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ABSTRACT: A novel method for the selective and localized
synthesis of nanomaterials and their in situ integration based on
serial combination of localized liquid-phase reaction has been
developed for the fabrication of heterogeneous nanomaterial array.
This method provides simple, fast and cost-effective fabrication
process by using well-controlled thermal energy and therefore
solves the challenging problems of assembly and integration of
heterogeneous nanomaterial array in functional microelectronic
devices. We have fabricated a parallel array of TiO2 nanotubes,
CuO nanospikes, and ZnO nanowires, which exhibited adequate
gas sensing response. Furthermore, we could approximately determine individual gas concentrations in a mixture gas consisting
of 0−2 ppm of NO2 and 0−800 ppm of CO gas species by analyzing multiple data from an array of heterogeneous sensing
nanomaterials.

KEYWORDS: heterogeneous nanomaterial array, mixture gas sensor, local synthesis, semiconductor nanomaterial,
one-dimensional nanomaterial

■ INTRODUCTION

Since it was found that the electrical properties of metal oxide
semiconductors (e.g., ZnO and SnO2 thin films) are sensitive to
the chemical composition of surrounding atmosphere,1,2 metal
oxide semiconductor based gas sensors have been widely
developed because of their simple design and cost-effective
detection scheme for various gases.3−5 However, because of
their nonspecific reactions with various reducing or oxidizing
gases,6 filter embedded devices have to be used to reduce the
cross-sensitivity to interfering gases. The filters absorb certain
interfering gases, convert certain interfering gases to non-
reacting gases or block undesired large molecule gases.7−9

However, the filters cannot work on unexpected interfering
gases and should be replaced regularly because of the damage
and contamination by interfering gases. Another approach to
improve the selectivity of gas sensing system is to use an array
of multiple gas sensors. K. Persaud et al. introduced a system
consisting of three different commercial sensors and showed
accurate odor sensing performance by combining and analyzing
multiple data from the sensor array.10 Although multiple sensor
array can improve the sensitivity and selectivity of sensing
systems, as well as classify gas components in mixture gases,
their applications are limited due to their large size, high power
consumption and high manufacturing cost.11−15

Recently, one-dimensional (1D) nanomaterials have been
widely researched for gas sensor applications because of their
high sensitivity, fast response, small size, and low power
consumption. This can be attributed to their high surface
reactivity, large surface to volume ratio and small radius
comparable to the Debye length.16,17 To better utilize these
advantages of 1D nanomaterials, their highly integrated and
multiplexed array should be developed. Recently, several small-
sized nanomaterial array sensors have been developed by using
traditional sensor fabrication methods, such as screen
printing,18 inkjet printing,19 and drop casting.20 However,
these methods provided only limited resolution and alignment
accuracy for patterning on microelectronic devices. Alternative
methods for the integration and patterning of 1D nanomateri-
als, such as dielectrophoresis,21 contact printing,22 and focused
ion beam (FIB)23 based bonding process, have been developed
for the integrated sensor array fabrication. However, they have
several drawbacks such as poor controllability, low throughput
or weak contact between electrode and sensing materials.
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To overcome these problems and to realize high-perform-
ance multiplexed gas sensor array, we developed an alternative
hybrid nanofabrication method for the controlled synthesis of
functional nanomaterials based on hydrothermal reaction24,25

and liquid phase deposition (LPD)26 at localized and selected
locations enabled by thermal energy control. Scheme 1 shows

the basic principle of this method. A localized temperature
increase at Joule-heated microheaters within liquid precursor
results in the convective mass flux of precursor to the
microheater, at which direct synthesis and integration of
nanomaterials occur. A serial combination of this process by
using different microheaters and liquid precursors realizes an
array of heterogeneous nanomaterials (see Scheme 1a). No
cross-contamination between nanomaterials or their damages
occur by choosing proper sequence of precursor liquid and
thorough rinsing between each step. This kind of highly
integrated and multiplexed array of different functional
materials can be used for advanced engineering applications
such as multiplexed chemical sensor array for multicomponent
gas analytes (see Scheme 1b).
In this work, we realized the fabrication of multiplexed array

of heterogeneous nanomaterials by using the propose method;
As a proof-of-concept, we have fabricated an array of CuO
nanospikes, ZnO nanowires, and TiO2 nanotubes that are
common materials for gas sensing applications.27 In addition,
we have employed a simple graphical method for quick and
easy quantification of multicomponent gas analytes with much
less computational cost. Previously developed methods for
multicomponent sensors including principal component
analysis (PCA), redundancy analysis (RDA), artificial neural
networks (ANNS), etc., are not suitable for nonlinear equations
or computationally intensive for real-time gas sensing
applications. On the other hand, graphical method has been
widely used for simple numerical solution of simultaneous
nonlinear equations.28 In this work, three nonlinear equations
obtained from different sensor signals were utilized to find
concentrations of two individual gas components. Since the
number of equations is larger than the number of unknowns,
we estimated the gas concentrations by using the incenter of
the triangle formed by three equations. In specific, we could

easily detect the concentrations of NO2 and CO gases in their
single component or mixture samples by using the multiple
sensing signals from the array of heterogeneous sensing
materials and simple graphical analysis.

■ MATERIALS AND METHODS
Design and Fabrication of Microheater Devices. Two kinds of

microheater embedded devices were used in this work: devices with
single embedded microheater and devices with three embedded
microheaters. Both devices were fabricated by conventional micro-
fabrication processes. Photoresist (PR; AZ5214, MicroChemicals
GmbH, Germany) was patterned on a Si wafer with 2 μm thick
thermal oxide by photolithography process. A 10 nm thick titanium
(Ti) adhesion layer and 200 nm thick platinum (Pt) film were
deposited on the substrate by e-beam evaporation and PR layer and
dummy Pt film were lifted-off in acetone to obtain Pt microheater.
Then, a 600 nm thick silicon dioxide (SiO2) layer was deposited on the
substrate by plasma enhanced chemical vapor deposition (PECVD) at
250 °C for the electrical insulation. Then, PR was patterned again on
the SiO2 layer to fabricate interdigitated electrodes by aligning with
underlying microheaters. A 10 nm thick chrome (Cr) adhesion layer
and 200 nm thick gold (Au) film were deposited on the substrate by e-
beam evaporation and lift-off process was carried out to define
interdigitated electrodes.

Synthesis of Nanomaterials. Three kinds of precursor solutions
were used in this work: CuO nanospike precursor, ZnO nanowire
precursor, and TiO2 nanotube precursor solutions. The CuO
precursor solution consists of 4 mM copper(II) nitrate hydrate
(Cu(NO3)2·xH2O) and 4 mM hexamethylenetetramine (HMTA,
C6H12N4) in DI water; ZnO precursor solution consists of 25 mM zinc
nitrate hexahydrate (Zn(NO3)2·6H2O), equimolar HMTA and 6 mM
polyethylenimine (PEI) in DI water; and TiO2 precursor solution
consists of 0.3 M boric acid (H3BO3) and 0.1 M ammonium
hexafluorotitanate ((NH4)2TiF6) in DI water. (All chemicals were
purchased from Sigma-Aldrich.) To synthesize single-type nanoma-
terials, a small PDMS well was attached on the single microheater
embedded device and 0.01 mL of CuO or ZnO precursor solution
were dispensed in the well. A DC bias of 1.9 V was applied to the
microheater for 5 and 60 min to synthesize CuO nanospikes and ZnO
nanowires, respectively. To synthesize TiO2 nanotubes, 0.01 mL of
TiO2 precursor solution was supplied to presynthesized ZnO nanowire
templates. After 15 min, TiO2 precursor solution was removed and the
device was washed in DI water. To synthesize heterogeneous
nanomaterial arrays, devices with three embedded microheater array
were used. The fabrication process consisted of four steps: (1) CuO
nanospike synthesis, (2) ZnO nanowire synthesis, (3) conversion of
ZnO nanowires to TiO2 nanotubes, and (4) ZnO nanowire synthesis.
First, a small PDMS well was attached on the device. 0.01 mL of CuO
precursor solution was dispensed in the well and 1.9 V DC bias was
applied to the microheater 2 for 5 min. Then, 0.01 mL of ZnO
precursor solution was dispensed and the same electrical bias was
applied to the microheater 1 for 60 min. Afterward, 0.01 mL of TiO2

precursor solution was supplied for 15 min without any heating. In the
last step, 0.01 mL of ZnO precursor solution was supplied again and
the same electrical bias was applied to the microheater 3 for 60 min.
The device was thoroughly washed with DI water after each step in
order to prevent the chemical contamination between different
nanomaterials.

Mixture Gas Sensing Test. The heterogeneous nanomaterial
array device was located in the test chamber and various
concentrations of NO2 and CO mixture gas were supplied into the
chamber by controlling the flow rates of air balanced target gas and air
with mass flow controllers (MFCs). An electrical power for
microheater was applied by using a DC power supply (E3642A,
Agilent) and the resistances of three sensing materials were
simultaneously measured by source meters (2400 and 2636B,
Keithley).

Scheme 1. (a) Heterogeneous Nanomaterial Array
Fabrication by Series of Localized Liquid-Phase Synthesisa

and (b) Multiplexed Gas Sensor Based on Heterogeneous
Nanomaterial Array Used for Multi-Component Gas Sensing

aThe nanomaterials are selectively and locally synthesized at the
targeted spots by localized thermal energy control in different liquid
precursor environments.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00110
ACS Appl. Mater. Interfaces 2015, 7, 10152−10161

10153

http://dx.doi.org/10.1021/acsami.5b00110


■ RESULTS AND DISCUSSION
To fabricate an array of heterogeneous nanomaterials in small
areas for highly integrated sensor device, we have employed
local hydrothermal reaction by using device platform with
embedded microheaters (see Supporting Information Figure S1
for the detail of device). Various kinds of nanomaterials can be
locally synthesized at the targeted area. Figure 1a shows the

schematic of localized hydrothermal synthesis of metal oxide
nanomaterials. When a metal oxide precursor solution is
supplied and an electrical bias is applied across the embedded
microheater, the local hot spot is generated by Joule heating
and the temperature of precursor solution is locally increased
near the microheater. The nanomaterials are synthesized on the
electrodes by endothermic reaction. The fresh precursor
solution is continuously supplied with a convective flow
induced by local heating and nanomaterials continue to grow
during the reaction period. The nanomaterials make reliable
bonding with electrodes because they are directly synthesized
on the electrodes. The nanomaterials grown on the
interdigitated electrode pairs are connected with each other,
making an electrical interconnection for the device. More
specifically, Figure 1a and 1b shows the schematics of synthesis
process of CuO nanospikes and ZnO nanowires. The precursor
solutions for CuO nanospikes or ZnO nanowires are supplied
in a small liquid container and electrical bias is applied across
the microheater. The CuO nanospikes or ZnO nanowires are
locally synthesized at the designated areas. As shown in Figure
1c, TiO2 nanotubes are synthesized by additional LPD of TiO2
layer along the surface of presynthesized ZnO nanowire
templates. The tubular structure of TiO2 is formed because
of the in situ etching of ZnO nanowire template under low pH
environment of TiO2 precursor while TiO2 layer is formed on
the surface.27 Figure 2 shows the scanning electron microscopy
(SEM) images, transmission electron microscopy (TEM)
images and electron dispersive spectroscopy (EDS) data of
CuO nanospikes (Figure 2a−e), ZnO nanowires (Figure 2f−j),
and TiO2 nanotubes (Figure 2k−o). The size of nanomaterials

varies by the location because of the temperature variation near
the microheater. The average length of ZnO nanowires at the
center of the nanowire bundle is ∼6 μm but dramatically
shortens at the edge. The average diameter of ZnO nanowires
is ∼50 nm and almost independent from the location since the
PEI functioned as side wall capping agent.29,30 However, several
thicker nanowires can be observed due to the fusion of adjacent
nanowires during the synthesis process. TiO2 shows tubular
nanostructures with thickness of 20−50 nm and inner diameter
similar to those of ZnO nanowires. The height and diameter of
CuO nanospikes are approximately 2 μm and 200 nm,
respectively. Because of low thermal conductivity of nanosized
CuO,31 heat could not be effectively transferred along the
longitudinal direction and nanospikes were synthesized with
uniform lengths on the entire microheater. The HRTEM
images of CuO nanospike (Figure 2e) and ZnO nanowire
(Figure 2j) exhibit that spaces between two neighboring fringes
are 0.27 and 0.52 nm corresponding to the distance of the
[110] and [0001] plane of CuO32 and ZnO,33 respectively. As
shown in the SEM and TEM images of TiO2 nanotubes (Figure
2l, n, and o), they were synthesized as tubular structure with no
specific crystallinity. (see Materials and Methods section and
Supporting Information for details about the synthesis process
of nanomaterials)
Multiplexed array of heterogeneous nanomaterials can be

fabricated by the sequential combination of above-mentioned
synthesis processes. To synthesize an array of heterogeneous
nanomaterials on a single chip, a device platform embedded
with three individual microheaters were fabricated by using the
same conventional microfabrication process as the single
microheater device. The dimensions of individual microheaters
are the same as those of single microheater device and each
microheaters are separated by 200 μm to avoid the thermal
effect by the neighboring microheaters (Figure 3a). Figure 3b−
d shows the infrared (IR) image of microheater array, while 3.5
V of electrical bias was applied to the first, second and third
microheater, respectively. The temperatures of targeted micro-
heaters were locally raised and the IR image of these regions
got immediately brightened. As shown in Supporting
Information Figure S2a and b, the microheater was rapidly
heated and cooled within 0.03 s because of the small heat
capacity.34 The temperature profile on chip obtained by
numerical simulation also verifies highly localized heating. As
shown in the numerical simulation results (Figure 3e and g),
the temperature increase is highly localized and does not affect
neighboring regions. The temperature at the heating zone is
estimated to be 300−350 °C by the measurement of
microheater resistance as well as by numerical simulation.
Figure 3f and h shows the numerical simulation results of
temperature profile during nanomaterial synthesis process in
the aqueous precursor solution, in which the temperature is
also locally increased to the synthesis temperature (85−95 °C)
on the selected microheater. Supporting Information Figure
S3a−f shows the temperature profile of the chip while electrical
bias was applied to all three microheaters in the air and the
precursor solution, respectively. The temperature is also locally
increased near the microheaters and the heat is not spread to
the surroundings. As shown in the cross-sectional temperature
distribution (Supporting Information Figure S3e and f), high
temperature regions are isolated in the insulation layer
composed of SiO2 because of its low thermal conductivity.35

The SiO2 insulation layer reduces the heat transfer to the
bottom direction, thereby the heat can be efficiently used for

Figure 1. Process flow for nanomaterial synthesis. Schematics of
localized hydrothermal synthesis process for (a) CuO nanospikes and
(b) ZnO nanowires. (c) Schematics of liquid phase deposition process
for the TiO2 nanotubes with presynthesized ZnO nanowire template.
CuO nanospikes and ZnO nanowires are selectively synthesized on the
locally heated areas by using microheater. TiO2 nanotubes are
synthesized by room-temperature liquid phase deposition on the ZnO
nanowire template and simultaneous removal of ZnO nanowires in
acidic environment.
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nanomaterial synthesis (during synthesis process) and for
heating the sensing materials (during sensor operation).
The fabrication process for heterogeneous nanomaterial array

was designed by using serial combination of localized
hydrothermal reaction (i.e., hydrothermal synthesis of CuO
nanospikes and ZnO nanowires) and LPD process (i.e.,
synthesis of TiO2 nanotubes). Figure 4a and b shows the
schematics of fabrication process, which consists of four steps:

(step1) synthesis of CuO nanospikes on microheater 2 by local
heating in CuO precursor solution; (step 2) synthesis of ZnO
nanowires on microheater 1 by local heating in ZnO precursor
solution; (step 3) conversion of ZnO nanowires to TiO2

nanotubes on microheater 1 at room temperature in TiO2

precursor solution; (step 4) synthesis of ZnO nanowires on
microheater 3 by local heating in ZnO precursor solution.
Details of process parameters and procedures were already

Figure 2. Surface characterization of locally synthesized nanomaterials: SEM images of (a, b) CuO nanospikes, (f, g) ZnO nanowires, and (k, l) TiO2
nanotubes; EDS data of (c) CuO nanospikes, (h) ZnO nanowires, and (m) TiO2 nanotubes; TEM images of (d, e) CuO nanospikes, (i, j) ZnO
nanowires, and (n, o) TiO2 nanotubes. The results show that each nanostructure was successfully synthesized on desired location by either localized
hydrothermal synthesis (CuO nanospikes and ZnO nanowires) or localized liquid phase deposition (TiO2 nanotubes).
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explained in the Synthesis of Nanomaterials section. To
minimize the cross-contamination between different nanoma-
terials, the sample chip was thoroughly rinsed with deionized
(DI) water after each synthesis step. Figure 4c shows the SEM
images of the device after each synthesis step. Although all
three electrodes were exposed to the CuO precursor solution in
step 1 and to the ZnO precursor solution in step 2 and 4, the
target nanomaterials were synthesized only at the desired
location in each synthesis step by localized temperature control
with individual microheaters. Supporting Information Figure S4
shows the SEM images of nanomaterials after each synthesis
step and Figure 4d−i shows the high resolution SEM images
and EDS data of finally synthesized nanomaterials. The ZnO
nanowires were successfully converted to the TiO2 nanotubes
and the shape of other nanomaterials were not changed during
successive synthesis processes. The geometrical parameters
(shape, average diameter, and length) of TiO2 nanotubes, CuO
nanospikes and ZnO nanowires were almost identical to those
of individually synthesized materials on the single microheater
devices. The EDS data indicates that TiO2 nanotubes contain
only small percentages of Zn elements remained after the
conversion process in step 3. Also, the EDS spectra data from
the CuO nanospikes and ZnO nanowires show the purity of

synthesized materials without detectable cross-contamination
(Supporting Information Figure S5).
The heterogeneous nanomaterial array consisting of TiO2

nanotubes, CuO nanospikes and ZnO nanowires can be used as
a multiplexed sensor for the multicomponent gases. The
adsorption/desorption of gas molecules and corresponding
change of surface potential are the essential principle for the
resistive type metal oxide based semiconductor gas sensors. In
the atmospheric condition, oxygen molecules are adsorbed on
the surface of metal oxide materials and form negative oxygen
ions (O−) by capturing electrons from the material. The charge
carriers of n-type materials (e.g., TiO2 nanotubes and ZnO
nanowires) are electrons and those of p-type materials (e.g.,
CuO nanospike) are holes.36,37 When metal oxide materials are
exposed to the oxidizing gas (e.g., NO2), oxygen ions formed
from the oxidizing gas are adsorbed on the surface of sensing
materials by capturing electrons. As a result, free electron
density within n-type materials is decreased and hole density
within p-type materials is increased.38−40 On the contrary,
when reacting with reducing gas (e.g., CO), oxygen ions are
desorbed from the surface of metal oxide and free electrons are
returned to the metal oxide. Therefore, the electron density in
n-type materials is increased and hole density in p-type

Figure 3. (a) Schematic of the sensor array device consisting of three microheaters, insulation layer, and three pairs of interdigitated sensing
electrodes. (b−d) Infrared image of sensor array during local heating at the microheaters 1−3, respectively, under 3.5 V of DC bias; Temperature
profile of the microheater array device in (e) the air and (f) the precursor solution by numerical simulation; Temperature-position curve along the
center line of the microheater array device in (g) the air and (h) the precursor solution. Here, 3.5 and 1.9 V of DC bias were applied to microheater
for Joule-heating in the air and the precursor solution, respectively.
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materials is decreased.41,42 Because of these contrasting sensing
responses, the device composed of both n-type (i.e., TiO2

nanotube and ZnO nanowire) and p-type (i.e., CuO nano-
spike) nanomaterials are useful to detect both oxidizing gases,
reducing gases and their mixtures.43,44 In addition, the junction
of semiconductor material and metal electrode plays an
important role to determine the gas sensing characteristics.
The work function of n-type materials (ZnO and TiO2) are
lower than that of metal (gold) electrode and that of p-type
materials (CuO) is higher than that of metal (gold) electrode.
Therefore, the materials should show Schottky contact.45−47

However, the current−voltage (I−V) curves of sensor materials
indicate very weak Schottky contacts (Figure 5a−c). These
behaviors can be explained by Fermi level pinning caused by
defects in the sensing materials. Because of the high densities of
energy states in the band gap at the metal−semiconductor
interface, the affinity rule is no longer valid and the Schottky

barrier height is smaller than energy difference between work
function of metal and electron affinity of semiconductor.48−50

The energy state densities of the semiconductor materials can
be verified by measuring the absorbance of the materials. The
bandgaps of TiO2, CuO, and ZnO are 3.2,51 1.2,52 and 3.37
eV,53 respectively, which correspond to the wavelengths of λ =
387, 1033, and 367 nm, respectively. The absorbance-
wavelength curves indicate that significant amount of visible
light is absorbed by the TiO2 nanotubes, ZnO nanowires and
CuO nanospikes (see Supporting Information Figure S6a−c).
These absorption spectra appear to originate from detects
between conduction and valence bands of the materials.52,54,55

These defects were generated by hydrothermal and LPD
processes and made weak Schottky contacts by increasing the
densities of energy states.
Another crucial factor for the sensor response is the junction

between sensing materials.56 Numerous junctions are formed

Figure 4. Fabrication of heterogeneous nanomaterial array: (a) Schematic of fabrication setup; (b) Process flow of the nanomaterial array
fabrication: CuO nanospike synthesis on microheater 2, ZnO nanowire synthesis on microheater 1, conversion of ZnO nanowires to TiO2 nanotubes
on microheater 1 and ZnO nanowire synthesis on microheater 3; (c) SEM images of the nanomaterial array in the synthesis sequence: CuO
nanowires on on microheater 2 after step 1, ZnO nanowires on microheater 1 after step 2, TiO2 nanotubes on microheater 1 after step 3 and ZnO
nanowires on microheater 3 after step 4. High resolution SEM images and EDS data of (d, g) TiO2 nanotubes, (e, h) CuO nanospikes, and (f, i)
ZnO nanowires on the array device show that different nanomaterials were successfully synthesized without detectable cross-contamination.
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between synthesized nanomaterials during the synthesis
process. For example, ZnO nanowires grown on the
interdigitated electrode form numerous junctions (see Support-
ing Information Figure S6d). When a ZnO nanowire meet
another nanowire on its growth direction, two nanowires are
first interconnected but continuously grow along their own
crystalline growth directions. These nanowire junctions
generate potential barriers that play crucial roles to enhance
the sensitivity to the target gases.56 For example, in n-type
materials, the junctions have high electrical resistances in the
atmospheric condition by capturing oxygen molecules as
negatively charged oxygen ions. The potential barriers of
junctions are dramatically increased or decreased by reacting
with oxidizing (e.g., NO2) or reducing (e.g., CO) gases,
respectively. The concentrations of each component in mixture
gas can be determined by combining and analyzing multiple
data from each sensing material. The sensing tests were
conducted for multicomponent gases consisting of 0−2 ppm of
NO2 and 0−800 ppm of CO gases, which are comparable to
the air quality guidelines (exposure for 1 h) by World Health
Organization (WHO).57,58 Figures 5d−f shows the responses
of multiplexed sensor consisting of three nanomaterials to
multicomponent gases. Here, the response was defined as S =
Rgas/R0 = 1 + (ΔR/R0), where R0, Rgas, and ΔR represent the
baseline resistance in ambient condition, the resistance during
target gas exposure and the change of resistance by the
exposure to target gas, respectively. It is well-known that the

resistance of n-type materials is increased with increasing
concentration of oxidizing gas (e.g., NO2) and decreased with
increasing concentration of reducing gas (e.g., CO).36,38,39,41,42

On the other hand, the resistances of p-type materials show the
opposite behavior to oxidizing or reducing gases.36,37,40,59,60

The empirical and theoretical investigations have confirmed
that the relative changes of resistances of semiconducting metal
oxide materials by single target gas are nonlinear power
functions of its partial pressure (i.e., ΔR/R0 = aPn, where P is
the partial pressure of the target gas and a and n are real
constants).61,62 However, the response to multicomponent gas
analytes has not been well studied due to the nonlinear
relationship between response and partial pressure, and the
interaction between analyte gases that complicates the sensor
response.62 Both NO2 and CO gases react with the sensing
material and they also can react with each other in the air.63−65

However, only the surface reactions were considered in this
work because the reaction between NO2 and CO gases can be
ignored due to their low concentrations.64,65 The empirical
equations for the sensor response were determined by using
multiple data of response versus gas concentrations (as shown
in Supporting Information Figure S7). Six equations (Support-
ing Information eqs S1−6) were obtained by using three kinds
of sensing materials (TiO2 nanotubes, CuO nanospikes, and
ZnO nanowires) and two kinds of target gases (CO and NO2).
The equations for the sensor responses to multicomponent gas
were obtained by multiplying two equations for different gas

Figure 5. Current−voltage curves of (a) TiO2 nanotube, (b) CuO nanospike, and (c) ZnO nanowire array. Sensing responses of (d) TiO2 nanotube,
(e) CuO nanospike, and (f) ZnO nanowire arrays to various mixture of 0−2 ppm of NO2 gas and 0−800 ppm of CO gas. N-type semiconductors
(TiO2 nanotubes and ZnO nanowires) show increasing resistance in oxidizing gas (NO2) and decreasing resistance in reducing gas (CO). P-type
semiconductor (CuO nanospikes) exhibit the opposite response patterns.
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analytes because six equations were derived from the same gas
sensing mechanism (i.e., adsorption and desorption of oxygen
molecules on the surface of the nanomaterials) and they are
individual state functions.66 Three integrated equations for
different sensing materials (eqs 1−3) can be obtained as listed
below (see Supporting Information for details about finding the
relationships between response and concentration)

= + · ·

+ − ·

S P P

P P

[1 {628900 ( / ) }]

[1 { 12.84 ( / ) }]

TiO NO atm
1

CO atm
0.5435

2 2

(1)

= + − · ·

+ ·

S P P

P P

[1 { 15700 ( / ) }]

[1 {4.106 ( / ) }]

CuO NO atm
0.9268

CO atm
0.4888

2

(2)

= + · ·

+ − ·

S P P

P P

[1 {1346000 ( / ) }]

[1 { 7.324 ( / ) }]

ZnO NO atm
1

CO atm
0.5444

2

(3)

Three equations listed above can be used for the estimation
of unknown concentrations of CO and NO2 gases in their
mixture by graphical solution to overdetermined nonlinear
simultaneous equations.65 To demonstrate the validity of this
method, we have tested the gas sensors for two different
mixture gases (sample gas I [NO2] = 0.2 ppm, [CO] = 50 ppm;
sample gas II [NO2] = 0.2 ppm, [CO] = 400 ppm). Figure 6a
and b shows the response of multiplexed gas sensor to the
sample gases I and II. The average responses of the TiO2
nanotubes, CuO nanospikes and ZnO nanowires were 1.066,
1.022, and 1.209 to sample gas I and 0.868, 1.076, and 1.121 to
sample gas II, respectively. Three curves for NO2 versus CO
concentrations corresponding to the measured response of
TiO2 nanotubes, CuO nanospikes, and ZnO nanowires were
first obtained as shown in Figure 6c. Although three curves for
each sensor should intersect at the same point in an ideal
situation, they intersect with each other at three different points
since the equations were formulated by empirical method with
experimental results, in which a certain levels of errors can be
involved. Therefore, we have instead taken the incenter of
triangle formed by these three individual intersection points as
the estimated concentrations of NO2 and CO in the mixture
gas. The method proposed in this work is composed of three
convergence process to calculate the intersection points and
simple calculation to obtain the incenter of these intersection
points. This simple analysis method can be suitable for real-
time, portable gas sensor applications that require fast and
simple calculation for the quick estimation of gas concen-
trations. As shown in Figure 6d and e, the concentrations of
NO2 and CO gases in the sample gas I were estimated as 0.186
and 39.00 ppm, respectively. The errors between the estimated
and real concentrations were 7.12% and 22.00% for NO2 and
CO gases, respectively. By using the same method, the
concentrations of NO2 and CO gases in sample gas II were
estimated as 0.164 and 438.9 ppm, respectively. In this case, the
relative errors were 17.76% and 9.73% for NO2 and CO gases,
respectively. (see Supporting Information for details about
estimating the concentrations of NO2 and CO gases) These
errors might be due to the instability of sensor, inaccurate
fitting or possible reaction between NO2 and CO gases. These
error can be reduced by using more stable and reliable sensing
materials and by larger number of gas tests for more accurate
extraction of empirical equations. Nonetheless, this approach

Figure 6. Estimation of mixture gas concentrations by graphical
solution: (a, b) sensing responses of array of TiO2 nanotubes, CuO
nanospikes, and ZnO nanowires to the mixture of NO2 and CO gases
((a) sample I, 0.2 ppm of NO2 and 50 ppm of CO; (b) sample II, 0.2
ppm of NO2 and 400 ppm of CO). (c) Schematics of concentration
estimation process. The inset of the three intersection points of the
three curves from three sensing materials is considered as the
concentrations of individual gases in their mixture. (d, e) Calculation
of concentrations of NO2 and CO gases in sample gas I (d) and II (e).
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provides very simple method to the estimation of individual gas
concentrations in the mixture gas with reasonable accuracy.

■ CONCLUSIONS
In summary, we have developed a novel and facile fabrication
method for the heterogeneous nanomaterial array by using
sequential combinations of localized hydrothermal and LPD
reaction processes in different liquid chemical environments.
This method enables the fabrication of highly integrated array
of different nanomaterials within a sub-500-μm region on a
single device chip by simple and low-cost process. The device
demonstrated sensitive gas sensing performance under subppm
of NO2 gas and tens of parts per million of CO gas.
Furthermore, we could determine the concentrations of NO2
and CO gases in the mixture gas by analyzing data from the
three sensing materials via graphical method of overdetermined
simultaneous nonlinear equations. The fabrication technology
developed here allows selective synthesis and direct integration
of multiple functional nanomaterials with less power and
material consumption. Although we have only demonstrated
the gas sensor array of ZnO nanowires, CuO nanospikes and
TiO2 nanotubes in this work, this method will be applicable to
the fabrication of multiplexed array of numerous nanomaterials.
Furthermore, it is expected that this technology can be widely
used for not only gas sensors but also for various kinds of
functional nanodevices such as biochemical sensors, electronic
devices or optical devices that require highly integrated
heterogeneous nanomaterial array.
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