
on nanowire grown and fabricated directly on the sub-
strate. From the viewpoint of device structure, the conven-
tional nanowire-based gas sensors were fabricated either
by pick-and-place process of a single nanowire followed
by making electrical contacts to individual nanowire.
The device fabrication process uses expensive and time
consuming procedures of sonication and dispersal of
nandWi;és on substrate with electrodes fabricated by

I\ “electron-beam lithography. In this bulk nanowire sensor

abruptly on the injection of ethanol and then decreased! | f’f}"cﬁ gl! these complicated processing steps can be elim-

rapidly and recovered to their initial value after the test
gas was released. The response and recovery time of the
nanostructure-based sensors were 1-3 and 4-8 s, respec-
tively. There is also work reported on Fe,O; nanotubes
which show good ethanol sensing performance.”®
Similarly, other bulk nanostructure sensor based on thick
film coated on ceramic tube is also reported.’’ Homoge-
neous In(OH); or InOOH colloidal supernatant was coated
onto a ceramic tube, on which a pair of Au electrodes was
printed. After the solvent evaporation, the colloidal crystals
form a thin film on the ceramic tube. Then, the ceramic
tube was annealed at 300 and 400 °C for 2 h to transform
In(OH); or InOOH into cubic and hexagonal In,O5 respec-
tively. The conductance undergoes a drastic rise upon the
injection of reducing compound, ethanol and drops to its
initial value after ethanol is released. These sensors show
a quick response of less than 10 s and recovery time of
15 s. The lowest detection limit is down to 1 ppm. The

Sci. Adv. Mater. 3, 150168, 2011

inated. Figures 3(a—b) shows side and top-view SEM
images of ZnO nanowires grown on patterned electrodes.”
Figure 3(c) shows the schematic diagram of the bulk
nanowire sensor device which was fabricated directly on
the growth substrate. There are many nanowire-nanowire
junctions (Fig. 3(d)) which act as electrical conducting
path. Figure 3(e) shows the gas response as a function
of NO, concentration at 225 °C where the gas response
is directly proportional to gas concentration. Figure 3(f)
shows evidence of saturation at the NO, concentration
larger than 3 ppm. This can be explained by the competi-
tion between the adsorption sites versus the concentration
of target gas. In a low gas concentration, the available
adsorption sites on the surface of ZnO can be regarded
as infinite compared with the NO, concentration, and thus
the rate-determining step might be the surface reaction
between NO, molecules and ZnO surface. Thus surface
reactions are linearly dependent on the NO, concentration
as long as adsorption sites are enough.
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Fig. 2. (a) Schematic illustration of the gas sensor measurement system.
(b) TEM images of the as-synthesized Fe,O; nanostructures. (c) Real-
time ethanol sensing characteristics of sensors based on the prepared
Fe,0; nanostructures. Reprinted with permission from [55], X. L. Gou
et al., Chem. Eur. J. 14, 5996 (2008). © 2008, Wiley.

Similarly, bulk nanowire sensors were fabricated
directly on nanowires grown on substrates.®® Contacts
to the multiple nanowires network were formed using a
shadow mask and sputtering of Al/Ti/Au electrodes. The
sensor studies were on the time dependence of relative
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resistance change of either metal-coated or uncoated net-
work ZnO nanowire as the gas ambient is switched from
N, to 500 ppm of H, in air and then back to N,. The
highest response is Pt coated nanowires which is followed
by Pd while the other metals produce little or no change
in response. This is consistent with the known catalytic
properties of these metals for hydrogen dissociation. The
sensors response to various gas concentrations and it can
detect <100 ppm H,. Other example of nanowire gas sen-
sors which have been fabricated on Cd-Au comb-shaped
interdigitating electrodes is shown in Figures 3(g—h).! The
bulk nanowire sensors maintain high response to hydrogen
concentration in the range of 10 to 1000 ppm. This high
response is attributed to the highly connected network of
nanowires. Similarly, microtrench has been created on Si
substrates and nanowires are grown using a thermal chem-
ical vapor deposition and directly fabricated into sensor.®?
SnO, nanowires are synthesized to be sufficiently long to
bridge across trenched electrodes. In this process, compli-
cated and |individual alignment process is avoided and a
number of devices can be fabricated in a single process
step at a wafer scale. The gas-sensing characteristics of the
developed sensor were significantly better when compared
to other types of NO, sensors reported in the literature.
The sensitivity was >150 at a NO, concentration of 5 ppm.

2.2. Two-Terminal Thin Film Nanostructure Sensor

Two terminal thin film sensor made up of one to few
monolayer of nanostructures spanning across two elec-
trodes are commonly fabricated. The sensing device con-
sists of a low-density layer of nanostructures which
are deposited/dispersed onto preprepared coplanar elec-

£ 7" ltrodes. Ho et al. have reported on two-terminal meso-

porous jnanospheres thin film sensor (Fig. 4(a)).® The
pgllospheres (Figs. 4(b—c)) were synthesized based on

' imple hydrothermal method using potassium stannate

trihydrate as a precursor in an ethanol-deionized water
mixed solvent. The parameters affecting the morphology
and porosity of the synthesized SnO, nanostructures are
investigated by varying various experimental conditions
such as temperature, precursor concentration and addi-
tives. The nanospheres grown without urea additive and
at higher temperature (225 °C) exhibit the highest spe-
cific surface area of 156.4 m?/g with pore diameter of
5.3 nm. The nanospheres were diluted and dispersed in
water before drop casting a few monolayers onto the elec-
trodes. Figure 4(d) shows the current response graphs
obtained by cycling it alternately in dry air and H, at var-
ious operating temperature. It is noted that the response
time (90% of Rair—Rgas) is achieved within the first 1.3—
3.0 min while the recovery time is 1.4—4.6 min, depend-
ing on the operating temperature of the sensor. The effect
of operating temperature of the reference sample on the
sensor performance is investigated. The responses of the

Sci. Adv. Mater. 3, 150168, 2011
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Fig. 3. (a) Side and (b) top-view SEM images clearly show selective growth of ZnO nanowires on Ti/Pt electrode. (c) The schematic illustration of
ZnO-nanowire air bridges over the SiO,/Si substrate. (d) The junction between ZnO nanowires grown on both electrodes. (e) Responses of a nanowire-
bridge ZnO gas sensor as a function of NO, concentration (0.5-20, pm) at operating temperature of 225 °C. (f) Response versus NO, concentration
plot, which shows linear dependence in range of 0.5-3ppm. (g—h) Nanowire with interconnecting network for bulk nanowire sensing. Figures 3(a—f)
reprinted with permission from [59], M.-W. Ahn et al., Sens. Actuators,’ B-138,-168 (2009). © 2009, Elsevier Limited. Figures 3(g—h) reprinted with
permission from [61], B. Wang et al., J. Phys. Chem. C 112, 6643 (2008). © 2008, American:Chemical Society.
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Fig. 4. (a) Optical image of the fabricated sensor. (b—c) SEM images of SnO, nanospheres synthesized at various reaction conditions. (d) Response
and recovery times of the nanospheres sensor at various operating temperatures. Response plot versus (e) operating temperature and (f) specific surface
area of SnO, nanospheres sensors. Reprinted with permission from [63], S. C. Yeow et al., Sens. Actuators, B 143, 295 (2009). © 2009, Elsevier
Limited.
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sensor at different operating temperatures (200450 °C)
are shown in Figure 4(e). As such, a higher operating
temperature leads to a greater change in conductance and
hence, greater response. On the other hand, desorption of
all oxygen ionic species previously adsorbed occurs at high
temperatures which explains the reduction in response as
operating temperature is increased beyond the optimum
value. Furthermore, the effect of specific surface area on
the gas sensing performance is studied. Figure 4(f) shows
the response plot obtained at 350 °C for all the samples
with different specific surface areas. It can be observed
that it is not a linear relationship. A possible explanation
is that the inner surfaces of the porous nanospheres are
not fully utilized for gas detection due to the limitation of
diffusion of the analyte gas through the nanopores.
Sysoev et al. have reported thin film of nanoparticles
and nanowires sensor mounted on microchip.®* The device
has demonstrated an excellent performance as a gas sen-
sor capable of detecting and discriminating between sev-
eral reducing gases in air at a ppb level of concentra-
tion. Both nanoparticles film and nanowire mats were
deposited onto thermally oxidised SiO,/Si substrates, with
Pt strip electrodes and Pt meander heaters microarray. The
SnO, nanoparticles layers were deposited onto the sub-
strates by spin-coating from an aqueous colloidal disper-
sion of the nanoparticles (Fig. 5(a)). SnO, nanowires are
dry transferred to substrate to yield one-two monolayer
network of percolating nanowires (Fig. 5(b)). Figures 5(c—
d) depict the experimental data on a long-term evolution of

the SnO, nanostructures sensing characteristics toward the
2-propanol vapor. The response of nanowire mat to 1 ppm
of 2-propanol is about ~6.4%. The as-prepared nanoparti-
cles sensor exhibits a high response of ~4 x 10°%. How-
ever, over 48 days, the nanoparticle response drops rapidly
to 16%, close to the nanowires sensor capability. It has
been postulated that the initial high porosity nanoparti-
cles allow high gas diffusion thus rendering high response.
Nevertheless, the long-term exposure to 2-propanol vapors
at elevated operating temperature seems to facilitate sin-
tering of nanoparticles. Thus, the two-terminal nanowire
sensor is predicted to be a better conductometric gas
sensor with relatively high gas sensitivity and long-term
stability.

Other work on two terminal sensors is based on SnO,
nanowires which were synthesized by thermal evaporation
at 900 °C.% The obtained nanowires were doped with pal-
ladium by coating the nanowires with palladium chloride
(PdCl,) and annealed at 350 °C for 30 min in air in order
to. decompose; PACl, (Figs. 6(a-b)). Gas sensors based on
undoped, 0.8 wt% Pd-doped, and 2 wt% Pd-doped SnO,
nanowires were fabricated. These SnO, nanowire gas sen-
sors showed a reversible response to H, gas at operating
temperature of 150 °C (Figs. 6(c—d)). The sensor response
increased with Pd concentration. The 2 wt% Pd-doped
SnO, nanowire sensor showed a response as high as 253
for 1000 ppm H, gas at 100 °C (Fig. 6(d)). Pd doping has
demonstrated to improve the sensor response and lower
the operating temperature.
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Fig. 5. HRTEM and SEM images of (a) SnO, mesoporous nanoparticles layer and (b) SnO, nanowires. (c) Response and (d) resistance of the
nanoparticles (open circles) and nanowires (filled circles) over time. Reprinted with permission from [64], V. V. Sysoeva et al., Sens. Actuators, B

139, 699 (2009). © 2009, Elsevier Limited.
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rgo(z00 2.3. FET Nanostructure Sensor
®

»® In the case of field effect transistor sensor, active nanowire
sensor element can act as a resistive element whose resis-
tance can be changed by the field-effect or charge transfer
process.®% The sensing properties can be monitored by
varying the gate potential. For instance, Huang et al.®® have
reported a highly sensitive single Ga,O; nanowire sensor
which operates at room temperature although it is well-

known fact that the Ga,O; films sensors usually operate

2000 at high temperature of 400 to 1000 °C. The room temper-
@ Undonee O Resistance N ature sensitivity observed here is most likely due to the
op = T .. . .

e - {1500 § good crystallinity and ultrahigh surface-to-volume ratios

2 )= of the one-dimensional nanostructures. The gas-sensin

g S f th d 1 truct The g g

8 1000 8 measurements were performed for an individual Ga,O;

2 100 g nanowire device with two Au/Ti electrodes and the source-

@ . . . . .

& 500 S drain biased voltage fixed at 10 V. When the individual
1o’ < Ga,O; nanowire is exposed to a mixed flow of ammonia
100 o (1000 ppm) and air, the current is increased dramatically

- ) 0 in the first 100 seconds and enhanced to about 30 times
m e . .
(d) 10° me (min) 2000 and-stabilized at ~7800 nA. The Ga,0; nanowire device
©) 2 wi% Pd-doped exhibits a- sensitivity of about 38 and a response time of
op = 150° e i — . . . .
jouf T TG Ha concentration] | 1500 & ~58 s in the ambient of 1000 ppm air-diluted NH;.

g S Khan et al. have reported single and multiple nanowire

< c p g P

gm 1000'% FET sensors.” Figures 7(a and b) show typical SEM

& ‘8&; images of the single and multiple ZnO nanowire FET

é’ A o0 8 devices.”’ For comparison purposes, the distance between
10' T £ the electrodes and the diameter of the ZnO nanowires were

| e A kept the same for both devices. Figures 7(c and d) exhib-
10° . T o
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Time (min) gle and multiple ZnO nanowire FETs respectively. The
Fig. 6. (a-b) TEM image of a 2 wt% Pd-doped SnO, nanowire with a multiple nanowire devices showed greatly enhanced con-
diameter of 80 nm. Inset shows the diffraction pattern of PdO nanopar- ductance due to increased number of nanowire. Figure 7(e)
ticle on the nanowire. Changes in the resistance of (c) undoped andi} | shows the gas sensing characteristics as a function of time

(d) 2 wt% Pd-doped SnO, nanowire gas sensors upon exposure to 100, . . . . . .
200, 400, 800 and 1000 ppm of H, gas. Reprinted with permission.' ! {Olr theismgle and multiple ZnO nanowires with various

from [65], Y. B. Shen et al., Sens. Actuators, B 135, 524 (2009),© 2009, hydrogen concentrations in the range of 50-100 ppm at
Elsevier Limited. = 00 °C."The sensor response was higher for the multiple

(e)

80 ppm —— Multiple nanowire Ny

—— Single nanowire

60 ppm

03

0.2 —— Vi 0.2V
Vg 0.4V

Vyg: 06V
—— V08V,
0.1 Vos' 10V

Ios (HA)

T
5 10 15 20 25
Time (min)

0.0

0 K
Va(v) Va(v)

Fig. 7. (a-b) SEM images and (c—d) /-V curves of the single and multiple ZnO nanowire FETs, respectively. (e) The typical response curves of
the single and multiple ZnO nanowire for variations of hydrogen concentration ranging from 50 to 100 ppm at 200 °C. Reprinted with permission
from [67], R. Khan et al., Sens. Actuators, B 150, 389 (2010). © 2010, Elsevier Limited.
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ZnO nanowires than the response for the single ZnO
nanowire over the entire range of hydrogen concentra-
tion. The multiple nanowires FET are made up of nano-
junctions, which acted as a potential barrier for electron
flow. The potential barrier decreased as the nanowire was
exposed to the reducing gas, resulting in an increase in
the current flow. The potential barrier modulation of mul-
tiple nanowires was more efficient than the modulation of
the surface depletion of the single ZnO nanowire in gas
sensing. Therefore, the potential barrier modulation in the
nanojunctions caused the enhanced sensor response for the
multiple nanowires.

Li et al%® demonstrated the use of a single one-
dimensional nanowire FET sensor for high performance
room temperature sensing. The sensor is made up of
In,0; nanowires of diameter 10 nm and length 5 um
which were placed between the source and drain elec-
trodes with a silicon substrate as a back gate (Fig. 8 inset).
The as-fabricated In,O, nanowire sensor devices: exhib-
ited typical n-type transistor characteristics. The individual
In,O0; nanowire transistors sensors exhibited superior per-
formance as such the sensitivity is of 10° for NO, and 10°
for NH;, which are four or five orders of magnitude better
than results obtained from the thin-film based sensors.”!
Response times are as short as 5 s for 100-ppm NO, and
10 s for 1% NHj;. The lowest detectable gas concentrations
are 0.5 ppm for NO, and 0.02% for NH;.

Furthermore, the sensing and selectivity between dif-
ferent gases can be studied by monitoring the current
dependence on the gate bias and the threshold voltage
shift, rendering a significant advantage over thin-film-
based devices. Figure 8(a) shows two current—gate volt-
age (I-V,) curves measured before and after exposure to
100 ppm NO, in argon with a constant source draif volt-
age (V,,) of —0.3 V. Both measurements suggest that the
In,O; nanowires are n-type semiconductor as the con-
ductance increase with gate bias. There is also‘a “pro-
nounced shift in the threshold voltage from —48 V before

the exposure to 20 V after the exposure. Adsorption of
oxidizing gases reduces the number of free electrons in
the n-type semiconductor and thus reduces the conductiv-
ity. Figure 8(b) shows two I-V, curves before and after
exposing to diluted NH; in Ar with V;; = —0.3 V. A large
threshold voltage shift from 248 V to 216 V is observed,
with a maximum sensitivity of 105 at V, = —30 V. For
NO, concentrations of 20, 2, and 0.5 ppm, the response
times are determined to be 20 s, 5 min and 10-12 min,
respectively (Fig. 8(c)). Figure 8(d) shows a response time
of about 2 min for 0.02% NH; which is the lowest tested
concentration. The limitation is imposed by the availability
of highly diluted NH; in air or argon.

Zhang et al.”> have demonstrated FET NO, sensor down
to ppb levels based on both single and multiple In,0,
nanowires operating at room temperature as shown in
schematic diagram Figures 9(a and b). Figure 9(c) shows
the conductance versus gate bias (V,) curves recorded in
the, six-different NO, concentrations after exposure for
20 -min for single nanowire FET. The threshold gate volt-
ageshifted rightward monotonically with the increasing
NO,/air; concentration, implying the gradual suppression
of carrier concentration of nanowire that scales linearly
with the absolute value of gate threshold. As for the multi
nanowire FET, the typical number of nanowires bridg-
ing adjacent metal electrodes is estimated to be 100-200.
Figure 9(d) shows the sensing cycles of the multiwire FET
device; corresponding to NO,/air concentrations of 5, 10,
20, 50, 100, and 200 ppb. The multiwire sensor showed
a lower detection limit of 5 ppb, compared to the 20 ppb
limit of single nanowire sensors. The room temperature
detection limit is one of the lowest level ever reported.
Furthermore, selective detection of NH;, O,, CO, and H,

| is possible with this nanowire FET sensor.

Kolmakov et al. has demonstrated an enhanced 1-D
SnO, nanostructure-based sensor with and without Pd
nanoparticles decorated nanobelts (Fig. 10(a)).”® The
deposited Pd works as catalysts for oxygen dissociation.
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(a) TEM of nanowires and nanobelts. (b) Schematic view of device used for the in situ conductometric measurements under gas exposure and

metal deposition. (c) Response of a pristine (dashed line) and Pd-functionalized (solid line) nanostructure to sequential oxygen and hydrogen pulses at
473 K (top pane) and 543 K (bottom). Reprinted with permission from [73], A. Kolmakov et al., Nano Nano Lett. 5, 667 (2005). © 2005, American

Chemical Society.
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Figure 10(b) shows the schematic view of device used for
the in situ conductometric FET measurements under gas
exposure and metal deposition. The sensing performance
of a SnO, nanowire toward sequential oxygen and hydro-
gen pulses at two different temperatures before (dashed
curves) and after (solid curves) Pd deposition is shown
in Figure 10(c). Functionalizing the nanowire surface with
Pd leads to an enhancement in /g response for both gases
and shorter response time. Functionalizing the nanowire
surface with Pd leads to an enhancement in I, response
for both gases and to an increased speed of response. Pd
metal nanoparticles grown on reduced n-SnO, nanowires
and nanobelts were found to form Schottky-barrier like
junctions, which locally deplete the nanostructure of elec-
trons. The improvements of sensitivity can be explained by
the combined “spillover effect” of atomic oxygen formed
catalytically on the Pd particles then migrating onto the
tin oxide, and the back spillover effect in which weakly
bound molecular oxygen migrate to the Pd and are cat-
alytically dissociated. Raising the temperature raises,the
value of Ig and shortens the response time of the sensor
to O, and H,. This effect is most prominent for oxygen
for which the nanostructure only becomes activated above
543 K.

3. DIRECTED ASSEMBLY OF
NANOSTRUCTURE SENSORS

The application of nanostructures as building blocks for
sensor can be achieved by implementing effective assem-
bly and integration techniques to transfer the nanostructures
from growth substrates onto their respective device sub-
strates. Several methods have been developed to assemble
one-dimensional nanostructures which include ‘microflu-
idic channel, Langmuir-Blodgett, blown bubble film, self-
assembled monolayers, transfer printing alignment  etc.
In essence, these approaches employ external forces to
align the nanostructures via wet or dry media. In some
approaches, multilayer alignment is possible while oth-
ers allow selective spatial alignment in large-scale. The
development of nanostructures based sensor generally
involves two processes. First, the assembly of nano-
structures into highly integrated arrays with controlled
orientation and spatial position; second, integration of inter-
connects between nanostructures and the micro or macro-
scopic subsystems.

3.1. Transfer Printed Nanostructure Sensor

Transfer printing is a dry alignment technique whereby
nanostructures are printed in contact or close proximity
to the substrate allowing the nanostructures to be aligned
in the same direction and in a predetermined density.
The nanostructures are grown on a substrate “stamps”
and then stamped “printed” onto the receiving substrate.

160

The receiving substrate can have pre deposited electrodes
upon which nanostructures can be aligned. The transfer
printing deposition strategy has demonstrated to lead to
well-defined and reproducible three-dimensional integrated
circuits structures of controlled nanowires’ density and
alignment over large substrate areas.”* ">

Layer-by-layer assembly of nanowires for three-
dimensional multifunctional electronics has been reported
by Javey et al.”* The dry alignment process involves
(i) optimized growth of designed nanowires by nanoclus-
ter directed synthesis and
(ii) patterned transfer of nanowires directly from a
nanowire growth substrate to a second device substrate via
contact printing (Figs. 11(a-b)).

In detail, a photolithographically patterned device sub-
strate is first firmly attached to a bench top, and the
nanowire growth substrate is placed face down in con-
tact with the patterned device substrate. A gentle man-
ual ‘pressure is then applied from the top followed by
sliding - ‘the “growth/ substrate by 1-3 mm before the
growth' substrate is removed. Devices and circuits are
then fabricated on the printed arrays of nanowires using
conventional top-down lithography and metallization pro-
cesses. To fabricate a three-dimensional FET, the con-
tact printing of nanowires and device fabrication steps
are repeated several times, along with the deposition of
Si0, insulating layer, in order to obtain vertically stacked
electronic layers (Figs. 11(c—d)). Another work which is
also reported by the same group is ordered arrays of
single-crystalline nano- and microwires of GaAs and InP
with well-controlled lengths, widths, and shape have been
fabricated over large areas from high quality bulk wafers
by the use of traditional photolithography and anisotropic,
chemical wet etching.” Printing using elastomeric stamps
can/ transfer these wire arrays to plastic substrates, with
excellent retention of order and crystallographic orienta-
tion of the wires. Figure 11(e) shows the various printing
configuration; single to triple layers of nanowires patterns.
Electrical measurements on simple test structures demon-
strate the high degree of mechanical flexibility of the
resulting wire arrays on plastics. The combination of top
down wire fabrication and transfer printing represents an
effective route to ultrahigh performance macroelectronic
systems.

The nanowires are observed to be cleanly printed
only at lithographically predefined locations FET device
(Figs. 14(c—d)). The printed nanowires are aligned uni-
formly across mm or larger scale with relatively high
densities (~4 nanowire/um). The monolithic integration of
individual and parallel arrays of multifunctional and multi-
layer circuits consists of up to 10 addressable vertical lay-
ers. This alignment methodology is applicable for the wide
range of nanowire materials, substrates and device designs.
Furthermore, the simplicity and the low processing tem-
perature requirement of the method makes it ideal for
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Overview of 3D nanowire circuit integration. (a) Contact printing of nanowire from growth substrate to prepatterned substrate. (b) 3D

nanowire circuit is fabricated by the iteration of the contact printing, device fabrication, and separation layer deposition steps. (c) Optical microscope
image of 3D nanowire FETs. (d) Dark field image shows a parallel array of nanowires aligned between source (S), drain (D), and top gate (G)
electrodes. Reprinted with permission from [74], A. Javey et al., Nano Lett. 7, 773 (2007). © 2007, American Chemical Society. (e) Images of single
to multiple layers of GaAs wire array which are transfer printed using elastomeric stamps. Reprinted with permission from [75], Y. G. Sun and J. A.

Rogers, Nano Lett. 4, 1953 (2004). © 2004, American Chemical Society.

achieving high performance three-dimensional integfa.ted
circuitry with different functionalities in distinct layers.
To demonstrate the potential of nanowire printing for

movement when exposed to a non uniform electric field in
the suspension medium. The force depends on a number
of parameters such as the arrangement of the electrode,

large-area sensor integration, printed Si-nanowite fafrays’ | |the frequency of the electric field and the resulting elec-
were configured as H, sensors. P-type SINWs were printed MNT icrfield distribution as well as the dielectric properties

L
on Si substrates, and two-terminal devices w1th N1 sili-

of the particles and the surrounding medium. By changing

cide contacts were fabricated.”” The conductance'of the "(ﬁései' factors, this force will pull the particle towards the

Si nanowire array shows a strong dependence on the H,
exposure, even at relatively low concentrations (250 ppm).
It is worth noting that the nanowire printing method may
provide a viable route toward the realization of electronic
noses and smart sensors, capable of distinguishing chem-
ical species while determining their concentrations. Such
sensors may be envisioned through a large-scale integra-
tion of different sensor components interfaced with signal-
processing functions. To achieve this goal, heterogeneous
assembly of nanowire materials with orthogonal sensitivity
to different analytes is needed, which may be achieved
through a multistep nanowire printing process.

3.2. Dielectrophoretic Assembled
Nanostructure Sensor

Dielectrophoresis (DEP) technique utilizes the dielectro-
phoretic force acting on the particles to induce spatial

Sci. Adv. Mater. 3, 150168, 2011

higher electric field region (positive DEP effect) or push it
towards the lower field region (negative DEP effect). DEP
is a manipulation technique based on Maxwell’s classical
electromagnetic field theory to allow controlled movement
of particles in a controlled electric field between the preset
electrode structures. The DEP technique has demonstrated
the potential for the construction of the nanosensors or
nanoelectronic devices using as the nanostructured mate-
rial as the building blocks.

Jiang et al.”® have reported work on manipulation of ZnO
nanorods by applying AC signals of suitable frequency and
voltage to provide non uniform electrical field on different
patterns of electrode (Figs. 12(a-b)). Similarly, Li et al.”
have proposed DEP assembly of nanowires onto interdigi-
tated microelectrodes (Fig. 12(c)) and mounted on micro-
hotplate sensor platform (Fig. 12(d)).

Template-assisted electrodeposition method and a
two-step thermal oxidation are employed. Through
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electrodeposition synthesis method, one-dimensional
indium oxide, tin oxide, and indium—tin oxide nanowires
were successfully fabricated. The nanowires are uniform
and easy to process and assemble with good control of
chemical compositions. The process flow of fabricating
nanowire sensor via DEP alignment process is shown in
Figure 13.8° The nanowires solution is prepared and drop
casted onto prefabricated interdigitated electrodes. The
nanowires are observed to be randomly dispersed on the
electrodes. The electrical field was generated by connect-
ing a function generator to the interdigitated electrodes,
while a sinusoidal wave with a frequency of 5-6 MHz
and peak-to-peak voltage of 6 V was applied during the
DEP process. At room temperature, ethanol volatized
within minutes, leaving nanowires aligned between the
electrode pairs. Two thermal treatment processes were
carried out after the DEP assembly of nanowires to lower
the contact resistance between the aligned nanowires and
microelectrodes and increased the stability of the nanowire
assembled. First, aligned metal nanowires were heated to
about 10 °C below their melting points; the temperature
varied according to different material compositions. The
bonding process was carried out in an inert nitrogen
environment to prevent oxidation. Next, nanowires were
heated at the temperature just below the melting point of
the respective material in an atmospheric environment for
2 h. The temperature was later raised to 400-500 °C for
another 3 h to achieve full oxidation. After the thermal
and oxidation treatment, the nanowire sensor chip was
ready for electrical measurement and chemical response

testing. The sensor was investigated with different volatile
organic compounds. The sensitivity of three alcohols is
the highest for methanol follow by ethanol, isopropanol.
These findings coincide with the number of methyl groups
in their chemical structure. Two competitive dissociative
reactions were proposed® to explain the alcohol molecules
adsorbed on the oxide surface, simply described as O-H
and C-O bond-breaking processes, where the former one
has a greater contribution to the resistance drop. The
sensitivity order may relate to the preference of each
chemical over these two competitive reactions.

4. NON-CONVENTIONAL SUBSTRATE
SENSOR

Technological and industrial difficulties in further minia-
turization of devices have called for innovative ways to
incorporate gadgets into articles of everyday life. There
are many sensors which have been fabricated on non con-
ventional substrates namely the plastic, textile and paper
substrate sensor. The ability to fabricate sensor devices
on (plastic substrates is important owing to the demands
of handheld, portable consumer electronics. Plastic sub-
strates possess many attractive properties including bio-
compatibility, flexibility, light weight, shock resistance,
softness and transparency. However, plastics has low melt-
ing point and they tend to deform or melt at tempera-
tures-of ~200 °C. This limits the synthesis temperature
of nanostructures directly on the plastic substrate. Vari-
ous ways to transfer the nanowires from donor substrate
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Fig. 14. SEM images of (a) cotton textile substrate in low magnification, (b) bare cotton fibres, (c) ZnO nanorods-coated cotton fibres and (d) high
magnification images of ZnO nanorods on a cotton fibre. Scale bar in the inset represents 100 nm. Electrical responses of ZnO nanorods-on-cloth device
to (e) various concentrations of H, gas and (f) UV irradiation. Clean dry air (CDA) was used to flush the chamber before and after each hydrogen
injection. Experiments were performed in room temperature. Reprinted with permission from [89], Z. H. Lim et al., Sens. Actuators, B 151, 121 (2010).
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to plastic substrate such as nanoimprint, contact transfer,
Langmuir Blogett etc. have been developed. In addition,
low temperature synthesis processes have also been devel-
oped to overcome this limitation. Mc Alpine et al. have
reported plastic nanowire sensors based on Si nanowires
which exhibit parts-per-billion sensitivity to NO,, a haz-
ardous pollutant.’!

Another type of non conventional substrate sensor is
textile. Clothing is not only a necessity, it also encom-
passes a complete industry ranging from the down-to-earth
basics to the upmarket and chic. Smart clothing/textiles are
becoming very popular in the past decade. Smart textiles
which have been developed include silicon flexible skins

15

10

Force(N)

and organic transistors on textile fibers.#> 33 Another type of
the smart sensing textiles which uses piezo-resistive prop-
erties has been developed. The approach for fabricating the
fabrics was to coat a thin layer of piezo-resistive materials,
such as polypyrrole or a mixture of rubbers and carbons,
on conventional fabrics to form fabric-based sensors.?3¢
The function of the developed sensors is similar to that of
flexible strain gauges which can measure strains when they
are subjected to a tensile stress. Other innovations which
are not actively explored are textiles which can detect
environmental conditions, which then react and adapt to
environmental changes. Furthermore, smart textiles can be
made to measure and monitor the physiological conditions
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Fig. 15. SEM images of (a) low resolution ZnO-nanorods-coated textile with selected area (circled in red) for subsequent studies (b) the selected ZnO
nanorods-coated yarns before stretching, twisting and sonication, (c) the same yarns after repeated stretching and twisting and (d) 5 minutes of water
sonification. (e) Schematic diagram of the electro-mechanical testing and (f) electrical properties before and after each stretching and twisting cycle.
(g) Electrical measurement of ZnO nanorods-on-cloth device while subjected to controlled stress cycles with a mechanical testing system. Reprinted
with permission from [89], Z. H. Lim et al., Sens. Actuators, B 151, 121 (2010). © 2010, Elsevier Limited.
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of the wearer e.g., perspiration, heartbeat etc. Thus they can
be applied various healthcare systems.

4.1. Textile Sensor

While the development of wearable devices has been
reported, the incorporation of nano-materials into the
designs has not been well explored. In addition, problems
such as complex process, mass production, washability,
and wearing comforts needs to be well addressed. The ease
of synthesizing ZnO nanowires or nanorods on almost any
substrates welcomes large-scale incorporation on textile.
ZnO nano-structures are believed to be non-toxic and bio-
safe,¥” allowing their direct usage in daily applications.
While the use of nano-materials in daily human activities
raised questions on its potential health risks, there is to
date no in vivo evidence of toxicity of nano-particulate
Zn0.38

SEM images of the textile and nanorods displayed in
Figures 14(a—d) show radially oriented nanorods (diameter
~80 nm) with hexagonal cross-section grown along the
cylindrical fibres (diameter ~15 um).* Length of the
nanorods is ~1 um. The nanorods form a uniform and
dense coverage around entire lengths of the fibres to form
a cross-linked semi-conductive textile.

The conductive textile shows excellent multiple sens-
ing (gas and optical) performances at room temperature as
shown in Figures 14(e) and (f) respectively. In the presence
of hydrogen gas, chemisorbed oxygen ions are reduced
to release electrons to the conduction band of the ZnO
surface resulting in an increase in conductivity. In addi-
tion, the reduction reaction decreases the surface density
of the oxygen adsorbate, leading to a reduction in the
width of the depletion region and the height of the sur-
face potential barrier, thus resulting in the decrease in the
resistance of the sensor. The mechanism for UV sensing
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is similar to that of hydrogen sensing, with holes from
the photo-generated electron—hole pairs playing the role of
removing the adsorbed oxygen molecules instead.

A notable feature of the ZnO nanorods-coated textile
device is its fine morphological and electrical stability
under multiple stress and washing cycles. A critical chal-
lenge of semi-conductive yarns and textile is its durabil-
ity and constancy of electrical performance. SEM analyses
(Figs. 15(a—d)) of the nanorods -on-cloth before and after
stretching, twisting and ashing cycles show no cracks or
delamination of the nanorods from the fibres respectively.
Figure 15(e) shows a schematic of the electro-mechanical
testing. Electrical characterisations made before and after
each stretching and twisting cycle (Fig. 15(f)) show good
electrical stability. We further perform electrical conduc-
tivity measurements while stretching and relaxing the tex-
tile device in a controlled manner. The semiconducting
textile exhibits a higher conductivity when stretched due
to tighter packing (increased contact junctions) of/the ZnQ
nanorods-coated fibers. Figure 15(g) shows the variation of
current through the textile device as it underwent repeated
cycles of stress and relaxation. When the stress is released;
conductivity falls and stabilises to the original state. Again
the morphology of the nanorods-on-textile suffered no
cracks of delamination or noticeable degradation after the
electromechanical testing.

4.2. Free Standing Sheet Sensor

Another non conventional sensor substrate is a free stand-
ing sheet of nanowire paper. The nanostructures are to
be produced in gram quantities so that it can be easily
made into nanostructured paper sheet. The thickness of
the nanostructures sheet can be tuned according to the
amount of nanostructures used. After the filtering was
completed, a sheet of nanostructures was formed by sand-
wiching between a metal calender which was pressed' and
heated to ensure the nanowires are well dried and bonded
together to form the free-standing paper.

Bela et al. have been reported synthesis of hybrid
titanate and titania nanobelts (Figs. 16(a—d)) in a large-
scale quantity for gas sensing applications.”® The nanobelts
are synthesized from TiO, powder based on hydrolysis and
ion exchange of NaOH base and HCI acid respectively.
Sheets of as-synthesized nanobelts are used for electrical
and gas sensing measurements. Figure 16(e) shows the
white nanobelts sheet made without any addition of binder
or reinforcement chemicals. Cross-sectional SEM image of
Figure 16(f) shows that the nanobelts sheet has a thickness
of ~15 um. Figures 16(g and h) show the current response
of the sensor at varying and same ppm H, concentra-
tions respectively. The measurements were conducted at an
operating temperature of 300 °C. From the graphs, it is evi-
dent that the introduction of hydrogen causes the resistance
of the sensor to reduce because of the injection of electrons
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onto the surface of the metal-oxide nanostructures, thereby
improving the conductivity of the bulk sensing capabili-
ties. The resistance increases as the concentration of H, is
varied from 2500 to 1000 ppm. The response time (90%
of R, — Ry,) is achieved within the first 40-50 s while
the recovery time is 1.0-1.2 min. From the Figure 7(c), it
was observed that the sensing response was rather stable
and reversible. In oxidizing atmosphere of 300 °C, ambi-
ent oxygen is adsorbed on the surface of nanobelts most
likely with a negative charge. Subsequently, with the intro-
duction of a reducing H, gas, it reacts with the negatively
charged surface oxygen and decreases the resistance by
the injection of electron.

5. CONCLUSIONS

There is an immense technological and scientific potentials
of nanostructured materials in nanodevice applications,
and-already numerous nanomaterial based sensors using
various materials have been reported. These oxide materi-
als can be synthesized by various synthetic routes which
include both physical and chemical methods. The poten-
tial application of these nanostructures as sensor depends
greatly on the ability to precisely control their dimension,
chemical composition, surface property, phase purity, and
crystal structure. Sensor of various configurations; bulk,
two-terminal and FET device have been fabricated. The
integrability of the nanostructure sensor into microelec-
tronic fabrication technology is an issue that needs to
be addressed. Various ways to assemble nanowires so as
to ease the device fabrication process have been devel-
oped. The recent advances in assembling larger and more
complex nanowire sensor arrays and integrating them into
nanoscdle, electronics can lead to exquisite sensor sys-
tem-pegformances. These sensory systems can sensitively
transduce gas/chemical/biological binding events into elec-
tro'nic/digital signals which promise a sophisticated nano-
electronics sensing system.

6. FUTURE DIRECTIONS

Although nanomaterial based sensors are expected to out-
perform their bulk component, there are still many issues
and parameters to be studied and addressed. Parameters to
be explored include structural and composition tuning as
well as doping and functionalization of surfaces to increase
selectivity, sensitivity and materials integrity for long-term
stability. Other parameters such as limits of detection, lim-
its of quantification, dynamic range, response and recov-
ery times and lifetime have to be studied and improved
as well. The long-term reliability of a sensor is impor-
tant since progressive drifts in the characteristics and/or
responses of the sensors affect accurate testing and analy-
sis. The drift of the sensors are frequently related to high
working temperatures and exposure to chemically active
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ambient gas. Many other issues include aging, grain-size
growth, poisoning due to unknown chemical species, dif-
fusion processes within the device etc. are to be addressed
as well.

The future direction of the solid-state gas sensor is
towards integrated wireless/remote, multi-purpose sens-
ing, high selectivity recognition of a specific biological or
chemical species with “electronic-nose-tongue” capabili-
ties. In addition, development of miniaturized analytical
sensor which can be integrated in-line or/and as standalone
portable sensors is paramount for industrial applications.
The sensors can further be refined into a network of sensor
arrays providing rapid screening, monitoring and reporting
system. The data are collected in a database and form part
of a feedback guidance system to the control algorithm in
industrial processes.
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