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A facile top-down/bottom-up hybrid nanofabrication process based on programmable temperature control
and parallel chemical supply within microfluidic platform has been developed for the all liquid-phase
synthesis of heterogeneous nanomaterial arrays. The synthesized materials and locations can be controlled
by local heating with integrated microheaters and guided liquid chemical flow within microfluidic platform.
As proofs-of-concept, we have demonstrated the synthesis of two types of nanomaterial arrays: (i) parallel
array of TiO2 nanotubes, CuO nanospikes and ZnO nanowires, and (ii) parallel array of ZnO nanowire/CuO
nanospike hybrid nanostructures, CuO nanospikes and ZnO nanowires. The laminar flow with negligible
ionic diffusion between different precursor solutions as well as localized heating was verified by numerical
calculation and experimental result of nanomaterial array synthesis. The devices made of heterogeneous
nanomaterial array were utilized as a multiplexed sensor for toxic gases such as NO2 and CO. This method
would be very useful for the facile fabrication of functional nanodevices based on highly integrated arrays of
heterogeneous nanomaterials.

T
he continuous air quality monitoring in industrial or residential areas has been a very important task for
decades. Accordingly, compact gas sensors based on chemoresistive semiconductor materials such as ZnO,
TiO2, CuO, SnO2, In2O3 and WO3 have been widely used due to their simple design, working principle and

detection scheme, as well as low costs1–3. Recently, gas sensors using 1D (one-dimensional) nanomaterials of
metal oxides such as nanowires, nanorods and nanotubes have been actively developed since they provide high
surface to volume ratio, high sensitivity and fast response speed to analyte molecules4,5. Since E. Comini, et al.6

demonstrated highly sensitive ethanol sensor using SnO2 nanobelts, 1D nanomaterial based sensors have been
widely developed to detect various kinds of gases such as CO, H2, H2S, NO2, O3, etc7–11. Moreover, they have
shown high sensitivity for the detection of sub-ppm or ppb level concentrations, depending on the types of
gases11–15. In order to realize highly integrated sensors with 1D nanomaterials, they have to be assembled and
integrated on functional electronic chips in a controlled manner. Accordingly, various integration methods have
been developed such as dielectrophoresis16, optical trapping17, atomic force microscope18, microfluidic flow19 and
contact printing20 for the precise alignment and assembly of 1D nanomaterials. Although these methods can
assemble nanomaterials on the electrodes, they possess certain drawbacks for the economic, high-throughput
manufacturing of sensor devices. The optical trapping and atomic force microscope based methods control
nanomaterials with tolerance of several micrometers but require expensive setups and long process time, which
is not suitable for commercial sensor fabrication. In contrast, dielectrophoresis, microfluidic flow and contact
printing method can provide accurate control of position and orientation of 1D nanomaterials in shorter time and
with lower cost. However, all of these methods cannot provide robust bonding between electrodes and nanoma-
terials since they are connected by van der Waals forces21. Therefore, additional metallization processes based on
focused ion beam (FIB), electron beam lithography (EBL) and photolithography are required to provide robust
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electrical and mechanical bonding. R. Shen, et al. developed local
thermal oxidation method, but it required multi-step processes for
fabricating suspended microheater to generate high synthesis tem-
perature and pre-deposition process for source material22. Reliable
and well-controlled integration of nanomaterials become much
more challenging if multiple heterogeneous nanomaterials have to
be integrated within single device together, which is essential for
adding multiple functionalities (eg. sensing, electronics, energy con-
version, etc.) on a single microchip. Especially, the array of hetero-
geneous nanomaterials dramatically improves the selectivity and
reliability in gas sensing applications23. Furthermore, highly inte-
grated array of multiple gas sensing components within microscale
regions can dramatically reduce both form factor and power con-
sumption of sensor chip, which will be very useful for integrating into
smartphones, wearable electronic systems and wireless nodes for
sensor network. However, common methods for printing sensing
materials such as drop casting24, screen printing25 and inkjet print-
ing26 are not appropriate to realize highly integrated sensor array of
heterogeneous nanomaterials due to their limited patterning
resolutions.

To overcome these challenges, we propose a facile method based
on the localized liquid-phase synthesis of nanomaterials with parallel
supply of multiple precursor chemicals within microfluidic channel
for the simultaneous and localized synthesis of multiple heterogen-
eous nanomaterials. Microheaters allow highly focused heat genera-
tion while parallel supply of liquid chemicals provides controlled

environment for the chemical reaction. In this paper, we will explain
our new method for the fabrication of highly integrated array of
heterogeneous nanomaterials. Examples of nanomaterial arrays
and device application to chemoresistive gas sensors will be
demonstrated.

Results
The core mechanism for this process is the localized hydrother-
mal synthesis of nanomaterials in a liquid precursor environment
(Figure 1a). The electrical potential applied across the microheater
creates localized temperature increase in a microscale region by Joule
heating effect, which induces the localized synthesis of nanomaterials
within liquid precursor. We can extend this process further by
employing multiple microheaters for individual heating control
and microfluidic channel for selective supply of different precursor
solutions along the laminar flow stream. Figure 1b shows the sche-
matics for the localized synthesis of single-type nanomaterial (here-
after, nanomaterial A) on microheater #1 in microchannel. When a
precursor solution is heated above a threshold temperature, nano-
materials are synthesized by endothermic chemical reaction. The
precursor solution for nanomaterial A is supplied to the inlet #1
while deionized (DI) water is supplied in other inlets. At the same
time, an electrical bias is applied across microheater #1 for the Joule
heating. As a consequence, hydrothermal synthesis of nanomaterial
A occurs only on the microheater #1 (hereafter, case I). The synthesis
location and material can be controlled by selecting heated zone and

Figure 1 | Principles and procedures of local synthesis of nanomaterials in microfluidic channel: (a) localized hydrothermal synthesis of nanomaterials

in precursor solution by local heat generated from microheater; (b) selective and localized synthesis of single-type nanomaterial A on microheater

#1 in microfluidic channel, (c) synthesis of nanomaterial B on microheater #2 in microfluidic channel and (d) parallel synthesis of heterogeneous

nanomaterial array (nanomaterial A, B and C on microheater #1, #2 and #3, respectively) in microfluidic channel.
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precursor solution. As shown in Figure 1c, different nanomaterials
(i.e. nanomaterial B) can be synthesized on different location (i.e. on
microheater #2) by supplying precursor for nanomaterial B through
the inlet #2 and DI water through different inlets, while operating
microheater #2 only (hereafter, case II). This method can be further
extended to the simultaneous synthesis of multiplexed array of het-
erogeneous nanomaterials. Due to the parallel nature of the process,
it is possible to synthesize not only single nanomaterial but also
multiple nanomaterials at the same time. When different precursor
solutions for nanomaterials A, B and C are supplied to three indi-
vidual inlets and all of three microheaters generate Joule heating at
the same time, three different nanomaterials A, B and C can be
simultaneously synthesized at desired locations, respectively (Figure 1d)
(hereafter, case III).

One of the most important factors for this process is to minimize
the cross-contamination between different reaction regions by dif-
fusion or convection of precursor solutions. In order to understand
the thermal and fluidic behaviors as well as the ionic diffusion
between different precursor solutions, numerical simulation was
conducted by using COMSOL MultiphysicsH with ‘fluid flow’ and
‘chemical species transport’ models. An aqueous solution with a flow
speed of 5 mm/s was supplied into a rectangular channel (width 5

600 mm and height 5 100 mm; Reynolds number (Re) 5 Udh/n 5

0.854, where U is the average flow speed, dh is the hydraulic diameter
and n is the kinematic viscosity of the fluid). The geometry of micro-
channel, flow speed and ionic diffusion coefficients are important
factors to determine the interdiffusion and mixing between different
precursor solutions. The ionic diffusion coefficient (D0) can be cal-
culated by the following equation (1)27–30:

D0~
RT
F2

l

zj j ð1Þ

where R is the molar gas constant (R 5 8.314 J/mol?K), T is the
absolute temperature, F is the Faraday constant (F 5 96,485 C/
mol), l is the equivalent electric conductivity and z is the valence
of ion. The temperature profile of precursor solution in case I
(Figure 1b) shown in Figure 2a reveals that the heat generated from
microheater #1 is highly localized and not transferred to the neigh-
boring microheaters (#2 and #3). Figure 2b shows the concentration
of OH2 ions, which has the highest diffusivity among all the ions
contained in the precursor solution used for this process. Although
there is a small disturbance by the local heat from the microheater #1,
the precursor solution flows downstream without significant dif-
fusion to the neighboring microheaters. As presented in Figure
panels 2d–e, the temperature rise is also highly localized and the
ionic diffusion to neighboring microheaters (#1 and #3) is insignific-
ant in case II. The SEM images and EDS data in Figure panels 2c, f
and Figure S2 prove that the synthesis of zinc oxide (ZnO) nanowires
was completely localized on the selected reaction regions (i.e. on
microheater #1 in case I and on microheater #2 in case II), showing
an excellent agreement with the results of numerical simulations.
The average diameter and length of ZnO nanowires were 50 nm
and 3 mm, respectively. There are no significant differences in shape
and composition of the nanowires between upper and lower regions
of precursor flow stream.

By using the same principle used for the single nanomaterial syn-
thesis, several types of nanomaterials can be synthesized at the same
time within the microchannel. In this work, we demonstrated two
examples as proofs-of-concept: (i) parallel array of titanium dioxide
(TiO2) nanotubes, copper oxide (CuO) nanospikes and ZnO nano-
wires (array type I) and (ii) parallel array of ZnO nanowire/CuO
nanospike hybrid nanostructures, CuO nanospikes and ZnO nano-
wires (array type II). Array type I is fabricated by two steps: (a) step 1
- parallel synthesis of ZnO nanowires (on microheater #1), CuO
nanospikes (on microheater #2) and ZnO nanowires (on microhea-
ter #3) by simultaneous hydrothermal reaction31,32 and (b) step 2(I) -

conversion of ZnO nanowires to TiO2 nanotubes on microheater #1
by liquid phase deposition (LPD) process33. In step 1, ZnO precursor
solution was supplied to inlet #1 and #3 and CuO precursor solution
was supplied to inlet #2, while all the microheaters (#1, #2 and #3)
were heated at the same time for the localized hydrothermal syn-
thesis (Figure 3a). In step 2(I), TiO2 precursor solution was supplied
to the inlet #1 and DI water was supplied to the inlets #2 and #3. Here,
no heating was required to induce the conversion of ZnO nanowires
to TiO2 nanotubes during the LPD process (Figure 3b). On the other
hand, the array type II requires the following two fabrication steps:
(a) step 1 - parallel synthesis of ZnO nanowires (microheater #1),
CuO nanospikes (microheater #2) and ZnO nanowires (microheater
#3) by hydrothermal reaction and (b) step 2(II) - localized synthesis
of ZnO/CuO hybrid nanostructures by decorating the pre-synthe-
sized ZnO nanowires on microheater #1 with CuO nanospikes via
localized hydrothermal reaction. In this step, CuO precursor solution
was supplied only to inlet #1 while DI water was supplied to inlets #2
and #3. Also, electrical bias was applied only to microheater #1 for the
localized hydrothermal synthesis of CuO nanospikes on the surface
of ZnO nanowires (Figure 3c). (see the Supplementary Information
for details of synthesis mechanism.)

The experimental result of the heterogeneous nanomaterial array
synthesis is presented in Figures 4 and 5. Figure 4a shows the SEM
images of parallel array of ZnO nanowires, CuO nanospikes and ZnO
nanowires after the step 1 for array type I. As shown in this figure, the
nanomaterials were selectively synthesized on desired locations (i.e.
ZnO nanowires on microheater #1, CuO nanospikes on microheater
#2 and ZnO nanowires on microheater #3) with no cross-contam-
ination between neighboring nanomaterials. The EDS data in
Figure 4a (larger images shown in Figure S3a) indicates that the
ZnO nanowires on microheater #1 and #3 do not contain any Cu
elements and CuO nanospikes on microheater #2 do not contain any
Zn elements. This can be attributed to the minimal ionic diffusion
between different flow streams within microfluidic channel. After the
step 2(I) (i.e. conversion of ZnO nanowires to TiO2 nanotubes), ZnO
nanowires disappear and TiO2 nanotubes are observed on the micro-
heater #1 by the LPD reaction as shown in Figure 4b. As shown in the
high resolution SEM images of each synthesized nanomaterial, the
average outer diameters of TiO2 nanotubes, CuO nanospikes and
ZnO nanowires were approximately 100 nm, 200 nm and 50 nm,
respectively, and their average lengths were approximately 3 mm,
2 mm and 3 mm, respectively. The average wall thickness of TiO2

nanotubes was measured as 25 nm. As shown in the EDS spectra
of synthesized TiO2 nanotubes, CuO nanospikes and ZnO nano-
wires, the ZnO nanowires were successfully converted to TiO2 nano-
tubes while neighboring CuO nanospikes and ZnO nanowires were
not contaminated with the Ti element (Figure 4b; larger images
shown in Figure S3b).

Figure 5 presents the synthesis result of parallel array of ZnO
nanowire/CuO nanospike hybrid nanostructures, CuO nanospikes
and ZnO nanowires (array type II). Figure 5a shows an array of ZnO
nanowires, CuO nanospikes and ZnO nanowires, which is similar to
that in Figure 4a. In the case of array type II, ZnO nanowires were
coated with CuO nanospikes to form ZnO nanowire/CuO nanospike
hybrid nanostructures by using step 2 (II) (Figure 5b). Here, CuO
precursor solution was supplied only to inlet #1 while DI water was
flown through inlets #2 and #3. At the same time, the electrical bias
was applied only across microheater #1. As a consequence, CuO
nanospikes were synthesized only on the surface of ZnO nanowires
that were already synthesized on the microheater #1 in the previous
step. No contamination or damage to the neighboring nano-
structures (CuO nanospikes on microheater #2 and ZnO nanowires
on microheater #3) could be observed. As shown in the high resolu-
tion SEM images of synthesized nanomaterials, the hybrid nano-
structures with core ZnO nanowires and branch CuO nanospikes
can be clearly observed. Here, CuO nanospikes with an average

www.nature.com/scientificreports
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length of 300 nm and base diameter of 100 nm were uniformly
grown along the ZnO nanowires that were pre-synthesized in step
1. The additional Cu peak on microheater #1 from EDS spectra in
Figure 5b (larger images shown in S4b) indicates the surface decora-
tion of ZnO nanowires with CuO nanospikes. No contamination of
neighboring nanostructures (i.e. CuO nanospikes on microheater #2

and ZnO nanowires on microheater #3) can be observed in the SEM
images, and also be verified by the EDS spectra result.

Discussion
Two essential mechanisms for this process can be summarized as
follows: (1) little cross-contamination between neighboring flow

Figure 2 | Control of precursor solution flow and temperature localization during nanomaterial synthesis process in microfluidic channel:
(a) temperature profile and (b) ion concentration of precursor solution calculated by numerical simulation, and (c) SEM images of synthesized

nanomaterials on microheater #1 (case I); (d) temperature profile and (e) ion concentration of precursor solution calculated by numerical simulation,

and (f) SEM images of synthesized nanomaterials on microheater #2 (case II); The ZnO nanowires were synthesized on the target area and the results agree

with numerical simulation.

www.nature.com/scientificreports
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streams (eg. stream #1 and #2) within microchannel due to low
Reynolds number (eg. Re 5 0.854 for flow speed of 5 mm/s) and
(2) localized heating of precursor solutions by Joule heating of micro-
heaters with little heat dissipation to the neighboring regions. We
could estimate the ionic diffusion during the synthesis process by
numerical simulation. Figure panels 6a and b show the concentra-
tions of Zn21, Cu21 and OH2 ions during step 1. Table S1a sum-

marizes the concentration of each ion at the center of each
microheater. The concentrations of Zn21 ions at the center of micro-
heaters #1 and #3 are both 4.00 mM, while it drastically drops down
to 51.99 nM at the center of microheater #2. In opposite, the con-
centration of Cu21 ions is maintained at 4.00 mM at the center of
microheater #2 while those at the centers of microheaters #1 and #3
are 1.138 nM and 0.9858 nM, respectively. This minimal diffusion of

Figure 3 | Process flow for the fabrication of heterogeneous nanomaterial array: (a) Step 1 - synthesis of ZnO nanowires, CuO nanospikes and

ZnO nanowires on microheater #1, #2 and #3 by localized hydrothermal reaction; (b) Step 2(I) - conversion of ZnO nanowires to TiO2 nanotubes by

liquid phase deposition (LPD) on microheater #1; (c) Step 2(II) - synthesis of CuO nanospikes on the surface of ZnO nanowires by localized

hydrothermal reaction on microheater #1.

Figure 4 | SEM images and EDS data of the heterogeneous nanomaterial arrays in synthesis sequence for array of TiO2 nanotubes, CuO nanospikes
and ZnO nanowires: (a) ZnO nanowire, CuO nanospike and ZnO nanowire array after step 1 and (b) TiO2 nanotube, CuO nanospike and ZnO

nanowire array after step 2(I); There were no cross-contamination and damages at the nanostructures during the successive TiO2 conversion process.

www.nature.com/scientificreports
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ions to the neighboring flow stream can be explained by the above-
mentioned laminar flow within microchannel. The mixing of ions
between streams under laminar and uniaxial flow is purely diffus-
ive34. The Péclet number (Pe 5 U?W/D, where U is the average flow
speed, W is the channel width and D is the ionic diffusivity) of Zn21,
Cu21, OH2, Ti1 and F2 ions are 4267, 4202, 569, 1508 and 2034,
respectively, at room temperature34,35. These values reflect that the
diffusion is very slow with respect to the flow speed of the solution.
Similar phenomenon can be found for the step 2(I) (i.e. local con-
version of ZnO nanowires into TiO2 nanotubes on microheater #1).
Figure panels 6c and d and Table S1b explain the concentrations of
Ti1 and F2 ions (main components of the TiO2 precursor) during
this step. The molar concentrations of Ti1 and F2 are 600.0 mM and
100.0 mM, respectively, at the center of microheater #1 but they
rapidly drop down to 140.5 mM and 65.25 mM, respectively, at the
center of microheater #2. Similar trend of negligible ionic diffusion is
observed in the case of step 2(II) (i.e. local synthesis of ZnO nano-
wire/CuO nanospike hybrid nanostructures on microheater #1) as
shown in Figure panels 6e and f. Details on the ionic diffusion can
also be found in Table S1c. These simulation results verify that cross-
contamination between different nanomaterials is negligible due to
minimal mixing between neighboring laminar flow streams.

One can further decrease the ionic diffusion by controlling the
flow speed of precursor liquids. Figure S5 and Table S2 show the
concentration profiles and values of Zn21 and OH2 ions for different
flow speeds. The profile of ionic concentrations gets steeper (i.e.
higher gradient of ionic concentrations due to less diffusion) if the
flow speeds are increased since the ions are flown downstream with-
out sufficient mixing34. The concentrations of Zn21 and OH2 ions at
the center of microheater #2 can be dropped to sub-pM with flow

speed of over 10 mm/s and 100 mm/s, respectively. The profile of
ionic concentration can be further controlled by adjusting the ratio of
flow speed at each flow inlet. When the ratio of flow speed for inlet #1,
#2 and #3 are changed from 15151 to 151.551.5, 15252 and 15353
while total flow rate in the microchannel is fixed as 0.3 mL/s, the
concentration profiles of both Zn21 and OH2 ions are shifted
towards flow stream #1 (Figure S6a–b and Table S3a–b). When
individual precursor solutions arrive at the main microchannel, the
speed of the higher speed flow streams (stream #2 and #3) are
decreased and that of the lower speed flow stream (stream #1) is
increased due to the friction force between flow streams caused by
the viscosity of the solutions. According to Bernoulli’s principle con-
sidering energy loss during speed to pressure conversion, the pres-
sure of the higher speed flow streams are higher than that of the
slower speed flow stream in the main microchannel. As a con-
sequence, the flow stream #1 is pushed towards the edge of micro-
channel and the concentration profile of Zn21 and OH2 ions are
shifted towards the flow stream #1. We can conclude that an array
of various nanomaterials can be synthesized with higher purity and
position control by optimizing the concentrations and flow speeds of
individual precursor solutions within microfluidic channel.

During the synthesis process, the heat from microheater is dissip-
ated to the precursor solution by forced convection. Figure S7a shows
the temperature profiles of the precursor solution along stream #1
under various flow speeds, but with a constant thermal power of
0.85 W by microheater #1. Due to the nonzero flow speed, the tem-
perature profile is not symmetrical but more heat dissipation is cre-
ated in the downstream direction. At higher flow speed, the
temperature distribution becomes more asymmetric and localized
near the surface of microheater. Also, since the precursor solution

Figure 5 | SEM images and EDS data of the heterogeneous nanomaterial arrays in synthesis sequence for array of ZnO/CuO hybrid nanostructures,
CuO nanospikes and ZnO nanowires: (a) ZnO nanowire, CuO nanospike and ZnO nanowire array after step 1 and (b) ZnO/CuO hybrid

nanostructure, CuO nanospike and ZnO nanowire array after step 2(II); There were no cross-contamination and damages at the nanostructures

during the successive CuO nanospike synthesis process.

www.nature.com/scientificreports
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quickly pass through microheater for a short period, both maximum
temperature and heating area are decreased as the flow speed is
increased (Figure S7b). Larger heat loss makes it difficult to grow
longer nanomaterials in the vertical direction at higher flow speed of
precursor solution. To synthesize the nanomaterials at higher flow
speed, higher power should be supplied to microheater to compens-
ate for the larger heat loss. Figure S8a shows the top and side view
SEM images of the ZnO nanowires synthesized under the same heat-
ing power (0.85 W) in the microheater but different flow speeds of
precursor solution. The length of synthesized nanowires decreased
with increasing flow speed as expected by the numerical simulation
(Figure S8b). The average height of nanowires was 5.02, 3.52, 3.00
and 2.29 mm for flow speeds of 5, 20, 100 and 500 mm/s, respectively.
The area of synthesized nanowires also decreased with increasing
flow speed (2033, 1972, 1370 and 1162 mm2 of synthesis area for
the flow speeds of 5, 20, 100 and 500 mm/s, respectively). Here, it
should be noted that the maximum length of the synthesized nano-
wire bundles was not rapidly decreased as the temperature profile
(Figure S7b) since considerable heat can also be transported through
the ZnO nanowires whose thermal conductivity is about 80 times
higher than that of aqueous solution (eg. 6.5 W/K?m for ZnO nano-
wire and 0.08 W/K?m for water at room temperature)36,37. Effective
heat transfer through thermal conduction along the ZnO nanowires
to their tips enables their longer growth. It should be noted that
nanowires involved in a direct interconnection between sensing elec-
trodes would play a major role for the electrical signal of the device.
However, the contribution of other nanowires (i.e. nanowires that
are not associated with a direct interconnection between sensing

electrodes) cannot be ignored since many nanowires are synthesized
with a slight angle deviation (65 , 15u) from vertical direction
forming numerous junctions with neighboring nanowires. If the
length and density of synthesized nanowires are too small, the surface
area for gas reaction will be small and the sensitivity of sensor will be
reduced accordingly. On the other hand, if the nanowires are overly
grown with excessive density and length, the advantage of 1D nano-
structures will be lost. Therefore, the length and density of synthe-
sized nanowires should be optimized, which will be investigated in
the future.

Multiplexed array based sensors have attracted great interests due
to their outstanding sensing performances, especially the enhanced
selectivity for gas sensor applications38. Although single material
based gas sensors can detect target gases, their responses are highly
affected by interfering gases as well39. Multiplexed sensor arrays can
greatly improve the selectivity and accuracy by analyzing multiple
data collected from array of different sensing materials40. We demon-
strated that two kinds of synthesized heterogeneous nanomaterial
arrays (array type I and II) can be used as multiplexed gas sensor
array devices. The sensors were exposed to 0.1–20 ppm of NO2 gas
and 20–1000 ppm of CO gas in dry air. Here, NO2 is an oxidizing gas
whereas CO is a reducing gas on the surface of metal oxide nanoma-
terials, thereby affecting their electrical resistances. The sensing
materials were heated to operating temperature by Joule heating of
the embedded microheaters. The temperatures were estimated as
300–350uC by measuring the electrical resistance of microheaters.
Figure panels 7a–f show the sensor responses of TiO2 nanotubes,
CuO nanospikes and ZnO nanowires under 0.1, 0.5, 1 and 2 ppm

Figure 6 | Numerical simulation results of ion concentrations of precursor solutions during each synthesis process: Overview image of ion

concentrations in the microchannel during (a) step 1, (c) step 2(I) and (e) step 2(II) and ion concentration-position curve on the microheater during (b)

step 1, (d) step 2(I) and (f) step 2(II); The precursor solutions hardly transferred to the neighboring flow stream due to laminar flow. The concentrations

of all ions (Zn21, Cu21, OH2, Ti1 and F2) was drastically dropped at the neighboring microheaters and these numerical simulation results agree with

experimental results.
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of NO2 gas and 20, 200, 500 and 1000 ppm of CO gas, respectively.
Figure panels 7g–l show the sensor responses of ZnO/CuO hybrid
nanostructues, CuO nanospikes and ZnO nanowires under the same
concentrations of NO2 and CO gases, respectively. Here, the res-
ponse was defined as the relative change of electrical resistance (S
5 DR/Rair 3 100%), in which Rair represents the baseline resistance
in normal air and DR represents the change of resistance by the
exposure to target gas. As shown in Figure panels 7m–p, the resist-
ance of n-type materials (i.e. TiO2 nanotubes and ZnO nanowires)

were increased with increasing concentration of NO2 gas and
decreased with increasing concentration of CO gas. On the other
hand, the resistance of p-type material (i.e. CuO nanospike) was
decreased with increasing concentration of NO2 gas and increased
with increasing concentration of CO gas.

When NO2 gas molecules are adsorbed on the surface of metal
oxide nanomaterials, they capture the electrons from the surface of
metal oxide and form O2 ions. The negatively charged oxygen ions
contribute to the decrease of electron concentration in n-type mate-

Figure 7 | Multiplexed gas sensing results: Sensing responses of TiO2 nanotube, CuO nanospike and ZnO nanowire array to (a)–(c) NO2 and (d)–(f) CO

gases; and sensing responses of ZnO/CuO hybrid nanostructure, CuO nanospike and ZnO nanowire array to (g)–(i) NO2 and (j)–(l) CO gases;

(m)–(p) response vs. concentration curve of two heterogeneous nanomaterial arrays to NO2 and CO gases; The resistance of n-type materials (TiO2, ZnO,

ZnO/CuO) were increased under NO2 gas and decreased under CO gas. In contrast, the resistance of p-type material (CuO) was decreased under NO2 gas

and increased under CO gas.

www.nature.com/scientificreports
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rials and the increase of hole concentration in p-type materials41–43.
In contrast, CO molecules react with adsorbed O2 ions to form CO2

molecules and release the electrons back to the metal oxide materials.
This reaction increases the electron concentration in n-type materi-
als and decreases the hole concentration in p-type materials44–46. The
gas sensing response of ZnO/CuO hybrid nanostructures was similar
to those of n-type materials since the n-type ZnO nanowires worked
as the base material47. However, it should be noted that the CuO
nanospikes on the ZnO nanowires make p-n junctions that capture
electrons and generate depletion layers. Consequently, the electrical
resistance of the core structure (ZnO nanowires) is increased and the
sensing characteristics is changed. The study of detailed gas sensing
mechanisms of ZnO/CuO hybrid nanostructures is still ongoing and
will be reported in the future.

Although we have not fully tested the sensing performances of the
fabricated devices to more variety of target gases, our results provide
sufficient preliminary data for the potential capability of multiplexed
gas sensing. The fabricated devices can detect 0.1 ppm of NO2 and
20 ppm of CO2, which are lower concentrations than the air quality
guidelines (exposure for 1 hour) by World Health Organization
(WHO)48,49. This performance is comparable to other nanomaterial
based NO2 and CO gas sensors7,10,50–53. Also, by using the combina-
tions of multiple n-type and p-type semiconductor nanomaterials,
we could obtain multiple data for target gases, which can be readily
used for the sensor the data analysis process such as principal com-
ponent analysis54.

In conclusion, we have developed a facile top-down/bottom-up
hybrid nanofabrication method for the controlled synthesis of hetero-
geneous nanomaterial array. The method is based on localized, parallel
liquid-phase reaction by using localized Joule heating of microheaters
and laminar flow of multiple precursor solutions with minimal inter-
diffusion within the microfluidic platform. This method can provide
not only the accurate control of synthesis locations but also the selec-
tion of synthesized nanomaterials. By using this technology, hetero-
geneous nanomaterials can be integrated in microscale region without
complicated alignment procedures, which is expected to be very useful
for ultra-compact, low-power mobile sensors. The gas sensors fabri-
cated by this approach exhibited good gas sensing performances for
sub-ppm NO2 and tens of ppm CO gas detection, proving a strong
potential towards multiplexed gas sensing platform. Furthermore, this
approach is expected to be very useful for the fabrication of numerous
functional nanodevices that require highly integrated array of hetero-
geneous nanomaterials such as chemical sensors, bio sensors, field
emission devices and photodetectors.

Methods
Fabrication process of the sensor chip and microfluidic platform. (a) Sensor chip.
Photoresist (PR; AZ5214, MicroChemicals GmbH, Germany) was patterned by using
photolithography process on the Si wafer with 2 mm thick thermal oxide to fabricate
serpentine microheater layer. A 200 nm thick platinum (Pt) film was deposited on the
substrate by e-beam evaporation. The substrate was immersed in the acetone with
sonication for removing the PR pattern and dummy Pt layer. Afterwards, a 600 nm
thick silicon dioxide (SiO2) layer was deposited on the substrate by plasma enhanced
chemical vapor deposition (PECVD; Concept Two Sequel/Speed, Novellus Systems,
Inc., USA) with deposition rate of 43 nm/min for electrical insulation. That was
deposited at 250uC with 30 W of plasma power under 900 mTorr of SiH4, N2O and
N2 gas mixture. PR was patterned again on the SiO2 layer for interdigitated electrodes
by aligning with the underlying microheaters. A 200 nm thick gold (Au) film was
deposited on the substrate by e-beam evaporation for electrodes. The PR pattern and
dummy Au layer were removed in the acetone.

(b) Microfluidic platform. A 100 mm thick SU-8 (SU-8 100, MicroChemicals GmbH,
Germany) structure was patterned on the Si wafer by using photolithography process.
The PDMS (SYLGARDH 184, Dow Corning, USA) microchannels were fabricated by
conventional PDMS replication method on the SU-8 master template. The mixture
with a 1051 weight ratio of liquid PDMS prepolymer to curing agent was poured onto
the master template. The PDMS was cured at 80uC for 3 hours in a convection oven
and peeled off from the master template.

Preparation of the precursor solutions. Four kinds of precursor solutions were
prepared for this paper as follows. The ZnO nanowire precursor solution consisted of

4 mM zinc nitrate hexahydrate (Zn(NO3)2?6H2O), 4 mM hexamethylenetetramine
(HMTA, C6H12N4) and 1 mM polyethyleneimine (PEI) in DI water31. Two kinds of
CuO nanospike precursor solution were prepared; a solution consisting of 4 mM
copper(II) nitrate hydrate (Cu(NO3)2?xH2O) and 4 mM HMTA in DI water for CuO
nanospike in step 1 and diluted solution consisting of 1 mM copper(II) nitrate
hydrate and 1 mM HMTA in DI water for slow reaction for ZnO nanowire/CuO
nanospike hybrid nanostructure in step 2(II)32. The TiO2 precursor solution consisted
of 0.3 M boric acid (H3BO3) and 0.1 M ammonium hexafluorotitanate ((NH4)2TiF6)
in DI water33. All chemicals were purchased from Sigma-Aldrich.

Synthesis of the nanomaterials in the microfluidic platform. The sensor chip and
microfluidic platform were bonded by a jig instead of plasma assisted adhesion or
stamp-and-stick binding methods for easy and clean detachment. Polyether ether
ketone (PEEK) tubes (PEEKTM Tubing, Upchurch Scientific, USA) with 360 mm outer
diameter and 150 mm inner diameter were connected between inlets of microfluidic
platform and syringe pumps. The syringes contained precursor solutions or DI water
and flow of the solutions was controlled by automated syringe pumps. A thicker tube
(775 mm outer diameter and 508 mm inner diameter) was connected to outlet of
microfluidic platform for discharge of used precursor solutions. The microheaters on
the sensor chip were connected in parallel to power supply for Joule heating. (See
Figure S1 for the schematic and real picture of synthesis setup).

(a) Single nanomaterial synthesis. In order to synthesize ZnO nanowires on the
electrode #1, the ZnO precursor was supplied to inlet #1 and DI water was supplied to
inlet #2 and #3 with an identical flow speed of 5 mm/s flow. At the same time, the
3.8 V DC bias was applied across microheater #1 for 4 minutes; In order to synthesize
ZnO nanowires on the electrode #2, the ZnO precursor was supplied to inlet #2 and
DI water was supplied to inlet #1 and #3 with an identical flow speed of 5 mm/s. At
the same time, the 3.8 V DC bias was applied across microheater #2 for 4 minutes.

(b) Heterogeneous nanomaterial array synthesis. In step 1, the ZnO precursor solution
was supplied to the inlet #1 and #3 and CuO precursor solution was supplied to the
inlet #2 with an identical flow speed of 5 mm/s while applying 3.8 V of electrical bias
to all of three microheaters for 4 minutes. In step 2(I), the TiO2 precursor solution
was supplied to the inlet #1 and DI water was supplied to the other inlets with an
identical flow speed of 5 mm/s for 5 minutes without applying electrical energy. In
step 2(II), the diluted CuO precursor solution was supplied to the inlet #1 and DI
water was supplied to the other inlets with an identical flow speed of 5 mm/s while
applying 3.8 V electrical bias to microheater #1 for 10 seconds.

(c) ZnO nanomaterial synthesis at various flow speeds. The ZnO precursor solution
was supplied to the inlet #1 and DI water was supplied to the inlet #2 and #3 while
applying 3.8 V electrical bias only to microheater #1 for 20 minutes. The flow speed
of the three inlets were changed from 5 to 20, 100, 500 mm/s.

Numerical simulation of nanomaterial synthesis in the microfluidic platform.
(a) Heterogeneous nanomaterial array synthesis. The numerical simulation of
nanomaterial synthesis in the microfluidic platform was conducted by using
COMSOL MultiphysicsH with ‘fluid flow’ and ‘chemical species transport’ models.
The microfluidic platform consisted of three rectangular inlet channel with a width of
200 mm and height of 100 mm, and these were joined the one main channel with a
width of 600 mm and height of 100 mm. The flows were supplied to each inlets with
5 mm/s speed and the outlet was assumed as atmospheric pressure. All boundaries
were considered with isothermal condition and the target microheater area was set up
the target temperature. In order to simulate of ZnO nanowire - CuO nanospikes -
ZnO nanowires array synthesis, 4 mM Zn21 ion and 16 mM OH2 ion were supplied
to the inlet #1 and #3, and 4 mM Cu21 ion and 16 mM OH2 ion were supplied to the
inlet #2. All three microheater were set up 95uC. For conversion to TiO2 nanotubes
from ZnO nanowires, 100 mM Ti1 ion and 600 mM F2 ion were supplied to the inlet
#1 and all domains are maintained room temperature. For additional CuO
nanospikes synthesis on ZnO nanowires, 1 mM Cu21 ion and 4 mM OH2 ion were
supplied to the inlet #1. The microheater #1 was set up 95uC and the other
microheaters area considered as isothermal condition.

(b) ZnO nanomaterial synthesis at various flow speeds. The geometry and boundary
conditions were the same as above heterogeneous nanomaterial array synthesis
conditions except flow rate and ion concentration. 1 mM Zn21 ion and 4 mM OH2

ion were supplied to the inlet #1, and the microheater #1 was set up 95uC. The flow
speed of the three inlets were adjusted to 1, 5, 10, 20, 50, 100, 500, 1000 mm/s.

(c) ZnO nanomaterial synthesis for different ratio of flow speeds. The geometry,
boundary conditions and concentration of precursor solution were the same as above
condition (b: ZnO nanomaterial synthesis at various flow speeds) except flow speed
and heat source. The flow speed of inlet #1, #2 and #3 were changed from (5, 5 and
5 mm/s) to (3.75, 5.625 and 5.625 mm/s), (3, 6 and 6 mm/s) and (2.143, 6.429 and
6.429 mm/s) for flow speed ratio of 15151 to 151.551.5, 15252 and 15353 in inlet #1,
#2 and #3 with constant average flow speed of 5 mm/s. A constant heating power of
0.85 W was supplied to the microheater #1 for all of the flow ratios.
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