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ABSTRACT: We irradiated SnO2 nanowires with He ions (45 MeV) with
diﬀerent ion ﬂuences. Structure and morphology of the SnO2 nanowires did
not undergo noticeable changes upon ion-beam irradiation. Chemical
equilibrium in SnO2/gas systems was calculated from thermodynamic
principles, which were used to study the sensing selectivity of the tested
gases, demonstrating the selective sensitivity of the SnO2 surface to NO2 gas.
Being diﬀerent from other gases, including H2, ethanol, acetone, SO2, and NH3,
the sensor response to NO2 gas signiﬁcantly increases as the ion ﬂuence
increases, showing a maximum under an ion ﬂuence of 1 × 1016 ions/cm2.
Photoluminescence analysis shows that the relative intensity of the peak at 2.1
eV to the peak at 2.5 eV increases upon ion-beam irradiation, suggesting that
structural defects and/or tin interstitials have been generated. X-ray
photoelectron spectroscopy indicated that the ionic ratio of Sn2+/Sn4+ increases
by the ion-beam irradiation, supporting the formation of surface Sn interstitials.
Using thermodynamic calculations, we explained the observed selective sensing behavior. A molecular level model was also
established for the adsorption of NO2 on ion-irradiated SnO2 (110) surfaces. We propose that the adsorption of NO2-related
species is considerably enhanced by the generation of surface defects that are comprised of Sn interstitials.
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1. INTRODUCTION
Irradiation of materials with a variety of beam types has been
one of the most eﬀective and promising techniques for
enhancing the sensing behavior of semiconducting materials.
Several approaches for beam irradiation, utilizing γ rays,1
ultraviolet (UV) light,2−4 visible light,5 electron beams,6,7 and
ion beams,8−11 have been employed. Gamma ray irradiation has
a high energy that can reduce oxides or decompose
compounds.1,12 UV exposure is regarded as an eﬃcient way
to excite hole−electron pairs in sensing materials, ultimately
enhancing the sensing performance.13−16 Similarly, the use of
visible light, which has much more energy than UV light, has
been investigated.5 We have previously studied the eﬀects of
electron-beam irradiation on the sensing behavior of nanomaterials. For reduced graphene oxides (RGOs), structural defects
and oxygen functional groups are generated by electron-beam
irradiation; these contribute to sensor enhancement.6 Furthermore, electron-beam irradiation can generate nanopores,
slits,17 hillocks,18 and vacancies.19
Structural defects on the surface of sensing materials will
facilitate the adsorption of target gas molecules or species. Since
adsorption is the most critical step in the semiconductor sensor
process, it is expected that the formation of surface defects is
crucial in enhancing the sensing behavior. Accordingly, we
© 2016 American Chemical Society

expect that ion beams, which carry relatively heavy mass, are
one of the most eﬃcient means to generate a suﬃcient amount
of surface defects.
In the present work, we irradiated tin oxide (SnO2)
nanowires with He2+ ions at diﬀerent ion ﬂuences. Since
nanowires will exhibit the promising application to gas sensors,
its study has attracted extensive interest.20 To determine the
best ion ﬂuence, the sensor response of SnO2 to NO2 gas was
changed from 1.8 to 14.2; this represents an ∼8-fold
enhancement at a low temperature of 150 °C. In previous
reports, however, the actual enhancement of the sensor
performance that is imparted by ion-beam irradiation was not
signiﬁcant. For example, the irradiation of CuxS thin ﬁlms by
heavy Au ions increased the sensitivity to NH3 gas by 3.2%.8
Irradiation with Ni+ ions resulted in the sensor enhancement of
NH3 gas by 133%.9 Also, after irradiation with Au ions, the
sensitivity of In2Te3 thin ﬁlms to CO2 gas was increased by
50%.10 The present sensor exhibited signiﬁcantly high
selectivity to NO2 gas, in comparison to other gases, including
SO2, NH3, H2, acetone, and ethanol.
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Figure 1. SEM images of (a) unirradiated and (b−d) irradiated SnO2 nanowires. The ion ﬂuences were set to (b) 1 × 1014, (c) 1 × 1015, and (d) 1 ×
1016 ions/cm2.
irradiation ﬂuences were 1 × 1014, 1 × 1015, and 1 × 1016 ions/cm2.
During irradiation, the samples were located in a vacuum chamber at
room temperature (in the absence of a vacuum system). The vacuum
pressure was maintained between 1 × 10−3 and 1 × 10−2 mbar. The
ion beam was focused to a spot of 9 mm-diameter circle by a
collimator. Scanning area was the same with a focused beam size (9
mm-diameter circle), and sample size was typically 5 mm × 5 mm. The
ﬂuence values were calculated by beam current measured by faraday
cup, irradiated area, electric charge of He2+ ion, and irradiated time:

This is the ﬁrst report that investigates the variation in the
sensing characteristics upon He2+ ion-beam irradiation. SnO2 is
one of the most extensively studied metal oxides with wide
ranging applications; it has been used in gas sensors,
transparent conducting oxides, catalysts, and far-infrared
dichromic mirrors.9,21 For gas sensors, SnO2 nanowires exhibit
n-type behavior and represent a promising platform for lowconcentration gas sensors. To evaluate the sensing behaviors,
we selected NO2 gas, which is a typical air pollutant. NO2 gas
can be generated from automotive engines, industrial factories,
and power plants.22 Since it is very toxic, the inhalation of NO2
gas is known to be detrimental to human health.23,24 In terms
of health and safety guidelines, humans should not be exposed
to 3 ppm of NO2 gas for periods longer than 8 h.22 Accordingly,
the development of a stable NO2 gas sensor, which is able to
detect NO2 gas at extremely low concentrations with high
selectivity, is urgently needed. The present SnO2 nanowire
sensor veriﬁes the eﬀects of ion-beam irradiation by monitoring
changes in the NO2 sensing characteristics. We also propose a
possible mechanism for the observed enhancement in the
adsorption behavior of NO2 molecules.

fluence =

beam current × irradiated time
electric charge of He 2 +ion × irradiated sample area
(1)

The samples were characterized by scanning electron microscopy
(SEM, JEOL, JSM 5900 LV, Japan), X-ray diﬀraction (XRD; Rigaku,
Japan), and transmission electron microscopy (TEM; TECNAI 20
microscope at 200 kV). An energy-dispersive X-ray spectrometer
(EDS) (JEOL JED-2200) attached to the TEM equipment was used to
reveal the chemical composition of nanowires. We carried out the Xray photoelectron spectroscopy (XPS, VG Multitab ESCA 2000
System, UK) experiments with a monochromatized Al Kα X-ray
source (hν = 1486.6 eV) at the Korean Basic Science Institute (KBSI).
The projected range of the energetic ions was calculated to be about
400 μm by using the SRIM software. As the projected range is much
higher than the diameter of nanowires, the ions will penetrate through
the nanowires (Text S1). In the sensing measurements, Ni (∼200 nm
thick)/Au (∼50 nm thick) double-layer electrodes were used. The
sensor was located in a horizontal-type tube furnace and electrically
connected to an electrical measuring system (Keithley 2400). The tube
furnace was evacuated down to 10−3 Torr by using a rotary pump. The
gas in the NO2 cylinder is comprised of 2 ppm of NO2 with dry air as
the balance. As a recovery step, ambient dry air was ﬂowed at 100 sccm
as a purging gas. The humidity content was negligible, based on the
speciﬁcations provided by the manufacturer for the target gas and dry

2. EXPERIMENTAL SECTION
The experimental procedure used for fabricating pristine SnO2
nanowires in the present work has been described previously.25 Sn
powder (purity: 99.9%), which was placed in a ceramic boat, was used
as a source material. A gold (Au)-coated Si plate was used as a
substrate for the growth of nanowires (∼3 nm-thick Au layer).
The as-fabricated SnO2 nanowires were irradiated with an ion beam
using an MC 50 cyclotron (Korea Institute of Radiological & Medical
Sciences, Seoul, Korea). The accelerating voltage and beam current of
the He2+ ion beams were set to 45 MeV and 100 nA, respectively. The
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air. This sensing setup is similar to those used previously by our
research group.26−29 The sensor responses to the oxidizing and
reducing gases were determined to be R = Rg/Ra and R = Ra/Rg,
respectively. Rg and Ra are the resistance measured with and without
target gas, respectively. The response and recovery times were deﬁned
as the amount of time it took for the resistance to change by 90% upon
exposure to the target gas and air, respectively. For investigating the
stability in a humid environment, we maintained the sensors in a
humid environment (RH 60% @ 25 °C) for 12 months and compared
the sensing behaviors of the preserved sample with the original one.

the straight-lined nanowires. The SAED patterns with the [010]
axis direction show the [200], [101], and [002] lattice planes of
the tetragonal rutile SnO2 structure. Additionally, the latticeresolved TEM images clearly reveal that SnO2 nanowires
exhibit a nearly perfect crystalline structure, whether they were
irradiated or not. The interlayer distances were calculated to be
0.236 and 0.264 nm, corresponding to the (200) and (101)
planes of the tetragonal rutile SnO2 structure, respectively.
TEM investigation indicates that the crystalline structure was
not noticeably changed by ion-beam irradiation.
We carried out sensing tests for NO2 gas at a concentration
of 2 ppm. The sensor response curves of the samples measured
at 25, 100, 150, 200, and 250 °C are shown in Figures S2−S6,
respectively. It is noteworthy that the resistance increases upon
the introduction of NO2 gas and that the nanowires exhibit an
n-type behavior. Figure 4 and Table S1 show variations in the
sensor responses of SnO2 nanowires that occur when the
measurement temperature is changed between 25 and 250 °C
for four diﬀerent samples, which were unirradiated and
irradiated at a ﬂuence of 1 × 1014, 1 × 1015, and 1 × 1016
ions/cm2. It is revealed that the sensor responses to NO2 gas
increase after ion-beam irradiation and that the sensor response
increases as the ion ﬂuence is increased in the range of 1 ×
1014−1 × 1016 ions/cm2. Since sensitivity S = (Rg − Ra)/Ra (i.e.,
sensitivity = sensor response − 1], the variation of sensitivity
will follow the same trend with that of sensor response.
Accordingly, we reveal that sensitivity to NO2 gas increases
after ion-beam irradiation and that sensitivity increases as the
ion ﬂuence is increased. Additionally, it should be noted that
the dependence of the sensor response on the sensing
temperature exhibits bell-shaped behavior, which is common
in metal oxide semiconductor gas sensors. In order to examine
the reproducibility of the sensor, we carried out the sensing
tests for three cycles (Figure 5). These data were converted
from the dynamic resistance curves (Figure S7). In the sensing
tests, the sensing temperature and NO2 concentration were set
to 150 °C and 2 ppm, respectively. It is apparent that the
dynamic resistance curves are quite reproducible for all samples,
whether they were ion-beam irradiated or not.
In order to investigate the response times and recovery times,
we examined the typical dynamic resistance curves shown in
Figure 6a. Figure 6b reveals that the response times of the
sensors that were unirradiated, 1 × 1014 ions/cm2-irradiated, 1
× 1015 ions/cm2-irradiated, and 1 × 1016 ions/cm2-irradiated
are 261, 300, 193, and 292 s, respectively. Figure 6c shows that
the recovery times of the sensors that were unirradiated, 1 ×
1014 ions/cm2-irradiated, 1 × 1015 ions/cm2-irradiated, and 1 ×
1016 ions/cm2-irradiated are 1017, 245, 235, and 228 s,
respectively. It is noteworthy that the recovery time was
signiﬁcantly decreased upon ion-beam irradiation. In order to
evaluate the selective sensitivity to NO2 gas, we also carried out
sensing tests for acetone, ethanol, H2, NH3, and SO2 gases. The
sensing temperature and the gas concentration were set to 150
°C and 2 ppm, respectively. We compared the sensor responses
of unirradiated and irradiated samples, in which a ﬂuence of 1 ×
1016 ions/cm2 was used. The dynamic response curves of
unirradiated and irradiated samples are shown in Figures S8
and S9, respectively. The sensor response values are
summarized in Table S2 and Figure 7. For pristine SnO2
nanowires, the sensor responses to NO2, SO2, NH3, H2,
acetone, and ethanol are measured to be 1.8, 1.0, 1.1, 1.0, 1.0,
and 1.0, respectively. Alternatively, for irradiated SnO 2
nanowires, the sensor responses to NO2, SO2, NH3, H2,

3. RESULTS AND DISCUSSION
Figure 1a shows a typical SEM image of the unirradiated SnO2
nanowires, whereas Figure 1b−d shows SEM images of
irradiated SnO2 nanowires with ﬂuences of 1 × 1014, 1 ×
1015, and 1 × 1016 ions/cm2, respectively. The nanowires were
densely grown and distributed on the surface with a straightline morphology, regardless of ion-beam irradiation. The insets
show that SnO2 nanowires exhibit uniform diameters with
relatively smooth surfaces, whether they were irradiated or not.
Figure 2a shows a typical XRD pattern of the unirradiated
SnO2 nanowires, whereas Figure 2b−d shows the XRD patterns

Figure 2. XRD patterns of (a) unirradiated and (b−d) irradiated SnO2
nanowires. The ion ﬂuences were set to (b) 1 × 1014, (c) 1 × 1015, and
(d) 1 × 1016 ions/cm2.

of irradiated SnO2 nanowires with ﬂuences of 1 × 1014, 1 ×
1015, and 1 × 1016 ions/cm2, respectively. The patterns show
reﬂection peaks that can be indexed to a tetragonal rutile SnO2
phase (JCPDS card: No. 41-1445). The ion-beam irradiation
does not signiﬁcantly aﬀect the location or fwhm of the main
peaks (Figure S1).
In order to further investigate the structural and crystalline
properties of SnO2 nanowires, we carried out TEM analyses
(Figure 3). Low-magniﬁcation TEM images conﬁrm that ionbeam irradiation generates no noticeable structural defects in
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Figure 3. Low-magniﬁcation TEM image, SAED patterns, and lattice-resolved TEM images of the samples, which were (a) unirradiated and (b−d)
irradiated SnO2 nanowires. The ion ﬂuences were set to 1 × 1014, 1 × 1015, and 1 × 1016 ions/cm2, respectively.

not signiﬁcantly enhanced by ion-beam irradiation, whereas the
response to NO2 gas was drastically increased (Table S2).
Thermodynamic Calculations. In order to explain the
above observations concerning selective sensing of NO2 gas,
with respect to previous observations about pristine SnO2
nanowires, chemical equilibrium calculations for systems
containing 1 mol of SnO2 (solid) and 1 mol of gas molecules
(gas) are conducted at 25, 100, 150, 200, and 250 °C. These
calculations are based on thermodynamic principles and
FactSage.30 Three types of reactions are observed for the
nine gases, as shown below (and in Table 1): (A) There are no
reactions that involve SnO2 or gas molecules such as SO2, N2,
H2 (except minor reaction at high temperatures), CH4, and
CO2 (not shown). Therefore, no sensing response is expected
for these gases. (B) There are no reactions involving SnO2;
however, gas molecules can be decomposed as in the cases of
NO2, C2H6O, and NH3. For C2H6O and NH3 gases, their
decomposed products (i.e., CH4 and CO2) correspond to typeA reaction gases. Thus, no sensing response for C2H6O and
NH3 is expected. For NO2 gas, we expect that the genuine
sensing response may involve changes in the oxygen partial

Figure 4. Variation of the sensor responses of SnO2 nanowires by
varying the measurement temperature in the range of 25−250 °C for
samples, which were unirradiated or irradiated at a ﬂuence of 1 × 1014,
1 × 1015, and 1 × 1016 ions/cm2, respectively.

acetone, and ethanol are measured to be 14.2, 1.1, 1.3, 1.1, 1.0,
and 1.0, respectively. The sensor responses of other gases were
13649
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Sn-rich SnO2 (110) models to calculate the surface adsorption
of NO2; these calculations are based on density functional
theory (DFT). Accordingly, we established a molecular model
to demonstrate that the He2+ ion irradiation in the present
work selectively contributes to the enhanced response to NO2
gas.
Surface Model Development. Our calculations are based on
ﬁrst-principles DFT,32,33 as implemented in the Vienna ab
initio simulation package (VASP).34,35 The projector augmented wave (PAW)36 pseudopotential was used, and the
exchange-correlation interaction was treated at the generalized
gradient approximation (GGA) level by using the Perdew,
Burke, and Ernzerhof (PBE) functional.37 An energy cutoﬀ of
400 eV was used for plane-wave basis expansion of wave
functions. For bulk SnO2, a k-point mesh of 9 × 9 × 11 with
the Monkhost-Pack38 sampling scheme was used. The
calculated lattice constants are a = b = 4.826 Å and c = 3.241
Å; these values are consistent with experimental values (4.737
and 3.186 Å, respectively).39 A k-point mesh of 5 × 3 × 1 was
used for slab calculations. Geometry-relaxation is performed
using the conjugated gradient method until the residual forces
on each atom become less than 0.02 eV/Å.
To simulate the process of the adsorption of gas on solid
surfaces, we constructed an SnO2 slab model. Previous
calculations conﬁrmed that the (110) surface is the most stable
SnO2 surface;40,41 this is clearly observed in the current
experiment (XRD data in Figure 2). Therefore, an SnO2 (110)
slab model with p(2 × 2) surface periodicity and ﬁve O-SnO-O
trilayers was constructed. This was separated by a 15-Å-wide
vacuum layer in the z-direction to avoid interactions between
periodic images. Our calculated surface energy for a fully
relaxed SnO2 (110) slab is 1.05 J/m2, which agrees with
ﬁndings in the literature.41
The adsorption energies of gas molecules were calculated
using the formula Eads = Esolid+gas − Esolid − Egas where Esolid+gas,
E solid , and E gas are the total energies of the surface
corresponding to gas being adsorbed, the surface slab, and
the gas molecule, respectively. By this deﬁnition, a negative
value of Eads indicates that adsorption is an energetically
favorable process. The total energy of an NO2 molecule in the
gas phase was calculated in a 15 Å cubic box with a single Γ
point. Spin-polarization was employed for NO2-related
calculations. To estimate the charges that transfer to the
adsorbate, we computed the charge distribution on each atom
via grid-based Bader charge analysis.42,43
DFT Calculation Results. Herein, we study the adsorption of
NO2 onto perfect and defective SnO2 (110) surfaces in order to
explain the observed high gas sensitivity to NO2 gas (Table 2).
NO2 Adsorption on a Perfect SnO2 Surface. At a perfect
SnO2 (110) surface, the most active sites for gas adsorption are
the unsaturated ﬁve-coordinate Sn atoms (Sn5c) and the twocoordinate O atoms (O2c ), as shown in Figure 8a,b,
respectively. Several initial orientations of NO2 on the SnO2
surface (including O-down, N-down, and plane parallel
conﬁgurations) were tested. The two resultant optimized
adsorption geometries are given in Figure 8a,b. For the
molecular structure above Sn5c atoms, the NO2 molecule forms
bonds with two surface Sn atoms and the average O−Sn5c
distance is 2.34 Å. The calculated adsorption energy of NO2 gas
is −0.29 eV. On the basis of Bader charge analysis, there is a net
charge transfer of 0.33 electrons from the surface to the NO2
molecule, which leads to an increase in the SnO2 resistivity; this
agrees with our experimental results. For the geometry above

Figure 5. Dynamic response curves for three cycles at NO2
concentration and temperature of 2 ppm and 150 °C, respectively,
for the sensors fabricated from the samples, which were unirradiated
and irradiated SnO2 nanowires. The ion ﬂuences were set to 1 × 1014,
1 × 1015, and 1 × 1016 ions/cm2, respectively.

pressures at the surface. DFT calculations are conducted below
to explain the sensing response of NO2 gas. (C) Both the gases
(i.e., C3H6O and CO) and SnO2 will react, and SnO2 is partially
reduced to Sn at higher temperatures. Accordingly, we expect a
genuine appearance of the sensing response for C3H6O and CO
gases. It is reported that, by using a composite structure of
SnO2/reduced graphene oxide (RGO) nanosheets, acetone can
be detected, but only at high RGO concentrations31 where the
oxygen partial pressure is much lower. Therefore, it is possible
that acetone can be selectively detected by varying the sensing
temperature to modulate the redox potentials of the SnO2/
acetone system.
Accordingly, the present thermodynamic calculations support
the experimental observations of pristine SnO2/gas systems, in
which the sensor response to NO2 gas (1.8) is higher than
those of other gases (NO2, SO2, NH3, H2, acetone, and
ethanol) for pristine SnO2 nanowires. As a matter of fact, NO2
is easily detected by chemiresistive-type oxide materials
(including SnO2). That is, it is commonly accepted that NO2
shows a higher response than any other oxidizing and reducing
gas in SnO2. This has been attributed to the inherently active
interaction between NO2 and SnO2. The thermodynamic
calculations in this work are consistent with the measured
higher response that pristine SnO2 shows toward NO2.
DFT Calculations. To understand how ion-beam irradiation
enhances the sensor response to NO2 gas, we further developed
13650
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Figure 6. (a) Typical dynamic response curves, (b) response times, and (c) recovery times of the sensors, which were unirradiated and irradiated
SnO2 nanowires. The ion ﬂuences were set to 1 × 1014, 1 × 1015, and 1 × 1016 ions/cm2, respectively. The NO2 concentration and the sensing
temperature were set to 2 ppm and 150 °C, respectively.

(SnI) onto the surface. The optimized structure for an SnI atom
is shown in Figure 8c. Here, interstitial Sn atoms form two
bonds with surface bridging O atoms with SnI−O bond lengths
of 2.06 Å. Two diﬀerent adsorption geometries for the NO2
molecule are examined: on ﬁve-coordinate surface tin atoms
and on surface interstitial tin atoms. The optimized adsorption
geometries of NO2 gas are shown in Figure 8d,e. For the two
geometries, the calculated adsorption energies of NO2 gas are
−1.83 and −1.48 eV, respectively, which are much higher than
the adsorption energy on a perfect SnO2 surface (−0.29 eV).
The net charge transfer from the surface to NO2 gas is 0.61
(0.63) electrons, which is much higher than the case with a
perfect surface (0.33 electrons). Thus, the surface interstitial Sn
atoms enhance the sensing to NO2 gas.
When the sensor is exposed to air, O2 molecules are
adsorbed onto the surface of SnO2. It is well-accepted that there
exists a variety of chemisorbed oxygen ions, such as O2−, O−,
and O2−, on the surface of SnO2. In particular, at sensing
temperatures between 100 and 200 °C, adsorbed oxygen
molecules will be mainly dissociated into O−,44 increasing the
resistance due to the abstraction of electrons from the SnO2
surface. Second, the adsorbed O2 and/or dissociated O− ions
facilitate the ﬁlling of oxygen vacancies. Accordingly, prior to
the introduction of the target gas, these processes help to
increase the resistance of SnO2. Next, the introduction of the
target gas will vary the resistance; the resistance will be
increased and decreased by the introduction of oxidizing and
reducing gases, respectively.
The reaction of sensing NH3 is given by 2NH3 + 3O−(ads) →
N2 + 3H2O + 3e−.45 The reaction of sensing acetone is given by
CH3COCH3(ads) + 8O−(ads) → 3CO2(g) + 3H2O(l) + 8e−.46

Figure 7. Sensor response values of unirradiated and irradiated SnO2
nanowires, for ethanol, H2, NH3, and NO2 gases. The sensing
temperature and the gas concentration were set to 150 °C and 2 ppm,
respectively. For irradiation, the ﬂuence of 1 × 1016 ions/cm2 was
used.

O2c atoms, the N atom of NO2 forms one bond with a surface
O2c atom, resulting in a nitrate, and the N−O2c distance is 1.49
Å. The adsorption energy of NO2 gas is calculated to be −0.56
eV. However, there is a net charge transfer of 0.2 electrons from
the gas molecule to the substrate. This leads to decrease in the
SnO2 resistivity, which is inconsistent with our experiments.
Therefore, the observed net increase in the SnO2 resistivity may
be the result of competition between these two mechanisms.
The molecule geometries of NO2 gas after adsorption are also
presented in Table 2.
NO2 Adsorption on a Defective SnO2 Surface. We also
considered an Sn-rich surface by introducing Sn interstitials
13651
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products at 250 °C

SnO2 + O2 + 0.5N2
SO2 + SnO2
SnO2 + 0.10NH3 + 1.32H2 + 0.45N2
N2 + SnO2
0.98H2 + 0.02H2O + 0.98SnO2
+ 0.02SnO
0.01C2H6 + 0.98CO2 + 0.52CO
+ 1.49CH4 + 0.53SnO + 0.47Sn
0.68CO2 + 0.32CO + 0.32SnO2
+ 0.68SnO
CH4 + SnO2
1.5OCH4 + 0.50CO2 + SnO2

Table 2. Adsorption Energy (Eads) and Optimized Geometry
for NO2 on Perfect and Defective SnO2 (110): the Distance
between O/N of NO2 and Surface Sn/O (D) and the Bond
Lengths (dm), Bond Angles (θ), and Net Charge (Q) of NO2
Molecule
surface
perfect
defective

geometry
on_Sn5f
on_O2f
on_Sn5f
on_SnI

Eads (eV)

D (Å)

dm (Å)

θ (deg)

Q (e)

−0.29
−0.56
−1.83
−1.48

2.34
1.49
2.31
2.35

1.25
1.21
1.27
1.27

125.2
132.7
121.4
112.7

−0.33
+0.20
−0.61
−0.63

1.20

134.3

zero

CH4 + SnO2
1.5OCH4 + 0.50CO2 + SnO2

Figure 8. Optimized adsorption geometries for: (a, b) NO2 on a
perfect SnO2 surface, (c) surface tin interstitial, and (d, e) NO2 on a
defective SnO2 surface. The blue, red, and green balls indicate tin,
oxygen, and nitrogen atoms, respectively. Sn5c, O2c, and SnI indicate 5coordinate tin atom, 2-coordinate O atom, and surface interstitial tin
atom, respectively.

The reaction of sensing H2 is given by H2 + O−(ads) → H2O +
e−.44,47 The reaction of sensing ethanol is given by C2H5OH +
O−(ads) → CH3COH + H2O + e−;48 C2H5OH + 6O2−(ads) →
2CO2(g) + 3H2O(g) + 6e−.49 Although it is possible that SO2
plays a role in reducing gases (e.g., SO2 + O2−(ads) → SO3(g) +
2e−),50 SO2 usually acts as an oxidizing gas. Furthermore, the
sensing test in the present work revealed that the resistance
increases and decreases upon the introduction and removal of
the SO2 gas, respectively. The reaction of sensing SO2 is
expected to be SO2 + ne− → SO + O−(ads). The response to
NO2 can be explained by the reaction of NO2 + 3e− → NO +
O−(ads).51 In addition, it has been generally proposed that NO2
sensing at low temperatures, where the highest response is
obtained, is due to direct NO2 chemisorption: NO2 + e− →
NO2−(ads).52,53 Similarly, NO2 is known to adsorb onto the
surface via diﬀerent states, including NO+(ads) and NO−(ads).54
Although the precise reaction mechanisms of NO2 sensing is
still unknown, is it possible that the direct adsorption of NO2 or
NO2-related species will play a signiﬁcant role in promoting the
sensing response to NO2 gas, in which the ion beam irradiation
performed in the present work will generate surface defects;
this was discussed in a previous section. We surmise that the
generated surface defect sites may be relatively eﬃcient at
adsorbing NO2-related species.
In order to determine the origin of ion-beam-induced
changes, we carried out PL analysis. In Figure 9, we present the
PL spectra of unirradiated and irradiated SnO2 nanowires. The
ion ﬂuences were set to 1 × 1014, 1 × 1015, and 1 × 1016 ions/
cm2. The PL spectra were deconvoluted into two Gaussian

CH4 + SnO2
1.50CH4 + 0.50CO2 + SnO2
CH4 + SnO2
C2H6O + SnO2

CO + SnO2

0.97C2H6 + 0.45CO2 + 0.11CO
+ 0.05CH4 + 0.46C(I) + SnO2
0.47CO2 + 0.06CO + 0.47C(l) + SnO2
C3H6O + SnO2

CH4 + SnO2
1.50CH4 + 0.50CO2 + SnO2

0.68C2H6 + 0.63CO2 + 0.52CO
+ 0.48CH4 + 0.60SnO2 + 0.40Sn

0.21C2H6 + 0.83CO2 + 0.56CO
+ 1.18CH4 + 0.39SnO2 + 0.61Sn
0.60CO2 + 0.40CO + 0.7SnO2 + 0.3Sn

CH4 + SnO2
1.5OCH4 + 0.50CO2
+ SnO2

N2 + SnO2
0.99H2 + 0.01H2O
+ 0.99SnO2 + O.OlSnO
N2 + SnO2
H2 + SnO2

products at 200 °C
products at 150 °C

SnO2 + O2 + 0.5 N2
SO2 + SnO2
SnO2 + 0.53NH3 + 0.70H2 + 0.23N2
N2 + SnO2
H2 + SnO2
SnO2 + O2 + 0.5N2
SO2 + SnO2

products at 100 °C
products at 25 °C

SnO2 + O2 + 0.5N2
SO2 + SnO2
SnO2 + 0.97NH3 + 0.05H2 + 0.02N2
N2 + SnO2
H2 + SnO2

reactants

SnO2 + O2 + 0.5 N2
SO2 + SnO2

free molecule

NO2 + SnO2
SO2 + SnO2
NH3 + SnO2
N2 + SnO2
H2 + SnO2

Table 1. Products of the Chemical Reactions of SnO2 with the Various Gases, Including NO2, SO2, NH3, N2, H2, C3H6O, CO, CH4, and C2H6O, at Temperatures in the Range
of 25−250°C
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Figure 9. PL spectra of (a) unirradiated and (b−d) irradiated SnO2 nanowires. The ion ﬂuences were set to (b) 1 × 1014, (c) 1 × 1015, and (d)1 ×
1016 ions/cm2.

we conducted XPS analysis. Figure S10 shows the XPS survey
spectra of unirradiated and irradiated samples (at an ion ﬂuence
of 1 × 1016 ions/cm2). In the survey scan XPS spectra, the
peaks around 26, 285, 487, 495, 531, 717, 759, and 977 eV
correspond to Sn 4d, C 1s, Sn 3d5/2, Sn 3d3/2, O 1s, Sn 3p3/2,
Sn 3p1/2, and OKLL, respectively. The atomic percentage (at%)
of each element can be calculated from the survey spectra. In
the unirradiated case, the atomic concentration ratios of Sn and
O were estimated to be about 35.13% and 64.87%, respectively.
After irradiation at an ion ﬂuence of 1 × 1016 ions/cm2, the
atomic concentration ratios of Sn and O changed to 34.47%
and 65.53%, respectively. It is noteworthy that the oxygen
atomic ratio increased from 64.87% to 65.53% upon irradiation.
Alternatively, the Sn atomic ratio decreased from 35.13% to
34.47% upon irradiation. Since the present XPS data were used
to investigate the chemical compositions on the nanowires, it is
possible that information from the surface region (from a
considerable depth) was obtained. In the present case, ionbeam irradiation causes Sn atoms underneath the surface to be
ejected, thereby forming Sn vacancies. However, expelled Sn
atoms can instead gather near the SnO2 surfaces to form Sn
interstitials. Accordingly, the overall chemical composition
observed by XPS will be nearly invariant. Changes in the atomic
concentration in the XPS survey data will factor into the
tolerance of the analysis. In Figure S11, we presented the EDS
data, which were measured in conjunction with TEM analysis.
In the unirradiated case, the atomic concentration ratios of Sn
and O were estimated to be about 36.51% and 63.49%,
respectively. After irradiation at an ion ﬂuence of 1 × 1016 ions/
cm2, the atomic concentration ratios of Sn and O changed to
34.06% and 65.94%, respectively. It is noteworthy that the
oxygen atomic ratio increased from 63.49% to 65.94% upon
irradiation. Alternatively, the Sn atomic ratio decreased from

peaks, corresponding to peaks at 2.1 and 2.5 eV. It is known
that the peak at 2.5 eV can originate from a shallower energy
level, located in the band gap, compared to that of the 2.1 eV
luminescence.55 The 2.1 eV emission originates from structural
defects or tin interstitials,56 and the 2.5 eV emission is
associated with singly charged oxygen vacancies.56,57 It is
noteworthy that the relative intensity of the peak at 2.1 eV to
the peak at 2.5 eV increases upon ion-beam irradiation (Figure
9a,b). Furthermore, the relative intensity of the peak at 2.1 eV
to the peak at 2.5 eV increases as the ion ﬂuence is increased in
the range of 1 × 1014−1 × 1016 ions/cm2. Therefore, this
supports our assumption that, by increasing the ion ﬂuence, the
surface becomes more Sn-rich due to the formation of Sn
interstitials.
The above observations, related to the sensing recovery in
Figure 6c, are consistent with the proposed defect structures
where Sn vacancies and Sn interstitials are located inside and on
the crystal surfaces, respectively. As reported recently,58,59 the
recovery process is governed by the transport of minor carriers
(or the holes from Sn vacancies in this study). For unirradiated
samples, due to the deep acceptor (Sn vacancy) level, the
recovery time is long (i.e., 1017 s). Alternatively, Sn interstitials
near the crystal surfaces of ion-irradiated samples may assist in
the removal of surface oxygen species due to the lower surface
oxygen partial pressures (or higher Sn partial pressure
compared to unirradiated samples). Additionally, the tin-rich
or oxygen-deﬁcient conditions (caused by Sn interstitials) near
the crystal surfaces of ion-irradiated samples suppress the
formation of acceptors that originate from oxygen interstitials,
resulting in the shorter observed recovery times (245, 235, and
228 s).
In order to investigate changes in the chemical compositions
on the SnO2 surfaces that are caused by ion-beam irradiation,
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preferentially form the SnO2 phases, whereas Sn2+ will
preferentially form the SnO phases. Accordingly, it is expected
that a considerable amount of SnO2 structures near the surfaces
will change to SnO2−x (x < 1) or SnO structures.
We measured the variation of the resistance of sensor with
varying temperature and ion ﬂuence, for investigating the
eﬀects of ion-beam irradiation (Figure 11). We reveal that the

36.51% to 34.06% upon irradiation. The Sn atomic ratio
decreases by 1.9% in XPS analysis, whereas that decreases by
6.7% in TEM-EDS analysis. Since EDS investigation in Figure
S11 is carried out mainly on the center of the nanowires, it is
expected that the EDS data will provide the inside information,
as well as the surface information. We surmise that a portion of
Sn atoms kicked out of the lattice by the ion-beam irradiation
has been removed from the SnO2 nanowires, slightly decreasing
the atomic concentration ratio of Sn.
Figure 10 shows the XPS Sn 3d spectra of unirradiated and
irradiated SnO2 nanowires. The ion ﬂuence was set to 1 × 1016

Figure 11. Eﬀect of ion-beam irradiation on the resistance of SnO2
nanowires sensors. The temperature changed continuously from 25 to
250 °C.

sensor resistance decreases with an increase in the ion ﬂuence.
We assumed that the surface becomes more Sn-rich due to the
formation of Sn interstitials, by increasing the ion ﬂuence. It is
known that Sn interstitial produces a donor level inside the
conduction band, leading to instant donor ionization and
conductivity.60 We already explained that the surface interstitial
Sn atoms increase the sensing to NO2, by enhancing the
adsorption of the NO2 gas molecules. In addition, it is possible
that the decrease of the initial sensor resistance by the ion-beam
irradiation will tend to increase the sensor response. With the
sensor response being deﬁned as R = Rg/Ra, the decrease of the
initial resistance (Ra) will slightly decrease the Rg/Ra, because
the same amount of increased resistance by the NO2 adsorption
with the smaller Ra will turn out to have the smaller Rg/Ra
value. Accordingly, the decrease of the initial resistance cannot
account for the enhancement of sensing behavior by the ionbeam irradiation. Also, it is noteworthy that the sensor
resistance decreases with an increase in the temperature,
being ascribed to the increased electron concentration at higher
temperatures. At higher temperatures, the eﬀect of ion-beam
irradiation becomes relatively insigniﬁcant. We surmise that the
signiﬁcant decrease of resistance by a greater increase of
electron concentration, induced by high temperatures, will
surpass the eﬀects of increase of resistance by the enhanced
adsorption of NO2.
On the other hand, in a previous work, we reported the
eﬀects of electron-beam irradiation on SnO2 nanowire and its
impacts to sensing behaviors.59 The 50-kGy-eletron-beam
irradiation decreased the sensor response of the pristine SnO2
nanowires with keeping an n-type sensing behavior. Furthermore, the 150-kGy-electron-beam-irradiated SnO2 nanowires
exhibited a p-type sensing behavior. The tunability of the
conduction behavior is assumed to be governed by the
formation of tin vacancies and holes (under high-energy
electron beam irradiation). A strong electron beam will expel
Sn atoms from their lattice positions, by the following reaction:

Figure 10. XPS Sn 3d spectra of (a) unirradiated and (b) irradiated
SnO2 nanowires. The ion ﬂuence was set to 1 × 1016 ions/cm2.

ions/cm2. Not only Sn 3d5/2 but also Sn 3d3/2 peaks can be
deconvoluted into Sn4+ and Sn2+ subpeaks. For the Sn 3d5/2
peak, the relative portion of Sn4+ subpeak decreased from
83.7% to 59.0%, by the ion-beam irradiation, whereas that of
Sn2+ subpeak increased from 16.3% to 41.0%. For the Sn 3d3/2
peak, the relative portion of the Sn4+ subpeak decreased from
84.0% to 57.7%, by the ion-beam irradiation, whereas that of
the Sn2+ subpeak increased from 16.0% to 42.3%. In the present
case, ion-beam irradiation causes Sn atoms underneath the
surface to be ejected, thereby forming Sn vacancies. However,
expelled Sn atoms can instead gather near the SnO2 surfaces to
form Sn interstitials. By the way, it is known that Sn4+ will
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Figure 12. Stability of the response curves of ion-beam-irradiated SnO2 nanowires in a humid environment (RH 60% @ 25 °C) for 12 months.
Comparison of the sensing response curves of the sensors, which were preserved in a humid environment for 12 months, with that of the original
sensor. The sensing temperatures were set to (a) 25, (b) 100, (c) 150, (d) 200, and (e) 250 °C, respectively. (f) Comparison of the sensor response
values of the ion-beam-irradiated SnO2 nanowires sensor, which was preserved in a humid environment for 12 months, with that of the original
sensor.

SnSn = VSni− + ih + Sngas.59 The expelled Sn atoms will be
sublimated into air through the surfaces of the SnO2 nanowires.
In the Supporting Information, we listed some previous
references that have reported on the sensor enhancement
caused by beam irradiation (Table S3). Until now, there have
been few papers investigating the eﬀects of ion irradiation on
the sensing properties. Sagade et al. irradiated CuxS thin ﬁlms
with heavy Au ions of 100 MeV, increasing the sensitivity to
NH3 gas by 3.2%.8 Rani et al. reported that irradiation with Ni+
ions (75 MeV) increased the NH3 gas sensitivity by 133%.9
Also, Matheswaran et al. enhanced the sensitivity of In2Te3 thin
ﬁlms to CO2 gas by 50% via irradiation with Au ions (130
MeV).10 Additionally, in the present work, we achieved an ∼7fold increase in the sensitivity to NO2 gas. This was
accomplished by using He ion beams (45 MeV).
Furthermore, several researchers have reported that more
than a 10-fold increase in sensitivity can be attained by using
gamma ray1 and UV light irradiation.2−4 Gamma ray irradiation
has been shown to achieve a 10.6-fold increase in the sensitivity
to acetic gas in Ag/Ag2SnO3 nanoparticles at an acetic gas
concentration of 400 ppm.1 Nikfarjam and Salehifar achieved a

15-fold increase in sensitivity to H2 gas (at 200 ppm) in an Ausputtered TiO2 nanoﬁber sensor.3 Xu et al. utilized UV light
irradiation to attain an ∼36-fold increase in ethanol gas
sensitivity (at a concentration of 400 ppm) in an SnO2-reduced
graphite oxide monolayer-ordered porous ﬁlm gas sensor.4
Finally, Haridas et al. reported an ∼64-fold increase in
sensitivity to LPG gas (200 ppm) by UV light irradiation of
an SnO2 thin ﬁlm sensor.15
Although some of the previous studies that have used gamma
ray and UV light irradiation have reported dramatic enhancements in sensitivity, these sensing experiments were typically
carried out at relatively high concentrations of the target gases
(i.e., higher than 100 ppm). Alternatively, the sensing test in the
present work was performed at a signiﬁcantly lower
concentration (2 ppm). Since both the sensitivity and the
beam-induced enhancement in the sensitivity signiﬁcantly
decrease as the gas concentration decreases, a 7-fold increase
in the sensitivity at a concentration of 2 ppm is noteworthy.
In addition, several researchers have proposed mechanisms
to explain how ion bombardment changes the sensing
characteristics. Sagade et al. showed that ion-beam irradiation
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signiﬁcantly increases the AFM surface roughness of ﬁlms.8 Ionbeam irradiation not only results in grain growth, but it also
increases the defect concentration. In particular, sensor
enhancement is associated with the irradiation-induced
generation of defect sites, which facilitate the adsorption of
gas species. This result agrees with the previous work by
Merdrignac et al., in which ionic radiation was shown to change
the bulk and/or surface structures.61 Rani et al. reported that ptype sensing behavior appeared after 75 MeV-Ni ion-beam
irradiation.9 They ascribed this to the generation of interstitial
oxygen ions. This idea will not be applied to the present study
because our SnO2 nanowires were not changed into p-type
materials. Matheswaran et al. reported that 130 MeV-Au-ion
irradiation enhanced the sensing properties of In2Te3 thin ﬁlms;
this enhancement was related to the deformation or sputtering
of the ﬁlm structure.10 By increasing the ion ﬂuence, the
dewetting structure is evolved and the sputtering of the Te
species reduces the ﬁlm thickness. In the present work, we
propose that ion-beam irradiation generates Sn interstitial
defects, thereby enhancing the adsorption of NO2-related
species. We studied this mechanism by using a combination of
experimental results and thermodynamic/DFT calculations. We
investigated the stability of the ion-beam-irradiated SnO2
nanowires in a humid environment. In Figure 12 and Table
3, we compared the sensing response curve of the sensor, which

peak at 2.5 eV increases as the ion-beam irradiation is
increased; this behavior is caused by the formation of Sn
vacancies inside the crystal and the resultant Sn interstitial
defects that are formed near the surface. XPS Sn 3d spectra
indicate that the ionic ratio of Sn2+/Sn4+ increases by the ionbeam irradiation, supporting that expelled Sn atoms can gather
near the SnO2 surfaces to form Sn interstitials. The eﬀect of the
excess Sn-rich surface was further investigated by performing
density functional theory (DFT) calculations for NO 2
adsorption on SnO2 (110) surfaces. Sensor measurements
showed that an NO2 sensor response of 14.2 at 2 ppm and 150
°C was obtained after ion-beam irradiation. Ion-beam
irradiation signiﬁcantly enhanced the sensor response of NO2
gas, relative to other gases, and shortened the recovery time.
We also established the sensing mechanism, in which the
adsorption of NO2-related species is enhanced by ion-beaminduced Sn interstitial defects. The combined approach, based
on experimental results and thermodynamic/DFT calculations,
has the potential to impact research in the ﬁeld of chemical
sensing and general surface catalytic studies. The stability tests
in humid environment (RH 60% @ 25 °C) indicate that the
sensor response turns out to be stable for 12 months with the
variation less than 10%, at the sensing temperatures in the
range of 100−250 °C.

Table 3. Comparison of the Sensor Response Values of the
Ion-Beam-Irradiated SnO2 Nanowires Sensor, Which Was
Preserved in a Humid Environment for 12 Months, with
Those of the Original Sensorsa

S Supporting Information
*

■

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.6b01619.
Dynamic response curves of unirradiated and irradiated
SnO2 nanowires; tables, which summarize the sensor
responses of unirradiated and irradiated SnO2 nanowires;
a table, which lists the previous literature on gas sensing
abilities of the gas sensors activated by the beam
irradiation. (PDF)

NO2 2 ppm gas response (Rg/Ra)
fresh sample
1 year later
a

RT

100 °C

150 °C

200 °C

250 °C

4.90
2.14

12.89
12.03

14.24
13.56

8.74
7.99

7.50
6.81

ASSOCIATED CONTENT

The sensing temperatures were set to 25, 100, 150, 200, and 250 °C.

■

was preserved in the humid environment (RH 60% @ 25 °C)
for 12 months, with that of the original sensor. After 12
months, the sensor responses to NO2 gas at 25, 100, 150, 200,
and 250 °C were changed from 4.90, 12.89, 14.24, 8.74, and
7.50 to 2.14, 12.03, 13.56, 7.99, and 6.81, respectively (i.e.,
decreased by 56.3%, 6.7%, 4.8%, 8.6%, and 9.2%). In most cases
with the sensing temperature of 100−250 °C, the sensing
behavior was slightly decreased. It is possible that the water
adsorption in the humid environment will degrade the sensing
capabilities, resulting in the lower sensor response. However, at
100−250 °C, the sensor response turns out to be stable for 12
months with the variation less than 10%.

AUTHOR INFORMATION

Corresponding Authors

*E-mail: hyounwoo@hanyang.ac.kr.
*E-mail: sangsub@inha.ac.kr.
*E-mail: wuping@sutd.edu.sg.
Author Contributions

S.S.K. and H.W.K. conceived the study, designed the
experiments, and prepared the manuscript. P.W. and Y.P.
carried out the calculation and prepared the manuscript. Y.J.K.
and S.Y.K. performed the experiments. All authors approved
the ﬁnal version of the paper.
Notes

The authors declare no competing ﬁnancial interest.

4. CONCLUSIONS
For the ﬁrst time, we report the eﬀects of He2+ ion beam
irradiation on the sensing behavior of semiconductor sensors.
We irradiated SnO2 nanowires with He2+ ions, which have an
energy of 45 MeV, varying the ion ﬂuence between 1 × 1014
and 1 × 1016 ions/cm2. SEM, XRD, and TEM revealed that the
morphology, structure, and crystallinity were not signiﬁcantly
altered by the ion-beam irradiation. The dependence of the
sensor response on the sensing temperature exhibits a bellshaped behavior, showing a maximum value at 150 °C under an
ion ﬂuence of 1 × 1016 ions/cm2. Photoluminescence studies
indicated that the relative intensity of the peak at 2.1 eV to the
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Text S1.

According to the SRIM calculation, all He ions under the ion beam condition used in
this study penetrate through the SnO2 nanowire because the average projected range
of He ions in SnO2 at the accelerating voltage of 45 MeV is calculated to be ~400 m,
which is far larger than the diameter of the SnO2 nanowires. Accordingly, almost no
energy loss of the He ions will be expected. That is, the energy of the ions throughout
the trajectory is continuously about 45 MeV. In this case, one He ion deposits the
energies of 66.78 keV/micron (6.678 eV/Angstrom) and 0.0335 keV/micron
(0.00335eV/Angstrom), by electronic stopping and nuclear stopping, respectively. In
this case, the electronic stopping is dominant, with the nuclear stopping being
negligible. The average atomic density of SnO2 is about 10 atoms/nm (or 1
atom/Angstrom). So, 1 atom (O or Sn) on the He ion trajectory gets about 6.678 eV
from one He ion of 45 MeV by the electronic stopping. We think that the formation
energies of O vacancies or Sn interstitials in the SnO2 lattice are intrinsic. Formation
energies of intrinsic defects will be dependent on a variety of factors, including the
Fermi energy. For example, under O-poor and H-rich conditions, the formation
energy of Sn interstitials (Sni) ranges from about -3 to +6 eV, with varying the Fermi
energy in the range of 0-3 eV.1 Also, the formation energy of oxygen vacancies (VO)
ranges from about -1 to +2 eV, with varying the Fermi energy in the range of 0-3 eV.1
Accordingly, with the calculation that O or Sn atoms will get about 6.678 eV from
one He ion, there is a chance that the trajectory energy enforced by one He ion is
greater than the formation energy of tin interstitials and/or oxygen vacancies.
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Figure S1. Peak positions and FWHM values of the main XRD peaks, including
(110), (101), and (211).
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Figure S2. Sensor responses of SnO2 nanowires, (a) which were unirradiated, (b-d))
irradiated at a fluence of (b) 1x1014, (c) 1x1015, and (d) 1x1016 ions/cm2. (e) Summary
of sensor response curves for 4 samples. The sensing temperature and the NO2
concentration were set to 25°C and 2 ppm, respectively.
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Figure S3. Sensor responses of SnO2 nanowires, (a) which were unirradiated, (b-d))
irradiated at a fluence of (b) 1x1014, (c) 1x1015, and (d) 1x1016 ions/cm2. (e) Summary
of sensor response curves for 4 samples. The sensing temperature and the NO2
concentration were set to 100°C and 2 ppm, respectively.
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Figure S4. Sensor responses of SnO2 nanowires, (a) which were unirradiated, (b-d))
irradiated at a fluence of (b) 1x1014, (c) 1x1015, and (d) 1x1016 ions/cm2. (e) Summary
of sensor response curves for 4 samples. The sensing temperature and the NO2
concentration were set to 150°C and 2 ppm, respectively.
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Figure S5. Sensor responses of SnO2 nanowires, (a) which were unirradiated, (b-d))
irradiated at a fluence of (b) 1x1014, (c) 1x1015, and (d) 1x1016 ions/cm2. (e) Summary
of sensor response curves for 4 samples. The sensing temperature and the NO2
concentration were set to 200°C and 2 ppm, respectively.
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Figure S6. Sensor responses of SnO2 nanowires, (a) which were unirradiated, (b-d))
irradiated at a fluence of (b) 1x1014, (c) 1x1015, and (d) 1x1016 ions/cm2. (e) Summary
of sensor response curves for 4 samples. The sensing temperature and the NO2
concentration were set to 250°C and 2 ppm, respectively.
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Figure S7. Dynamic resistance curves for three cycles at NO2 concentration and
temperature of 2 ppm and 150oC, respectively, for the sensors fabricated from the
samples, which were unirradiated and irradiated SnO2 nanowires. The ion fluences
were set to 1x1014, 1x1015, and 1x1016 ions/cm2, respectively.
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Figure S8. Dynamic response curves of SnO2 nanowires to acetone, ethanol, H2, NH3,
and SO2 gases, which were unirradiated. The sensing temperature and the gas
concentration were set to 150°C and 2 ppm, respectively.
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Figure S9. Dynamic response curves of SnO2 nanowires to acetone, ethanol, H2, and
NH3, and SO2 gases, which were irradiated at a fluence of 1x1016 ions/cm2. The
sensing temperature and the gas concentration were set to 150°C and 2 ppm,
respectively.
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Figure S10. XPS survey spectra of unirradiated and irradiated SnO2 nanowires. The
ion fluences were set to 1x1016 ions/cm2.
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Figure S11. Typical TEM image and corresponding EDS patterns of (a) unirradiated
and (b) irradiated SnO2 nanowires. The ion fluence was set to 1x1016 ions/cm2.
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Table S1. Summary of the sensor responses of various samples to NO2 gas at a
concentration of 2 ppm.

NO2 2ppm gas response (Rg/Ra)

As-grown
1×10

o

o

150 C

200 C

250 C

1.2

1.7

1.8

1.7

1.6

2

2.5

7.2

7.1

6.4

3.8

4.3

8.9

10.0

7.4

4.7

4.9

12.9

14.2

8.7

7.5

15

ions/cm
1×10

o

100 C

14

ions/cm
1×10

o

RT

2

16

ions/cm

2
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Table S2. Summary of the sensor responses of SnO2 nanowires without and with
the ion beam irradiation, to NO2, SO2, NH3, H2, acetone, and ethanol gases. The
concentration was set to 2 ppm.

Gas response (Ra/Rg or Rg/Ra)
NO2

SO2

NH3

H2

Acetone

Ethanol

As-grown

1.8

1.0

1.1

1.0

1.0

1.0

16

14.2

1.1

1.3

1.1

1.0

1.0

-2

1x10 cm
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Table S3. Gas sensing abilities of the gas sensors activated by the beamirradiation.

Nanostructure type
CuxS thin films
Ag/Ag2SnO3 nanoparticles

Beam species
Au heavy ions
[100 MeV]
Gamma ray
[400 kGy]

Sensing
gases

Max. Response
(Ra/Rg or Rg/Ra) (at
temp./conc.)

Increase
in
sensitivity

NH3

1.28

3.2%

-

2

Acetic
acid

~2 (400 ppm)

10.6 fold

-

3

Reference

UV

O2

~5.2 (50°C)

4.66 fold

4

Polycrystalline SnO2
[simulation]

UV

Reducing
gas

~20 (grain size =
10 nm)

9 fold

5

Undoped SnO2 thin films

Ni+ ions [75
MeV]

NH3

4.2
[250°C/1000ppm]

~133%

6

ZnO nanorods

Even
>2400-fold
increase in
SnO2-Pt
structures

SnO2 thin films

UV

LPG

64.9 (25°C/200
ppm)

~64 fold

In2Te3 thin films

Au ion [130
MeV]

CO2

~1.5 (1000 ppm)

-

8

ZnO film

Visible light

Ethylene
Aceton

1.05 [25°C/5200
ppm]
1.20 [25°C/900
ppm]

5%
20%

9

Reduced graphene oxide

Electron beam

NO2

~1.01 (25°C/10
ppm )

~ 1%

Au-sputtered TiO2
nanofibers

UV

H2

~95 [190°C/200
ppm]

~15 fold

Carbon nanotube films

Laser
[Nd:YAG]

NO

~1.034
[150°C/200 ppm]

~1%

SnO2-reduced graphite
oxide monolayer-ordered
porous films

UV

ethanol

~108 [175°C/400
ppm]

~36 fold

SnO2 nanowires

He ion beam

NO2

14.24 (150°C/
2ppm)

~ 7 fold
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Response
time ~83%
decreased
Response
[recovery]
time ~70
[83] %
decreased

7

10

11

12
-

13
Present
work

REFERENCES

(1) Kilic, C.; Zunger, A. Origins of Coexistence of Conductivity and
Transparency in SnO2. Phys. Rev. Lett. 2002, 88, 095501.
(2) Sagade, A. A.; Sharma, R.; Sulaniya, I. Enhancement in Sensitivity of Copper
Sulfide Thin Film Ammonia Gas Sensor: Effect of Swift Heavy Ion
Irradiation. J. Appl. Phys. 2009, 105, 043701.
(3) Yin, K.; Liao, F.; Zhu, Y.; Gao, A.; Wang, T.; Shao, M. Enhanced GasSensing Response by Gamma Ray Irradiation: Ag/Ag2SnO3 NanoparticleBased Sensor to Ethanol, Nitromethane and Acetic Acid. J. Mater. Chem. C
2014, 2, 10082-10086.
(4) Chou, C.-S.; Wu, Y.-C.; Lin, C.-H. Oxygen Sensor Utilizing Ultraviolet
Irradiation Assisted ZnO Nanorods under Low Operation Temperature. RSC
Adv. 2014, 4, 52903-52910.
(5) Mishra, S.; Ghanshyam, C.; Ram, N.; Bajpai, R. P.; Bedi, R. K. Detection
Mechanism of Metal Oxide Gas Sensor under UV Radiation. Sens. Actuators
B 2004, 97, 387-390.
(6) Rani, S.; Bhatnagar, M. C.; Roy, S. C.; Puri, N. K.; Kanjilal, D. P-Type GasSensing Behavior of Undoped SnO2 Thin Films Irradiated with A HighEnergy Ion Beam. Sens. Actuators B 2008, 135, 35-39.
(7) Haridas, D.; Chowdhuri, A.; Sreenivas, K.; Gupta, V. Enhanced Room
Temperature Response of SnO2 Thin Film Sensor Loaded with Pt Catalyst
Clusters under UV Radiation for LPG. Sens. Actuators B 2011, 135 152-157.
(8) Matheswaran, P.; Sathyamoorthy, R.; Asokan, K. Effect of 130 Mev Au Ion
Irradiation on CO2 Gas Sensing Properties of In2Te3 Thin Films. Sens.
Actuators B 2013, 177, 8-13.
(9) Geng, Q.; He, Z.; Chen, X.; Dai, W.; Wang, X. Gas Sensing Property of ZnO
under Visible Light Irradiation at Room Temperature. Sens. Actuators B 2013,
188, 293-297.
(10)Kwon, Y. J.; Cho, H. Y.; Na, H. G.; Lee, B. C.; Kim, S. S.; Kim, H. W.
Improvement of Gas Sensing Behavior in Reduced Graphene Oxides by
Electron-beam Irradiation. Sens. Actuators B 2014, 203, 143-149.
(11)Nikfarjam, A.; Salehifar, N. Improvement in Gas-Sensing Properties of TiO2
Nanofiber Sensor by UV Irradiation. Sens. Actuators B 2015, 211, 146-156.
S-17

(12)Ueda, T.; Katsuki, S.; Abhari, N. H.; Ikegami, T.; Mitsugi, F.; Nakamiya, T.
Effect of Laser Irradiation on Carbon Nanotube Films for NOx Gas Sensor.
Surf. Coat. Technol. 2008, 202, 5325-5328.
(13)Xu, S.; Sun, F.; Yang, S.; Pan, Z.; Long, J.; Gu, F. Fabrication of SnO2Reduced Graphite Oxide Monolayer-Ordered Porous Film Gas Sensor
with Tunable Sensitivity through Ultra-Violet Light Irradiation. Sci. Rep.
2015, DOI: 10.1038/srep08939.

S-18

