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In this study, CsSnl, thin film was synthesized on a glass substrate through a two-step process using the chemical
vapor deposition (CVD) method and was subsequently used as a NO, gas sensor. First, the CsI spheres with an
average diameter of 360 nm were fabricated on the glass substrate using a CVD system at 240 °C. Second, CsxSnlg
film was formed through the reaction of CsI spheres with Snl4 vapor at 200 °C for 1 h. Finally, the as-synthesized
Cs2Snlg thin film based gas sensor was then fabricated to explore its potential applications. The results indicated
that the device showed good selectivity, stability, and detection for NO5 with low concentration at room tem-

perature. In addition, the effect of humidity on NOy-sensing performance of the device was further studied.
Furthermore, the NO, sensing mechanism of the CsySnlg thin film was discussed. Hence, this study helps un-
derstand the gas sensing mechanism of halide perovskite CspSnlg and the room temperature development of NO3

gas sensors.

1. Introduction

Recently, organic-inorganic lead halide perovskites have been
extensively studied recently due to their unique properties for applica-
tions in several fields such as light-emitting diodes [1], solar cells [2-4],
lasers [5], and photodetectors [6]. For gas sensor applications, sensors
based on these materials are also interesting to study. For example, Yuan
et al. synthesized CH3NH3PbI3 4 film via a solution-processing approach
and reported that the CH3NH3PblI3 4 device can detect NO, and acetone
vapor gas at room temperature [7]. Bao et al. fabricated MAPbI3 film
and investigated the conductivity change of the film induced by NH3 [8].
They found that the current through the film was greatly improved
within seconds of ammonia (NH3) introduction. This material was also
investigated the Oy [9] and NO; [10] sensing properties. Zhu et al. have
successfully synthesized a novel halide perovskite (C4HoNH3),Pbly for
the detection of p-xylene at low temperature [11]. The gas sensing
properties based on hybrid lead mixed halide perovskite were also
investigated [12]. Also, several studies reported that sensors based on

organic-inorganic lead halide perovskites operate at room temperature
[7-10,12,13] or low temperature [11], which is extremely useful for gas
sensor applications. The drawbacks of organic-inorganic lead halide
perovskites are their instability under atmospheric conditions and the
toxic lead component, which hinders their application as gas sensors [8,
14]. Various attempts have been made to address these issues by deco-
rating graphene with halide perovskite [15, 16] or altering the compo-
sitions of halide perovskite to replace toxic lead with safer materials and
improve their stability [17-19]. Among them, the tin (Sn)-based halide
perovskites are of particular interest [20]. Qiu et al. synthesized
air-stable CsySnlg from the oxidative conversion of unstable B-y-CsSnlg
[21]. Chen et al. fabricated MASnI3-SnO, composites with p-n junctions
for rapid NO3 sensing response properties at room temperature [22].
They discovered that testing 5 ppm NO, for 35 days gave the sensor
long-term. By 2020, our team has discovered that MASnI3 membranes
can detect NOy with ppb concentration at room temperature [23].

In this study, we report a CsySnlg-based chemical gas sensor, which
can selectively detect NO; at room temperature with ppm concentration

* Corresponding author at: School of Materials Science and Engineering, Kyungpook National University, Daegu 41566, South Korea.

E-mail address: ywheo@knu.ac.kr (Y.-W. Heo).
1 Equal authorship

$ Kyungpook National University (KNU), 80 Daehakro, Buk-gu, Daegu 41566, Korea

# Post address: E8-215, 80 Daehakro, Buk-gu, Daegu 41,566, Korea

https://doi.org/10.1016/j.materresbull.2021.111628

Received 24 July 2021; Received in revised form 18 October 2021; Accepted 2 November 2021

Available online 6 November 2021
0025-5408/© 2021 Elsevier Ltd. All rights reserved.

Please cite this article as: Pham Tien Hung, Materials Research Bulletin, https://doi.org/10.1016/j.materresbull.2021.111628



mailto:ywheo@knu.ac.kr
www.sciencedirect.com/science/journal/00255408
https://www.elsevier.com/locate/matresbu
https://doi.org/10.1016/j.materresbull.2021.111628
https://doi.org/10.1016/j.materresbull.2021.111628
https://doi.org/10.1016/j.materresbull.2021.111628

P.T. Hung et al.

without light illumination. The detection limit for NO, gas was deter-
mined to be 3 ppm.

2. Materials and methods
2.1. The synthesis of the CsaSnlg thin film

A two-step procedure was used to synthesis the CsySnlg film on a
glass substrate with Au interdigitated electrodes using a CVD system.
First, CsI spheres were fabricated, and subsequently, Cs2Snlg thin film
was synthesized via the conversion process of CsI film from Snl4 vapor.
Fig. 1 depicts the experimental setup. The glass substrate (10x20 mm?)
was successively ultrasonicated for 10 min in acetone, ethanol, and
distilled, then treated with UV — ozone for 10 min. The width and gap of
the finger electrode are both 200 um. In the first step, the CsI powder
source (Sigma-Aldrich 99.99%) was placed into the middle of a quartz
tube in an alumina boat. The glass substrate was placed downstream
inside a quartz tube with a growth temperature of 240 °C as shown in
Fig. 1a. A slight amount of Ny gas was introduced into the quartz tube to
maintain the pressure at 0.1 Torr. For the evaporation of the CsI source,
the electric furnace was heated to 350 °C at a rate of 5 °C/min and kept
at that temperature for 15 min. At the end of the first step, the white film
Csl substrate was obtained.

In the second step, the as-synthesized sample was directly inserted
into the center of the quartz tube while the Snl4 powder source was
placed upstream. The furnace temperature was then raised from room
temperature to 200 °C for 20 min before being maintained at 200 °C for
60 min. The evaporation temperature of the Snl4 source was 80 °C
(Fig. 1b). The pressure inside the tube was maintained at 0.15 Torr
during the conversion process. Finally, the furnace was allowed to cool
naturally to ambient temperature and a black film of CsySnlg was
obtained.

2.2. Sensor fabrication and gas sensing measurement

The CsySnlg film was deposited into glass substrates with an Au
electrode (gap of 200 um and line thickness of 200 um) for gas sensor
applications utilizing the aforesaid procedure. The structure of the
electrode and the optical microscopy image of a sensor with Cs,Snlg are
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presented in Fig. S1.

A dynamic gas-testing system in a light-shielding chamber was used
to explain the CsySnlg device’s gas sensitivity. The gas flowed directly
onto the CsaSnlg device surface during the gas testing process, with a
total gas flow rate of 200 sccm and dry air as the carrier gas. The gas
sensing measurement was carried out at room temperature (25 °C) using
a Keithley 4200-SCS system. The sensitive response (S) of the CsySnlg
device is defined as S = 100% x W, where R, denotes the device’s
initial resistance in air and Ry denotes the device’s resistance in the
target gas. The times taken by the sensor to achieve 90% of the total
resistance change during the adsorption and desorption processes are
defined as the response and recovery times, respectively.

2.3. Characterization

Field emission electron microscopy (FE-SEM - JSM-6701F) was used
to analyze the morphologies of as-prepared samples at a 10 kV accel-
erating voltage. The phase composition, crystallinity, and chemical
composition of each sample were determined via X-ray diffraction (XRD;
CuKa radiation, 1 = 1.54178 A) at potential and current of 40 kV and 30
mA, respectively. The UV-visible of the sample was measured using a
spectrophotometer (Cary 5000 UV-vis-NIR). X-ray spectroscopy was
also used to study the chemical composition of the sample surface (XPS,
Quatera SXM).

3. Results and discussion
3.1. Morphology and structure

Fig. 2a, b shows XRD patterns of CslI spheres and CsySnlg film on the
glass substrate after the 1st and 2nd steps, respectively. Fig. 2a shows
that all diffraction peaks in the XRD patterns can be indexed to the CsI
cubic structure CsI (JCPDS card No. 01-089-4257). Fig. 2b shows the
XRD pattern of the CsySnlg film. The strong peaks at 20 of 13.10°,
26.50°, 30.68°, and 43.94°, correspond to the (111), (222), (400), and
(440) reflections of the CsySnlg cubic structure (JCPDS card No.
01-073-0330). In addition, the peak corresponding to the Au electrode
was also observed at 260 of 38.56 (Fig. 2a, b). Besides the Au peak, there
were no peaks corresponding to any other impurities were found,
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Fig. 1. Schematic diagram of CVD system: (a) fabrication of CsI spheres; (b) fabrication of Cs;Snlg film.
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Fig. 2. XRD spectra of (a) CsI spheres after step 1; and (b) Cs,Snle film after
step 2.

indicating that high-purity film was formed after each step process. CsI
spheres with diameters of 350-450 nm were synthesized after the first
step (Fig. 3). Fig. 3b shows the CsI film with a thickness of approximately
450 nm. Many spaces between the CsI spheres exist, which may help to
promote the diffusion process of Snls vapor in the second step. Fig. 3c
shows the rough surface of the as-synthesized Cs,Snlg film is composed
of particles that are tightly packed together, thereby resulting in a
continuous 1-pm-thick film (Fig. 3d).

The absorbance and the variation of (abs.hv)? with photon energy hv
were exhibited in Fig. 4a and Fig. 4b, respectively. Assuming a direct
band gap for CsaSnlg, the optical band gap calculated for CspSnlg film is
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1.61 eV, which is consistent with previous studies [21, 24, 25].

The composition and chemical states of the CsySnlg film were
investigated by XPS (Fig. 5). Only the energy peaks of Sn, Cs, and I
appeared in the survey XPS spectra (Fig. 5a), indicating that the CsySnlg
film has extremely high purity. Fig. 5b shows the high-resolution XPS
spectrum of Sn 3d Two spin-orbit peaks located at 486.92 and 495.44 eV
demonstrate the presence of tin ions in the form of Sn** [26] rather than
sn®* and Sn° [27]. Fig. 5¢ shows the high-resolution XPS spectrum of Cs
3d The binding energy of 724.58 and 738.53 eV can be attributed to
Cs*! 3d5/2 and Cs™! 3d3/2, respectively. This result is consistent with
that in a previous report [28]. Fig. 5d shows the curve-fitting analysis of
I 3d spectra, indicating a perfect fit into I'~ 3d5/2 (619.27 eV) and I'~
3d3/2 (630.27 eV), with a spin energy separation of 11.5 eV, which
agrees with previous study [28].

To evaluate the gas sensing properties of the CsoSnlg film, several
harmful gassesi.e., NO2, CO3, CH4, H3S, SO9, and CsHg, were used as test
gasses at room temperature without light illumination using a dynamic
gas-testing system (Fig. S2). Fig. 6a displays the dynamic response of
CsySnlg film with exposure to 20 ppm of NO; operating at 25 °C. The
behavior of CsySnlg film represents the n-type metal oxide semi-
conductor properties. The resistance of the CsySnlg film increased
dramatically upon exposure to NO, gas caused by the charge transfer
chemisorption on the CsySnlg perovskite between NO, and oxygen
adatoms. The original resistance of the device can be recovered after
removing the NO, molecules by flowing dry air at room temperature
(Fig. 6a). This sensor’s response and recovery times at room temperature
of 20 ppm NO, are 247 and 818 s, respectively. These response times
may be improved by using a light irradiation, metal decorating/doping
or applying some nanostructures/heterostructures. Fig. 6b shows the gas
response of CspSnlg film to various harmful gasses at room temperature.
It can be clearly seen that the CsySnlg is sensitive toward NO; but there
are no changes in the gas response of the film to other gasses (e.g., NHs,
SO2, COy, CH4, and C3Hg). It indicates that the CsySnlg film was highly
selective for NO, compared to other gasses. Fig. 7a shows the sensor
resistance changes to various NO3 concentrations at room temperature.

Fig. 3. Top-view and cross-sectional FE-SEM images of (a- and b) CsI spheres; and (c- and d) Cs,Snlg film, respectively.
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Fig. 4. Optical characterization of the Cs,Snlg thin film: (a) absorbance of 1-ym-thick Cs,Snlg film grown by the CVD method and (b) variation of (abs.hv)? with

photon energy (hv).
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Fig. 5. (a) Survey X-ray photoelectron spectrum (XPS) of the Cs;Snlg film; high-resolution XPS spectra and peaks fitting for: (b) Sn, (c) Cs, and (d) I 3d

The resistance increases with the introduction of NOy gas. The rela-
tionship between the device response and NO; concentration is shown in
Fig. 7b. The sensitivity of the device to 3-20 ppm NO; exposure gas at
room temperature for 5 min was determined as 8.30%, 11.73%, 20.98%,
26.81%. and 35.1%, respectively. The device response increases linearly
with the NO; concentration (Fig. 7b). The correlation coefficient [R?) is
0.998. The NO3, detection limit of the sensor was measured as 3 ppm.

Reproducibility and long-term stability are also important parame-
ters to evaluate the gas sensor performance. The response of CsySnlg film
toward 20 ppm NO; under six cycles for sensing testing at room tem-
perature is shown in Fig. 7c. The device based on CsySnlg exhibits good
repeatability with a response of about 35%. Furthermore, as shown in
Fig. 7d, the long-term stability of the CsySnlg film was studied. The result
shows the device response has a bit change after 25 days (from 35% to
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Fig. 6. Response/recovery curves of the Cs;Snls film based sensor at room temperature without light illumination exposed to (a) 20 ppm NO, and (b) several gasses.
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Long-term stability of the sensor to 20 ppm NO,.

~31%). This confirms the good long-term stability of the CsoSnlg film.
Table 1 shows the comparison of room-temperature NO; sensing prop-
erties between CspSnlg film in this work and previously reported. It is
observed that the CsySnlg device showed a good NO, performance
without any light illumination [29-34].

The responses of as-synthesized CsySnlg film under different relative
humidity (RH) were tested as shown in Fig. 8. Fig. 8a shows the effect of

repeatedly exposing the sensor to 20 ppm NO- at RT under various RH
atmospheres. The response is stable after the device is exposed to 200
ppm NO;, for 2 sensing cycles. The base resistance of the device gradu-
ally decreases with the ambient humidity increasing, from 8.1 x 10* at
0% RH to 7.8 x 10* at 52% RH, and then rapidly drops to 2.1 x 10* at
75% RH. The reason for this is that physisorbed water induces an in-
crease in conductivity via e- injection due to the production of hydroxyl
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Table 1
The comparison of Cs,Snlg device with the reported sensors towards NO,.
Material Operating temp. Concentration(ppm) Sensitivity (%) tres/trec (S) Detection range (ppm) Ref.
DGaN RT(28 °C) 100 19.00 >250/>600 10-100 [29]
rGO/Sn0O, RT 100 2.80 300/300 1-100 [30]
Multilayer MoS, RT 100 27.92 249/ 5-100 [31]
unrecoverable
rGO/GaN Nanorods RT(30 °C) 100 3.42 -/ - - [32]
ZrGO fibers RT 20 2.21 394/807 1.5-20 [33]
CNTs/SnO2 RT 100 1.80 600/1800 25-100 [34]
Graphene/ RT 1 ~7.00 >900/>1800 0.25-1 [15]
MAPbBr3;
CsyTelg Blue light 1 4.36 125/600 0.025-1 [44]
at RT
Cs,Snlg RT(25 °C) 20 35.12 247/818 3-20 This study
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Fig. 8. (a) Effect of RH variation on the Cs,Snl, film-based sensor to 20 ppm NO, at room temperature; (b) The relationship between the sensor response and RH

toward 20 ppm NO, at room temperature.

radicals [35], which in turn reduces the device’s resistance. The sensing
response increases gradually negligible when the humidity increases
from 0 to 52% RH and then rapidly drops to 17.03% at 75% RH (Fig. 8b).
It is because the electron injection supplies more e~ (and O; ion) on the
surface of the CsySnlg film at RH ambient conditions, following the
enhancement of NO, response [36]. However, at high RH (>75%), the
physisorbed water layer’s covering covers the adsorption sites [35, 37,
38], resulting in a significant reduction in NOy reactivity, thus reducing
responsivity of the device.

3.3. Gas sensing mechanism

The gas sensing mechanism of the CsySnlg-based sensor is similar to
that of conventional n-type metal oxide semiconductor-based gas sen-
sors: trapping electrons (charge carriers) in CsySnlg film upon adsorbing
target gas molecules. This mechanism is suitable for the gas sensing
mechanism of several NOg-sensitive materials at room temperature,
such as CH3NH3PbI3 [10], MASnI3 [23]. A model of the Cs,;Snlg surface
is proposed (Fig. 9) for explaining the NO, gas sensing mechanism of the
sensor based on Cs,Snlg film at room temperature. First, before exposure
to NO, gas, dry air was introduced on the surface of the sensing element.
The main defects in Cs;Snlg material are iodine vacancies and tin in-
terstitials [39]. Thus, when measured in air, oxygen tends to be adsorbed
into the these vacancies at the CsySnlg surface, leading to the formation
of Oyqqions at low temperatures (below 100 °C), presented:
O2(5)=>O2(ads); O2(ads) + € =O3aqs) [40, 41]. The ionosorbed oxygen
species capture electrons from the conduction band of CsySnlg and form
an electron-depletion layer (Fig. 9a). When the Cs,Snlg film device is
exposed to NOy, NO» is capable of competitively capturing electrons not

only from the conduction band of the CsySnlg film but also from
chemisorbed oxygen species (Oy

follows [23, 42, 43]:

ads))- These reactions may be given as

Noz(gas)+e(;ds) _)Nog(ads) (1)

ads

N02(335)+o;(3ds) + 26(_ )_)Nog(ads) + 20(7uds) (2)

The formation of NO,,4q
the thickness of the electron-depletion zones in the CsySnlg film,
resulting in the decrease the conductivity of the sensor film (Fig. 8b).
One possibility is that when turning off NO; gas, NO, 4 and O are
desorbed at room temperature lead to increase in conductivity of the
CsySnlg film (Fig. 7c). This result is a big breakthrough for this kind of
material-based gas sensor because of the difficulty of adsorbed NO,
molecules’ removal from the sensing material’s surface at room tem-
perature, without any aid from noble metal doping or light activity.

) and O~ from reactions 1, 2 could increase

4. Conclusion

In summary, a 1-um-thick CsaSnle film was successfully fabricated
through a two-step process using a CVD system. FE-SEM studies revealed
that the 360 nm diameter Csl spheres were synthesized in the first step,
which was completely converted to CsySnlg continuous film using Snly
vapor in the second step. The sensitivity and selectivity of the as-
prepared Cs,Snlg film-based device were measured at room tempera-
ture without light illumination with various target gasses (CsHg, CHa,
CO,, NHs, SO,, and NO»). The sensor shows a similar behavior with the
n-type semiconducting metal oxide. It can sensitively and selectively
detect a 3 ppm limit of NO5 gas. The sensor response to 20 ppm NO5 was
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Fig. 9. Schematic diagram of NO, sensing mechanism of the Cs,Snle film.

determined to be nearly 35% under RH levels lower than 52%. This
sensor can be operated at room temperature without any external source
for recovery, indicating that the sensor based on Cs,Snlg is a potential
reliable application as a NO; gas sensor. In addition, this work provides
knowledge on the gas sensing properties of CsySnls film and halide pe-
rovskites generally.
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