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a b s t r a c t
We report a novel self-heated CO gas sensor based on Au-functionalized networked SnO2 -ZnO coreshell nanowires. Increasing the applied voltage particularly enhanced the sensing response due to the
self-heating effect within the sensor, and the sensors exhibited good performance without the need for
an external heater. The power consumption at 3 and 20 V was estimated to be 11.3 nW and 8.3 W,
respectively. In a sensor with the optimal ZnO shell thickness of 80 nm, the responses for 50 ppm CO
were 1.17 and 1.62 at 3 and 20 V, respectively. Also, the important role of ZnO-ZnO homojunctions in
the self-heating of the sensor was demonstrated by increasing the ZnO shell thickness, which led to an
increase in the sensor response. Furthermore, the optimized sensor exhibited outstanding selectivity
toward CO gas. The optimized ZnO shell, the catalytic effect of Au, and the Joule effect contributed to the
good, selective response toward CO gas with low power consumption. Since low power consumption
is a fundamental requirement for wireless sensors and sensor arrays, this sensor with very low power
consumption is a promising choice for such applications.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
The high operating temperature is one of the main drawbacks
of metal oxide-based gas sensors because it ultimately results in
high power consumption and undesirable long-term drift problems
caused by sintering effects in the metal oxide grain boundaries,
resulting in poor selectivity and stability [1]. Traditionally, attempts
to reduce power needs have been centered on the fabrication of
more efﬁcient heating systems, the use of different energy sources
(e.g., low-power UV-LED light) [1], tuning of the active sensing layer
(surface functionalization or use of hybrid materials), and the use of
piezoelectric and triboelectric effects [2,3]. Another popular strategy is to use micromachined substrates [4]. However, some of the
main problems associated with this include insufﬁcient stability,
low fatigue resistance of the multilayer silicon oxide/silicon nitride
membranes, and poor adhesion between the sensing layers and the
membrane material [5].
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Self-powered devices were ﬁrst introduced by Xu et al. [6] using
ZnO nanowires (NWs), where lateral integration of 700 rows of ZnO
NWs produced a voltage of 1.26 V, which was sufﬁcient to recharge
an AA battery. Since then, numerous groups have reported different self-powered devices [7]. One kind of self-power is the use of
the Joule effect, also known as the self-heating effect [8]. In this
mode of operation, the power dissipated by the applied voltage is
used to heat the sensor [9]. Recent studies have shown that the
use of 1D structures, particularly with the Joule self-heating effect,
can reduce the energy consumed by the sensor in order to design
more economic sensors. The main advantage of metal oxide NWs
compared to self-heated thin ﬁlm sensors is their small thermal
capacitance and drastic reduction in thermal losses to the electrodes and the gas environment [10]. In this regard, Prades et al.
[11] reported individual SnO2 NW NO2 sensors with a power consumption of 27 W. Similarly, individual Si NWs with a power
consumption of 2.82 W have recently been reported [12]. Chinh
et al. [13] showed that individual NW sensors have better gas sensing performance than their multiple and networked counterparts,
accounting for the self-heating effect. Zhu et al. [14] reported a lowpower consumption (30–60 mW) Pt-coated W18 O49 NW network
sensor for detection of H2 . Chikkadi et al. reported suspended carbon nanotube (CNT) sensors that operated at a low power of 2.9 W
and yielded a sensor response of 1.8 [15]. Moon and his co-workers
[16] prepared WO3 thin ﬁlms with nanocolumnar morphology that
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Fig. 1. Schematic illustration of synthesis steps.

achieved power consumption as low as 21.6 W. However, to the
best of our knowledge, there are few papers reporting the selfheating effect in gold (Au)-functionalized core-shell sensors.
In this article, we report self-heated CO gas sensors fabricated using Au-functionalized networked SnO2 -ZnO core-shell
nanowires (C-S NWs). The C-S NW architecture increased the sensing response of the gas sensor, and the catalytic effect of the Au
further enhanced the response. Sensing experiments demonstrated
the effectiveness of a small applied voltage on the gas sensing
response, realizing for the ﬁrst time a heater-free Au-functionalized
C-S NW sensor for detection of CO at room temperature.
2. Experimental
2.1. Preparation of Au-functionalized networked SnO2 -ZnO C-S
NWs
Fabrication of Au-functionalized SnO2 -ZnO C-S NWs was performed in three steps: (i) fabrication of networked SnO2 NWs, (ii)
application of a ZnO shell using atomic layer deposition (ALD), and
(iii) functionalization of Au on networked SnO2 -ZnO C-S NWs. In the
following sections, we describe each step individually. Synthesis
steps are described in Fig. 1.
2.1.1. Synthesis of networked SnO2 NWs
By evaporating metallic Sn powders, highly networked SnO2
NWs were grown using the vapor-liquid-solid (VLS) growth
method. In summary, a specially designed interdigital electrode
comprising three metallic layers of 3 nm Au, 200 nm Pt, and 50 nm
Ti was deposited on a SiO2 (200 nm thick)/Si (100 nm) substrate
using a conventional photolithographic process. SnO2 NWs were
selectively grown in a horizontal tube furnace at 900 ◦ C for 15 min
under the ﬂow of N2 and O2 gases. As a result, due to the entanglement of neighboring SnO2 NWs over the areas between the
electrode’s digits, networked SnO2 NWs were fabricated. More
details can be found elsewhere [17].
2.1.2. Application of a ZnO shell on networked SnO2 NWs
Following the successful synthesis of networked SnO2 NWs,
they were coated with a ZnO shell using atomic layer deposition

(ALD). Water (H2 O) and diethylzinc (Zn(C2 H5 )2 ) were utilized as the
precursors for this purpose, and the pressure and temperature were
set to 0.3 Torr and 150 ◦ C, respectively. Each cycle of the ALD process
comprised 0.12 s diethylzinc dosing, 3 s N2 purging, 0.15 s H2 O dosing, and another 3 s N2 purge. SnO2 -ZnO C-S NWs with various shell
thicknesses were produced by varying the number of ALD cycles
according to a previously published paper from our group [18].
2.1.3. Au functionalization on networked SnO2 -ZnO C-S NWs
To maintain the purity of the synthesized products, an environmentally friendly gamma (␥)-ray radiolysis technique was applied
to functionalize Au nanoparticles (NPs) on the SnO2 -ZnO C-S NWs.
HAuCl4 .3.5H2 O (Kojima Chemicals Co.) with a concentration of
0.248 mM was used as a precursor solution. The SnO2 -ZnO C-S NWs
were immersed in the above solution and then exposed to 60 Co
gamma rays in air under ambient conditions at the Korea Atomic
Energy Research Institute. An illumination intensity of 10 kGy h−1
was applied to the samples for 2 h. After ␥-ray radiolysis, the samples were heat-treated at 500 ◦ C for 1 h. More details are described
in our previous paper [19]. With the Au coverage and particle size
affecting the sensing performance, we have used the optimized
condition [Text S1, Supplementary Information]. In this study, we
did not study the effect of Au particle size and uniformity (distribution) on the sensing performance of the sensor. However, based
on our previous paper [20], we selected the optimized parameters,
where both good uniformity and narrow particle size distribution of
Au NPs were obtained. According to previous literatures [21–23],
there is a condition of optimized size and uniformity of Au NPs,
which leads to obtain a superior sensing performance. The sensitization effect by Au NPs is marginal both at an insufﬁcient surface
coverage mainly due to the small number of Au NPs participating in the process and at an excessive surface coverage due to the
steric hindrance of Au NPs. Effect of size and coverage of Au NPs
on the sensing performance of self-heated C-S NWs will be more
thoroughly studied in future works.
2.2. Materials characterization
The morphology of the synthesized samples was observed
using ﬁeld-emission scanning electron microscopy (FE-SEM). The
microstructure and chemical composition were studied using
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Fig. 2. SEM micrographs of (a) and (b) pristine SnO2 nanowires at two different magniﬁcations. (Insets shows low magniﬁcation images), and (b–d) ZnO-shelled nanowires
fabricated using (b) 50, (c) 200, and (d) 500 ALD cycles (Insets: low-magniﬁcation SEM micrographs showing overall distributions of the NWs). (e) Variation of the diameter
of the core–shell NWs by varying the number of ALD cycles applied. (f) Variation of the thickness of the ZnO shells by varying the number of ALD cycles.

transmission electron microscopy (TEM) and energy-dispersive
X-ray spectroscopy (EDS), respectively. Ultraviolet photoelectron spectroscopy (UPS) measurements (Thermo Fisher Scientiﬁc
Co. Theta probe) were performed in ultrahigh vacuum (UHV)
(<10−10 Torr). Before the measurements, sample surfaces were
cleaned by heat treatment at 100 ◦ C in UHV. UPS spectra were
obtained using irradiation of HeI 21.2 eV ultraviolet light. Work
functions were determined from the secondary electron cutoff of
UPS spectra.
2.3. Sensing tests
Detailed procedures used for the sensing measurements can
be found in our earlier papers [20,24]. The sensing temperature
ranged from room temperature to 200 ◦ C. The concentrations of
target gases (CO, C6 H6 , C2 H5 OH, C7 H8 ) were adjusted by controlling the mixing ratio of the target gas to dry air using accurate

mass ﬂow controllers (MFCs) with a total ﬂow rate of 500 sccm.
To evaluate the sensors’ self-heating effects, the operating voltages were varied within the range of 1–20 V. The response (R)
of the sensors was deﬁned as Ra /Rg , where Ra and Rg are the
resistances in the presence of air and analyte gas, respectively.
The self-heating effect of a fabricated C-S NW sensor was demonstrated by means of temperature measurements. The temperature
was measured by using the thermal imaging camera [FTIR T530].
The optical micrograph of the sensors was displayed in our previous report [25]. Thermograph of the sensor and variation of
temperature by changing the operating voltages have been displayed in the present paper. Although the sensor temperature
increased with increasing applied voltage in the range of 3–20 V,
we set the maximal applied voltage to 20 V in the present work,
because the preliminary experiments indicated that sensors have
been signiﬁcantly damaged when we applied the voltage higher
than 20 V.
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Fig. 3. (a) Low-magniﬁcation TEM micrograph of an Au functionalized SnO2 -ZnO C-S NW. (b) Lattice-resolved TEM micrograph of the surface of the SnO2 -ZnO C-S NW.
(c,d) Lattice-resolved TEM micrograph of the surface of the Au functionalized SnO2 -ZnO C-S NW. (e) Typical TEM image and (f) EDX spectrum of a typical Au functionalized
SnO2 -ZnO C-S NW.

3. Results and discussion
3.1. Morphological studies
Fig. 2a and the inset show cross-sectional FE-SEM images of
bare networked SnO2 NWs, demonstrating the successful growth
of dense SnO2 NW mats. Fig. 2b shows an individual bare SnO2
NW with an approximate diameter of 50 nm. The inset of Fig. 2b
presents a panoramic view of as-grown networked SnO2 NW mats.

It is evident that they were entangled in a complex manner and had
a networked morphology.
Fig. 2c–e shows Au-functionalized SnO2 -ZnO NWs with ZnO
shell thicknesses of ∼10 nm, ∼30 nm, and ∼80 nm, respectively. The
increase in diameter of the C-S NWs relative to the bare SnO2 NW
shown in Fig. 2b was due to application of the ZnO shell on the
SnO2 surface. The diameters of the C-S NWs coated with 50, 200,
and 500 ALD cycles were measured to be about 70, 110, and 210 nm,
respectively. Therefore, the ZnO shell thicknesses of the C-S NWs
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Fig. 4. Variation of temperature by changing the operating voltages in the range of
0–20 V, measured from the SnO2 -ZnO C-S NW sensor with the ZnO shell thickness
of 80 nm (Upper left inset: Thermograph of the sensor at 20 V).

were calculated to be 10, 30, and 80 nm, respectively. Ultraﬁne Au
NPs can be seen attached to the surfaces of the C-S NWs, demonstrating the effectiveness of ␥-ray radiolysis for reduction of Au NPs
on the surfaces of metal oxide NWs. Fig. 2f shows the relationship
between the thickness of the ZnO shell layer and the number of ALD
cycles. The following equation can be ﬁtted to the ALD plot:
ZnOshellthickness = 1.37 + 0.153 × (ALDcycle)

(1)

Fig. 3 shows the results of TEM analysis. The low-magniﬁcation
TEM image in Fig. 3a shows a single NW, in which the Au NPs
and ZnO shell over the SnO2 core can be observed through contrast. Fig. 3b shows a high-resolution (HR) TEM image in which a
well-resolved lattice fringe with interplanar spacing of 5.2 Å can
be indexed as the (101) plane of crystalline hexagonal ZnO (JCPDS
Card No. 88-0511). The HRTEM image presented in Fig. 3c shows
a lattice fringe with interplanar spacing of 2.35 Å, which can be
attributed to the (111) plane of crystalline Au (JCPDS No. 89-3697).
The HRTEM image in Fig. 3d clearly shows lattice fringes of both
Au and ZnO, demonstrating the successful deposition of ZnO and
Au on the SnO2 core. EDX spectrum reveals the existence of Sn, Zn,
and Au elements (Fig. 3e and f).
3.2. Applied voltage and self-heating
Joule heating (also known as Ohmic heating or electricalresistance heating) is an energy dissipation phenomenon that
irreversibly converts electrical energy to thermal energy. Thermal
energy is generated due to loss of kinetic energy in current carrying electrons through unavoidable collisions among themselves
and with the lattice atoms. Volumetric Joule heating (W/m3 ) can
be calculated using the following equation [26]:
J=

V2
e L2

(2)

where V is the applied electrical potential; e is the electrical
resistivity of the conductor, the inherent property of a material to
resist the ﬂow of electrical current through it by producing electrical resistance; and L is the length of the conductor material
[26]. According to the above equation, the amount of Joule heating
(or generated temperature) increases with an increase in applied
voltage. This phenomenon can be used in metal oxide-based gas
sensors to reduce their energy consumption through what is generally called the “self-heating effect.” The self-heating effect of the
fabricated Au-functionalized networked SnO2 -ZnO C-S NW sensors

Fig. 5. (a) Dynamic resistance curves of Au functionalized SnO2 -ZnO C-S NW sensors
prepared using various numbers of ALD cycles, measured at 20 V under 50 ppm CO.
(b) Variation of sensor response to CO gas with varying the thickness of ZnO shell
layer.

was investigated by taking temperature measurements under various operating voltages from 0 to 20 V. For this purpose, a C-S NW
sensor with a ZnO shell of 80 nm thickness was placed on an alumina plate with a screen-printed electrical circuit, and the sensor
temperature was measured under various operating voltages. As
shown in Fig. 4, the temperature at applied voltages of 0, 1, 3, 5, 10,
and 20 V was 23.0, 24.6, 25.4, 35.9, 48.8, and 103 ◦ C, respectively.
Accordingly, it can be estimated that the increase in temperature
by self-heating at applied voltages of 0, 1, 3, 5, 10, and 20 V was
0, 1.6, 2.4, 12.9, 25.8, and 80 ◦ C, respectively. The following equation approximately describes the relationship between the applied
voltage (V > 1) and the increase in temperature of the sensor due to
the self-heating effect: (Fig. 4)
T = −1.3575 + 0.120V + 0.1645V 2 ForV > 1

(3)

where T is the increase in temperature due to self-heating, and V
is the applied voltage. According to these primary tests, self-heating
can effectively raise the temperature of the sensors under applied
voltages ≥3 V. It was thus demonstrated that, by controlling the
voltage applied to the sensor, different temperature increases can
be induced in the sensor, which is essential for the realization of
heater-free chemiresistive-type gas sensors.
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Fig. 6. Schematic diagrams for the generation of resistances in the C-S NWs: resistance inside of ZnO grains, resistance due to ZnO grain boundaries, and resistance due to
ZnO-ZnO homojunctions.

3.3. Gas sensing studies
3.3.1. Optimum ZnO shell thickness under constant voltage
In this work, we expected that the self-activation would be
strongly dependent on the ZnO shell thickness of the core-shell
NW sensors. In order to determine the optimal shell thickness
for further studies, the responses of Au-functionalized networked
SnO2 -ZnO C-S NW sensors with different shell thicknesses were
evaluated under a constant applied voltage (20 V) without external
heating (i.e., at room temperature) and at a ﬁxed concentration of
50 ppm CO. It is worth noting that a high applied voltage was used
in order to better evaluate the responses. Fig. 5a shows transient
resistance curves, and Fig. 5b shows the variation in the responses
as a function of ZnO shell thickness. Upon exposure to CO gas, the
resistance of the sensors decreased; after removal of CO, the resistance increased, demonstrating a typical n-type sensing behavior.
The sensor with ZnO shell thickness of 10 nm showed a response
of 1.22, and the response increased as shell thickness increased;
the responses of the sensors with shell thicknesses of 30 and 80 nm
were 1.34 and 1.62, respectively. As mentioned previously, Joule
heating is mainly due to deviation of electrons from their motion in
a straight path, leading to a loss of kinetic energy electrons which is
then converted to thermal energy. Therefore, three possible sources
of Joule heating in the SnO2 -ZnO C-S NWs can be suggested as
sources of resistance, as schematically described in Fig. 6: (i) collision of electrons with one another and with Zn+2 and O−2 ions
inside ZnO grains, (ii) loss of kinetic energy of electrons in the grain
boundaries of ZnO, and (iii) loss of kinetic energy in ZnO-ZnO homojunctions, where a considerable number of ZnO NWs contact one
another directly in an entangled NW structure.
Normally, under the assumption that electrical currents mainly
ﬂow through the shell layer, decreasing the shell thickness causes
increased electrical resistance due to the reduced cross-section of
current ﬂow, increasing the Joule heating effect. Also, with regard

to resistance modulation only, a thinner shell whose thickness is
close to or smaller than the Debye length (D ) of the metal oxide is
more effective than a thicker shell in which partial electron depletion takes place. In this respect, a thinner ZnO shell (10 nm) should
be more effective in resistance modulation. However, the experimental data showed that increasing the thickness of the ZnO shell
layer actually enhanced the self-heating effect. In fact, increasing the shell thickness increased the diameter of the C-S NWs,
thereby increasing the probability of contact between NWs. Therefore, a signiﬁcant electrical resistance is expected through ZnO-ZnO
homojunctions, which appears to be dominant among the Joule
heating sources that give rise to the self-heating effect. Based on
these results, the sensor with ZnO shell thickness of 80 nm was
selected for further analysis.
3.3.2. Effect of applied voltage on the response to CO gas
The CO sensing performance of the Au-functionalized networked SnO2 -ZnO C-S NW sensor with ZnO shell thickness of 80 nm
was studied under various operating voltages (1–20 V), and the
transient resistance curves are shown in Fig. 7a. Also, the variation
in response as a function of voltage for a ﬁxed CO concentration of
50 ppm is presented in Fig. 7b. The sensor responses were 1.00, 1.17,
1.25, 1.47, and 1.62 at voltages of 1, 3, 5, 10, and 20 V, respectively.
At an applied voltage of 20 V, corresponding to a large amount
of self-heating, the response increased to 1.62. With an applied
voltage of 5 V (a self-heating-induced temperature of ∼12.9 ◦ C),
the sensor response was 1.25, which is regarded as an acceptable sensitivity to CO gas. At an applied voltage of 3 V, where the
self-heating effect was noticeable but extremely low (the temperature increased by only 2.4 ◦ C), the sensor exhibited a response
of 1.17. As shown in Fig. 4, at an applied voltage of 1 V, the selfactivation was approximately zero, resulting in a sensor response
of about 1. In general, an increase in working temperature of the
sensor increases the sensing characteristics by providing the neces-
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Table 1
Comparison of power consumption and sensor responses of the Pd NPs-functionalized SnO2 -ZnO C-S NWs in this work to those reported in other self-heated gas sensors.
Sensor

Gas

Applied voltage (V)

Power consumption (W)

Response (Ra /Rg or Rg /Ra )

Ref.

Au-functionalized SnO2 -ZnO C-S NWs
SnO2 thin ﬁlms
In2 O3 nano-powders
SnO2 NWs/nanobelts
Palladium-loaded SWCNTs
Ti nanoparticles-decorated (suspended) MWCNTs
Palladium NWs
Pt-coated W18 O49 NWs

CO
CO
C2 H5 OH
H2
CH4
O2
H2
H2

20
10 (ac)
–
1–14
–
0.5
5.6
6

31
100000
24000
Few microwatts
Few microwatts
10–100 W
4000
30000–60000

1.62 (50 ppm/RT)
1.01 (10 V/1000 ppm)
0.55(R/R0 )
–
1.02 (6 ppm/RT)
∼1.1 (10 mTorr/RT)
–
∼1.1 (50 ppm, 6 V)

This work
[39]
[40]
[41]
[42]
[43]
[44]
[14]

Au-functionalized SnO2 -ZnO C-S NW sensors. Table 1 compares the
power consumption reported in other self-heated gas sensors with
that of the present sensor, demonstrating the extremely low power
consumption of the present sensor.
3.3.3. Effect of CO gas concentration
To study the relationship between gas response and CO concentration, the sensor response was studied under various CO
concentrations in the range of 0.1–50 ppm at operating voltages
of 5 and 20 V (Fig. 7c). At 5 V and CO concentrations of 0.1, 1, 10,
and 50 ppm, the sensor response was about 1, 1, 1.16, and 1.25,
respectively. On the other hand, at 20 V and CO concentrations of
0.1, 1, 10, and 50 ppm, the response was 1, 1.25, 1.40, and 1.62,
respectively. This was expected because higher CO concentrations
result in greater coverage of the sensor surfaces, causing a higher
response. It is noteworthy that, even at 1 ppm CO, a sensor response
of 1.25 was obtained at an operating voltage of 20 V.

Fig. 7. (a) Dynamic resistance curves of Au-functionalized SnO2 -ZnO C-S NWs for
CO gas at various pressure and voltages. (b) Sensor response values under 50 ppm
CO, measured at various applied voltages. (c) Sensor response values under 5 and
20 V, measured at various applied CO pressure.

sary energy for adsorption/reaction and desorption processes. The
increase in applied voltage had a similar effect because applied voltage results in an increase in temperature within the sensor due
to the self-heating effect. The power consumption for operating
the Au-functionalized networked SnO2 -ZnO C-S NW sensor at voltages of 1, 3, 5, 10, and 20 V was measured to be 0.81 nW, 11.3 nW,
46.6 nW, 1.1 W, and 8.3 W, respectively. This extremely low
power consumption can be attributed not only to the self-activation
effects, but also to the intrinsically high sensing capability of the

3.3.4. Selective sensing to CO gas
A common weakness of metal oxide-based gas sensors is crosssensitivity or lack of selectivity, which means that the sensor shows
some degree of response to all tested gases [27]. Poor selectivity
results in limited applications, so it is necessary to evaluate the
selectivity of the fabricated sensors. Transient resistance curves of
Au-functionalized networked SnO2 -ZnO C-S NWs toward 50 ppm
of various volatile organic compounds (VOCs), namely C6 H6 , C7 H8 ,
and C2 H5 OH, as well as CO gas, at a ﬁxed applied voltage of 20 V
are shown in Fig. 8. It can be seen that the sensor did not show a
meaningful response to any of the VOCs, while the response to CO
was strong, stable, and reproducible. This demonstrates the exceptional CO selectivity of this sensor, which is necessary for practical
applications. This good selectivity for CO gas might result from a
combination of the catalytic effect of Au, the special architecture
of the sensor, and the sensing temperature (due to self-heating).
However, the most important factor is the catalytic effect of Au,
according to many papers that reported CO oxidation in the presence of Au NPs [28,29]. It has been reported [19,30,27] that good
selectivity for CO gas in the presence of Au NPs is due to two effects:
(1) the low oxidation barrier for complete oxidation of CO (1.20 eV),
also according to [19], C6 H6 and C7 H8 only weakly interact with Au,
and (2) the down-shift of the Au d-band center that increases the
stability of the CO/Au interface, resulting in easy conversion of CO
to CO2 . Therefore, we surmise that the Au NPs dissociate CO gas
more effectively than the other gases tested and therefore oxidize
CO gas more effectively than the other gases tested.
3.3.5. Effect of temperature on the response at constant applied
voltage
The sensor response to 50 ppm CO gas at different temperatures (RT-200 ◦ C) under a constant operating voltage of 5 V was
investigated. The dynamic resistance curves obtained at various
temperatures are shown in Fig. 9a. The corresponding CO responses
as a function of temperature are presented in Fig. 9b. As shown in
these ﬁgures, the sensor response increased almost linearly with
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Fig. 8. Dynamic resistance curves of sensors based on Au-functionalized SnO2 -ZnO
C-S NWs, measured at 5 V for C6 H6 , CO, C2 H5 OH, and C7 H8 gases.

increasing operating temperature in the range of 25–200 ◦ C (Fig. 9).
At operating temperatures of 25, 50, 100, and 200 ◦ C, the sensor responses were about 1.25, 2.24, 6.13, and 15.29, respectively
(Fig. 9). At low temperatures, the oxidation of CO gas is not perfect
because of the inactive ionosorption of oxygen at the sensor surfaces, resulting in a poor response. As the operating temperature
increases, the adsorption of oxygen on the sensor surface and thus
the oxidation of CO increase, resulting in an enhanced response to
CO gas [31]. As described in a previous section, the sensor response
to 50 ppm CO gas was 1.25, 1.47, and 1.62 at voltages of 5, 10, and
20 V, respectively. Accordingly, the sensor response increased by
17.6% and 29.6% with an increase in voltage from 5 to 10 and to
20 V, respectively. Since a temperature increase from 25 to 50 ◦ C
increased the response by 79.2% at 5 V, by linear approximation,
increases in applied voltage to 10 and 20 V correspond to temperature increases of 5.6 and 9.3 ◦ C (relative to 25 ◦ C), respectively.
Both applied voltage and temperature provided more energy for
adsorption/reaction processes; consequently, stronger responses
were observed.

Fig. 9. Dynamic resistance curves of Au functionalized SnO2 -ZnO C-S NWs, measured at (a) 5 V and for various sensing temperatures in the range of 25–200 ◦ C. (c)
Sensor response to 50 ppm CO versus sensing temperature in the range of 25–200 ◦ C
at 5 V.

3.3.6. Sensing mechanisms
The change in resistance caused by the chemical adsorption and
reaction of target gas molecules on the surface of the metal oxides
is the most widely accepted theory for the gas sensing mechanism
in metal oxide-based chemiresistive-type gas sensors [32,33]. In
Au-functionalized ZnO-SnO2 C-S NWs, the SnO2 core is completely
covered by a certain thickness of ZnO. Therefore, it is reasonable to
suppose that the ﬂow of electrons in the SnO2 core does not signiﬁcantly affect the sensor current. This is the case for two main
reasons: (i) the electrodes are in direct contact with the ZnO shell
rather than the SnO2 core, and (ii) the heterojunction potential barriers suppress the ﬂow of electrons from the SnO2 core to the ZnO
shell.
UPS is a powerful technique for measuring the work function
of materials [34]. The Fermi level position can be readily determined since the Fermi level of the spectrometer serves as a binding
energy reference, which can be calibrated using a metallic sample
[35]. Fig. 10(a, c, e) shows the UPS spectra of SnO2 (black), ZnO

(green), and Au (purple). From Fig. 10(b, d, f), we can obtain the
cut-off values of 16.85 eV (SnO2 ), 17.10 eV (ZnO), and 15.95 eV (Au).
The work function can be calculated by substracting cut-off value
from the injected photon energy [36]. To correct the broadening
of analyzer, 0.1 eV should be added to the work function values
[37]. Consequently, the work functions of SnO2 , ZnO, and Au were
calculated to be 4.45 eV (i.e. 21.2 eV–16.85 eV + 0.1 eV = 4.45 eV),
4.20 eV (i.e. 21.2 eV–17.10 eV + 0.1 eV = 4.20 eV), and 5.35 eV (i.e.
21.2 eV–15.95 eV + 0.1 eV = 5.35 eV).
There are several mechanisms for enhanced sensing of Aufunctionalized SnO2 /ZnO2 core-shell nanowires. First, it is possible
that the SnO2 /ZnO2 heterojunctions played a role in altering the
sensing properties. The UPS measurements revealed that work
functions of SnO2 and ZnO are 4.45 and 4.20 eV, respectively
(Fig. 10a and b). Accordingly, some electrons of ZnO near the
heterointerfaces ﬂow to the SnO2 side. Since SnO2 core will not
be exposed to ambient, the electrical current thus ﬂows mainly
through the ZnO shell region (Fig. 11). With the conduction volume
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Fig. 10. UPS spectra of (a) SnO2 , (c) ZnO, and (e) Au. Calculation of the cut-off values of (b) 16.85 eV (SnO2 ), 17.10 eV (ZnO), and 15.95 eV (Au).

of ZnO being reduced by the presence of SnO2 /ZnO2 heterojunctions, the increase of the conducting region (volume) by the
adsorption of CO gas will turn out to exhibit a higher sensor
response. Second, Au NPs will affect the sensing behaviour. Functionalization with Au NPs introduces two factors, formation of
Au/ZnO nano-Schottky junctions and the chemical effect of Au,
which must be considered in the analysis of gas sensing tests. The
work functions of Au and ZnO are 5.35 and 4.20 eV, respectively.
As shown in Fig. 10c, due to the higher work function of Au than
ZnO, electrons migrate from the conduction band of ZnO to Au in
order to equalize the Fermi levels and form nano-Schottky heterojunctions at the Au and ZnO interfaces. Being analogous to the
case of SnO2 /ZnO2 heterojunctions, the reduction of conduction

volume in ZnO will contribute to the enhanced sensor response.
With regard to the chemical effect, the Au NPs catalytically activate
the dissociation of molecular oxygen. Thus the role of Au NPs is to
increase the reaction rate of CO molecules, which are adsorbed on
the Au and migrate to the ZnO surface according to a so-called spillover process (Fig. 11a), increasing the surface conductivity [38]. As
explained above, it is important that the work function of SnO2
is larger than that of ZnO for enhancement of sensing behavior.
However, SnO2 can be replaced by other materials, which have a
larger work function than ZnO and form a reliable heterojunction
with ZnO. By the way, SnO2 core material is an excellent choice,
because the production of SnO2 core nanowires is efﬁcient and
well-established.
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Fig. 11. (a) Schematic of sensing mechanism in SnO2 -ZnO C-S NWs (b) Energy levels of ZnO and SnO2 and (c) formation of heterojunction barrier. (d) Energy levels of ZnO
and Au and (e) formation of heterojunction barrier.

4. Conclusions
In conclusion, novel self-heated (without an external heater)
Au-functionalized networked SnO2 -ZnO C-S NW sensors with
excellent selectivity toward CO and extremely low power consumption were realized. Due to the temperature generation from
the Joule heating effect under an applied voltage, the sensors
exhibited an acceptable sensor response toward CO gas. The
response was enhanced under high applied voltages, which can
be explained by the increase in temperature. The power consumption of the sensors in this work was estimated to be in the range
of 0.81 nW–8.3 W (at 1–20 V). The sensor response increased
with increasing ZnO shell thickness because the increase in ZnOZnO homojunctions with increasing shell thickness is surmised to
enhance the self-heating effects. Au caused formation of nanoSchottky barriers and an effective catalytic effect toward CO gas,
both of which contributed to the enhancement of the response to
CO gas. The present sensor, with excellent selectivity, reproducibil-

ity, low cost, and low power consumption, can be used in smart
sensor arrays and other low-power electronic devices.
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