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ARTICLE INFO ABSTRACT

Keywords: A bridge type structure of the SnO, nanosheet thin film was formed on the Pt interdigitated-electrodes printed

Tin oxide SiO, substrate via a simple synthesis process. The SnO, nanosheet has ca. 150 nm of flat plane and extremely

Nanosheet thin thickness. In addition, the thin film between Pt interdigitated-electrodes was floated from the substrate. It

Th_in film was found that the sensor signal response considerably increased by using the SnO, nanosheet thin film with

]é::fsnts{ie structure bridge type structure as compared to the SnO, nanosheet with normal structure, especially for extremely low
concentration of nonanal gas which is biomarker of lung cancer. The higher sensing response was attributed to
introduction of space under thin film which acts as reaction rooms and provide the plenty of time to stay for the
reaction.

Introduction as specific exposed crystal facets.

Human life expectancy has been increasing at a rapid rate. With the
increase of the life expectancy, early diagnosis of disease and stress
management are essential to healthy life. Human produce specific
chemical substances when they feel stressed, age, or caught the disease
[1-5]. Although diagnosis of disease and stress management is easily
realized by sensing the chemical substances, it is difficult to detect the
chemical substances due to those extremely low concentrations.
Therefore, it is necessary to develop a highly sensitive gas sensor.

It is well known that tin oxide (SnO-) exhibits superior sensing re-
sponse for inflammable gases and volatile organic compounds [6-10],
since SnO, possess n-type semiconducting properties attributed to
adequate band gap energy [11-13]. SnO; is therefore one of the first
considered and is still the most frequently used material in gas sensor
fields. Moreover, because of the characteristic properties of nanoma-
terials, many nanostructured SnO, was released with development of
nanotechnology [9, 14-17]. amongst the various structure, nanosheet
structure is considered one of the ideal structures for sensors because
well-defined nanosheet possesses a high surface-to-volume ratio as well
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In our previous studies, an easy process for synthesis of a SnO,
nanosheet thin film at moderate temperature without any additives was
developed and the SnO, nanosheet thin film directly synthesized on the
sensor chip by the process [18]. In addition, since the synthesized SnO,
nanosheet exposed specific surface crystal facet, the SnO, nanosheet
exhibited fast response and recovery speed as compared to SnO, na-
noparticle [19], and higher selectivity for alkene gases than alkane
gases [20].

In the present study, for effective detection of the chemical sub-
stances, SnO, with the nanosheet structure was adopted. Furthermore,
it was found that a bridge type structure was formed on the SiO, sub-
strate after the SnO, nanosheet thin film synthesis and expected in-
crease of sensing properties as compared to the normal structure.
Therefore, the sensing properties of the SnO, nanosheet thin film with
bride type structure were evaluated with hydrogen gas (H,), methane
gas (CH,), as well as nonanal (CoH;g0) gas which is biomarker of lung
cancer [3, 21]. Additionally, effects of the bridge type structure of thin
film for gas sensing were investigated as compared to the normal thin
film structure.
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Fig. 1. FE-SEM images of (a) BS on the SiO, substrate, (b), BS on the SiO, substrate and Pt-IED, (c) BS on Pt-IED, (d) cross-section of BS between Pt-IEDs, (e) cross-

section of BS on the SiO, substrate and Pt-IED, and (f) before the BS fabrication.

Experimental procedure

A SnO- nanosheet thin film with bridge type structure (hereinafter
referred to as “BS”) was synthesized using SnF, (Wako Pure Chemical
Industries, Ltd., 90.0% pure) via an aqueous solution process on Pt
interdigitated-electrodes (Pt-IEDs) printed SiO, substrate (G-IDEPT,
Drop Sens). The surface of the substrate was cleaned using a vacuum
ultraviolet light (PL16-10 low-pressure mercury lamp, air flow, 100 V,

200 W, SEN Lights Co.) for 20 min. to ensure the effective nucleation
and growth of the SnO, nanosheet thin film [22]. The surface of the
substrate, excluding Pt-IEDs printed area, was taped to control synthesis
area. Then, the substrate was set in a polypropylene vessel and placed
against a wall with Pt-IEDs facing down to prevent a pile-up of the
precipitates. The vessel pre-heated at 90 °C using a drying oven
(DKN402, Yamato Scientific Co., Ltd.,). 90 °C of SnF, aqueous solution
was added to the vessel, where concentration of SnF, solution was
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Fig. 2. GIXD pattern of BS.
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0.028 M. Subsequently, the temperature of the vessel was maintained at
90 °C for 6 h using drying oven to synthesize BS. After then, the sample
was rinsed under running water and was dried at room temperature,
and the tape was removed. For comparison, the normal structure of the
SnO, nanosheet thin film (hereinafter referred to as “NS”) was fabri-
cated on Pt-IEDs printed Al,Os; substrate via the identical process,
where a combo-type electrode with 0.05 mm of gap, 0.05 mm of width,
and 0.5 mm of length was printed on 650 X 2250 mm?.

The surface morphology of the obtained SnO, nanosheet thin film
was observed using a field emission-scanning electron microscope
(10 kV) (FE-SEM; JSM-6335FM, JEOL Ltd.). High resolution-transmis-
sion electron microscopy (200 kV), energy dispersive X-ray spectro-
scopy, and a fast Fourier transform (HR-TEM, EDS, and FFT; Tecnai
Osiris, FEL) were conducted to observe detailed structure. The TEM
sample was prepared using a focused ion beam. Grazing incidence X-ray
diffraction (GIXD; SmartLab, Rigaku) patterns of the SnO, nanosheet
thin film was obtained using the parallel beam geometry with Cu Ka
radiation (40 kV, 30 mA) in the 26 ranges 20-100°

To assess the gas sensing properties, the sample was placed in a
quartz chamber, which was set in a furnace. After setting, the tem-
perature was increased to the operating temperature of 300 °C and
stabilization was carried out at the operating temperature for 3 h under
a flow of compressed air. The concentration of hydrogen (H,) or me-
thane (CH,4) gas was controlled by mixing pure gas (GL Science Inc.,
99.9% pure). Nonanal (CoH;30) gas was generated using nonanal so-
lution (Tokyo Chemicals Industry Co., Ltd., = 95.0% pure) via a gas
generator (PD-1B, GASTEC Co.). The total gas flow rate into the
chamber was maintained at 100 cm® min 1. The electrical resistance of
the SnO, nanosheet thin film between Pt-IEDs was measured under
compressed air and the target gas. The electrical resistance was re-
corded using a digital multimeter/switch system (Model 2700, Keithley,
Instruments Inc.). The sensor signal response relative to the target gas
was defined as (R,-Rg)/Rg, where R, and R, were the electrical re-
sistances under air and the target, respectively.

Results and discussion

The formed SnO, nanosheet thin film was observed (Fig. 1). The
SnO, nanosheet has ca. 150 nm of flat plane and extremely thin
thickness. The SnO, nanosheets were not overlapped and they were
orientated such that the edge of one SnO, nanosheet was in contact
with the flat surface of another. the SnO, nanosheet thin film was
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floated from the substrate to form a bridge structure (Fig. 1(d) and (e)).
The Pt-IDE was played a role of a pier and the SnO, nanosheet thin film
was connecting the Pt-IDEs. The SnO, nanosheet was grown not only in
upward direction but also on the back site of the thin film. The thick-
ness of BS was therefore identical to two times of the size of the SnO,
nanosheet, thus that was ca. 300 nm. It was observed that surface of the
substrate was flat and was placed in similar highest before the synthesis
of the SnO, nanosheet thin film (Fig. 1(f)). After synthesis of the SnO,
nanosheet thin film, the surface of the SiO, substrate was eroded. It was
considered that BS was form by eroding of the SiO, substrate. The
formation mechanism is presented below equations [23].

SnF, + (OH)~ — SnF(OH) + F~ (1-1)
SnF(OH) + (OH)~ — Sn(OH), + F~ (1-2)
Sn(OH), — SnO + H,O (1-3)
Sn(OH), — SnO + H, (1-4)
SnO + H,O — SnO, + H, (1-5)

The SnF, precursor dissociated with their ions, when they dissolved
in distilled water. After then, the ionized Sn?>" combined with (OH) ™ in
distilled water and formed Sn(OH),. Finally, SnO, was obtained by the
dehydration and condensation reaction of Sn(OH),. The F~ ion was
generated in the SnO, formation process and etched the SiO, substrate.
As a result, a gap was created between the SnO, nanosheet thin film and
the SiO, substrate. Then, the solution was permeated to the created gap.
Therefore, The SnO, was grown not only in upward direction but also
on the back site of the thin film with extending the gap. Finally, the
bridge type structure of SnO, nanosheet thin film as shown in Fig. 1 was
obtained.

The X-ray diffraction was performed in order to analyse the crystal
structure of BS. GIXD pattern of BS is shown in Fig. 2. The peaks at
20 = 26.7, 33.9, 37.6 and 52.1° were indexed to (110), (101), (200),
and (211) for the tetragonal cassiterite structure of SnO, with the space
group P4,/mnm, respectively. The peaks at 20 = 39.9, 46.3, 67.7, and
81.7° were assigned to (111), (200), (220), and (311) for Pt which were
attributed to Pt-IDs, respectively. This result indicated that BS was
synthesized.

TEM and HR-TEM was conducted for detailed morphology analysis
and Fig. 3 shows the cress-section TEM image of BS. The nanosheet
structure was clearly observed and the nanosheets was stood perpen-
dicular to Pt-IED. Moreover, the SnO, nanosheet was grown on the back
site of the thin film from end of Pt-IED (yellow arrow in Fig. 3(a)).
Additionally, small size of SnO, was observed inside the SnO, na-
nosheet thin film (yellow arrow in Fig. 3(b)) and has nanosheet struc-
ture (Fig. 3(c)). The thickness of the SnO, nanosheet was ca. 3 nm
(Fig. 3(d)) and arrangement of atoms was observed, indicating high
degree of crystallinity (Fig. 3(e)). A layer distance of d = 0.264 nm was
measured at the atomic arrangement shown on the cross-section of the
SnO, nanosheet, which corresponds to d space of the SnO, (101) face
(Fig. 3(f).

High-angle annular dark field (HAADF) and TEM-EDS of BS were
shown in Fig. 4. There was a clear distinction amongst the SiO, sub-
strate, Pt-IED, and the SnO, nanosheet thin film, respectively
(Fig. 4(a)). Sn, Si, Pt were detected in BS, the substrate, and Pt-IED,
respectively. O was detected both in the thin film with bride type
structure and in the substrate.

NS, not bridge type structure, was prepared by using the Pt-IEDs
printed Al,O3 substrate for comparison. Since the concentration of the
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Fig. 3. TEM, HR-TEM, and FFT pattern images of (a) BS on the SiO, substrate and Pt-IED, (b) BS on the edge of Pt-IED, (c)BS on Pt-IED, (d) cross-section of the
nanosheet, (e) atomic arrangements on the cross-section of nanosheet, and (f) FFT pattern on cross-section of nanosheet. .

generated F~ion from the 0.028 M of SnF, aqueous solution was en-
ough to etch the SiO, substrate, BS was obtained on the SiO, substrate.
In the case of the Al,O3 substrate, it is difficult to etch as compared to
the SiO, substrate using F™ ion, thus the etching reaction was difficult to
progress in the condition. Therefore, NS was obtained on the Pt-IEDs
printed Al,O3 substrate. NS has the identical crystal structure and sheet
size as compared to BS. The formed SnO, nanosheet thin film on the Pt-
IEDs printed Al,O3 substrate was observed (Fig. 5). The SnO5 nanosheet

has ideal structure to BS, that is ca. 150 nm of flat plane and extremely
thin thickness. The SnO, nanosheets stood perpendicular to the sub-
strate and were connected with one another in such a manner that the
edge of the one SnO, nanosheet connected the flat surface of the others.
The NS was formed to single layer fallowing surface of the Al,O5 grain
and Pt-IEDs (Fig. 5(d) and (f)). The thickness of NS was therefore ca.
150 nm.

The nanosheet structure stood perpendicular to the Al,O3 substrate
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Fig. 4. HAADF and TEM-EDS images of BS; (a) HAADF, (b) Sn, (c) Si, (d) Pt, and (e) O.

and Pt-IED was clearly observed (Fig. 6(a) and (b)). The thickness of the
SnO, nanosheet was ca. 5 nm (Fig. 6(c)) and arrangement of atoms was
observed, indicating high degree of crystallinity (Fig. 6(d)). A layer
distance of d = 0.264 nm was measured at the atomic arrangement
shown on the cross-section of the SnO, nanosheet, which corresponds
to d space of the SnO, (101) face (Fig. 6(e)).

High-angle annular dark field (HAADF) and TEM-EDS of NS were
shown in Fig. 7. There was a clear distinction amongst the Al,O3 sub-
strate, Pt-IED, and the SnO, nanosheet thin film, respectively

(Fig. 7(a)). Sn, Al, Pt were detected in NS, the substrate, and Pt-IED,
respectively. O was detected both in the thin film with bride type
structure and in the substrate.

BS and NS were adopted for a gas sensor and the sensor signal re-
sponse are shown in Fig. 8. Both of BS and NS exhibited a degree of
sensitivity that was typical of an n-type semiconductor gas sensor. The
electrical resistance was decreased when the sensor was exposed to the
target gas. The electrical resistance returned to the initial level when
the target gas replaced with air. The electrical resistance dynamic range
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Fig. 5. FE-SEM images of (a) NS on the Al,O3 substrate. (b) SN on the Al,O3 substrate and Pt-IED, (c) NS on Pt-IED, (d) cross-section of NS on the Al,O3 substrate and

Pt-IED, and (e) cross-section of NS on the Al,O3 substrate.

for the gases increased in order of 500 ppm of CH4 < 0.85 ppm of
CoH;ig0 < 500 ppm of H, in the case of BS (Fig. 9(a)). NS exhibited the
electrical resistance variation for H, gas and extremely low electrical
resistance variation for CH4 and CoH;50 gases. The electrical resistance
dynamic range for the gases increased in order of 0.85 ppm of CoH;g0
< 500 ppm of CH; < 500 ppm of H, (Fig. 9(b)).

The sensor signal response ratio of BS to NS is shown in Fig. 10. The
value of the response ratio was greater than 1, indicating that BS has

the superior sensing response than NS. Especially, the response ration
for CoH;g0 gas was significantly high, even though the gas concentra-
tion of CoH;g0 was considerably lower than H, and CH, gases. Thus,
the results indicated that the gas sensing selectivity to CoH;g0 gas can
be improved by using BS.

In general, the sensing reaction mechanism of SnO, can be de-
scribed by ionosorption model [24]; When oxygen is adsorbed on the
surface, electrons in the conduction band are trapped by the adsorbed
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Fig. 6. TEM, HR-TEM, and FFT pattern images of (a) NS on the Al,05 substrate and Pt-IED, (b) NS on the Al,O3 substrate, (c) cross-section of nanosheet, (d) atomic
arrangements on cross-section of nanosheet, and (e) FFT patterns on cross-section of nanosheet.

oxygen. Therefore, an electron-depleted layer is extended on the surface
of SnO,. In this state, when the target gas is introduced, the gas mo-
lecules react with the adsorbed oxygen. By this reaction, electrons re-
turn to the conduction band, thereby thinning the electron-depleted
layer and decreasing the electrical resistance of SnO,. In the case of the
SnO, nanosheet, reaction described by an oxygen-vacancy model
dominantly occur [24-26], due to its specific exposed crystal facet
which is (101) SnO, crystal facet [20, 21]; When the target gas in-
troduced, the target gas molecules reacted with lattice oxygen in the

surface of the SnO, nanosheet, thus liberating electrons and forming
oxygen vacancy. An accumulation layer is therefore formed and the
electrical resistance decreased [19].

Namely, adsorption of the target gas molecule and reaction with
oxygen have to occur in order to obtain the gas sensing response.
Especially, adsorption of the target gas molecule on the surface of the
SnO, nanosheet is important reaction in order for the oxidation reaction
to occur. In the case of the SnO, nanosheet, adsorption was unfavour-
able for the gas molecule which has a methyl group such as CHy, since
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Fig. 7. HAADF and TEM-EDS images of NS; (a) HAADF, (b) Al, (c) O, (d) Pt, and (e) Sn.

the surface has specific exposed crystal facet [19, 20]. Therefore, the
sensors both BS and NS exhibited a lower sensing response for CH, gas
than that for identical concentration of H, gas.

Moreover, it is required that target gas molecule react with large
amount of oxygen on and in the surface of SnO, for high sensing re-
sponse. Hence, the reason for the high gas sensing selectivity to CoH;50
gas was considered that the space under BS acted as reaction rooms and
provide the plenty of time to stay for the reaction (Fig. 11). Ad-
ditionally, oxidation reaction in the case of the H, molecule is as fol-
lows [18, 27, 28];

H, + 0% — H,0 (2)

H, molecule reacted with adsorbed or lattice oxygen (0?>~) and H,O
was produced. The reaction is terminated with H,O desorption. While
oxidation reaction in the case of the CoH;sO molecule is as follows [29];

CoHy30 + O* = CyHy30, 3

CoH;180 reacted with adsorbed or lattice oxygen and CoH;gO»,
nonanoic acid, was produced. The produced CoH;50, was desorbed or
further react with oxygen until it is completely oxidized, i.e., until CO,
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Fig. 8. Resistance variation of BS and NS; (a) BS-500 ppm of H,, (b) BS-500 ppm of CH,, (c¢) BS-0.85 ppm of CoH; 0, (d) NS-500 ppm of H,, (e) NS-500 ppm of CH,,

and (f) NS-0.85 ppm of CoH;50 gases.

and H,0 [29]. The CH4 molecule produced CH3 and OH by oxidation
reaction as follows [30, 31];

CH, + 0>~ - CH; + OH (@)

The produced CH; and OH were desorbed or further react with
oxygen. The products were released with gas flow after desorption on
NS. Whereas re-adsorption of the products on the surface of the SnO,
nanosheet is favourable reaction in the case of BS, since that has as
mentioned reaction room under the thin film. Hence, the sensor signal
response of BS considerably increased as compared to that of NS. The
result indicates that the sensor signal response for gas molecules which
is unfavourable for adsorption and can further react with oxygen by
using bridge type structure.

Conclusion

A SnO, nanosheet with bridge type structure was fabricated on the

Pt interdigitated-electrodes printed SiO, substrate via a simple synth-
esis process. The SnO, nanosheet has ca. 150 nm of flat plane and stood
perpendicular to the substrate. The SnO, nanosheet thin film between
Pt interdigitated-electrodes was floated from the substrate. The crystal
structure of synthesized SnO defined to tetragonal cassiterite structure
of SnO,. The atomic arrangement corresponds to d space of the SnO,
(101) was observed at the cross-section of the SnO, nanosheet via TEM
analysis, indicating high degree of crystallinity.

The sensor signal response of the SnO, nanosheet thin film with
bridge type structure was higher than that of the SnO, nanosheet thin
film with normal structure. Especially sensor signal response for non-
anal gas considerably increased as compared to hydrogen and methane
gases even though the concentration of nonanal gas was extremely low.
The higher sensing response of the SnO, nanosheet thin film with
bridge type structure was attributed to introduction of space under thin
film which acts as reaction rooms and provide the plenty of time to stay
for the reaction.
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Fig. 11. Schematics illustrations of sensing reaction for (a) BS and (b) NS.
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