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High selectivity and fast response in the detection of NO; are key factors in protecting human health in life-
threatening environments. The p-n SnO/SnO; heterostructure is a promising material as a metal oxide for
effective chemical reactions with a target gas. It has a synergistic effect on the intrinsic semiconducting prop-
erties and the formation of an interfacial electric field in the heterojunction. The extrinsic oxygen vacancies in
the SnO/Sn0O; structure enhance the chemical reaction in the sensing property. In this study, we developed a
defect-SnO/SnO3 heterostructure-based NOy gas sensor. It shows excellent sensing performances with a high
response of 100.86, fast response time of 5.83 s, and superior selectivity (approximately 23 times higher than
those of other target gases) in the detection of 50 ppm NO, at 150 °C. Raman and electron paramagnetic
resonance (EPR) results supported the presence of oxygen vacancies in the defect-rich SnO/SnO; crystal and X-
ray photoelectron spectroscopy (XPS) and time-of flight secondary ion mass spectrometry (ToF-SIMS) analyses
described the role of SnO/SnO, heterostructure with oxygen defects as an effective electron donor for the
adsorbed oxygen molecules and NO, target gas. We believe that the direct formation of oxygen vacancies in the
Sn0O/Sn0O, heterostructures is a significant reference for the development of high-performance NO, gas sensors.

1. Introduction

Rapid industrialization and population growth have caused signifi-
cant air pollution with toxic gases, resulting in serious environmental
and health problems. Among the toxic gases, nitrogen dioxide (NO>) is
one of the most hazardous and is mainly produced by vehicles, factories,
and power plants via combustion at high temperatures [1-3]. The
Health and Safety Rule Alarm has caused that the human body should
avoid staying for over 8 h in an NO, environment with 3 ppm [4]. The
fast recognition and selective detection of NO;, gas, in particularly at the
low concentrations, is the only way to protect human health in
life-threatening environments. Therefore, the development of NO, gas
sensors with a fast response and high selectivity is essential.

As chemiresistive NO5 sensors, tin (I or IV) oxide-based devices have
been actively developed by the sensor research community as its
intrinsic semiconducting property. Tin (II) oxide (SnO) is a p-type

semiconductor with a band gap range of 2.5-3.4 eV [5] including
intrinsic Sn vacancies [6], whereas tin (IV) oxide (SnOs) is a typical
n-type semiconductor with a wide band gap of 3.6 eV [7]. When com-
bined with a heterostructure, that is, an SnO/SnO; p-n junction, elec-
trons transfer from SnOy (high Fermi level) to SnO (low Fermi level)
until equilibrium is reached [8]. This phenomenon led to the formation
of an interfacial electric field in the SnO/SnO; heterojunction. This al-
lows for a decrease in the required energy for electron transitions,
providing two benefits. First, it becomes easy to reduce the adsorbed
oxygen molecules of Oz to O3, which facilitates an effective chemical
interaction with the NO; target gas [9,10]. Secondly, NO5 gas can be
directly adsorbed onto the surface of the heterostructure, making it easy
to reduce NO3 to NO»- species [9,11,12]. Thus, for gas-sensing proper-
ties, the response sensing level and response/recovery transient times
can be boosted.

SnO/SnO; p-n heterojunctions can be easily synthesized via a simple
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oxidation process from SnO without additional procedures [8,13,14].
The ratio of SnO to SnOy in the heterostructure could be tuned by
adjusting the oxidation conditions [8,13]. Li et al. reported that p-n
heterojunction sensors with SnO-SnO; nanocomposites exhibited a
response of 8 at 50 °C toward 50 ppm NO; detection [14]. Zhao et al.
developed a SnO/SnO5 quantum dot-based sensor with a response of
15.9 at 200 °C with 50 ppm NO gas [15].

Despite the superior characteristics of the SnO/SnO5 heterostructure,
the development of heterojunction chemiresistive NO, gas sensors re-
mains challenging owing to their relatively low responses. Increasing
defect sites for the generation of oxygen vacancies in the SnO/SnOy
heterostructure is one of the methods to overcome the limitation of the
NO; gas sensors. Oxygen vacancies have a significant influence on the
electronic states and physical properties of the SnO/SnOs hetero-
structure, enhancing the binding energy and chemisorption effect with
adsorbed oxygen molecules and increasing electron transport ability
(from electrons in the conduction band to adsorbed oxygen molecules)
[6,13,16].

Similarly, in this study, we developed a SnO/SnO3 heterostructure
NO,, gas sensor with extrinsic oxygen vacancies, and compared its gas-
sensing performance with that of a general SnO/SnO; gas sensor.
SnO/SnO; particles were thermally treated in at Hs atmosphere to
induce a reducing reaction after a one-step hydrothermal synthesis
processing to create an oxygen-vacancy rich condition in the SnO/SnO»
heterostructure. In particular, oxygen defect sites were predominantly
created in the SnO crystal phase with (00h) lattice planes in the heter-
ostructure. The defect-rich SnO/SnO, heterostructure sensor showed
superior sensing properties in the detection of NOg: a high response
(100.86) with a fast response time (trep = 5.83 s) and excellent selec-
tivity (approximately 23 times higher than those of other target gases) to
50 ppm NO3 at 150 °C. Raman, electron paramagnetic resonance (EPR),
X-ray photoelectron spectroscopy (XPS), and time-of-flight secondary
ion mass spectrometry (ToF-SIMS) analyses indicated the presence of
oxygen vacancies in the defect-rich SnO/SnO crystal, which acted as
effective electron donors for the adsorbed oxygen molecules and the
NO, target gas. We believe that the direct formation of oxygen vacancies
in the SnO/SnO; heterostructure allows for the creation of an efficient
NO;, gas sensor.

2. Experimental section
2.1. Chemical reagents

Tin(II) chloride dihydrate (SnCly-2 H20, ACS reagent, 98%), N,N-
dimethylformamide (DMF, anhydrous, 99.8%), and sodium hydroxide
(NaOH, reagent grade, > 98%) were purchased from Sigma-Aldrich. All
chemicals were obtained and used without further purification. Distilled
water (di-water) and ethanol (95% extra pure) were obtained from
Thermo Fisher Scientific Inc.

2.2. Synthesis of SnO/SnOz and defect-SnO/SnO2 heterostructures

To synthesize a SnO/Sn0O, heterostructure, 1 g of SnCly-2 HyO was
added into a 25 mL di-water. The precursor solution was mixed at room
temperature for 15 min to dissolve the salt completely. After 15 min, 12
mL of dimethylformamide (DMF) and 500 mg of NaOH were added to
the precursor solution and blended for 30 min. The homogeneous so-
lution was obtained, transferred into a Teflon-lined stainless-steel
autoclave (100 mL), and placed in a preheated oven at 180 °C for 18 h.
After cooling to room temperature, SnO/SnO2 heterostructure particles
were obtained by washing multiple times with di-water and ethanol in a
centrifuge process (3900 rpm, 10 min) and drying in the oven at 70 °C
overnight.

For a defect-SnO/SnO, heterostructure, the synthesized SnO/SnO,
heterostructure particles were heat-treated in a furnace at 350 °C under
an Hj environment (5 cmol/mol, Ny balance gas) for 1 h (heating rate is
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5 °C/min). After the heat treatment, the furnace was cooled to room
temperature.

2.3. General characterization

The particle shape information of the synthesized SnO/SnO; heter-
ostructures, including the defect particles was obtained using field-
emission scanning electron microscopy (FE-SEM, JEOL-7800F). The
internal lattice phases of the particles were characterized by high-
resolution transmission electron microscopy (HR-TEM) at an accelera-
tion voltage of 200 kV (JEM-ARM200F NEO ARM, JEOL Ltd.,). X-ray
diffraction (XRD; Bruker D8 Advance X-ray diffractometer; Cu Ka radi-
ation, A = 1.541 A) patterns provide crystal lattice profiles for the
(defect)-SnO/Sn0O> particles. The phase identification of SnO and SnO5
in the particles was performed using a Raman spectrometer (Horiba
Jobin-Yvon LabRAM) with an Ar-ion laser beam (excitation source: a
wavelength of 532 nm). Electron paramagnetic resonance (EPR) spectra
were recorded at a low temperature (4 K) using at Bruker EMXplus
spectrometer (microwave frequency of 9.65 GHz, modulation frequency
of 100 kHz, and modulation amplitude of 10 G). For the NO2 non-
reacted samples, X-ray photoelectron spectroscopy (XPS) measurement
was performed with a K-alpha system using a monochromatic Al Ka
irradiation of 1486.6 eV (Thermo Fisher Scientific). The XPS spectra
were calibrated by setting a C 1 s peak at 284.9 eV. For the NO, exposed
samples, (near) ambient-pressure XPS measurement was conducted
using an XPS measurement instrument equipped with a PHOIBOS 150
electron analyzer and an exchangeable gas-flow cell (~700 mL volume).
A micro-focused X-ray source (ca. 300 um of beam size, Al Ka) was
utilized and was delivered through a SiN window (16 mm X 10 mm).
The NO; gas has flowed for 300 s in the cell that had a sample and then
the XPS measurement was carried out. Time-of-flight secondary ion
mass spectrometry (ToF-SIMS) depth profiles and 3D tomography were
analyzed using a hybrid instrument of ToF-SIMS 5 spectrometer and
ION-TOF (ion sources: Cs* ion gun with an acceleration voltage of 1 kV
and Bij ions with an acceleration voltage of 30 kV).

2.4. Fabrication and measurement of (defect)-SnO/SnO> heterostructure
sensor devices

Interdigitated electrodes (IDEs) comprising Cr and Au with thick-
nesses of 5 nm and 100 nm, respectively, were patterned on a Si/SiO3
substrate (10 x 5 mm?) using the photo-lithographic method [17] and
thermal deposition. The width of each electrode and the gap between
them are 20 um and 5 um, respectively. The synthesized (defect)-S-
n0O/Sn0O; heterostructures as a powder were dispersed in ethanol with a
1 mg mL™! concentration for 30 min by ultrasonication. The powder
solution (a black homogeneous dispersion) was sprayed out on the IDEs
with an air-brush process for 5 min via heating the substrate at 100 °C.

The gas sensing properties of the (defect)-SnO/SnO; hetero-
structured sensor devices were tested using a customized sensing mea-
surement system with four-channel gas lines (each line has 6@
diameter). The system had a tube furnace (quartz tube, 25@ diameter) in
which a sensor device was mounted and connected to mass flow con-
trollers (MFCs). The operating temperature of 100-400 °C with an in-
terval of 50 °C was adjusted by a temperature controller (an error range
of £0.5 °C) connected to the tube furnace. The target gas, including
other test gases (all gases were dry with nitrogen balance gas) were
diluted to the standard gas (80% nitrogen and 20% oxygen) with dry air
and used with a concentration of 50 ppm. To study the gas sensing
response toward various concentrations of the target gas, we balanced
specific concentrations (2.5-50 ppm) of the target gas with the standard
gas. The total flow rate of the gas injected into the tube furnace was set
to 1000 sccm. The electrical sensing resistance was monitored using a
current source (Keithley 6220) and a nanovoltmeter (Keithley 2182) at a
constant current of 10 nA with a time interval of 1s in a LabView



J. Kim et al.

environment.
3. Results and discussion

A one-pot hydrothermal process was used to obtain the SnO/SnO,
heterostructure, including defect formation, as described in the Exper-
imental Section (Fig. la). Sn?* ions from SnCly-2 H,O were initially
created in the di-water, and NaOH assisted in the nucleation of SnO/
SnO; crystals. Heat treatment in a reducing atmosphere enables the
formation of vacancy-rich SnO/SnO; structures [18]. For simplicity,
hereinafter, the vacancy-rich SnO/SnO2 crystals will be referred as
‘defect-SnO/SnO; crystals’.

The structural morphology of the synthesized SnO/SnO, hetero-
structures was evaluated using scanning electron microscopy (SEM)
(Fig. 1b-c). Both (defect)-SnO/SnO crystals exhibited quadrangular
structures tens of microns in size. It suggests that the gas molecules have
effective chemical interactions with the micron-sized surfaces of the
SnO/SnO; particles. Raman spectra of Fig. Sla prove the SnO/SnOy
heterostructure. Two strong Raman peaks were observed at 112 and
201 cmfl, corresponding to the Eg and A; ¢ vibration modes of SnO,
respectively [19,20]. Furthermore, new Raman modes slightly appeared
at 140 and 170 cm™! that can be ascribed to SnO; [19]. A SnO/SnO,
heterostructure was designed for the SnO particles including SnO,
phases. The internal morphology (TEM, Fig. S1b-c) shows the crystal

SnCl, 2H,0 NaOH'
i e { Hydrothermal
; i /wga‘\e: |

i@ 180°C, 18 h
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lattice phases arising from SnO or SnO,, and selected area electron
diffraction (SAED) patterns provide detailed lattice information
(Fig. 1d-e). Compared with the SnO/SnO, heterostructure, the
defect-SnO/SnO; crystal exhibited partially different lattice phases ac-
cording to the diffraction spots that can be indexed as the (111), (220),
(311), and, (321) planes. This result indicates that the vacancy-rich
condition in the defect-SnO/SnO, particle allows lattice deformation,
which creates different crystal phases in the structure. It was confirmed
by XRD analysis, as shown in Fig. 1f. The diffraction profiles in both
(defect)-SnO/SnO, heterostructure particles showed predominantly
polycrystalline SnO crystal phases (JCPDS No. 01-085-0712, blue tri-
angle) [21] and a (110) lattice plane of tetragonal rutile-type SnO;
structure at 26.78° as a two-theta peak (JCPDS No. 01-071-5324, green
square, Fig. S2a) [22]. Interestingly, however, the peak intensities of the
main Bragg reflections such as (001), (101), (110), (002), and (112)
planes from the SnO crystal decreased in the defect-SnO/SnO; hetero-
structure (Fig. S2b-c). In particular, the diffraction intensities of the
lattice plane of (001) and (002), which grew vertically along the Z-axis,
were considerably reduced (Fig. S2c and inset). The XRD data indicate
that the defect structure of the SnO/SnO5 heterostructure resulted in low
crystallinity in the SnO crystal phases including the (00 h) plane [23].
Therefore, defects mainly form in the (00 h) lattice planes of the SnO
crystal. The formation of defects in the metal oxide structure induced the
formation of oxygen vacancies in the crystal frame. It was confirmed in
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Fig. 1. Synthesis of SnO/Sn0O, heterostructure and defect-SnO/SnO, particles: (a) Schematic illustration of the synthetic route, (b and ¢) SEM images, (d and e) SAED
patterns (Fig. 1b and d, upper panel: SnO/SnO, particles and Fig. 1c and e, lower panel: defect-SnO/SnO; particles) (f) XRD patterns, and (g) EPR spectra.
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the EPR signals (Fig. 1g), which indicated the change in the valence
states of O in the (defect)-SnO/SnO3 heterostructures. From E = gf,Bo,
where h is Planck’s constant (6.626 x 10727 erg-s/cycle), v is the fre-
quency, f, is Bohr magneton (9.274 x 10~2! erg/Gauss), and By reso-
nance magnetic field [24,25], the defect-SnO/SnO2 crystal exhibited
two distinct resonances at g = 1.94 and 2.00. It demonstrates the pres-
ence of electron donor oxygen vacancies in the crystal structure [24,26].
The defect formation in the SnO/SnO; crystal caused a reduction in the
direct band gap (Fig. S3). The SnO/SnO heterostructure showed a band
gap of 3.27 eV (a reasonable value within the range of 2.5 - 3.6 eV [5,
71), whereas the defect-SnO/SnO, showed 3.07 eV [27]. The reduced
band gap lowers the potential barrier, making electron transfer more
efficient from the conduction band to the valence band [28]. We expect
that the defect-SnO/SnO;, crystal may enhance sensing performance due
to the defects, allowing more efficient chemical interactions with target
gas and effective electron transfer by the reduced band gap.

From the SnO/Sn0O; material properties, we understand that 1) the
SnO/Sn0, and defect-SnO/Sn0O- heterostructures have a micron-sized
particle structure, 2) the heterostructures are created to a mainly SnO
crystal including SnO, phases, and 3) defects that arise from oxygen
vacancies are predominantly generated in the (00 h) lattice phase of the
SnO crystal.

Based on the SnO/SnO; and defect-SnO/SnO; heterostructure crys-
tals, we tested the gas-sensing performance for the detection of NO5 gas.
The defect-SnO/Sn0O,-based gas sensor had superior sensing properties,
particularly response and selectivity, compared with the SnO/SnO-

Sensors and Actuators: B. Chemical 399 (2024) 134751

based sensor device. Both (defect)-SnO/SnO;, crystals were deposited on
IDEs, and chemiresistive sensor devices were created. We first investi-
gated temperature-dependent sensing properties for the 50 ppm NO,
and obtained resistance dynamics (temperature range: 100-400 °C). As
shown in Fig. 2a, both sensors exhibited a resistance change time of
300 s and a variation in the initial resistance level in air (Ry) as a
function of the operating temperature. R, decreased as the temperature
increased, because of the increase in the number of carriers with suffi-
cient energy to overcome the potential barrier [29]. The initial resis-
tance of 593 MQ (max. at 100 °C) decreased to 221 KQ (min. at 400 °C)
for the SnO/SnO, heterostructure-based sensor, whereas that of the
defect-SnO/Sn0,-based device showed a reduction from 37.8 MQ to 96
KQ. The low resistance levels in overall in the defect-SnO/SnO,
heterostructure-based sensor indicate the reduction in the band gap
because the generation of extrinsic oxygen defects in the heterostructure
reduces the potential barrier for the movement of electrical carriers [29,
30]. After 300 s, the resistance levels of both sensors increased with
temperature dependency when NO, gas was exposed. In the response
results converted from the resistance values, more obvious
temperature-dependent sensing performances were observed (Fig. 54).
The response (Srp) was calculated using the following equation:
Srep= [(Rq - Rg)/R,4] Where R, and R, are the resistances of the sensors in
air and target gas, respectively [31]. The defect-SnO/SnO; crystal-based
device showed a high response at a lower operating temperature; the
Sn0/Sn0O; heterostructure sensor exhibited a maximum response of
25.12 at 200 °C, whereas the defect-SnO/SnO, heterostructure sensor
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Fig. 2. Gas sensing performances of the sensors based on SnO/SnO, heterostructure or defect-SnO/SnO,, crystals: (a) Temperature-dependent resistance dynamics
and (b) corresponding response trends (NO,, 50 ppm), (c) transient response results in the selective response curves at 150 °C, (d) the real-time resistance variations
to NO, target gas with an increase in concentration at 150 °C, (e) NO, concentration (2.5-50 ppm) -sensing response relations, and (f) repeated sensing transients

with 30-cycle resistance.
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recorded that of value to 100.86 at 150 °C. We understand that the
oxygen defects in the SnO/SnO; heterostructure crystal not only
encourage the adsorption of NO2 molecules at a lower temperature but
also enhance the electron transition from the SnO/SnOs crystal to the
adsorbate [16]. Furthermore, with responses at other operating tem-
peratures, we observed a mild response trend in the SnO/SnO,-based
device and a pointed response trend at 150 °C in the defect-SnO/S-
nOy-based sensor (Fig. 2b). Fig. 2c exhibits transient response times that
were evaluated [31,32] from the selected response curves at 150 °C for
50 ppm NOy(highlighted in the time range of 250-350 s). The response
times of the SnO/SnO; crystal and defect-SnO/SnO5 heterostructure
sensors were revealed to be 10.69 s and 5.83 s, respectively. The tran-
sient response time of approximately 5 s is a quite fast response rate for
the detection of NO; molecules, making it an efficient NO4 gas sensor.

Fig. 2d depicts the resistance dynamics depending on NO, concen-
trations at 150 °C. Depending on the NO2 concentration from 2.5 to
50 ppm, the resistance levels gradually increased in both (defect)-SnO/
SnO; heterostructure sensor devices. They showed excellent response
and recovery characteristics at each concentration under gas-in and -out
conditions. The relationship between NO; concentration and the
response is summarized in Fig. 2e. For the SnO/SnO, sensor, the re-
sponses depending on the concentrations showed a linear relation with a
coefficient of R? = 0.84864. In contrast, the response of detect-SnO/
SnO; sensor linearly increased up to 25 ppm, but the response was
almost saturated at a concentration higher than 25 ppm. It reveals that
the chemical interaction between NO, and defect-SnO/SnO; hetero-
structure might be maximized at the 25 ppm concentration. The detect-
SnO/SnO; sensor system can be accurately described by the Langmuir
isotherm model [33], which was well-fitted with a coefficient of R?
= 0.99404. Fig. 2f shows the response and recovery sensing curves with
30 repeatable cycles for both sensors, which were exposed to 50 ppm
NO, gas at 150 °C. For the SnO/SnO;-based sensor, the variation in
resistance was 32%, which is lower than that in the initial state. The
defect-SnO/SnO; sensor represented a stable sensing reaction.

High selectivity, particularly for the exclusive detection of a target
gas, is one of the crucial factors in determining an efficient gas sensor. In
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Fig. 3a-b, both (defect)-SnO/SnO, chemiresistive sensors showed
selectivity results for NO; gas that were compared with other test gases
(50 ppm concentration). They exhibited considerably low responses
(below 4) for the detection of NO, Hy, HCHO, CHy4, acetone, and styrene.
However, the defect-SnO/SnO; crystal sensor showed a response almost
23 times higher and the SnO/SnO5, crystal sensor showed approximately
5 times higher chemical reaction in the detection of NO; gas molecules.
The highly exclusive NO, detection in the defect-SnO/SnO, sensor de-
vice is highlighted in comparison with previously reported SnOx-based
NO; gas sensors as shown in Fig. 3c. Other reported NO, gas sensors
showed a response range of 0 — 20 for NO, concentrations of up to
100 ppm [34-40]. In the SnO-SnO4 hybrid-based sensor, the response
level was 16.7 toward even 100 ppm NO; [38]. However, the
defect-SnO/Sn0O; heterostructure device exhibited a six times higher
value at a low NO; concentration of 50 ppm. In brief, we argue that the
defect-SnO/SnO, chemiresistive sensor device was designed to be an
effective NO; gas sensor.

One of the reasons for the high sensing performances of the defect-
Sn0O/Sn0O, sensor devices, is the chemical interaction between the
sensing material of SnO/SnO, and the NO, target gas. We investigated
the surface chemical composition of (defect)-SnO/SnO5 heterostructures
before and after NO, gas flow using XPS (Fig. 4). In the Sn-related states
before NO, interaction (Fig. 4a), the Sn 3d spectrum of the SnO/SnO,
crystal shows spin-orbit double peaks for the Sn 3ds/» (low energy) and
Sn 3dsz/; (high energy) state, respectively, which can be deconvoluted
into two peaks centered at approximately 486.3 eV (Sn** 3ds,2) and
486.4 eV (Sn?' 3ds,o) for the first peak and approximately 493.4 eV
(Sn** 3d3/5) and 493.2 eV (Sn%t 3ds,) for the higher energy peak [41].
For the two main peaks arising from the discrepancy in the binding
energies of the Sn-O bonds [42], the predominant moiety was Sn®" due
to the larger oxidation states of SnO phase superiority in the hetero-
structure crystal. These phenomena were observed in the defect-S-
nO/SnO; crystal; however, the spectrum was shifted to a lower binding
energy (0.31 eV) that is attributed to the defect formation in the
SnO/SnO; heterostructure [43-45], corresponding to electron trans-
formation [46]. The larger chemical coupling with oxygen molecules in
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Fig. 3. Selectivity histogram from gas-sensing responses of (a) SnO/SnO, crystal- and (b) defect-SnO/SnO, crystal-based gas sensor toward various test gases with a
concentration of 50 ppm. (c) Our sensor device highlighted in comparison with previous works by other research groups [reference #: —34,40] (target gas for NOy).
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the defect-SnO/SnO; crystal was confirmed by the O 1 s state in Fig. 4b
(before NO5 flow). Compared with the SnO/SnO; heterostructure, a
positive shift of 0.49 eV in the defect-SnO/SnO; heterostructure was
revealed according to the larger Sn—O ion interactions. Both O 1s
spectra consist of three components in different oxygen chemical states:
Olat.> Ovac., and Ogps. The Opy. demonstrates oxygen ions of the Sn-O
bonds in the SnO/SnO; crystal (low energy curve - blue). The Oyy.. refers
to the adsorbed oxygen ions adsorbed in the oxygen vacancy regions of
the crystal (intermediate energy curve - purple). The Og,ps, shows the
chemisorbed oxygen ion species e.g., O or OH groups on the
(defect)-Sn0O/SnO; crystal surface (high energy curve - orange) [47,48].
The higher fraction of Ogps. in the defect-SnO/SnO5 crystal supports the
existence of more oxygen defects in the structure [49]. The higher Oyac.
level with approximately 48% of the area fraction in the defect-S-
n0O/SnOy crystal (36% of the area fraction in the SnO/SnO; crystal)
proves the higher sensing response because the oxygen vacancies donate
electrons to the oxygen molecules, and interact with the target gas
molecules [50].

Interestingly, after the NO, gas flow, we understand that 1) adsorbed
oxygen molecules on the surfaces of the (defect)-SnO/SnO; crystals have
chemical interactions with NO; molecules and 2) effective interactions
occur in the defect-SnO/SnO; crystal. In the O 1 s states (Fig. 4c), the
intensity of the binding energy related to oxygen bonds/ions on the
surface and/or internal interaction in the SnO/SnO5 heterostructure was
considerably reduced compared with the non-NO, interactions of
Fig. 4b. Furthermore, the shift in the binding energy to lower position
indicates interactions between Sn and O [51]. These results indicate that
the NO, molecules have surface interactions with the (defect)-SnO/SnO,
heterostructure. The Oy, fraction values prove the effective NOy
adsorption of the defect-SnO/SnO crystal in the gas-sensing reaction;
approximately 36.45% of the area fraction for the SnO/SnO; crystal and
approximately 22.03% of the area fraction for the defect-SnO/SnO»
crystal. The smaller Oy, fraction indicates that NO, molecules effec-
tively govern the oxygen defect sites in the crystal structure. Fig. 4d
provides the N 1s states after the NOy reaction. In both (defect)-S-
n0O/SnO; heterostructures, the spectra contain three deconvoluted peaks
at approximately 398.6 eV, 399.4 eV, and 403.9 eV corresponding to

the N-N bond, cyanide (C = N°), and NO3 [47,48]. The NOj area frac-
tion (blue curve) indicates that the defect-SnO/SnO; crystal (17.36%,
the SnO/Sn0, is for 5.72%) has more effective chemical interactions
with NO5 molecules, in particular, surface oxygen molecules on the
crystal [52].

From the XPS results, we can conclude that higher NO, gas-sensing
reaction occurred in the defect-SnO/SnO5 heterostructure. To directly
observe the NO2 reaction, we conducted a ToF-SIMS analysis of the
(defect)-SnO/SnO, crystal after NO, gas flow (measurements were
performed using the heterostructured particles created into the sensor
devices). SnNO3, SnNO", and NO3 ion species were monitored, and they
were evaluated a depth profiling (Fig. 5a-b). The dynamic SnNO™ and
NO; variations as a function of the film depth were observed in the
defect-SnO/SnO; heterostructure, whereas flat profilings for the SnNO”
and NO3 ions were revealed in the SnO/SnO, heterostructure. This in-
dicates that NOy molecules reacted effectively on the SnO/SnO3 crystal
with defect-rich phases for chemical interaction, which remained in the
middle position of the crystal [53]. This result is visualized in the
three-dimensional (3D) tomography images of Fig. 5c. The dominant
SnNO™ and NO3 fragments were positioned near the surface of the
defect-SnO/SnO; crystal because NO, molecules interacted with the
surface adsorbed oxygen species that communicated with the SnO/SnO,
compounds in the defect containing crystal structure.

4. Conclusions

In this work, we designed SnO/SnO- heterostructured crystals with
and without defect-rich phases. The (defect)-SnO/SnO5 particles were
formed SnO crystals, including the SnO;, lattice phase. Defect sites were
mainly generated in the (00 h) phases of the crystal. The defect-SnO/
SnO, heterostructure-based gas sensor showed superior sensing prop-
erties in the detection of the NO, target gas (50 ppm at 150 °C); a high
response of 100.86, fast response time of 5.83 s, and excellent selectivity
(approximately 23 times higher than those of other target gases). These
sensing performance values were remarkable compared to those of the
SnO/Sn0Oy-based gas sensor (50 ppm at 200 °C, response 25.12,
transient response time = 10.69 s, and 6 times higher selectivity than
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Fig. 5. Probing chemical interactions of NO, molecules with (defect)-SnO/SnO, heterostructures: TOF-SIMS analysis including 1D-profiling curves (a and b) and (c)

3D-tomography results for SnNO", SnNO3, and NO> distributions.

other test gases). The extrinsic formation of oxygen vacancies in the
SnO/SnO heterostructure reduces the energy bandgap, which can
adjust the potential barrier, allowing an easier electron transfer from the
conduction band to the adsorbed oxygen species. XPS and ToF-SIMS
analyses proved effective NO, interactions in the NO, gas flow envi-
ronment. Therefore, we suggest a direct design of the extrinsic oxygen
defects in the SnO/SnO3 heterostructure and their significant effects on
sensing performance. We believe that this study will have a ripple effect
on the development of SnOx-based NO; gas sensors.
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