Sensors and Actuators B 250 (2017) 574–583

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical
journal homepage: www.elsevier.com/locate/snb

Micropatterning of metal oxide nanoﬁbers by electrohydrodynamic
(EHD) printing towards highly integrated and multiplexed gas sensor
applications
Kyungnam Kang a,b,c , Daejong Yang a,b,c,d , Jaeho Park a,b,c , Sanghyeok Kim a,b,c ,
Incheol Cho a,b,c , Hyun-Ho Yang e , Minkyu Cho a,b,c , Saeb Mousavi a,b,c ,
Kyung Hyun Choi f,∗∗ , Inkyu Park a,b,c,∗
a

Department of Mechanical Engineering, KAIST, Daejeon 34141, Republic of Korea
KI for the NanoCentury, KAIST, Daejeon 34141, Republic of Korea
c
Mobile Sensor and IT Convergence (MOSAIC) Center, KAIST, Daejeon 34141, Republic of Korea
d
Department of Medical Engineering, California Institute of Technology, Pasadena, CA 91125, United States
e
Department of Electrical and Computer Engineering, University of California at San Diego, La Jolla, CA 92093, United States
f
Department of Mechatronics Engineering, Jeju National University, Jeju 690-756, Republic of Korea
b

a r t i c l e

i n f o

Article history:
Received 5 March 2017
Received in revised form 26 April 2017
Accepted 28 April 2017
Available online 1 May 2017
Keywords:
Metal oxide nanoﬁber
Chemiresistive gas sensor
Gas sensor array
MEMS
Electrohydrodynamic (EHD) printing
Electrospinning

a b s t r a c t
Integration of heterogeneous sensing materials in microelectronic devices is essential to accomplish
compact and highly integrated environmental sensors. For this purpose, a micro-patterning method of
electrospun metal oxide nanoﬁbers based on electrohydrodynamic (EHD) printing process was developed
in this work. Several types of metal oxide (SnO2 , In2 O3 , WO3 and NiO) nanoﬁbers that were produced
by electrospinning, fragmented into smaller pieces by ultrasonication, and dissolved in organic solvents
were utilized as inks for the printing. Constant or pulsed wave bias consisting of base and jetting voltages were applied between a nozzle and a substrate to generate a jetting of nanoﬁber solutions. Several
parameters for EHD printing such as pulse width, inner diameter of the nozzle, distance from the nozzle to
the substrate, and stage speed, were optimized for accurate micro-patterning of electrospun nanoﬁbers.
By using optimized printing parameters, microscale patterns of electrospun nanoﬁbers with a minimum
diameter less than 50 m could be realized. Gas sensors were fabricated by EHD printing on the microelectrodes and then used for the detection of toxic gases such as NO2 , CO and H2 S. Four kinds of metal
oxides could detect down to 0.1 ppm of NO2 , 1 ppm of H2 S and 20 ppm of CO gases. Also, heterogeneous
nanoﬁber gas sensor array was fabricated by the same printing method and could detect NO2 using the
sensor array platform with microheaters. Furthermore, microscale patterns of nanoﬁbers by EHD printing could be applied to the suspended MEMS platform without any structural damage and this sensor
array could detect NO2 and H2 S gases with 20 mW power consumption.
© 2017 Published by Elsevier B.V.

1. Introduction
Recently, the importance of personalized air quality monitoring is increasing due to the rising interests in the personal health
issues related to the air pollution. Although conventional air monitoring systems utilizing optical sensing, mass spectroscopy and gas
chromatography have good accuracy, they are not appropriate for
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personalized air quality monitoring due to high prices and poor
portability. For the personalized gas sensing, catalytic combustion
[1], electrochemical [2,3], ﬁeld effect transistor [4–6] and chemiresistive type [7–11] gas sensors have been commonly utilized.
Among them, chemiresistive type sensor is the most appropriate
for portable and personalized gas sensing due to its simple operation principle, high sensitivity, versatility to various target gases,
low prices and possibility of miniaturization [12]. Various sensing
materials such as graphene, carbon nanotubes (CNTs), silicon, polymer and metal oxide nanomaterials have been employed for the
chemiresistive type gas sensors [5,8–10,13–18].
Metal oxide gas sensor can detect various gases using the chemical reaction at the surfaces and sensing data can be simply obtained
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by measuring the electrical resistance of the sensing material. However, metal oxide nanomaterial based gas sensors generally suffer
from low selectivity [19]. In order to resolve this problem, various
techniques have been developed such as optimization of operating
temperatures, doping catalysts on the sensing materials or usage
of molecular ﬁlters [20–23]. Another useful approach is to employ
an array of different metal oxide materials, which can provide speciﬁc combination of sensing responses to certain single-component
gas or mixed gases [21] and improve the accuracy of target gas
identiﬁcation via signal processing techniques such as principal
component analysis (PCA).
Until now, drop casting, screen printing, inkjet printing, etc.
have been utilized to deposit metal oxide nanomaterials on the gas
sensor arrays [24–27]. However, these processes have several limitations for the fabrication of highly integrated and miniaturized
gas sensor array. For example, screen printing requires a printing
mask for the fabrication of the sensor array and consumes large
volume of materials, but it only provides limited printing resolution (minimum size ∼100 m). Drop casting method also cannot
provide ﬁne patterning due to the large droplet size as well as the
spreading of the deposited solution. Inkjet printing can directly fabricate microscale patterns on the substrate without any mask or
photoresist patterning, but it is difﬁcult to print high viscosity solutions with a high density of sensing materials and clogging problem
occurs with smaller nozzles used for ﬁne patterning [28,29].
In this paper, electrohydrodynamic (EHD) printing of metal
oxide nanomaterials has been used as an alternative to the abovementioned methods for the fabrication of highly integrated and
miniaturized gas sensor array. The EHD printing can produce patterns smaller than the inner diameter of the nozzle [28] and can
even print high viscosity solutions, which is not possible by the
inkjet printing method [28,29]. This is due to the mechanism of
EHD printing based on the pulling of solution by an intense electric
ﬁeld between the needle and the substrate [30]. Until now, EHD
printing has been widely utilized to generate microscale patterns
of metal nanoparticles [31], polymer [30,32], etc. To the best of our
knowledge, the usage of EHD printing for metal oxide nanoﬁber
patterning has not been reported before. In this work, electrospun
metal oxide nanoﬁbers were used as sensing materials because
they are known to have very high sensitivity due to their high surface areas and porosities [33,34]. By fragmentation of electrospun
nanoﬁbers into shorter pieces (length of a few micrometers) and
using their solution for EHD printing with optimal process parameters, sub–50 m patterns that are smaller than the diameter of the
nozzle can be easily fabricated. By EHD printing of various metal
oxide nanoﬁbers in series or in parallel, a highly integrated sensor array of heterogeneous metal oxide nanoﬁbers can be easily
manufactured (see Fig. 1). In this study, we utilized this method
to implement a gas sensor array of three kinds of electrospun
nanoﬁbers (SnO2 , WO3 and In2 O3 ) on the suspended MEMS platform that can detect an oxidizing gas (NO2 ) as well as reducing gases
(H2 S) with high sensitivity and low power consumption (20 mW
per each MEMS microheater).

2. Material and methods
2.1. Electrospinning of metal oxide nanoﬁbers and their
fragmentation
Four types of metal oxide nanoﬁbers (SnO2 , WO3 , In2 O3 and NiO)
were synthesized by electrospinning process. For SnO2 nanoﬁbers,
PVAc (Polyvinyl acetate, Mw: 500,000) as a template polymer, tin
(IV) acetate as a metal source and acetic acid were mixed with N,Ndimethlyformamide as a solvent [35,36]. This solution was stirred
with a magnetic bar at room temperature for 2 h. The precursor
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solution was loaded to a 5 mL plastic syringe with a 25G metal needle connected to a high voltage supply. A bias of 16 kV was applied
to the metal needle that was separated from the aluminum foil
by a distance of 15 cm while the ﬂow rate of solution was ﬁxed
at 20 L/min. Long nanoﬁbers were formed on the aluminum foil
by the electrospinning process with high electric ﬁeld. After the
formation of polymer-metal complex nanoﬁbers, the electrospun
nanoﬁbers casted on the substrate were sintered at 500 ◦ C for 30
mins in order to remove the binding polymer and to crystalize the
metal oxide [35,36]. For WO3 , In2 O3 and NiO nanoﬁbers, abovementioned process was repeated with different source materials
and synthesis parameters as summarized in Table S1 (Supplementary Information).
The electrospun nanoﬁbers should be fragmented to smaller
pieces in order to form printable solutions in the EHD printing process. Each metal oxide was mixed with ethanol, and ultrasonication
process was conducted for an hour in order to break the nanoﬁbers
into shorter pieces. After the ultrasonication, the ethanol in the
nanoﬁber solution was evaporated in a convection oven at 70 ◦ C
for 9 h. The dried electrsopun ﬁbers were ﬁnally dispersed in alphaterpineol or ethyleneglycol solvents with 15 wt% concentration.
2.2. EHD printing of nanoﬁber fragments: micropatterning (line
and dot arrays)
The ink solution made by ultrasonication of elecrospun
nanoﬁbers was loaded in the syringe of the EHD printing system.
A function generator (Agilent 33210A) and a high voltage ampliﬁer (TREK 10/10B-HS) were used to generate electrical pulses. A
syringe and a pump system were used to eject the precursor solution. Dual cameras were used to monitor the ejection process and
to align the syringe needle with the printing substrate. A solution of metal oxide nanoﬁbers in alpha-terpineol or ethyleneglycol
(15 wt%) was loaded to the syringe with a needle tip of 90 m inner
diameter. Various metal oxide nanoﬁber patterns were printed
on a Au/SiO2 /Si substrate. For line patterns, a constant DC bias of
1.3 kV–1.5 kV was applied to the needle while the distance between
the needle tip and the substrate was ﬁxed at 200 m. The pattern
shapes were controlled using a programmable X-Y stage motion
controller at a speed of 1 mm/s. Dot patterns were also printed
on the substrate by applying pulse wave bias consisting of a base
voltage (1.0–1.3 kV) and a jetting voltage (1.2–1.5 kV). The width
of the pulse wave was changed from 100 ms to 500 ms and 1 s.
The frequency of the pulse wave was ﬁxed at 0.2 Hz (Fig. S1 in the
Supplementary Information).
2.3. Fabrication of sensor platform
Gold sensing electrodes were fabricated on a SiO2 (2 m thickness by thermal oxidation)/Si substrate for the gas sensing platform
that operates in a tube furnace. In order to pattern the gold electrodes, AZ5214 photoresist (PR) was ﬁrst coated on the SiO2 /Si
substrate by using a spin coater. Then, interdigitated electrodes
arrays were patterned by standard UV photolithography. A Cr/Au
(10 nm/200 nm) layer was deposited on the PR-patterned wafer
using an electron beam (e-beam) evaporator followed by lift-off.
For a sensor array platform integrated with microheaters, Cr/Pt
(10 nm/200 nm) microheater electrodes were fabricated via ebeam evaporation on a SiO2 /Si substrate followed by the deposition
of 600 nm thick SiO2 layer via plasma enhanced chemical vapor
deposition (PECVD) for electrical insulation. On top of the SiO2
insulation layer, Cr/Au (10 nm/200 nm) interdigitated sensing electrodes were fabricated by e-beam evaporation. Finally, Pt heater
pads were opened for the electrical contact by selective etching of
SiO2 insulation layer with buffered oxide etchant (BOE).
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Fig. 1. Fabrication of highly integrated gas sensor array by EHD printing of electrospun nanoﬁbers: (a) metal oxide nanoﬁber fragments are prepared by electrospinning and
fragmentation process (e.g. ultrasonication); (b) highly integrated gas sensor array is fabricated by micro-patterning of heterogeneous metal oxide nanoﬁbers via sequential
or parallel EHD printing process.

For the low-power suspended MEMS platform, SiO2 layer
(1 m) was deposited by PECVD process on the pure Si wafer
and subsequent processes for electrode, insulation layer and
microheater that are the same as those for the abovementioned
non-suspended microheater devices were conducted. In order to
eliminate the residual stress of SiO2 ﬁlm, annealing process was
carried out at 350 ◦ C for 1 h in N2 atmosphere. Finally, XeF2 or
tetramethylammonium hydroxide (TMAH) etching were carried
out for the formation of suspended microheater. We conﬁrmed that
the bending of suspended microheater due to the residual stress
was negligible by optical microscopy. Furthermore, we veriﬁed an
outstanding thermomechanical stability of suspended microheater
through an accelerated static heating (at 30 mW; i.e. 50% higher
heating power than operational heating condition (20 mW) of the
sensor) and a cyclic pulsed heating tests (rectangular heating pulse
with 5 s on (22 mW) + 5 s off (0 mW) for over 24 h).
2.4. EHD printing of electrospun nanoﬁbers with accurate
alignment on the microelectrode
A syringe needle and a printing substrate were aligned using
dual cameras and a X-Y stage for the printing of metal oxide
nanoﬁbers on the sensing electrode. A pulse wave with 100 ms of
pulse width was used for the printing of nanoﬁber fragments. After
the initial EHD jetting, the pulse wave produced by a function generator and high voltage ampliﬁer was turned off to produce a single
jet pattern.
2.5. I–V characteristics
In order to measure the electrical characteristics of micropatterns of various metal oxide nanoﬁber fragments, bias sweep from
−5 V to 5 V was applied across the sensing electrodes, and the current through the metal oxide nanoﬁber network was measured
using a semiconductor analyzer (Hewlett-Packard 4155A).
2.6. Gas test with NO2 , CO and H2 S gases (tube furnace or
microheater)
Gas detection tests for NO2 , CO and H2 S gases were conducted using the EHD printed metal oxide gas sensors, which were
installed in a tube furnace set at speciﬁc temperatures (300 ◦ C or
450 ◦ C). Various concentrations of each gas were injected into the
tube furnace using mass ﬂow controllers. In order to measure the
resistance change of the metal oxide nanoﬁber network, a constant
bias (3.0 V) was applied across the sensing electrode while the current was measured using a source meter (Keithley 2400, 2636B).
In case of sensor array with microheaters, sensing materials were
heated by microheaters instead of using a tube furnace. For the sensor array bounded on the Si substrate, a voltage of 4.5 V was applied

across the microheater. On the other hand, for the MEMS sensor
array suspended from the Si substrate, a voltage of 2.0–2.4 V was
applied across microheater. A bias of 3.0 V was commonly applied
to the sensing electrode to measure the current through the sensing
material during the exposure to target gas.
3. Results and discussions
By using the electrospinning process explained above, various
metal oxide nanoﬁbers (SnO2 , WO3 , In2 O3 and NiO) were synthesized as shown in Fig. 2. Because of the calcination process
after the electrospinning, the polymers used as nanoﬁber templates
were decomposed to synthesize these metal oxide nanoﬁbers
from tin (IV) acetate, ammonium metatungstate hydrate, indium
nitrate hydrate and nickel nitrate hexahydrate, respectively. Fig. 2
presents SEM images of various metal oxides and corresponding
energy dispersive spectrometer (EDS) data verifying the elemental
compositions of each metal oxide nanoﬁber. Small carbon peaks
observed in all EDS spectra might be originated from incomplete decompositions of the polymers after sintering process. All
electrospun nanoﬁbers formed web-like network, in which each
nanoﬁber was longer than several micrometers. The average diameters of nanoﬁbers measured from the SEM images were 320 nm
for SnO2 , 230 nm for WO3 , 97 nm for In2 O3 , and 60 nm for NiO.
SnO2 nanoﬁbers were in tubular shapes with very thin walls and
WO3 nanoﬁbers exhibited the shape with myriads of cylindrical nanorods. In2 O3 nanoﬁbers showed very smooth and straight
geometry with no observable particles on the surface. On the other
hand, NiO nanoﬁbers showed granular microstructure with a rough
surface.
Fig. 3 shows the line patterns of SnO2 nanoﬁbers using the EHD
printing with a constant DC bias (1.3 and 1.5 kV). The DC bias from
the function generator was ampliﬁed by one thousand times using
a high voltage ampliﬁer. The electric ﬁeld of 65 MV/m between
the nozzle and the substrate resulted in the electrostatic force
to pull the solution from the nozzle to the substrate. To understand the electric ﬁeld distributions in the EHD system when a bias
is applied, a numerical simulation was performed using COMSOL
®
Multiphysics software as shown in Fig. S2 (Supplementary Information). Due to the equal potential on both sidewalls of the steel
nozzle, electric ﬁeld comes from the inner wall to center of nozzle and heads for the substrate ground. Because of the electric ﬁeld
from the nozzle to the substrate, the liquid solution undergoes an
electrostatic force and is pulled out from the nozzle. When a liquid meniscus is formed at the end of the nozzle, the forces exerted
to the meniscus reach an equilibrium that can be described by the
following equation:
s +  h +  e = 0
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Fig. 2. SEM images and EDS spectra of (a) SnO2 , (b) WO3 , (c) In2 O3 , (d) NiO electrospun nanoﬁbers. After calcination process, most of polymer templates were thermally
decomposed and metal oxide nanoﬁbers were formed.

Fig. 3. Optical microscope images of EHD line patterns in (a) square and (b) triangular wave shapes by applying different DC bias, and SEM images of each pattern (c) and (d).
These lines were composed of nanoﬁber fragments. By increasing the input bias, line width was increased due to higher electric ﬁeld and larger amount of ejected nanoﬁbers.

where s is the surface tension, h is the hydrostatic pressure, and
e is the electrostatic pressure [37].
When a nominal bias is applied between the nozzle and the substrate, the mobile ions of the solution in the nozzle are accumulated
near the surface of the meniscus. The mobile ions in the solution
repulse each other due to the Coulombic force, and the summation
of the Coulombic force as a whole becomes a tangential force on the
surface of the meniscus, resulting in a cone shape meniscus. In the
case that sufﬁciently high electric ﬁeld is applied between the nozzle and the substrate, e becomes greater than the summation of s
and h , and then droplets can be ejected from the apex to drive out
the accumulated surface charge [30]. Fig. S3 (Supplementary Information) veriﬁes this explanation. Below 1.1 kV, the ionized solution
is simply moved to the end of nozzle and a spherical meniscus is
formed. As the applied voltage is increased to 1.1 kV, the spherical
meniscus is changed to a cone shape because the increased electric
ﬁeld causes more ions to accumulate toward the substrate. At a bias
of 1.2 kV, the droplet is ejected from the apex by the breakage of
the equilibrium among s , h and e .

With sufﬁciently high DC bias, a jetting of solution occurs
continuously until the bias is turned off, so that continuous
line patterns are formed on the Au/SiO2 /Si substrate. Because
the X-Y motion stage can be programmed in moving trajectories, square and triangular wave line patterns could be easily
fabricated by using EHD printing with X-Y motion stage control. In our EHD printing system, continuous jetting occurred
when 1.3 kV bias was applied to the nozzle. As increasing
the applied bias to 1.5 kV, more solution was pulled out from
the nozzle due to higher electric ﬁeld, and therefore the line
width was increased (Square wave line: width = 76.8 ± 7.0 m at
1.3 kV → width = 127.6 ± 7.4 m at 1.5 kV, Triangular wave line:
width = 91.5 ± 6.7 m at 1.3 kV → width = 141.2 ± 6.1 m at 1.5 kV).
In the high resolution SEM images (Fig. 3(c) and (d)), we could
observe that the line patterns were composed of a few micrometer
long ﬂakes of electrospun nanoﬁbers that were fragmented using
the ultrasonication process before the EHD printing. The printing
results in Fig. S4 (Supplementary Information) show discontinuous line patterns of electrospun nanoﬁbers at lower bias (1.2 kV).
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Fig. 4. EHD printing results of (a) SnO2 , (b) WO3 , (c) In2 O3 and (d) NiO nanoﬁbers on gold electrodes with 100 ms pulse width. SEM images of EHD printed solution in each
pattern: (e) SnO2 , (f) WO3 , (g) In2 O3 and (h) NiO nanoﬁbers. Single dot pattern consists of nanoﬁber fragments and patterns show diameters in the range of 40–70 m.

Fig. 5. Average pattern sizes of various EHD-printed metal oxide patterns depending on the pulse width: (a) SnO2 , (b) WO3 , (c) In2 O3 and (d) NiO nanoﬁbers. Pattern size was
proportional to pulse width (100 ms, 500 ms and 1 s). Longer pulse width increased the volume of solution jetting, resulting in bigger patterns. The red dashed lines indicate
the inner diameter of the nozzle, 90 m. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 6. Dot patterns of various electrospun metal oxide nanoﬁbers on gold electrodes and their I–V characteristics: (a) SnO2 , (b) WO3 , (c) In2 O3 and (d) NiO nanoﬁber patterns.
Single jetting for each material is sufﬁcient to form electrical connection between the sensing material and the electrodes.
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Fig. 7. Gas responses of EHD printed metal oxide gas sensors. Gas tests of SnO2 , WO3 , In2 O3 and NiO nanoﬁbers were conducted for NO2 , H2 S and CO gases at appropriate
temperatures for each gas using a tube furnace. (a)–(d): NO2 (0.1, 0.5, 1 and 2 ppm) at 300 ◦ C, (e)–(h): H2 S (1, 5, 10 and 20 ppm) at 300 ◦ C, (i)–(l): CO (20, 50, 100 and 200 ppm)
at 450 ◦ C. In the graph, Y axis represents the sensitivity (S = (Rg − Ra )/Ra ).

At this bias, a cone shape meniscus was formed but monodisperse
droplet was ejected from the apex of the meniscus in microdripping mode [38]. Individual droplet has smaller size than the pitch
between droplets because the microdripping mode could just produce sequential dripping. Therefore, each droplet could not ﬁll the
space, thereby generating discontinuous line patterns. When the
applied bias reaches the jetting mode voltage, continuous line pattern of 1D nanomaterial is generated.
Since the metal oxide gas sensors need high temperature for
the operation, the area reduction of sensing materials is advantageous in order to lower the power needed to heat the sensing area.
Towards this purpose, we utilized the EHD printing to fabricate
highly compact gas sensor array of multiple gas sensing nanomaterials in microscale patterns, which is difﬁcult by other patterning
methods [24–27]. Pulsed waves consisting of base and jetting voltages were applied to the nozzle to generate microscale dot patterns
of multiple types of nanomaterials.
Fig. 4 shows the dot patterns of various metal oxide nanoﬁbers
on the Au/SiO2 /Si substrate. The pattern sizes of electrospun
nanoﬁbers was smaller than the inner diameter (90 m) of nozzle
used for the EHD printing without clogging problem in the nozzle.
The dot pattern sizes of SnO2 , WO3 , In2 O3 and NiO nanoﬁbers were
59.6 ± 4.7 m, 43.3 ± 2.9 m, 56.2 ± 4.8 m, 61.8 ± 5.1 m, which
veriﬁes that the fabrication of sub–60 m sensing areas can be easily realized using EHD printing. When smaller nozzle was used and
pulse width was optimized for EHD printing, sub–40 m patterns
could be achieved as shown in Fig. S5 (Supplementary Information).
In case of smaller nozzle, electric ﬁeld from the nozzle to the substrate is sharply focused and with this condition, it induces smaller

droplets from the nozzle to the substrate [30]. Higher resolution
SEM images reveal that the geometry of nanoﬁber fragments was
well maintained after the EHD printing process (Fig. 4(e)–(h)).
By using the EHD printing process, the area of sensing materials can be easily controlled according to the abovementioned
explanation. The statistical data in Fig. 5 presents the pattern
sizes for different pulse widths. Printing experiment was conducted 6 times for each pulse width, and average pattern sizes
and standard deviations were calculated. As a result, according to the increased pulse width (100 ms, 500 ms and 1 s), SnO2
patterns exhibited 59.6 ± 4.7 m, 70.7 ± 10.0 m, 83.9 ± 11.1 m
in diameter, WO3 patterns showed 43.3 ± 2.9 m, 68.5 ± 5.6 m,
79.8 ± 2.7 m in diameter, In2 O3 patterns had 56.2 ± 4.8 m,
78.7 ± 6.7 m, 90.2 ± 8.9 m in diameter and NiO patterns presented 61.8 ± 5.1 m, 95.7 ± 15.7 m, 132.6 ± 14.9 m in diameter,
respectively. In summary, the pattern size can be reduced by using
shorter pulse width. As the pulse width is increased, the volume of
solution is increased or multiple droplets can occur [31,32], resulting in larger pattern size.
For the gas sensor application, metal oxide gas sensor was fabricated by EHD printing of metal oxide nanoﬁbers on gold electrodes
as shown in Fig. 6. In order to align the nozzle to the Au electrodes,
dual cameras installed in the EHD printing system were utilized.
With 100 ms of pulse width, single dot patterns of electrospun
nanoﬁbers were formed on the gold sensing electrode. The average pattern sizes for SnO2 , WO3 , In2 O3 and NiO nanoﬁbers were
72.8 m, 61.4 m, 69.3 m, 65.5 m, respectively, and all the patterns were formed in the sensing electrode areas. For the resistive
type gas sensors, sensing materials should be electrically connected
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Fig. 8. (a) Gas sensor array of heterogeneous nanoﬁbers fabricated by EHD printing on the Au sensing electrodes and Pt microheaters. (b–d) NO2 gas sensing results of the
sensor array: (b) SnO2 , (c) WO3 , (d) In2 O3 . Each material showed distinctive sensitivities at various gas concentrations.

Fig. 9. (a) MEMS gas sensor array fabricated by EHD printing of SnO2 , WO3 and In2 O3 nanoﬁbers for low power consumption. The platform size is 3.5 mm × 3.5 mm. (b–d)
SEM image of nanoﬁber materials integrated on the suspended MEMS platform by EHD printing.
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Fig. 10. (a-f) Sensing results of fabricated gas sensor array on MEMS platform. Gas tests of SnO2 , WO3 and In2 O3 nanoﬁbers were conducted for NO2 and H2 S gases with a
power of 20 mW per microheater. (g) PCA results of EHD-printed SnO2 , WO3 and In2 O3 nanoﬁber gas sensor array for 0.1 ppm of NO2 and 10 ppm of H2 S gases.

to the sensing electrode and continuous patterns should be formed
to measure the resistance of sensing materials. If the inkjet printing is employed for the fabrication of resistive type gas sensor,
repeated printing is required to form a continuous ﬁlm with measureable electrical resistance [39,40]. On the contrary, in case of
EHD printing, only single jetting is sufﬁcient for the formation of
continuous and conductive ﬁlm patterns of the sensing material.
This is because high concentration of sensing materials in the solution can be utilized without causing clogging problems in the nozzle
if EHD printing is used. Fig. 6 shows the I–V characteristics of electrospun nanoﬁbers patterned on the Au electrode by EHD printing,
showing the formation of conductive ﬁlms after single jetting.
Four kinds of metal oxide gas sensors (SnO2 , WO3 , In2 O3 , NiO)
fabricated by EHD printing were used to test their responses to various target gases (NO2 , H2 S and CO) as shown in Fig. 7. For n-type
metal oxides, oxygen molecules from the air get adsorbed on the
surface of metal oxide and ionized to O2 −, O- by capturing electrons
from the metal oxide in the atmospheric condition at 200–400 ◦ C.
This results in the formation of depletion region at the surface of

metal oxide. In this case, upon the exposure to the oxidizing gas,
oxygen molecule is adsorbed to the metal oxide surface working
as electron acceptors, and the resistance is increased by expanding
the depletion region [12,41,42]. On the other hand, reducing gases
decrease the resistance of material by the reduction of depletion
region via their reaction with surface adsorbed oxygen ions. Each
gas sensing test was conducted in a tube furnace with an external heater to control the operational temperature of the gas sensor.
For the gas response tests, each target gas was injected sequentially
with synthesized air into the tube furnace containing the gas sensor.
The operational temperature was set to optimize the gas sensitivities for each target gas (300 ◦ C for NO2 and H2 S, 450 ◦ C for CO).
All of metal oxide gas sensors were able to detect gases in the wide
concentration ranges (i.e. 0.1–2 ppm for NO2 , 1–20 ppm for H2 S and
20–200 ppm for CO). Only NiO, which is a p-type semiconductor,
showed opposite response directions than n-type semiconductors
by the reaction with various target gases. The sensitivity of SnO2 ,
WO3 , In2 O3 and NiO nanoﬁber sensors were approximately 60, 125,
55 and −0.45 for 2 ppm of NO2 (sensitivity = (Rg − Ra )/Ra , Ra : resis-
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tance in air and Rg : resistance in target gas). H2 S and CO, which are
reducing gases, showed opposite resistance changes to the NO2 in
all the sensing materials as shown in Fig. 7(e–l).
The active area of each gas sensor is smaller than 100 × 100 m2 ,
and all sensors could detect NO2 (0.1, 0.5, 1, and 2 ppm), H2 S (1, 5,
10, and 20 ppm) and CO (20, 50, 100, and 200 ppm) with different sensitivities at each concentration. WO3 sensor has the highest
sensitivity to 2 ppm of NO2 and In2 O3 sensor has a good sensing performance to various concentrations of H2 S. Although all the sensors
showed low sensitivity to CO gas, In2 O3 and NiO sensor exhibited
better response and recovery speeds among them. SnO2 and WO3
sensors showed 229 s/273 s and 27 s/215 s (response time/recovery
time), respectively. On the other hand, In2 O3 and NiO showed
more rapid response and recovery (response time/recovery time
of 24 s/92 s and 32 s/43 s, respectively). Here, these values were
deﬁned as the time periods required to reach 90% of the total change
during the gas injection/extraction cycles. Metal oxide gas sensor
reacts with all kinds of gases but the sensitivity is different with
each material. In general, surface modiﬁcation or modulation of
operating temperature can optimize sensitivity to speciﬁc gases
[12,43]. These approaches will be employed to enhance the sensitivity and selectivity of the gas sensor array in the future.
An integrated gas sensor array with microheaters was fabricated by EHD printing of three different metal oxide nanoﬁbers
(Fig. 8(a)). Using the same EHD printing condition, SnO2 , WO3 and
In2 O3 nanoﬁber solutions were printed sequentially on the sensor
platform with three sets of sensing electrodes and microheaters.
The nozzle and the sensor substrate were aligned using dual cameras and X-Y motion stage. As a result, an array of heterogeneous
metal oxide nanoﬁbers could be easily integrated in the active
device area of 500 × 100 m2 . As shown in Fig. 8(b–d), sensing
results were achieved by three sensing materials at the same time.
All microheaters were operated at a bias of 4.5 V for NO2 detection.
The resistance of SnO2 , WO3 and In2 O3 was increased when NO2
reacted with these materials. The sensitivities to 2 ppm of NO2 gas
were 35, 19 and 15 for SnO2 , WO3 and In2 O3 respectively. Since each
sensing material has different sensitivity to individual target gases,
it is possible to identify unknown gas or approximately determine
individual gas concentration in a mixture gas by using principal
component analysis (PCA) [44] or graphical analysis of multiple
sensing data [9,44].
Finally, low power gas sensor array was fabricated by EHD printing of SnO2 , WO3 and In2 O3 nanoﬁbers on a suspended MEMS
microheater platform. As shown in Fig. 9, microscale patterns of
these three materials could be well formed on an array of sensors
without damaging the suspended MEMS bridge-plate structure.
The SEM images in Fig. 9(b–d) reveals that the microstructures of
short fragments of these nanoﬁbers were well maintained. Fig. 10
shows the gas sensing performance of the fabricated sensor. For
each microheater, 2.0–2.4 V was applied to consume approximately
20 mW of power. This power consumption is 32 times less than that
needed for the substrate-bound microheater (∼640 mW) because
the suspended microheater is physically separated from the Si substrate and therefore conductive heat dissipation to the substrate is
signiﬁcantly reduced. SnO2 , WO3 and In2 O3 showed sensitivities
of 210, 794 and 5.5 for 2 ppm of NO2 and −0.48, −0.9 and −0.93
for 20 ppm of H2 S, respectively. WO3 and In2 O3 showed the best
sensing performance for NO2 for H2 S, respectively. The simultaneous sensing data from three metal oxide nanomaterials was used to
identify the target gas by PCA method. Fig. 10(g) shows the results of
plotting the responses of SnO2 , WO3 , and In2 O3 nanoﬁbers to NO2
(0.1 ppm) and H2 S(10 ppm) with two principal components. As a
result, two clusters were represented on a two-dimensional plane
without overlapping with each other. This indicates that the sensor

array of these three nanomaterials fabricated by EHD printing has
the ability to distinguish between NO2 and H2 S gases.
4. Conclusions
In conclusion, we demonstrated a microscale patterning process of electrospun metal oxide nanoﬁbers for compact integrated
gas sensor array by EHD printing method. Various microscale patterns of electrospun nanoﬁbers could be successfully fabricated by
EHD printing of nanoﬁber fragment solutions. By using this printing
method, we could fabricate integrated gas sensor array of heterogeneous metal oxide nanoﬁbers. Several sensing materials were
successfully integrated on the MEMS microheater platform and low
power multiplexed gas sensor was realized. As compared to conventional fabrication methods for metal oxide gas sensors such as
screen printing, sputtering and drop casting, EHD printing method
is much simpler without requirement of vacuum deposition or
screen mask. Additionally, EHD printing method can generate ﬁne
patterns of dense gas sensing nanomaterials well below 100 m by
single jet, differently from the inkjet printing. This printing method
would be very useful to fabricate a low power, compact and multiplexed gas sensor array towards internet of things (IoT) applications
such as personalized air quality or health monitoring.
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