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Methods for oxygen vacancy engineering usually require hightemperature heating processes, which are substantially timeconsuming. Laser irradiation techniques are a viable alternative to
conventional methods, as they enable room-temperature tuning of
material functionality using a simple, swift, and inexpensive process. In
this report, the eﬀects of pulsed laser irradiation on the formation of
oxygen vacancies and its positive relationship with the sensing
performance of SnO2 have been investigated. Based on density
functional theory calculations, we suggest that the formation of laserinduced bridging oxygen defects and the resulting excess electrons on
the SnO2 surface change the surface orbital structures of the Sn atoms
in a manner favorable for NO2 adsorption, thus playing a key role in
improving its sensing performance.

Over the past several decades, defect engineering has attracted
increasing attention as a promising technique for tuning
material properties or creating new material behaviors in
a desired manner. Although certain defects that naturally exist
in all materials are oen regarded as imperfections that
degrade the intrinsic performance of the materials, they can
become useful and convenient tools to drastically modify the
material properties when properly manipulated.1
Among various types of defects, zero-dimensional oxygen
vacancies are considered promising for boosting the catalytic
activities of metal oxide semiconductors by altering their bulk
and/or surface electronic properties. With regard to the bulk
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properties, oxygen vacancies are intrinsic donors having a low
defect formation energy.2 When oxygen atoms escape from the
bulk lattice of the metal oxides, the excess charge associated
with the oxygen vacancies can be compensated by creating two
free electrons, which act as electron donors. Accordingly, the
increased electron density not only enhances the electrical
conductivity but also improves the catalytic performance. With
regard to the surface properties, the oxygen vacancies play an
important role in the interfacial charge transfer by modulating
the surface structures. For example, the oxygen vacancies
engineered in photocatalysts serve as highly active sites for
water adsorption in photocatalytic water splitting. They also
provide active surface sites that facilitate the charge transfer
between the semiconductors and the adsorbed gas molecules in
metal oxide gas sensors, thus enhancing their sensing abilities.
There has been extensive research regarding oxygen vacancy
engineering using various experimental approaches. Although
several facile synthetic routes for generating oxygen defects
were recently developed,3–5 the most popular method used in
many research applications is thermal reduction treatment. By
appropriately adjusting the process parameters such as
annealing temperature, pressure, and atmosphere, the formation of oxygen vacancies and their concentration can be eﬀectively controlled. However, this thermal method not only
requires high temperature but is also time consuming. Moreover, the defect states in this method sensitively depend on the
process parameters, making it diﬃcult to precisely adjust and
optimize the oxygen vacancy concentration. It is also possible to
dope metal oxide semiconductors with impurity atoms to
extrinsically generate oxygen vacancies. However, several issues
related to the process complexity and requirement for high
processing temperature remain challenging.
As an alternative to conventional methods, defect engineering based on the irradiation technique oﬀers potential
solutions to the above issues and enables room-temperature
tuning of material functionality using a simple and inexpensive
process. Therefore, this technique has been widely utilized in
various nanotechnology applications, particularly in the
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fabrication of high-performance metal oxide based gas sensors.
For example, Kwon et al. irradiated SnO2 nanowires with a He2+
ion beam to improve their NO2 sensing performance.6 They
found that the enhanced sensing performance was mainly
associated with the Sn interstitial defects created on the nanowire surfaces upon exposure to the beam. In addition, Kim et al.
investigated the eﬀect of microwave irradiation on the sensor
characteristics of graphene/SnO2 nanocomposites.7 In this
experiment, microwave irradiation was found to increase the
defect sites, the surface area, and the number of heterojunctions in the graphene/SnO2 nanocomposites, resulting in
improved sensor characteristics. In spite of several research
studies performed on the use of irradiation in the eld of gas
sensors, in-depth studies on sensing behaviors upon exposure
to various irradiation sources unveiling the underlying mechanisms are urgently required to realize excellent gas sensors for
practical applications.
In this study, we investigated the generation of laser-induced
oxygen vacancies and their role in improving the NO2 sensing
performance of SnO2 nanowire gas sensors. For this purpose,
a KrF excimer laser that emits ultraviolet light of 248 nm
wavelength in a short periodic pulse was used as a tool for roomtemperature defect engineering. In this experiment, the irradiation of the excimer laser was found to form small secondary
SnO2 nanoparticles on the surface of the SnO2 nanowires owing
to the laser ablation process. Even with an extremely short laser
exposure time of a few seconds, the newly formed SnO2 nanoparticles had many bridging oxygen (OB) defects with modied
chemical states on their surfaces when compared with pristine
SnO2 nanowires. The laser-driven physicochemical modications have a positive eﬀect on the sensing performance. Indeed,
even at a relatively low temperature of 100  C, the irradiated
SnO2 sensors exhibited 14 times greater response to NO2 gas
and two times faster recovery time compared with the nonirradiated sample. Our theoretical predictions using density
functional theory (DFT) calculations indicate that the formation
of laser-induced OB vacancies and the resultant excess electrons
on the SnO2 surface change the spatial electron population of
the surface Sn atoms while reconstructing their surface orbital
structures in a manner favorable for NO2 adsorption, thereby
playing a key role in promoting its sensing performance.
The experimental procedure used for fabricating pristine
SnO2 nanowires in the present work has been described previously.8 Sn powder (Sigma Aldrich, purity: 99.9%) placed in
a ceramic boat was used as the source material. An Si/SiO2 plate
of 3 nm thickness coated with a gold (Au) layer was used as the
substrate for growing the nanowires.
The as-fabricated SnO2 nanowires were irradiated with a KrF
pulsed laser using a High-Pulse-Energy Excimer Laser generating device (COHERENT, COMPexPRO 201 F). The accelerating
voltage and the pulse duration of the KrF pulsed laser were set
to 19 kV and 25 ns, respectively. The beam dimensions were 24
 10 mm and the repetition rate was xed to 1 Hz. During
irradiation, the samples were located at a distance of 70 cm
from the laser out point at room temperature in ambient air.
The irradiation time was varied from 1 to 30 s to repeatedly
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observe the eﬀect of the change in the pulsed laser irradiation
on the SnO2 nanowires.
The samples were characterized by scanning electron
microscopy (SEM; model S4800; Hitachi) and transmission
electron microscopy (TEM; TECNAI 20 microscope at 200 kV). Xray diﬀraction (XRD) patterns were measured using a D/MAX2500/PC (Rigaku) diﬀractometer with Cu-Ka radiation (l ¼
0.15418 nm) at 40 kV and 100 mA. We performed X-ray photoelectron spectroscopy (XPS, VG Multitab ESCA 2000 System, UK)
experiments with a monochromatized Al Ka X-ray source (hn ¼
1486.6 eV) at the Korean Basic Science Institute (KBSI). Photoluminescence spectroscopy (PL) was conducted at room
temperature with a 266 nm DPSS laser (Photoluminescence
Measurement System, Gwangju center, KBSI). Cathodoluminescence (CL) spectroscopy was performed using
a MONO CL3+ (Gatan) at room temperature. For the sensing
measurements, Ti (50 nm-thick)/Pt (400 nm-thick) doublelayer electrodes were deposited by DC sputtering. The sensor
was located in a horizontal-type tube furnace and electrically
connected to an electrical measuring system (Keithley 2400).
The gas in the NO2 cylinder was 100 ppm NO2 with dry air as the
balance gas. During the recovery step, ambient dry air was
owed at 500 sccm as a purging gas. The humidity content was
negligible based on the specications provided by the manufacturer for the target gas and dry air. The sensor response to
the oxidizing and reducing gases was determined using R ¼ Rg/
Ra. The response time and recovery time were dened as the
amount of time required for the resistance to change by 90%
upon exposure to the target gas and air, respectively.
DFT calculations were performed using the Vienna Ab initio
package (VASP).9,10 Interactions between valence and core electrons were described using the projector augmented wave
(PAW) method.11 A generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) functional was
employed for the plane-basis wave expansion.12,13 A kinetic
energy cut-oﬀ of 400 eV was used. Brillouin zones were sampled
with a gamma-centered k-point grid of 2  2  1 in the supercell
of the SnO2 slab model.14 The Methfessel–Paxton smearing
scheme was applied with a smearing width of 0.1 eV.15 The
energy convergence criterion in the self-consistent eld was set
to 105 eV. All geometry structures were fully relaxed until the
Hellmann–Feynman forces reached 0.02 eV Å1. Under laser
irradiation, the evaporated SnO2 appeared to re-nucleate into
small polycrystalline particles on the surface of the SnO2
nanowires. DFT calculations were carried out for SnO2 (110),
which is known to be the most stable plane.16,17
Fig. 1(a) shows a typical SEM image of the untreated SnO2
nanowires, whereas Fig. 1(b), (c), (d), (e) and (f) show the SEM
images of the SnO2 nanowires irradiated with a laser for 1, 3, 5,
10, and 30 s, respectively. The pristine SnO2 nanowires showed
dense growth with straight-line morphology. Laser irradiation
caused structural changes in the SnO2 nanowires. Regardless of
the irradiation time, small nanoparticles of 30 nm or less were
formed on the surfaces of the laser-treated SnO2 nanowires,
which appeared to be broken, generating shorter pieces. Pulsed
lasers are known to ablate various types of metals and metal
oxide lms.18 Here, the ablation process involves melting and
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SEM images of (a) pristine SnO2 nanowires and (b–f) SnO2
nanowires irradiated with a laser for (b) 1, (c) 3, (d) 5, (e) 10, and (f) 30 s.
Insets clearly show the existence of secondary particles.
Fig. 1

vaporization of the metal oxide, and the formation of small
secondary SnO2 particles on the surfaces of the laser-treated
SnO2 nanowires is part of this ablation process. The Sn–O
related gas molecules generated by the pulsed laser are vaporized, which precipitate on the nanowire surface in their vicinity,
forming secondary particles. If the laser irradiation time is long,
the SnO2 nanowires become damaged and coalesce to form treeshaped structures, and the sensing layer comprising the SnO2
nanowire evaporates and disappears. Low-magnication SEM
images and calculated BET surface area values shown in Fig. S1
and S2,† respectively, conrm that the longer the laser irradiation time, the smaller the surface area of the sensing materials.
As shown in Fig. 2, TEM analysis was performed to further
investigate the structural changes of the laser-treated SnO2
nanowires. Low-magnication TEM images in Fig. 2(a) exhibit
the generation of secondary nanoparticles on the surface of
straight-lined nanowires by laser irradiation. Fig. 2(c), which
contains the selected area electron diﬀraction (SAED) patterns
of the nanowires in the [010] axis direction, shows the [200],
[101], and [002] lattice planes of the tetragonal rutile SnO2
structure. Fig. 2(d), which contains the FFT pattern of the local
area marked as a red square in Fig. 2(b), also shows the [200],
[101], and [002] lattice planes of the tetragonal rutile SnO2
structure, indicating that the newly formed nanoparticles are in
the same SnO2 phase. The high-resolution TEM images
(Fig. 2(b)) clearly reveal that each SnO2 nanoparticle generated
by laser irradiation exhibits a perfect crystalline structure, like
the nanowires. The interlayer distances were calculated to be
0.236 and 0.264 nm, corresponding to the (200) and (101) planes
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Fig. 2 TEM images of the SnO2 nanowires irradiated with a laser for 3
s. (a) Low-magniﬁcation TEM image. (b) Lattice-resolved TEM image.
(c) Corresponding SAED patterns of the SnO2 nanowire. (d) Fast Fourier
Transform (FFT) pattern of the local area marked as red square in (b).

of the tetragonal rutile SnO2 structure, respectively. A new phase
other than SnO2 was not observed to be generated by laser
irradiation, which is consistent with the XRD data shown in
Fig. S3.†
Sensing tests were conducted in the range of 100 to 300  C to
investigate the eﬀect of laser irradiation on the NO2 sensing
characteristics of SnO2 nanowires at a concentration of 10 ppm
for 5 consecutive cycles of gas injection/stop (Fig. S4†). In this
experiment, the one irradiated for 3 seconds presented the best
performance; it demonstrated a remarkable enhancement with
maximum responses of 70.23 and 83.62 at 100  C and 150  C,
respectively, which are 14 and 7 times higher than that of the
pristine SnO2 sample, suggesting that the optimal working
temperature is 100  C. It is noteworthy that the resistance
increases upon the introduction of NO2 gas, due to which both
the irradiated and non-irradiated nanowires exhibit n-type
behavior.19 When pristine SnO2 nanowires were exposed to air
at high temperatures, oxygen molecules were adsorbed on the
SnO2 surface, where they utilized electrons to form species of
oxygen ions (O2, O2, or O) and formed depletion layers on
the SnO2 surface.20 The formation of the depletion layer reduced
the carrier concentration of the sensor and increased the sensor
resistance. When pristine SnO2 nanowires were exposed to NO2,
the NO2 gas molecules were easily adsorbed onto the active sites
of the SnO2 nanowires and other electrons were trapped on the
SnO2 nanowire surface. The NO2 adsorption mechanism of the
SnO2 nanowire gas sensor was described in detail in our
previous work.21
Fig. 3 shows the comparison of the sensor response of the
pristine SnO2 nanowire under laser treatment of 1, 3, 5, 10, and
30 s at 100  C. The sensor response of pristine SnO2 was 5.33,
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Fig. 3 Gas sensing data measured at 100  C. (a) Dynamic response curves of the pristine SnO2 nanowire and SnO2 nanowires irradiated with
a laser for 1, 3, 5, 10, and 30 s for 5 consecutive cycles. (b) Sensor response, (c) response time, and (d) recovery time of the pristine SnO2 nanowire
and SnO2 nanowires irradiated with a laser for 1, 3, 5, 10, and 30 s.

whereas that of SnO2 irradiated with a laser for 1, 3, 5, 10 and 30
s was 64.24, 70.23, 18.32, 15.67 and 17.34, respectively. The
sensor response of the laser irradiated samples increased to
approximately 3–14 times that of the pristine SnO2. Note that
the sensor response of the sample irradiated with the laser for 3
s is approximately 14 times that of pristine SnO2. The sensor
response tends to increase with increasing the irradiation time
up to 3 s and then decreases during the irradiation time range
of 3–30 s. This means that the pulsed laser irradiation of pristine SnO2 requires appropriate time control to improve the
performance of the gas sensor. Fig. 3(c) reveals that the
response times of the non-irradiated sensors and those of the
irradiated sensors for 1, 3, 5, 10, and 30 s were 95, 186, 206, 148,
53 and 51 s, respectively. In addition, Fig. 3(d) reveals that the
recovery times of the non-irradiated sensors and those of the
irradiated sensors for 1, 3, 5, 10, and 30 s were 431, 217, 235,
181, 127, and 153 s, respectively. These results suggest that laser
irradiation can be an eﬀective method for improving the NO2
sensitivity and reducing the recovery time when the laser
exposure time is short.
We performed XPS analysis to investigate the eﬀects of
pulsed laser irradiation on the surface chemical states of the
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laser-treated SnO2 nanowires and its relationship with the
sensing behavior of SnO2. Fig. 4(a) shows the XPS Sn 3d spectra
of the non-irradiated and irradiated samples with diﬀerent
irradiation times of 1, 3, 5, 10, and 30 s, respectively. As the
irradiation time increases, the Sn 3d5/2 and Sn 3d3/2 peaks shi
to the le, indicating an increase in the ionic ratio of Sn2+/Sn4+,
which supports the formation of oxygen vacancies. Note that
a similar result was consistently observed in the XPS O 1s
spectra (Fig. S5†). When analyzed in conjunction with the XRD
data, these instances of le-shiing do not correspond to the
formation of tin monoxide; instead, they correspond to the
formation of oxygen decient SnO2 on the surface. The TEMEDS data shown in Fig. S6† also indicate that the relative
amount of O compared to Sn was found to be decreased upon
pulsed laser irradiation, suggesting the appearance of O
vacancies. Fig. S7† shows the PL spectra of the non-irradiated
and irradiated SnO2 nanowires. Deconvolution of the spectra
into Gaussian peaks suggests that the relative portion of OB
vacancies noticeably increases as the irradiation time increases,
compared with other defects, such as Sn interstitials and OP
vacancies, implying that the OB vacancies are predominantly
created by laser irradiation.
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Fig. 4 (a) XPS Sn 3d spectra of the pristine SnO2 nanowire and SnO2 nanowires irradiated with a laser for 1, 3, 5, 10, and 30 s. (b) SEM image of the
laser-treated SnO2 nanowire for 3 s, (c and d) the cathodoluminescence spectra of local areas marked as (c) red dot (nanowire) and (d) yellow dot
(nanoparticle) in (b).

In order to identify the preferred location at which the OB
vacancies are formed by the laser treatment, we performed local
micro-cathodoluminescence (CL) spectroscopy, which is a wellknown technique for characterizing defects in metal oxides with
high sensitivity. The CL spectra of SnO2 are known to be
composed of ve peaks centered at 1.9, 2.2, 2.4, 2.5, and 2.8
eV.22–25 These ve peaks are related to the recombination from
the conduction band and bulk shallow levels to levels near the
top of the valence band corresponding to the surface oxygen
vacancies (OB vacancies and OP vacancies). In particular, 1.9 and
2.2 eV bands are caused by defect levels due to OB vacancies,
and 2.4, 2.5, and 2.8 eV bands are associated with OP vacancies.22,23 In Fig. 4(c) and (d), the local CL spectra of the nanowire
and nanoparticle regions of SnO2 treated with laser for 3 s are
shown in conjunction with the tting of the spectra by the ve
peaks previously described. The relative portions due to OB
vacancies of the peaks centered at 1.9 and 2.2 eV are 3.0 and
8.7% for the nanowire region and 5.1 and 11.9% for the nanoparticle region, respectively. In other words, the relative portion
of the CL peaks due to OB vacancies is 17.0% in the nanoparticle
region, which is higher than the 11.7% in the nanowire region.
This means that the OB vacancies created by the laser treatment
are predominantly generated on the nanoparticles rather than
on the nanowires.

This journal is © The Royal Society of Chemistry 2019

In order to provide further theoretical clues regarding the
formation of OB surface defects upon laser irradiation, we
calculated the formation energies of the OB and OP vacancies
using DFT, which were determined as 4.15 eV and 6.11 eV,
respectively, for neutral charge states of the oxygen vacancies.
The calculation results suggest that the formation of the OB
vacancies by laser irradiation will be more eﬃcient than that of
OP vacancies on the SnO2 surface, which is consistent with our
experimental results. When an oxygen vacancy is formed on the
semiconductor surface, it can aﬀect the gas adsorption in two
ways: (i) increase the carrier concentration with generation of
excess electrons, and (ii) change the surface electronic structure, such as a surface orbital structure. In other words, the NO2
molecules are likely to be adsorbed on the semiconductor
surface as they accept the defect-induced excess electrons from
the semiconductor and localize them in the bonding orbitals
(the vacancy reaction equations for the NO2 adsorption are
presented in the ESI (see the text S1†)). In this regard, under the
assumption that the electron population at Fermi energy on
SnO2 (110) will aﬀect the NO2 adsorption on the SnO2 surface,
we calculated the electron orbitals at Fermi energy (yellow isosurfaces) in the OB decient-SnO2 lattice with respect to three
diﬀerent VOB charge states, V2þ
, Vþ
, and V0OB . As depicted in
OB
OB
Fig. 5, the calculation results show that no electron orbitals exist
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Fermi electron orbitals (yellow isosurfaces with an isovalue of
volumetric charge density r ¼ 0.002 e Å3) in the OB deﬁcient-SnO2
lattice with respect to three diﬀerent OB charge states, V2þ
, Vþ
, and
OB
OB
0
VOB .
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formation of oxygen vacancies and sensing behavior of SnO2
sensors. The laser irradiation signicantly enhanced the NO2
gas sensing performance and shortened the recovery time,
attaining a response of 70 at a concentration of 10 ppm and
a temperature of 100  C. The XPS and CL data suggested that
the OB vacancies are predominantly created by laser irradiation
on the laser-driven nanoparticles rather than on the nanowires.
We also established the sensing mechanism, in which the
adsorption of NO2 species is enhanced by the laser induced OB
vacancies. The combined approach of utilizing the experimental results and DFT calculations has the potential to impact
research in the eld of defect engineering based on laser irradiation techniques and has positive implications for metal
oxide gas sensors.

Conﬂicts of interest
near the surface Sn atom for the doubly charged state of oxygen
vacancies (V2þ
). In contrast, Fermi energy electrons populate at
OB
4d-orbitals of the surface Sn atoms for the singly (Vþ
) and
OB
neutrally (V0OB ) charged states of the oxygen vacancies, indicating that the surface orbital structure becomes favorable for
NO2 adsorption as the excess electrons triggered by the formation of OB vacancies increase. It is also noteworthy that the NO2
bond length and adsorption energy become smaller with an
increase in the excess electrons on the SnO2 surface. Based on
these theoretical foundations, one can conclude that the
formation of laser-induced OB vacancies and the resultant
excess electrons on the SnO2 surface change the spatial electron
population and consequently the chemical bond characteristics, thus playing a key role in promoting the NO2 adsorption
and therefore the sensing performance by reconstructing the
surface orbital structures.
From these calculation results, one can expect that the
higher the increase in the OB vacancies, the more is the charge
transfer and NO2 adsorption; the sensor response to NO2 will
therefore increase as the laser irradiation time increases.
However, as shown in Fig. 3, the NO2 response initially
increases with increasing irradiation time, reaching the
maxima at 3 s, and then decreases with a further increase in the
laser exposure time. As evidenced in Fig. 1, when the SnO2
nanowires are exposed to a laser irradiation time longer than 5
s, they appear to not only melt and aggregate, but also get
evaporated into the atmosphere. As a result, the number of
SnO2 homojunctions and their surface area would signicantly
decrease along with degradation of the sensing performance.26
In other words, the optimized irradiation time increases the
amount of OB vacancies and promotes the NO2 adsorption on
the SnO2 nanowire surfaces, whereas excessive irradiation
inversely degrades the sensor performance owing to physical
deformation of SnO2.

Conclusions
We irradiated SnO2 nanowires with a KrF excimer laser by
varying the irradiation time, and investigated its eﬀects on the
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