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Real-time  detection  and  identification  of multiple  gases  based  on a single-nanowire  sensor  array  have
been investigated.  We  present  the  fabrication,  characterization,  and  sensing  performance  of  a  single-
nanowire  array  consisting  of  four  different  materials  from  three  categories,  which  are  metal  (palladium),
conducting  polymer  (polypyrrole  and  polyaniline),  and  semiconductor  (zinc  oxide),  on a  chip via  a  site-
specific  electrochemical  deposition  process.  The  presented  nanowire  array  on  a  single  chip has  been  used
eywords:
ingle nanowire
anowire array
anoelectronics
ensor circuit

to  detect  and  identify  four  target  gases  including  hydrogen,  methanol,  carbon  monoxide,  and  nitrogen
dioxide.  Each  single  nanowire  shows  an  excellent  sensitivity  at room  temperature,  and  a sub-ppm  (parts
per million)  detection  limit  is  achieved.  The  identification  of  these  four  targets  has  been  successfully
demonstrated  with  the  help  of principal  component  analysis.  Our  study  shows  that  this  single-nanowire
sensor  array  is  able  to  not  only  accurately  distinguish  four targets  but also  roughly  estimate  the  target
concentration,  forming  a basis  for an  electronic  nose  with  far-reaching  applications.
. Introduction

An electronic nose (e-nose) that mimics the olfaction system in
ammals is expected to be applied to a wide range of areas, such

s disease diagnosis, food quality inspection, gas chromatography,
nd spacecraft atmospheric monitoring [1–5]. These applications
equire that the e-nose not only detects an individual target at
xtremely low concentration (down to ppm or lower), but also
dentifies the exact chemicals of the target with high selectivity.
n order to improve sensitivity, previous studies employed nano-

aterials, such as nanowires and nanoparticles, as e-nose building
locks because of their high surface area to volume ratio and supe-
ior sensitivity for detecting volatile organic compounds (VOCs)
nd toxic industrial gases (e.g., NO2 and CO) [6,7]. Target identi-
cation, on the other hand, was mainly realized by including an
rray of different sensor elements to build a sensor array as the
ase for the e-nose device [8,9].

Despite previous success in gas detection, the reported sensor

rray based e-noses suffer from several drawbacks that seriously
imit their applications. First, the active materials in the sensor ele-

ents are usually limited to one type of material, such as metal
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oxides and conducting polymers [7–9]. This limitation restricts the
variety of sensible target molecules of the sensor array, thus ren-
dering it a device only applicable to specific targets. In addition,
the similar chemical properties among the active sensing mate-
rials in the array can result in a less than optimal selectivity. For
example, a reported sensor array based on only conducting poly-
mer  nanowires failed to clearly identify two  of the target VOCs [10].
Second, the previous nano sensor array studies were satisfied with
distinguishable sensing patterns but did not attempt to verify the
sensor performance in real situations or explore the possibility of
concentration estimation. For advanced cases, such as spacecraft
monitoring, where both the compositions and the concentrations
of targets need to be identified, the ability of the sensor array to
estimate the target concentration becomes extremely important.

In this work, we  present a site-specific electrochemical deposi-
tion method to incorporate an array of single nanowires on a single
chip. The incorporation of four single nanowires – palladium (Pd),
polypyrrole (PPy), polyaniline (PANI), and zinc oxide (ZnO) – from
three material types – metal, conducting polymer, and metal oxide
– into a sensor array is demonstrated for the first time. The devel-
oped sensor array in this research is able to detect four gases with
distinct properties, including carbon monoxide (CO, a very common
household toxic gas), hydrogen (H2, an important potential energy

source), methanol (CH3OH, a representative VOC), and nitrogen
oxide (NO2, a common oxidizing gas and a common industrial toxic
gas), and well-separated sensing patterns are built up with the
help of principal component analysis (PCA) for all targets, even at

dx.doi.org/10.1016/j.snb.2013.01.084
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:yunmh@engr.pitt.edu
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Fig. 1. Nanowire fabrication process and SEM images of synthesized single nanowires. (a) 4-in. Si wafer containing 69, 1 cm × 1 cm chips. (b) A chip placed under three probes
o  four 
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f  a probe station during nanowire electrochemical deposition. (c) Chip containing
rray  after wire bonding and integration. (e–g) SEM images of Pd, PPy, and PANI s
reas  on top and bottom denote Ti/Au electrodes. (h) SEM image of ZnO nanowire. 

xtremely low (sub-ppm) concentrations. Finally, a blind experi-
ent where the sensor array was exposed to four gas injections
ith unknown compositions and concentrations was conducted to

erify the identification ability. We  found that, by comparing each
njected target with the original sensing patterns, the target compo-
ition can be successfully identified and, moreover, approximated
ith the accuracy determined by calibration (data collected to build
p sensing patterns) PCA data point density. Therefore, the sensor
rray synthesis and systematic analysis performed here not only
rovide a feasible way of incorporating nanowires from different
aterial types on a single chip, but also point out a way for target

oncentration estimation through PCA.

. Experimental

.1. Template preparation and nanowire synthesis

The single Pd, PPy, and PANI nanowires were electrochemically
eposited inside predefined PMMA  nanochannels on top of a
ilicon (Si) chip. A p-type 4-in. Si wafer with a thin layer of SiO2
100 nm thick) was chosen as the substrate. After photolithography
nd e-beam evaporation, a total of 69 chips of 1 cm × 1 cm size were
efined on top of the wafer, and each chip consisted of 16 pairs
f Ti/Au working electrodes and 4 Ti/Au gate electrodes. A layer

f 100 nm thick PMMA was then spun on the wafer surface, while
-beam lithography was used to direct-write single nanochannels
ith adjustable width (typically less than 100 nm)  across each

i/Au working electrode pair. Because the distance between the
different single nanowires. (d) Sensor chip built on a chip with a single-nanowire
anowires, respectively. The bright thin line denotes the nanowire, and the bright

asurement setup for the read-out of sensor signal.

working electrodes decides the actual length of nanochannels,
both the width and length of the nanochannels can be predefined.

2.2. Nanowire synthesis

Fig. 1 illustrates the fabrication process of a nanowire sensor
array on a chip. After template preparation, the 4 in. wafer with
patterned electrodes and nanochannels (Fig. 1(a)) are cut into small
slices, and four different single nanowires are grown electrochem-
ically with a probe station (Fig. 1(b)) on top of these 1 cm × 1 cm
chips (Fig. 1(c)) using different electrolyte solutions. Each chip
had 16 pairs of working electrodes with one nanochannel across
each pair. Four gate electrodes were positioned in the center of
the chip to maximize the field effect. The purpose of adding gate
electrodes was to better control the nanowire growth by apply-
ing a vertical electric field underneath the channel, as discussed in
our previous studies [11,12]. A probe station (Micro Manipulation
Co. Inc.) with three probes was used to make direct contacts with
the electrodes. Two of the probes were connected with a pair of
working electrodes, while the third one was  connected with one
of the gate electrodes. A small drop of electrolyte solution was
placed on top of the nanochannel, while a semiconductor analyzer
(Agilent B1500A) was employed to provide a constant current sig-
nal through the working electrodes and a constant voltage signal

through the gate electrode. No heating element was used during
growth and growth temperature was  kept at room temperature
(27 ◦C). Once the nanowire growth was  complete, all the electri-
cal signals were turned off, and the remaining solution was  blown
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way. After the electrochemical growth, each chip with four single
anowires is assembled into a sensor device with external electrical
onnections (Fig. 1(d)). The electrolyte solutions for the nanowires
ere: Pd:Pd(NH2)2(NO2)2 (diaminepalladium nitrite) (10 g/L) and
H4SO3NH2 (ammonia sulfamate) (100 g/L); PPy:NaCl (0.2 M)  and
yrrole (98%, 0.1 M);  PANI:HCl (0.1 M)  and aniline (98%, 0.01 M);
nO:ZnCl2 (0.005 M)  and NaCl (0.015 M).  The growth of the Pd
Fig. 1(e)), PPy (Fig. 1(f)), PANI (Fig. 1(g)) single nanowires was
ompleted via electrochemical deposition, while the ZnO nanowire
rowth (Fig. 1(h)) was completed via an electrochemical deposition
ollowed by a hydrothermal treatment. In the hydrothermal treat-

ent, the chip with an electrochemically grown ZnO nanowire was
mmersed into a solution (0.05 M Zn(NO3)2 and 0.05 M HTMA) that

as heated up to 90 ◦C for 30 min  to fully oxidize the as-deposited
nO nanowire. All of the chemicals were purchased from Sigma
ldrich Inc.

.3. Sensor and characterization setup

The chip with four different single nanowires was rinsed in DI
ater and dried before they were stabilized on top of a 44 pin

eramic chip holder. A wire bonder was used to wire each pair of
orking electrodes to the external circuit. This chip holder was
lugged into a PLCC 44 socket (Fig. 1(d)), which was directly con-
ected to sensor input and output circuits. The gas flow system
as built on an MKS  mass flow controller (647C) and several mass
ow meters (1179A). Pure nitrogen (N2 99.999%) was used as both
arrier gas and dilution gas in the test. It is also used to simu-
ate the ambient conditions. Factory-certified hydrogen (H2: 10%
nd 0.1%), nitrogen dioxide (NO2: 10 ppm), and carbon monox-
de (CO: 2000 ppm) were purchased, and methanol (CH3OH) was
enerated by a homemade vapor generator, which is based on a
ip-in tube set-up using a glass Buchner funnel bubbler (refer to
upplementary Material for details on the vapor generator). These
arget source gases were diluted by pure N2 to a desired concen-
ration during gas detection. Fig. 1(i) illustrates a circuit diagram of
lectrical measurement setup for the electrical signal readout sys-
em from the sensor array, consisting of a programmable current
mplifier (Keithley 428), a data acquisition system with multime-
er (Keithley 2701), and a PC with real-time data analyzing program
LabVIEW). In this configuration, the current amplifier provides a
ias voltage of ∼17 mV (VBias), reads the current signal across each
anowire, and converts it into voltage signal with an adjustable
mplification factor of RGain. The voltage signal is then measured
y the data acquisition system and analyzed using a LabVIEW pro-
ram after converting voltage signal into resistance signal. This
ustomized LabVIEW program was designed to accurately con-
rol the gas flow rate and plot the real-time resistance signal of
ach nanowire. In this manner, the sensor’s current signal which is
eak and vulnerable to the environmental noise can be robustly
easured using a current amplifier, instead of being directly
easured.

. Results and discussion

Scanning electron microscopy (SEM) is used to investigate the
orphology of the four single nanowires, and the results are illus-

rated in Fig. 1(e)–(h). The diameters of the Pd, PPy, and PANI
ingle nanowires illustrated in Fig. 1(e)–(g) are 128 nm, 126 nm,
nd 104 nm,  respectively, and the nanowires are uniform along
he length of the channel with both ends well connected with

he electrodes, demonstrating that the growth of the nanowires
s well confined by the 100 nm wide and 5 �m long nanochan-
els. It should be noted that each chip is composed of 16
lectrode pairs. Thus, up to 16 different single nanowires can
rs B 181 (2013) 424– 431

be integrated onto the same chip by choosing the proper elec-
trolyte solutions, providing a superior expansibility for future
development.

The growth of the ZnO nanowire, unlike that of the Pd and con-
ducting polymer nanowires, is much less affected by the electric
field than by the substrate conditions [13]. Previous attempts to
fabricate ZnO nanowires laterally using hydrothermal processes
[14,15] are not readily compatible with the synthesis of other
materials either because of the prerequisite of a seed layer or
requirements for the substrate crystal structure. Different from
the ZnO nanowire, the zinc (Zn) nanowire can be easily obtained
through electrochemical deposition at room temperature [16]. In
this work, the Zn nanowire is first deposited into the predefined
nanochannel via electrochemical deposition at room temperature,
and a hydrothermal process is subsequently used to oxidize Zn into
ZnO. Fig. 1(h) shows that the fabricated ZnO nanostructure is a
nanorod bundle that consists of individual nanorods with diame-
ters around 500 nm,  and the width of the bundle is around 2.5 �m.
The growth of the ZnO nanowire bundle is limited along the chan-
nel across the electrodes due to the limited growth sites provided
by the electrochemically deposited Zn nanowire. As a result, the
site-specific lateral growth of the single ZnO nanostructure is real-
ized, although further improvement is needed to better limit its
size.

In order to verify the chemical compositions of these nanowires,
we employed energy dispersive X-ray spectroscopy (EDX) to char-
acterize Pd and ZnO nanowires and Raman spectroscopy (Raman)
to characterize PPy and PANI nanowires. The EDX spectrums
(supplementary material, Fig. S1)  showed clear Pd peak for the
Pd nanowire and Zn and O peaks for the ZnO nanowire, demon-
strating the successful formation of the Pd and ZnO nanowires. The
characteristic peaks in the Raman spectrums for PPy and PANI also
matched the values reported by previous studies [17–20],  demon-
strating the successful fabrication of PANI and PPy nanowires.

The chip with four single nanowires is then inserted into a
gas sensing system as described in Section 2. The real-time resis-
tances of four single nanowires can be monitored simultaneously
using a multiplexer. When each nanowire is exposed to target
gases, its resistance is subject to change because of chemical reac-
tions or physical adsorptions/absorptions on the nanowire surface.
We present this resistance change in a widely accepted normal-
ized format, relative sensor response (RS), which can be defined
as RS = (R − R0)/R0 × 100%. R and R0 represent the nanowire resis-
tances when exposed to a target gas and ambient conditions,
respectively.

In order to investigate the sensing behavior of each sensor mate-
rial, four targets (CO, CH3OH, H2, and NO2) with concentrations
spanning over two orders of magnitude are introduced into the
array. Fig. 2 presents the real-time responses from four sensor
elements when exposed to four target gases at different concen-
trations. Each row demonstrates the response for one target gas,
while each column demonstrates the response from one sensor
element. In this work, complete real-time responses for consec-
utive gas injection-purge cycles were used to provide information
on both sensitivity and reproducibility. As shown in the first row
of Fig. 2, the Pd nanowire is very sensitive to H2 with the low-
est detection limit at 94 ppm, although a 2 ppm detection limit
was demonstrated in our previous study [21]. The downgrade of
sensitivity may  be due to the higher noise level introduced by the
multiplexer during multichannel simultaneous monitoring. In con-
trast, the Pd nanowire has limited sensitivities to CH3OH (one order
of magnitude lower than for H2), and it is almost completely insen-

sitive to CO or NO2. This conforms to the fact that Pd is highly
selective and specific to H2 detection [22]. The second row shows
that, the PPy nanowire has similar sensitivities to all four gases.
In the third row, the PANI nanowire shows high sensitivities to
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Fig. 2. Real-time sensing signals from four single nanowires for four target gases at different concentrations. The x-axis is time (s), and the y-axis represents RS (�R/R × 100%).
The  rectangular in each graph represents the duration of each target gas injection, and the percent value on top of each rectangular represents the concentration of the target
gas.  Each sensing signal includes several gas injection/purge cycles at different concentrations.

Fig. 3. Relationships between gas concentrations and relative sensitivities. Summarized data for (a) CH3OH, (b) CO, (c) NO2, and (d) H2 with regard to different nanowire
materials presented in four plots. In each plot, the x axis is gas concentration in logarithmic form, and the y axis represents RS in logarithmic form [log(RS)]. Due to the minus
sign  of the RSs from ZnO, ZnO’s relative sensitivities are plotted using absolute values. The error bars represent the standard deviation due to the noise level in each gas
injection.
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ing the saturated RS for a target at a concentration. PCA is then used
to reduce the four-dimensional data to a two-dimensional (2D) or
three-dimensional (3D) space whose bases are the first two or three
principal components with the largest variances. This new data

Fig. 4. Data clustering plots via PCA for the four-nanowire sensor array. (a) 2D PCA
28 Y. Hu et al. / Sensors and A

H3OH and median sensitivities for the remaining three gases.
hese results are expected because PPy and PANI are well-known
ensors for VOCs [9],  and their sensitivities to CO, H2, and NO2 have
lso been reported. The sensing mechanisms of PANI and PPy are
ery similar; the introduction of small molecules into the poly-
er  matrix blocks some of the conducting path and results in an

ncreased resistance [23]. The sensing mechanism for NO2 is more
omplicated and involves reduction/oxidation reactions [24]. Dif-
erent from the Pd, PPy, and PANI nanowires, the ZnO nanowire is
ery sensitive to all four targets, showing considerably larger sen-
itivity in the last row of Fig. 2. Our findings match the fact that
nO is able to sense a wide range of targets with relatively high
ensitivity [25,26].  One thing worth mentioning is that, ZnO gas
ensors normally show an increased resistance when exposing to
xidizing gases such as NO2 and O2, considering the n-type con-
uction nature of ZnO nanostructures [27]. However, our sensor
howed a decreased resistance when NO2 was introduced. A possi-
le mechanism related to an N–P transition in ZnO nanostructure
hen it was exposed to NO2 has been proposed by Wang et al.,

lthough more in-depth research is needed to fully understand this
henomenon [28]. Clearly, these four different nanowires show
ifferent sensing patterns for the target gases, providing a solid
oundation for target gas identification. It should be noted that the
esponse times from some nanowires (e.g., ZnO nanowire) were
onsiderably long. The nanowire size is believed to be an important
actor impacting the sensor response time. In theory, the smaller
he nanowire is, the faster the nanowire gets saturated by the tar-
et gas either on the surface or in the bulk. As a result, a further
eduction of the nanowire size down to sub-50 nm range may  help
educe the response time. Other factors that may  play a role in the
esponse time include temperature and pressure. A higher sensing
emperature of the sensor or the sensing environment can effec-
ively increase the reaction rate, thus improve the response speed
f the sensors.

The concentration-dependent responses shown in Fig. 2 not only
rovide insights into the sensing mechanisms for different sensor
aterials, but they also set up a relationship between signals and

arget concentrations, forming a basis for concentration estimation.
o clearly express the concentration-signal relationship and to pro-
ide direct comparisons among nanowires, we plot the RSs against
arget concentrations in a logarithmic form in Fig. 3. Each plot cor-
esponds to one target gas, and the RSs of the four nanowires are
ompared. In Fig. 3(a), for CH3OH, the ZnO nanowire shows the
ighest sensitivity, and the Pd nanowire shows the lowest sensi-
ivity. The PANI nanowire shows a slightly higher sensitivity than
he PPy nanowire. In Fig. 3(b), for CO, the ZnO nanowire shows the
ighest sensitivity, and the PPy nanowire shows a slightly higher
ensitivity than the PANI nanowire. The Pd nanowire has almost
o sensitivity to CO. In Fig. 3(c), for NO2, the ZnO nanowire has
he highest sensitivity, and PPy has a higher sensitivity than the
ANI nanowire. The Pd nanowire has almost no sensitivity to NO2.
n Fig. 3(d), in the case of H2, the Pd and ZnO nanowires show
imilar sensitivity at high H2 concentration. But the Pd nanowire
emains highly sensitive to H2 even at a very low H2 concentration,
hile the sensitivity of the ZnO nanowire decreases sharply when

he H2 concentration drops. Neither the PPy nor PANI nanowire
hows a high sensitivity to H2. This again proves that the Pd
anowire is the most efficient in H2 detection. By comparing the

our plots, we can conclude the following: (i) this nanowire array
s able to detect all four targets with the lowest detectable con-
entrations of CH3OH, CO, H2, and NO2 at 1400 ppm, 182 ppm,
4 ppm, and 625 ppb (parts per billion), respectively; (ii) the sens-
ng patterns of the different nanowires are completely different;
nd (iii) the sensing signals are closely related to the target con-
entration. The disparity in the sensing patterns is utilized for gas
dentification, and the concentration-dependent sensing response
rs B 181 (2013) 424– 431

provides the basis for target concentration estimation. It is also
noticed that the PPy and PANI nanowires have similar sensing pat-
terns as compared to the ZnO and Pd nanowires. This infers that,
although chemically different, nanowires from the same material
type possess similar sensing patterns, which suggests that adding
different material types to the nanowire array could increase
selectivity.

A method that can clearly classify the different target gases and
predict both the composition and concentration of an unknown tar-
get gas is needed. PCA is a popular tool in e-nose signal processing
and recognition and has been employed widely in previous stud-
ies [1,6,8].  PCA reduces the dimensions of data by constructing a
new set of orthogonal bases (i.e., principal components or PCs) that
enable compact representations of the original data. In other words,
PCA focuses on the distinct features among individual nanowires
while eliminating the redundant and repetitive information. In this
work, the saturated RS values of each nanowire when exposed to
a certain target under certain concentration are extracted, and the
four nanowires constitute four data sets with each data point denot-
plot formed using the first two PCs (PC1 and PC2) shows clear clustering for data
points from each of the four gas targets at high concentrations although data points
at lower concentrations appear to be closely located. Inset: corresponding correla-
tion matrix for PC1 and PC2 in (a). (b) 3D PCA map using the first three PCs (PC1,
PC2, and PC3) shows a 3D view of the data points for all four target gases.
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Fig. 5. Real-time sensing signals and the corresponding PCA plot for a blind experiment consisting of four ‘unknown’ gas injections. (a) Real-time signals collected from the
four-nanowire array when the device is exposed to four consecutive gas injection-purge cycles. The four gas injection events are marked as G1, G2, G3, and G4, and each
gas  injection lasts for a period of 500 s followed by an introduction of pure N2 into the chamber to purge the target gases. (b) 3D scattering plot via PCA includes both the
smell  prints and points for the four new gas injection events, which are marked as octagons and labeled G1, G2, G3, and G4. (c) Comparison between real gas conditions and
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stimated conditions by the e-nose. The real compositions and concentrations (pre
or  a clear comparison.

atrix can be plotted in a 2D or 3D format for easy visualization,
ith each data point representing a certain gas under a certain con-

entration, and its coordinates are the scores with regard to each
C.

Fig. 4(a) and (b) illustrates the 2D and 3D PCA plots from this
our-nanowire sensor array. The variances possessed by the princi-
al components are 41.8% (PC1), 36.7% (PC2), 18.5% (PC3), and 3.00%
PC4). In Fig. 4(a), data points from NO2, CO, H2, and CH3OH aggre-
ate in different areas, which can be assigned as the specific sensing
atterns for these targets. However, differentiation between CO
nd NO2 at lower concentrations is difficult in this plot. Fig. 4(b)
hows a clearer view by adding PC3 to build a 3D plot. The total
ariance explained in this 3D plot is increased to 97%, thus almost
ll of the information is demonstrated. In this plot, NO2 and CO
ata points are clearly separated, and thus the sensing patterns
f the four gases are distinguishable even at the lowest detected
oncentration (625 ppb for NO2). One thing worth mentioning is
he contribution from the Pd and ZnO nanowires. According to the
CA coefficient matrix, shown in the inset of Fig. 4(a), ZnO and
d provide the most distinct coefficients for PC1 and PC2, respec-
ively. The difference between the coefficients from PANI and PPy,
n the other hand, is much smaller. This indicates that ZnO and Pd
rovide unique properties to this array, proving the idea that mate-
ials from different types are favorable in the e-nose application.
verall, we are able to successfully specify the sensing patterns

or NO2, CO, H2, and CH3OH down to a ppb concentration level
y using the sensor array consisting of the ZnO, PPy, PANI, and Pd
anowires.

After building up distinguishable sensing patterns, we furthered
he research by investigating the reliability of this sensor array in
ctual gas identification in a blind experiment. A blind experiment
s conducted where we  inject a target gas into the sensing chamber

ithout knowing its composition or concentration, and estimate

he gas type and concentration based on the real-time electrical
ignals from the nanowire array. Although overlooked in previous
tudies, this step is crucial for the following reasons. (i) It eliminates
d in parentheses) are listed above the estimated compositions and concentrations

the bias of the observer due to prior knowledge of the expected
result, improving the credibility of the observed results. (ii) It mim-
ics the real operation condition and verifies the performance of the
device by repeating the experiment and reassuring its reliability.
Fig. 5(a) presents a blind experiment sensing data that consists of
real-time signals from four consecutive unknown gas injections.
Each of the injected gas is one of the four target gases with arbi-
trary concentration. Pure nitrogen was used to purge the injected
gas for 500 s before the injection of next gas. The saturated RS val-
ues from the four nanowires for each gas injection are processed
by the PCA procedure mentioned above. After PCA, each gas injec-
tion corresponds to a new data point on the original PCA plot with
sensing patterns, as shown in Fig. 5(b). Although the data points
for low concentration gases are crowded, they are clearly separated
in a zoomed view (supplementary material, Fig. S2). Based on the
relative position between the injection data point and the sensing
patterns, the composition and concentration of each injected gas
can be estimated. Gas 4, for example, has a corresponding data point
closest to the point for 3.3 ppm NO2, so the best estimate for gas 4
is NO2 with a concentration of 3.3 ppm. It is worth mentioning that
the accuracy of the concentration estimation depends on the reso-
lution of the concentration in the original sensing patterns. That is,
by adding more calibration data points with intermediate concen-
trations into the sensing patterns, concentration estimation with
better accuracy can be achieved. Similarly, the estimated composi-
tions and concentrations for gases 1, 2, and 3 are 7.2% H2, 667 ppm
CO, and 3.6% CH3OH, respectively. Although the position of the data
point for gas 2 is not clearly shown in Fig. 5(b), a zoomed PCA
plot shows that this point sits closest to the point for 667 ppm CO.
Fig. 5(c) compares the actual and estimated gas compositions and
concentrations to verify the estimation accuracy. As demonstrated,
the compositions of all four injected gases are correctly estimated,
demonstrating the identification ability of this nanowire array. The

estimated concentrations are close to the actual values, although
their accuracy can be further improved by increasing the number
of calibration data points in the sensing patterns. Verified by the
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lind experiments, this sensor array not only successfully identi-
ed the four target gases but also provided rough estimations for
he target concentrations.

. Conclusions

In summary, we successfully fabricated, and demonstrated a
ensor array consisting of four different single nanowires, Pd, PPy,
ANI, and ZnO, site-specifically using electrochemical deposition.
he structure of these single nanowires was characterized using
EM, and the properties were confirmed using EDX and Raman
pectroscopy. The 1 cm × 1 cm chip with the four-nanowire array
n top was integrated into a sensing system, and four different tar-
et gases, including H2, CH3OH, CO, and NO2, were selected for
dentification. With the help of PCA, the sensing patterns for all
our target gases were successfully built up without overlap even
t extremely low concentration levels (625 ppb). In addition, a blind
xperiment verified the identification ability of the nanowire sen-
or array and provided rough estimations of target concentrations,
lthough further development is needed to improve the accuracy. It
s necessary to emphasize that we can potentially synthesize up to
6 different single nanowires site-specifically on the chip, greatly

mproving the target range and the identification ability of this sen-
or array. It should also be noted that this work employed pure dry
2 as carrier gases and more study is needed to investigate the

mpact of humidity on the individual sensors. To sum up, this work
emonstrated the fabrication of a single-nanowire/nanostructure
rray that can be used for target concentration estimation
hrough principal component analysis, opening up the possibility
f developing a widely applicable e-nose system that identi-
es both the composition and the concentration of the target
ases.
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