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ARTICLE INFO ABSTRACT

Keywords: A new surface engineering technology has been introduced that can dramatically change the morphology and
SnO2 composition of existing SnO2 nanorods (NRs) to SnOy nanobeads (NBs) + NRs with the addition of a 1-6s laser +
Nanostructure convex lens pair (LCP) process. Unlike the existing flame chemical vapour deposition (FCVD) method, which has
Laser . : . . . .

Gas sensor a two-dimensional effect on a sample, LCP can control a relatively local area with a radius of several microns,

making it a more sophisticated and advanced process. Notably, the LCP process at each second was directly
linked to the change in the composition of the surface of the SnO2 NRs, and the response to NO; gas in the SnO»
NBs + NRs with 1second LCP process was improved by approximately three times compared to that of bare SnOy
NRs. Therefore, a new gas-sensing mechanism was proposed through comparing the types of oxygen defect on
the SnO5 NRs surface during a slight morphological transition and thermodynamic data of the composition

before and after gas sensing.

1. Introduction

Thus far, in gas sensing, the probability (frequency) of physical/
chemical adsorption between the target gas and the surface can be
increased significantly in the following four categories:

First, there may be a method to increase the cross-sectional area
(CSA) where the target gas and surface meet [1,2]. For example, if the
surface is created at a positive angle with respect to the substrate (that is,
higher than the surface of the substrate), the response area corre-
sponding to the area of the circle increases further. However, even if the
surface is created at a negative angle with respect to the substrate (that
is, lower than the surface of the substrate), the depth of the substrate
inevitably increases. For example, An et. al. [3] changed bare SnO2 to
1.5 % In203 doped SnO2 by doping In203 into SnO2 using coprecipi-
tation and increased the Brunauer-Emmett-Teller (BET) surface area
from 23.5 cm2/g to 43.8 cm2/g. Therefore, it exhibited a high response
of up to 76.5 at 140 °C for 50 ppm n-butanol sensing. Park et. al. [4]
showed that the porosity and nanotubular structure formed by the Kir-
kendall effect [5] in the SnO2-CuO nanocomposites structure provide a
wider surface area than the nanofibre structure, resulting in a high
response of 1395-5 ppm H2S gas at 200 °C.

* Corresponding authors.

Second, there is a method for forming defects of different dimensions
so that the target gas can be well-adsorbed on the surface of the semi-
conductor [6,7]. That is, as the 0-dimensional kink develops from the
2-dimensional terrace through the 1-dimensional ledge, the phys-
ical/chemical adsorption point with the target gas increases, so that the
number of mobile carriers can also increase. We have previously re-
ported that the same type of target gas can exhibit different responses
depending on which part of the target gas is adsorbed on the terrace,
ledge, or kink [8,9]. That is, through detection of ethanol gas, n-typed
WO3 [8] and p-typed TeO2 [9] nanostructures were confirmed. Han et.
al. [10] also reported that octahedral SnO2 exhibits different chemical
activities not only on different sides but also on TLK through ethanol gas
sensing at different concentrations.

Third, assuming that the process temperature is the same, the crys-
tallinity can be adjusted to affect the concentration and mobility of
mobile carriers in the conduction channel formed on the substrate [11,
12]. That is, even under the same conditions, the concentration and
mobility of mobile carriers can be greatly affected depending on
whether they are amorphous, single-crystal, or polycrystalline, which
eventually plays an important role in the performance of gas sensing. In
general, amorphous materials do not guarantee stability (consistency) in
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Fig. 1. Schematic diagram comparing the effects of laser and LCP. (a) laser specifications and (b-d) Conceptual diagram of laser energy that does not affect (b)
morphology, (c) composition and (d) crystallinity. (e) Image of real LCP. (f-i) Conceptual diagram of (f) LCP and laser energy that affects (g) morphology, (h)

composition and (i) crystallinity.

gas sensing, especially at high temperatures. Thus, a single crystalline
material can provide stability with respect to grain size. However,
polycrystalline materials are generally used owing to the relatively high
cost and technical limitations of monocrystalline materials, given their
advantages in terms of structural stability, small grain size, large area,
inexpensive design technology, and good electrophysical properties [13,
14].

Fourth, there may be a method for increasing the surface energy state
of the matrix [15,16]. Compositionally, many types of unstable bonds
can form in nonequilibrium states. This, in turn, may be the main cause
of the increase in the probability of adsorption of oxygen ion species
present at different temperatures before the adsorption of the target gas
and the increase in the number of mobile carriers involved after the
adsorption of the target gas. Zhao et. al. [17] reported improved gas
detection results for methanol above 70 and formaldehyde above 40,
using the synergistic effect of oxygen interstitial and vacancy in Li-doped
ZnO nanoparticle films. Al-Hashem et. al. [18] also reported that the

initial resistance can be determined by controlling the amount of doping
or oxygen in the semiconducting metal oxide heterostructure.

Given these trends, the present work falls into the fourth category
mentioned above. Only the relatively flat surfaces of semiconducting
Sn0O2 nanorods (NRs) were selectively changed into slightly bumpy bead
surfaces using the laser + convex lens pair (LCP) process for a short time.
In other words, in this process, the output of laser concentration, which
increases with each second (s), was able to induce different physical and
chemical changes on the SnO2 NRs surface. In particular, it has been
reported that the response to NO2 gas, which is known to be optimised
for n-type semiconductors, is improved by approximately three times
with an instantaneous surface change of 1s LCP. This approach is sig-
nificant in that it is free from existing economic, spatial, and time con-
straints, and presents the most realistic solution that can achieve the
maximum effect with minimum effort. In addition, as a spin-off study
during this research process, it is certain that the laser concentration will
play a major role in the transition mechanism between n- and p-type
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Fig. 2. Comparison of characteristics and effects of the (a) existing FCVD process and (b) proposed LCP process.

semiconductor metal oxide nanostructures, which will be reported
subsequently.

2. Experimental section
2.1. Materials

SnO2 NRs were deposited on a 1 x 1 cm Si substrate using glancing
angle deposition (GLAD) e-beam equipment. To reduce impurities, re-
sidual gas was first removed and GLAD was started in a vacuum state of
2.0 x 10-6 torr or less. The sample was set at an angle of 80° for even
deposition. Synthesis was performed for 1 h while giving a rotation of
12 rpm. After this process, the deposited SnO2 NRs with a thickness of
148 nm were annealed at 500 °C for 1 h. The synthesised SnO2 NRs were
subjected to laser (650 nm 200 mw) + convex lens (diameter: 23 mm)
pair (LCP) treatment for surface modification. The distance between the
laser and convex lens was 300 mm, and the distance between the convex
lens and SnO2 NRs was fixed at 65 mm. The concentration time of the
LCP process on the SnO2 NRs was sequentially increased to O s (bare),
1s, 3s, and 6s, and each surface change was observed. At this time, the
area affected by the LCP process was within a radius of several microns.

2.2. Characterizations

Field-emission scanning electron microscopy (FE-SEM, JSM-7800 F,
JEOL Ltd.), field-emission transmission electron microscopy (FE-TEM,
JEM-F200, JEOL Ltd.), energy dispersive X-ray spectroscopy (EDX), and

mapping incorporated into TEM were used for morphological and
compositional changes on the surface of the SnO2 NRs. X-ray diffraction
(XRD; Smart Lab, Rigaku) was performed to determine the crystal
phases using Cu-Ka irradiation (A = 1.5418 A). Both selected area
electron diffraction (SAED) and high-resolution transmission electron
microscopy (HRTEM) incorporated into TEM measurements were car-
ried out for crystallographic change. The surface binding, defects, spe-
cific surface area, and energy relationships of the SnO2 NRs were
measured using X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific Co.), porosimeter (BELSORP-MAX G, MicrotracBEL), and ul-
traviolet photoelectron spectroscopy (UPS, Thermo Fisher Scientific
Co.).

2.3. Gas sensing tests

For gas sensing, an Si/SiO2 wafer (oxidation thickness: 300 nm) is
used as the substrate, and self-spin coating, photolithography, photo-
resist (PR) removal, Cr and Pt sputtering, and lift-off patterning are
performed sequentially (Supporting Information (SI), Fig. S1a). In this
pattern, the SnO2 NRs are synthesised only within a window of 1 mm2
using the GLAD e-beam equipment (SI, Figs. S1b-c). LCP treatment of
these SnO2 NRs is performed under different conditions from 1 to 6s.
SnO2 NR-based gas sensors were used in the tube furnace measurement,
in which the concentrations of reactive and carrier gases were controlled
by mass flow controllers (MFCs). At this time, the process temperature
and gas flow rate were automatically controlled by a customised Lab-
View software. The concentrations of all target gases were adjusted as a
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Table 1
Comparison of process characteristics for various methods.
Our work Other work
Advantages Materials Equipment Pre- and post- Process Process Vacuum Ref.
treatment temperature time degree
Materials: CuO NWs oxidation reaction - 600 °C 6h air [27]
(SnO,-basis) 3D-Fe;03 NRs hydrothermal annealing 120 °C 120 h - [28]
Graphene-SnO, NPs substrate - 200 °C 10 min - [29]
from chemical solutions (SCS
approach)
Pt-NiO thin films RF sputtering annealing - - 2 mtorr [30]
TiO, quantum dots hydrolysis method - 80 °C 30 min - [31]
Zr-InpO3 mesoporous nanocasting sintering 40 °C 24h - [32]
microstructures
Equipment: ZnO NFs (nanofibers and electrospinning sintering 520 °C 4h - [33]
(LCP) nanoflowers), NPs hydrothermal 150 °C 10h
solution 80°C 24h
Iny03 hollow NFs electrospinning annealing 70 °C 26 h - [34]
Co304 microrods electrospinning calcination 90 °C 4h - [35]
Pt-loaded SnO, microbelts electrospinning calcination 90 °C 2h - [36]
Au-Iny03 NTs thermal evaporation TeO, template 500 °C 1h 1.0x107° Torr [371
sputtering
MoOs NRs probe ultrasonic calcination 75 °C 24 h - [38]
Pre- and post- RuO, NRs- furnace thermal reduction 340 °C 120 min <4x107° Torr [39]
treatment: Ru NPs
(Nothing) TiO, NTs- furnace anodization 500 °C 2h - [40]
Ag NPs
WO3; NWs- hydrothermal sonication 180 °C 48 h - [41]
PtOx NPs
WO; thin films sol-gel annealing 100 °C ~ 500 °C 30 min ~ air ~ 2.3x107° [42]
sputtering 2h torr
electrodeposition
thermal evaporation
atomic layer deposition
chemical vapor deposition
GaN NWs-TiO, NCs sputtering sputtering 650-700 °C 30 sec - [43]
TiO2 NRs- furnace stirring 40 °C 1hr 1 torr [44]
NiO NPs 60 °C (40 °C)
600 °C 10 min (60
°C)
1hr
(600 °C)
Process ZnO NWs- furnace - 400 °C 4 hr air [45]
temperature: Pd NPs
(1300 °C) TiO»-Er,03 and TiO»-Tay0s5 sol-gel annealing <150 °C 72 hr - [46]
thin films
MgO-WO3-SnO, NCs sol-precipitation calcination 60 °C 24 hr - [47]
CeO5-Iny03 NCs mixing - 120 °C 3hr - [48]
Cry03-Zn0O NFs solution calcination 60 °C 5hr - [49]
In;,03-ZnO NSs chemical vapor deposition - 1000 °C 1hr 90 torr [50]
Process SnO5 NWs-Cry03 NCs furnace - 620 °C 20 min §9><10’2 torr [51]
time: Sn0,-SnSe, NCs self-assembly - 700 °C 24 min - [52]
(Second-basis) o-MoO3 NSs pulsed laser deposition - 600 °C 12 hr 4x107° mbar [53]
In;03-ZnO NWs solvothermal annealing 140 °C 16 hr - [54]
hydrothermal 60 °C 3hr
In,03 NPs-GO NSs Hummers’ method calcination 60 °C 24 hr - [55]
co-precipitation
CuO NPs-TizC,Ty MXene NCs solvothermal ball-milling 70 °C 12 hr - [56]
sintering
ultrasonication
Vacuum degree: SnS,-TeO, NWs vapor-liquid-solid method annealing 370°C 1hr 1.4 torr [57]
(Nothing) atomic layer deposition 150 °C
PdO NPs on Si substrate plasma-enhanced atomic layer - 80°C >20 min 1 mtorr [58]
deposition
InOy doped SnO, NCs RF sputtering - 200 °C >30 min 5 mtorr [59]
plasma-enhanced atomic layer
deposition
SnS, flakes chemical vapor deposition - 1000 °C 1hr air [60]
MoS;, thin films Plasma-enhanced atomic layer - 70 °C <45 sec 0.18 torr [61]
deposition
WSe, NSs chemical vapor deposition - 850 °C 20 min 0.05 torr [62]

balance between each target gas and dry air. The electrical resistance of
the sample was calculated by a nanovoltmeter (Keithley 2182) using a
constant current source (Keithley 6220) of 100 nA. The gas-sensing
response was expressed as the ratio of the resistance between air (Ra)

and the target gas (Rg). The oxidising gas for n-type semiconductors is
(Rg-Ra)/Ra, the reducing gas for n-type semiconductors is (Ra-Rg)/Rg,
the oxidising gas for p-type semiconductors is (Ra-Rg)/Rg, and the
reducing gas for p-type semiconductors is (Rg-Ra)/Ra. In addition, the



C. Jin et al.

Sensors and Actuators: B. Chemical 417 (2024) 136170

h

100 nm

k 7

I B e BB . W S e L AL At

100 nm

100 nm

100 nm

Fig. 3. SEM images showing changes in the morphology of SnO2 NRs applied with 0-6s LCP process. (a-c) Top view and side view SEM images of bare SnO2 NRs. (d,
e) SnO2 NBs + NRs SEM image with 1s LCP process. (f~h) SnO2 NBs + NRs SEM image with 3s LCP process. (i-1) SnO2 NBs + NRs SEM image with 6s LCP process.
Then, (a), (e), (h), and (1) show SEM images of the same magnification under each condition.

response time (when the target gas was introduced into the air atmo-
sphere) and recovery time (when air was introduced into the target gas
atmosphere) were defined based on the point corresponding to 90 %
saturation when different gases were present. A specific ratio of relative
humidity (RH) of 50 % was obtained using humid air subjected to
deionised water bubbling under the same gas-sensing process tempera-
ture to compare the sensing response in dry and humid conditions.

3. Results and discussion

To change the morphology, composition, and crystallinity of SnO2
NRs surface within a short time, a laser source capable of adjusting the
diameter up to 4.2 mm was used, as shown in Fig. 1a. Although it can
affect a large area of the sample, it is believed that SnO2 NRs with a
length of approximately 200 nm and a diameter of approximately 50 nm
are not sufficiently energetic to cause physicochemical changes
(Fig. 1b-d and SI, Fig. S2). However, in the case of an improved LCP
process that adds a convex lens to an existing laser (Fig. le and f),
photons can be gathered at one point and energy can be concentrated.
Therefore, as shown in Fig. 1g-i, changes in the physical form, chemical
composition, and crystallinity can occur. In particular, this concept
makes it possible to mitigate the disadvantage of inevitably influencing
the SnO2 NRs sample area, where the influence of the existing laser is
not desired over a wide 2-dimensional area (Fig. 2a). That is, depending
on the degree of influence of the LCP process, only the desired region can
be freely adjusted; for example, (1) morphologically, from a plane to a
bead-like particle [19,20]; (2) compositionally, from stoichiometric to
non-stoichiometric [21,22]; and crystallographically, from a single
crystal (or polycrystalline) to partially amorphous (Fig. 2b) [23,24]. The
LCP process is clearly differentiated from the existing flame chemical
vapour deposition (FCVD) method [25,26], which is considered to be
similar at first glance, as shown in Fig. 2a. That is, the difference in the
source as well as the area affecting the sample is clearly distinguished in
2-dimensions. In general, when comparing the SnOx nanobeads (NBs)

size, composition ratio, and crystal plane, the FCVD was almost mixed
(Fig. 2a), whereas the LCP process could be controlled consistently
within a narrow range as a radius of several microns (Fig. 2b).

Table 1 compares the results of previous studies by dividing the su-
periority of these processes into five categories [27-62]: equipment, pre-
and post-treatment, process temperature, process time, and vacuum
degree. The advantages of economic, spatial, and time constraints
compared with existing processes were reaffirmed.

Fig. 3 shows SEM images of the morphology of SnO2 NRs applied
with LCP process from O to 6s for use in gas sensing. Fig. 3a-c show top
and side views of the SnO2 NRs grown uniformly by GLAD. As shown in
the top view, although it consists only of SnO2 NRs without any SnO2
NBs (Fig. 3a), three or four SnO2 NRs tens of nanometres in size gathered
at regular intervals and grow as a bundle as a result of the process
conditions (Fig. 3b). From the side view, it was confirmed that the SnO2
NRs were tightly aligned (Fig. 3c). When the LCP was applied for 1s, an
area was created on the SnO2 NRs, and the SnO2 NRs around the area
agglomerated to form approximately 200 nm SnO2 NBs (Fig. 3d).
Compared to Fig. 3a for the same area, several SnO2 NBs were formed
after only 1s of the LCP process (Fig. 3e). Fig. 3f-h show the changes in
the SnO2 NRs during the 3s LCP process. SnO2 NBs grew larger than
when a 1s LCP process was applied (Figs. 3f-3g), and it may be observed
that SnO2 NBs were formed here and over a wide area owing to the
influence of the LCP process (Fig. 3h). Compared to Fig. 3e for the same
area, it may be observed that the size and number of SnO2 NBs were
more developed in the 3s LCP process (Fig. 3h). However, the condition
at the 6s LCP process (Fig. 3i-1) reveals a completely different trend from
those mentioned above. The frequency of agglomeration of SnO2 NRs
with each other increased; in particular, even the SnO2 NBs were
irregular in shape and changed irregularly (Fig. 3i). From the SEM im-
ages observed from the side view (Fig. 3j and k), the longer the LCP
process time, the shorter the SnO2 NRs and the tendency to agglomerate.
Compared to Fig. 3h of the same area, it may be observed that the SnO2
NBs increased in size but collapsed significantly in the 6s LCP process
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Fig. 4. Crystallinities and microstructures of SnO2 NRs applied with 0, 1, and 6s LCP process. (a—d) Bare SnO2 NRs with 0 s LCP process, (a) XRD, (b) SAED, (c)
HRTEM, (d) interplanar spacing. (e-h) SnOx NBs + NRs with 1 s LCP process, (e) XRD, (f) SAED, (g) HRTEM, (h) interplanar spacing, (i-1) SnOx NBs + NRs with 6s

LCP process, (i) XRD, (j) SAED, (k) HRTEM, (1) interplanar spacing.

(Fig. 30).

From the perspective of gas sensing, the results in Fig. 3 indicate that
in the LCP process, especially in a radius of several microns where the
laser energy is concentrated, a larger CSA than that of the existing
sample may be created.

To examine the effect of the LCP process on the crystallinity of SnO2
NRs, XRD, SAED pattern, HRTEM, and the interplanar spacing of SnO2
NRs with LCP of 0, 1, and 6s were sequentially measured, as shown in
Fig. 4. Fig. 4a—d show the bare SnO2 NRs without the LCP process. The
XRD peaks in Fig. 4a have (110), (101), (200), (211), (301), and (321)
planes for 26.58°, 34.12°, 38.20°, 52.14°, 65.02°, and 78.88°, respec-
tively. This is consistent with tetragonal SnO2 (cell parameters: a =
4.7421, b = 4.7421, and ¢ = 3.1901, JCPDF Card No. 01-077-0449)
[63]. The SAED pattern is circular, implying a polycrystalline struc-
ture (Fig. 4b) [64,65], and as seen in the HRTEM image, each plane
forms a certain regularity in a partial area (Fig. 4c). For example, Fig. 4d
indicates an interplanar spacing of approximately 0.33 nm in the (110)
plane of the HRTEM image. However, the SnO2 NRs subjected to LCP for
1s were polycrystalline with (101) planes compared with the bare Sn02
NRs (Fig. 4e and f). Examining the interplanar spacing corresponding to
HRTEM (Fig. 4g) revealed an interplanar spacing different from that of
the SnO2 NRs in some places, which shows that some of the SnO2 NRs
can be partially reduced to Sn by the LCP process (Fig. 4h) [66,67].
Fig. 4i-1 correspond to the 6s LCP process. At first glance, the XRD
pattern was similar to the previous one (Fig. 4i), but some substrate
peaks were observed, and the SAED pattern tended to gradually lose
polycrystallinity compared with bare SnO2 NRs (Fig. 4j). In addition,
HRTEM may deviate slightly from the bare SnO2 NRs in terms of
interplanar spacing (Fig. 4k), but there is no drastic change overall
(Fig. 41).

Fig. 5 shows the TEM mapping and point EDX analysis of the three
sample types shown in Fig. 4. Overall, Sn and O were uniformly detected
under all conditions. However, in the case of bare SnO2 NRs, a trape-
zoidal shape was also observed, rather than a zigzag shape (Fig. 5a and
b). It is believed that the shape can also be controlled according to the
GLAD process conditions. The atomic composition was also close to the
ratio of the SnO2 NRs (Fig. 5¢ and d). However, in the case of the 1s LCP
process, SnOx NBs can be formed (Fig. 5e and f), and its composition
ratio shows that the amount of oxygen is smaller (from 71 at% to 63 at
%) and the amount of tin is relatively higher (from 28 at% to 36 at%)
compared with bare SnO2 NRs (Fig. 5g and h). In other words, the 1s
LCP process not only brings together the existing SnO2 NRs but also
shows a tendency of reduction reaction by breaking the binding of the
existing Sn-O. However, when the LCP process was increased to 6s, the
SnOx NRs agglomerated even if they were not SnOx NBs (Fig. 5i and j).
At this time, particularly strong energy was concentrated, and unlike the
1s LCP process, the amount of oxygen increased (from 71 at% to 87 at%)
and the amount of tin decreased (from 28 at% to 12 at%) compared with
bare SnO2 NRs (Fig. 5k and 1). That is, during the 6s LCP process, an
increasing amount of O in the surroundings was adsorbed to the sample,
showing a tendency toward an oxidation reaction [68,69].

Fig. 6 shows the XPS analysis of the chemical surface binding state of
the bare SnO2 NRs, SnOx with the 1s LCP process, and SnOx with the 6s
LCP process. First, in the case of the bare SnO2 NRs, it was confirmed
that Sn 3d and O 1s were involved (Fig. 6a and b) [70,71]. In this initial
situation, when the LCP process is added, it can be seen that, compared
with the bare SnO2 NRs, Sn is not very different, but in the case of O, a
different peak appears (Fig. 6¢ and d) [72,73]. That is, based on the
530.68 eV of bare SnO2 NRes, it can be confirmed that the binding energy
of 530.08 eV was obtained in the 1s LCP process (Fig. 6¢), whereas a
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Fig. 5. Changes in composition according to the LCP process. (a, b) Sn and O mapping of bare SnO2 NRs, (a) Sn, (b) O, (¢) point EDX of bare SnO2 NRs, (d) at% of
bare SnO2 NRes. (e, f) Sn and O mapping of 1s LCP process, (e) Sn, (f) O, (g) point EDX of 1s LCP process, (h) at% of 1s LCP process. (i-1) Sn and O mapping of 6s LCP
process, (i) Sn, (j) O, (k) point EDX of 6s LCP process, (1) at% of 6s LCP process.

binding energy of 530.18 eV was also present in the 6s LCP process
(Fig. 6d). This implies that non-equilibrium Sn-O bonds were formed on
the surface by the LCP process as seen in Fig. 5. Therefore, with the
introduction of a simple LCP process, it is possible to engineer a surface
that meets the requirements; in particular, it is advantageous that this
process is performed within a few seconds.

Gas sensing primarily occurs through a chemical reaction between
the target gas and the sample surface, making the state of the sample
surface a critical factor in determining the main factors of gas sensing.
According to Figs. 7a-7c, in all cases, the content of Sn4+ is higher than
that of Sn2+. The difference is the change of the content of Sn2+ or
Sn4+ between 0 s and 1s and between 1s and 6s. The deconvoluted Sn
3d XPS spectra of the bare SnO2 NRs are shown in Fig. 7a. The energy of
LCP is strong, and thus, in a short time, such as 1s, the energy is used
only to cleave the existing bonds between Sn and O. However, heat is
generated in the adjacent area after 2 s, and the temperature increases.
The surrounding oxygen molecules may accumulate as the temperature
increases, and the bonding between Sn and O becomes more active.
Therefore, after 2 s, this may be the mechanism of new bond formation
of chemisorbed species, including oxidation, which continues. This can
be indirectly predicted because more Sn2+ than Sn4+ is present at 1s
(Fig. 7b), whereas more Sn4+ than Sn2+ is present at 6s (Fig. 7c). In
particular, the type of oxygen formed on the sample surface plays a
crucial role in gas sensing. Through deconvolution analysis of XPS in our
LCP experiment, we identified the types of oxygen: lattice oxygen

(Fig. 7d), oxygen vacancies (Fig. 7e), and chemisorbed oxygen (Fig. 7f).
Compared to bare SnO2 NRs, which are dominated by lattice oxygen
(Fig. 7d), the 1s LCP conditions led to oxygen vacancies becoming
dominant (Fig. 7e), while the 6s LCP conditions favoured chemisorbed
oxygen (Fig. 7f). This implies that a reduction reaction of Sn and O oc-
curs during a short LCP process, while an oxidation reaction of Sn and O
occurs during a longer LCP process.

However, unlike the change in the composition of SnO2 NRs ac-
cording to the LCP conditions, the effect on the specific surface area due
to the formation of SnO2 NBs was relatively small (SI, Fig. S3). In other
words, although the specific surface area may increase depending on the
LCP conditions, this increase coincides with the range where the
composition changes. Therefore, it can be considered that changing the
composition can have a greater impact.

The UPS measurement to investigate the energy relationships, such
as the work function and valence band maximum, for each sample are
shown in Fig. 8. Both the work function and valence band maximum
changed before and after the LCP process (Fig. 8¢, f, and i). Specifically,
bare SnO2 NRs (Fig. 8a) have a valence band maximum of 3.7 eV
(Fig. 8b) and a work function of 4.6 eV by the relationship of 21.2 eV
(incident energy) — 16.6 eV (Fig. 8c). Similarly, the sample with 1s LCP
process (Fig. 8d) has a valence band maximum of 3.4 eV (Fig. 8e) and a
work function of 4.3 eV by the relationship of 21.2 eV (incident energy)
—16.9 eV (Fig. 8 f), and the sample with 6s LCP process (Fig. 8 g) has a
valence band maximum of 3.2 eV (Fig. 8 h) and a work function of
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LCP process (i.e., 21.2 eV(incident energy) — 16.7 eV).

4.5eV by the relationship of 21.2 eV (incident energy) — 16.7 eV
(Fig. 8i). This implies that despite the short-term and localised effects of
the LCP, not only physical changes in shape but also chemical changes
on the surface occurred simultaneously.

In most cases, gas sensing in a metal oxide semiconductor nano-
structure can be largely divided into (1) semiconductor and oxygen gas,
and (2) semiconductor-oxygen gas-target gas (or semiconductor-target
gas). First, oxygen adsorption was unavoidable near the semi-
conductor sample. In general, because the electron affinity of oxygen is
greater than that of semiconducting metal oxides, electrons are removed
from the surface of the semiconductor and the surface of oxygen is
negatively charged with oxygen ions. However, the form of oxygen
varies according to the temperature as follows [74,75]:

02(gas) < 02(ads) (@9)]
02(ads) + e— — 02—(ads) (T < 100 °C) (2)
02—(ads) + 2e— — 2 O—(ads) (100 °C < T < 300 °C) 3)

O—(ads) + e— - 02—(ads) (T > 300 °C) 4)

As seen above, oxygen plays a role in taking away electrons in the
temperature range of 300 °C from room temperature. Because the
charge on the semiconductor surface is removed, electrons escape near
the semiconductor surface, and an electron-depletion layer (EDL) [76] is
naturally formed. In conjunction with this, a conductive channelling
width (CCW) consisting of mobile carriers, such as electrons and holes, is
created at the bottom of the EDL. If the semiconductor is n-type with
many electrons, oxygen is adsorbed, and electrons, which are major
carriers, are removed, the EDL on the surface is relatively widened, and
the number of electrons in the CCW decreases. Therefore, the resistance
increases compared with that before the adsorption of oxygen [77].
However, if the p-type semiconductor has many holes, oxygen is
adsorbed, and electrons, which are minor carriers, are removed, the EDL
on the surface is relatively widened and the number of holes in the CCW
increases. Therefore, the resistance decreases compared with that before
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the adsorption of oxygen [78]. In the second case, the reaction between into oxidising gas (a gas that oxidises a semiconductor and itself is
the semiconductor, oxygen gas, and target gas (or the semiconductor reduced) and reducing gas (a gas that reduces a semiconductor and itself
and target gas) can be considered. Generally, a target gas can be divided is oxidised). For the target gas to react, it must be positively or

10



C. Jin et al.

negatively charged, and temperature helps accelerate the ionic species
of the target gas. For example, in the case of an oxidising gas, in the
surface adsorption reaction with SnO2 NRs, it plays a role in removing
electrons in the SnO2 NRs, eventually widening the EDL of the initial
surface while reducing the number of carriers in the CCW; thus, the
resistance response eventually increases. On the other hand, in the case
of the reducing gas, on the contrary, it plays the role of supplying
electrons to SnO2 NRs, rather than reducing the EDL of the initial sur-
face and increasing the number of carriers in the CCW, so the resistance
response eventually decreases.

In the case of NO2, it corresponds to an oxidising gas [79,80], and as
shown in Fig. 9a, at a concentration of 50 ppm NO2 gas at 300 °C, the
resistance increases based on the relationship between the EDL and CCW
mentioned above. In the samples where 1, 3, and 6s LCP process were
applied (inset of Fig. 9b), the 1s LCP process showed the largest change
in resistance (Fig. 9b). In other words, it changed to 5.14, 15.26, 6.82,
and 7.35 (inset of Fig. 9b). The corresponding responses, response times,
and recovery times are listed in Table S1. At this time, because NO2 gas
can be easily ionised, as shown below, electrons, which are the main
carriers, can smoothly move from the SnO2 NRs or SnOx NBs + NRs to
the NO2 target gas [81,82].

NO2(gas) + e— — NO2—(ads) (5)
NO2(gas) + e— — NO(gas) + O—(ads) 6)
NO2(gas) + 02—(ads) + 2e— — NO2—(ads) + 20—(ads) )
NO2—(ads) + 2 O—(ads) + e— — NO2(gas) + 202—(ads) ®

At this time, oxygen vacancies can have a greater impact on the

b
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S
S
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2s ~5s
Y 4

L.
{

4

Sensors and Actuators: B. Chemical 417 (2024) 136170

sensing response by causing more electron carriers to participate in the
target gas and on the surface of the n-type SnO2 sample. In contrast,
chemisorbed oxygen reduces the number of electron carriers involved in
the target gas and sample surface, resulting in a smaller sensing
response. The sample obtained using the 6s LCP process, in particular,
displays the shortest response and recovery times because a large
amount of stable chemisorbed oxygen is already generated on the SnO2
surface. Hence, the frequency with which unstable NO2 ions can
chemically react is relatively small (Table S1). In short, regardless of the
number and distribution of SnO2 NBs on the SnO2 NRs surface, the gas-
sensing performance was determined by whether the oxygen vacancies
or chemisorbed oxygen atoms increased in the existing Sn-O bond.

Fig. 10 shows the concentration, various gases, humidity, and long-
term stability trends of SnOx NBs + NRs with a 1s LCP process, which
is the best process condition. Even in the low-concentration region (<
50 ppm NO2 gas), the higher the concentration, the larger the response
obtained (Fig. 10a and SI, Table S2), which means that there is sufficient
room for the target gas molecules to adsorb on the surface of the SnO2
NRs or SnOx NBs + NRs. In case of selectivity, NO2 gas has a higher
selectivity than the other gases because it has a smaller bonding energy
[83]. In addition, even for the same N-O bonding, a stronger response
was observed at a gas concentration of 10 ppm (Fig. 10b). The
gas-sensing characteristics of gases without N-O bonds were also
investigated (SI, Fig. S4). The resistance decreases rapidly when
isoprene gas is adsorbed (Fig. S4a) but ultimately does not recover for
>2500 s, and acetone gas (SI, Fig. S4b) also exhibits the disadvantage of
an extended recovery time, unlike the rapid change in resistance. In
contrast, H2 gas (SI, Fig. S4c) displays a shorter recovery time than those
of the above gases, but the response (i.e. 10.12) is lower than that (i.e.

Sn0O, nanobead

¥

Fig. 11. Schematic diagram showing changes in morphology and CSA of bare SnO2 NRs as the LCP process time increases.
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15.26) of NO2 gas. No special tendencies are observed for other gases,
and significant differences are observed depending on the chemical
properties of each gas. Compared with the dry state, the response
decreased when the RH was higher (50 %) (Fig. 10c). This is because the
humidity in the air is already adsorbed on the surface of the sample
before the target gas is adsorbed, which can hinder the movement of the
target gas and the mobile carrier of the sample [84,85]. In addition, the
influence of humidity also results from the main gas-sensing mechanism
analysed from XPS. For example, when the humidity around the sample
increases, it corresponds to an increase in the amount of oxygen, similar
to the effect observed in the 3s and 6s LCP processes, which rapidly
reduces the number of electrons on the n-type SnO2 surface. In other
words, humidity reduces the number of oxygen vacancies formed on the
surface and increases the amount of chemisorbed oxygen. Similarly, the
decrease in the response of the sample after one month and four months
was also partially affected by humidity (Fig. 10d). To yield more
detailed data, the SnO2 NRs obtained via the 1s LCP process were
analysed using EDX (SI, Fig. S5a) and XPS (SI, Fig. S5b) after one month
to investigate the cause of the deterioration in gas sensing. The number
of oxygen vacancies in the sample is significantly reduced. Instead,
similar to the sample obtained using the 6s LCP process, increases in the
amounts of oxidation due to natural oxidation (SI, Fig. S5a) and
oxygen-based chemisorbed oxygen are observed (Sn4+ > Sn2+, SI,
Fig. S5b). The effects of temperature and humidity on long-term stability
were further analysed. In a sensing test near a temperature of 300 °C, the
greatest response was obtained at 300 °C, where the number of mobile
carriers increases as the temperature increases. And as the temperature
increased, the initial resistance decreased (Fig. 10e). Therefore, it was
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possible to obtain a relationship between the sensing improvement ef-
fect of 927 ppb of NO2 per 1 °C temperature in the process temperature
range. In the range below RH 50 %, both initial resistance and response
decrease each time RH increases by 10 %, but the greatest decrease was
observed in the initial RH 10 % range (Fig. 10 f). Therefore, for every RH
1 %, there is a correlation of 506 ppb of NO2 reduction effect.

Considering the simplicity and efficiency of the proposed LCP pro-
cess, it is worth continuing research in the future.

First, regarding the surface defects of SnO2 NRs, various types of
point defects may exist in SnO2. Xiong et al. [86] classified 17 types of
surface defects that could affect the gas sensing of SnO2, including ox-
ygen vacancies, double-ionised oxygen vacancies, tin antisites, bridging
oxygen vacancies, and Sn4+-oxygen vacancy associates among others.
The defect engineering strategies that can form these defects are largely
divided into irradiation, heat treatment, chemical reduction, tailoring of
specially exposed facets, and doping. In particular, it has been reported
that, while other methods (i.e. irradiation, heat treatment, tailoring
specially exposed facets, and doping) form various defects, only oxygen
vacancies are formed in the case of chemical reduction, which has the
advantage of being simple and easy without the need for high temper-
atures. At this time, our defect formation method is different from the
above defect formation method, and this contributes to inducing
different Sn—O bonds on the surface of the SnO2 NRs depending on the
applied time. In other words, under the 1s LCP process, the bindings of
Sn-O are broken and O vacancies are mainly formed, whereas under the
3s and 6s LCP processes, as the laser is concentrated, the temperature
rises around that area, and oxygen gathers from the surrounding area to
that area, resulting in the formation of more chemisorbed oxygen than
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the existing Sn-O bond. In this process, even if there is no clear change in
shape, such as in the case of SnO2 NBs, changes in the surface compo-
sition can occur to some extent in all areas where the laser is focused. In
other words, compared to bare SnO2, in the 1s LCP process, a reduction
reaction occurs with a smaller amount of oxygen, such as oxygen va-
cancies, and in the 3s and 6s LCP processes, an oxidation reaction occurs
with a larger amount of oxygen, such as chemisorbed oxygen. As seen in
other research results [86], these oxygen vacancies are so overwhelming
that they account for 70 of 85 cases; therefore, they can be the main
mechanism of the n-type SnO2 surface reaction.

Based on the specific surface areas (SI, Fig. S3), the mechanism by
which the CSA adsorbed by the increases in the target gas can be
explained as shown in Fig. 11. In the case of SnO2 NRs, there are sites
where oxygen in air or the target gas can be adsorbed on the edge surface
of each NRs (Fig. 11a). However, if the 1s LCP process is added at this
time (Fig. 11b), the CSA where gases can be adsorbed increases as the
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surfaces are agglomerated into SnOx NBs in the area where the laser is
focused (Fig. 11c). When a longer LCP process was applied (2-6s)
(Fig. 11d), the SnOx NRs congregated beneath the SnOx NBs rather than
growing. Therefore, the total CSA of the SnOx NBs + NRs in Fig. 11e was
lower than that of the SnOx NBs + NRs, as shown in Fig. 11c. Therefore,
the 6s LCP process (Fig. 11d and f) demonstrates a much smaller
response than that shown in Fig. 11c.

This can be understood more easily using the thermodynamic data
(Fig. 12 and Table S3). Fig. 12a shows the Gibbs free energy of the bare
SnO2 NRs before and after the NO2 gas reaction. The activation energy
of AEa here includes the factor of how efficiently the target gas can be
adsorbed on the adsorption surface, and it can be said to be directly
related to the total CSA of SnO2 NRs mentioned in Fig. 11. When only
the laser was applied to the bare SnO2 NRs, there was no significant
change in AEa (Fig. 12b and SI, Fig. S2). However, when the 1s LCP
process was applied (Fig. 12c), the existing SnO2 NRs gradually reduced



C. Jin et al.

and moved toward SnO and Sn, and the Gibbs free energy of the re-
actants became higher than that of the initial SnO2 NRs [87]. In addi-
tion, SnOx NBs + NRs formed even in the section where the reaction of
the target gas occurred, and the total CSA was much wider than before,
which can play a role in lowering the activation energy required for
gas-sensing reactions. In other words, a synergistic effect can be ach-
ieved by increasing the initial Gibbs free energy and reducing the acti-
vation energy. As mentioned above, the effect of the composition change
was a much more dominant factor than that of the CSA. However, when
the LCP process time was increased from 1 to 2-6s (Fig. 12d), the total
CSA decreased rather than increasing the Gibbs free energy of the initial
reactant. In addition, the oxidation reactions of Sn and O occur actively
on the surface. Eventually, the effect of increasing the activation energy
increased, and eventually, the gas-sensing response decreased.

Therefore, the gas-sensing mechanism based on the LCP process can
be organised as shown in Fig. 13. SnO2 NRs with a work function of
4.6 eV and a valence band maximum of 3.7 eV adsorb oxygen gas or
target gas on the surface, and an EDL was formed near the surface
(Fig. 13a and d). In the case of the 1s LCP process, as the existing SnO2
NRs aggregated, the largest CSA of SnOx NBs + NRs could be adsorbed
by the gas formed. And at the same time the reduction reaction of Sn-O
occurs, leading to changes in the work function and valence band
maximum to 4.3 eV and 3.4 eV, respectively (Fig. 13b). Eventually, as
shown in Fig. 13e, as the EDL widened, the potential barrier increased,
resulting in an increase in the gas-sensing resistance. However, in the
case of the 6s LCP process, the CSA of the SnOx NBs + NRs decreased. At
the same time the oxidation reaction of Sn-O occurs predominantly
indicating the work function and valence band maximum changed to
4.5 eV and 3.2 eV, respectively (Fig. 13c). In the energy band of this
state, the gas-sensing response decreased (Fig. 13 f). However, the effect
of this cross-sectional area can be considered to be minimal for gas
sensing. Therefore, as in the XPS results mentioned above (Figs. 6-7), it
is necessary to determine where the formation of different potential
barriers originates compared to bare SnO2 NRs, depending on the LCP
conditions. Ultimately, it must be approached according to the type of
chemical bonding on the surface. Therefore, the 1s LCP process can
cause the reduction of Sn-O and induce many oxygen vacancies on the
surface of the SnO2 NRs (Fig. 13b and e), and the 6s LCP process can
cause the oxidation of Sn-O and induce chemisorbed oxygen on the
surface of the SnO2 NRs (Fig. 13c and f).

As mentioned above, the LCP process is a new technique and follow-
up studies are being performed.

4. Conclusions

The surface morphology and composition of the SnO2 NRs syn-
thesised using the GLAD method could be easily controlled using a high-
energy laser beam. The proposed LCP method was able to determine the
size and composition of the SnOx NBs in the condensed area, especially
within a few seconds. Therefore, by sequentially applying LCP, under
the condition of 1s LCP, the response to NO2 gas was increased by
approximately three times compared to that of bare SnO2 NRs, and
based on this, a gas-sensing mechanism using the relationship between
the reduction and oxidation on the surface was introduced. The effec-
tiveness of LCP was demonstrated using the effect of changing the
thermodynamic composition during gas sensing. With LCP out-
performing other processes in terms of equipment, pre- and post-
treatment, process temperature, process time, and vacuum degree, it is
expected to be further researched for various applications in the future.
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