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ARTICLE INFO ABSTRACT

The Rb,CO3-decorated In,O3 sensor is prepared for detection of NO, at room temperature under light irradia-
tion. Physical and chemical properties of the materials and structures are thoroughly investigated by various
analytical tools of scanning electron microscopy, transmission electron microscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, and Raman spectroscopy, thereby confirming the formation of the Rb,CO3/In,03 p-
n junction at the interface. The Rb,CO3-decoration effect on In,O3 sensor is examined under light irradiation of
different wavelengths and intensities. Rb,CO3-decoration exhibits much higher sensing performance than pure
In,03 sensor, and furthermore, the visible light irradiation improves in the response level and sensing kinetics.
The sensor detects less than 100 ppb NO,. In addition, the Rb,CO5-decorated In,O3 sensor shows high selectivity,
stability, repeatability, and linearity. The ultimate performance of the nanostructured sensor is elucidated by the
depletion model of the conduction type gas sensors. The effect of humidity on the sensing performance is also
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investigated.

1. Introduction

Metal oxide semiconductors-based gas sensors are of great attention
owing to their small size, high response, cheap price, and chemical
stability [1-4]. The simplest operating-principle of the gas sensors is
based on the change of their resistance. Since the change of the re-
sistance is originated from the thermally activated interaction between
solid and gas phases at the elevated temperature, these gas sensors are
known as chemoresistive gas sensors. However, high operating tem-
perature has limited their use in the detection of explosive or flammable
gases, particularly under the hazardous environment. In addition, the
large power consumption during sensor operation impedes the appli-
cation in mobile devices. Furthermore, high temperature can lead to the
long-term instability of sensors by degradation of their constituting
structure and/or material [4-6]. Therefore, the development of sensors
that can operate at room temperature (RT) should be made in timely
manner. To achieve this goal, researchers have reported various stra-
tegies such as doping with metals [7-9], non-metals [10], functionali-
zation with noble metals [11-13], oxides [14], and the illumination of
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ultra-violet (UV) or visible light [15-20]. Among them, UV or visible
light illumination is considered an effective approach, especially when
it is combined with the structural modification [21,22]. It is found that
the operating temperature of a chemoresistive gas sensor can be re-
placed by UV or visible light illumination at low temperature to activate
the chemical reactions on the surface of gas-sensing materials [23]. On
the other hand, the surface decoration of metals, oxides, or alkaline
salts could further enhance the light-assisted gas sensing performance
of metal oxide sensors. However, the enhancement mechanism is still
unclear, which should be understood to design the high-performance
RT sensor.

In,03 is an n-type semiconductor oxide, which is a promising can-
didate material RT gas sensor due to its relatively low resistance and
high stability. In,O5-based gas sensors have been reported to reveal
sensing capabilities at low temperature [24-28]. In the meantime, Ya-
maura et al. [29] investigated In,O3 particles coated with various al-
kaline salts (Li»CO3, K2CO3, Na,CO3, RboCO3, Cs>CO3) to detect CO gas,
and found Rb,COs-decoration exhibited the highest CO sensing re-
sponse at 300 °C. The result was explained by the catalytic role of
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Rb,CO3 on oxidation of the reducing gases. However, the sensing
properties to oxidizing gases and the effect of p-n junction formation at
the Rb,CO3/In,05 interface was not examined. The p-n junction formed
at the contact of different electronic materials can greatly alter the
conductance, and in turn, the sensing performance particularly in na-
nostructures [24,30,31].

Besides, visible light illumination was proven to be a potential so-
lution to reduce the response and recovery times of the metal oxide-
based sensor particularly at low temperatures. From these perspectives,
it is attractive to study the combined effect of Rb,CO3 decoration and
light illumination on the sensing properties of In,O3 nanostructure with
varying p-n junction properties. In this study, we report that Rb,CO3-
decorated In,O3 structure exhibits a high response to ppb level NO, gas
at RT (25 °C). The sensor also revealed high selectivity, stability, and
linearity toward NO, under visible light irradiation. We discuss in detail
the Rb,CO3/In,03 pn junction that is built at the interface and de-
termines the sensor response level.

2. Experimental section
2.1. Materials

The chemical reagents of rubidium carbonate (RboCO3, = 99 %)
and indium (III) chloride (InCls, = 98 %) were purchased from Sigma-
Aldrich Co., Ltd (USA). The absolute ethyl alcohol (CoHsOH, 99.5 %)
and ammonia solution (NH,OH, 28.0 ~ 30.0 %) were supplied by
Samchun pure chemical Co., Ltd (Korea). All received reagents were
used without any purification.

2.2. Synthesis of In,O3 powder and Rb,CO3-decorated In,O3 powder

In,0; was synthesized by a co-precipitation method as reported
elsewhere [32]. In brief, 1 g InCl; was dissolved into 20 ml deionized
(DI) water and stirred until the solution became transparent. The InCl;
and NH,4OH solutions were slowly dropped into 50 ml DI water under
the vigorous stirring. The pH of the solution was maintained at pH = 9
by adjusting the amount of NH,OH during precipitation of In(OH)3. The
precipitate was collected by centrifugation followed by washing with DI
water and absolute ethyl alcohol several times. The precipitate was
dried overnight in an oven at 70 °C and heat-treated in a furnace at
800 °C for 5h in the ambient atmosphere, finally yielding the yellow
In,03 particles. In order to finely distribute Rb,CO3 on the In,O3 par-
ticles, each 0.2 g In,O; was impregnated in a 10 ml Rb,CO3 aqueous
solution with different concentrations and then dried in air for 24 h.
Finally, the Rb,CO3-decorated In,O3; (RbyCO3/In,03) particles were
harvested. Pure In,0O3 was labeled as A0 while Rb,CO3/In,03 powders
decorated in different concentrations (0.01 M, 0.02M, 0.04 M, and
0.08 M) of Rb,CO3 solutions were labeled as Al, A2, A3, and A4, re-
spectively. Before characterization and examination of the powders,
they were annealed at the same conditions for the sensors fabrication.

2.3. Materials characterizations

The surface morphology and microstructure of the synthesized
In,03 and Rb,CO3/In,03 were investigated by field-emission electron
scanning microscopy (FE-SEM, JSM 700F, JEOL, Japan) and trans-
mission electron microscopy (TEM, JEM-ARM 200F, JEOL, Japan).
Energy dispersive spectroscopy (EDS) equipped with SEM and TEM
were used to examine the elemental distribution. Crystalline structures
were analyzed by X-ray diffraction (XRD, X’pert PRO-MPD,
PANalytical, Netherlands) with Cu Ka radiation (A = 0.15418 nm). X-
ray photoelectron spectroscopy (XPS, VG Multilab 2000, Thermo VG
Scientific, UK) measurement was also conducted to determine the
chemical states of elements. The chemical structures were examined by
using Raman spectroscopy at a 532 nm wavelength at room tempera-
ture using SR 303i laser source (Andor Technology Ltd, Oxford
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Instrument, UK). Photoluminescence (PL) was recorded with an ex-
citation wavelength of 325nm at room temperature using a PL spec-
trophotometer (LabRAM-HR 800, Horiba Jobin Yvon Ltd, Japan). The
surface area of the particulate sensor structures was measured by the
Brunauer-Emmett-Teller (BET) method in which the N, adsorption-
desorption measurement was conducted on a 3Flex analyzer (ASAP
2420, Micormeritics Instrument Corp., US) for the samples outgassed at
200 °C for 5h before the measurements.

2.4. Sensors fabrication and gas sensing property measurements

Alumina substrates patterned with interdigitated comb-type gold
electrodes were used to fabricate sensors. The In,O3; or Rb,CO3/In,043
particles were thoroughly mixed with a suitable amount of ethyl al-
cohol to form a slurry and pasted onto the alumina substrate using the
bar-coating method (Fig. Sla, Supporting Information). Casted sensor
structures were dried in air for 2h, followed by heat-treatment in a
furnace at 500 °C for 5h in the air to the intimate contact among In,03
and/or Rb,CO3 particles as well as the adhesion of gas-sensing mate-
rials to the electrode.

The gas-sensing measurement setup is illustrated in Fig. Sl1b,
Supporting Information. The total 400 sccm gas flow rate including NO,
analyte gas was controlled by the mass flow controller (MFC). Response
(S) of the sensor was determined by S = R,/R, for oxidizing gases and S
= Ru/R, for the reducing gases, where R, and R, are the resistance
values of the sensor under the flowing of the dry air and target gas,
respectively. The response and recovery times were also estimated as-
suming exponential rise and decay of the response and recovery cycles
of the sensing, respectively, which based on the Langmuir adsorption
model. The specific calculations can be found in our previous reports
[33,34]. Therefore, the response time corresponds to the time to reach
~ 63 % of the saturated response level, and similarly, the recovery time
is for ~63 % decay from the response level. The response and recovery
times are based on the physics model of the surface processes, which
are different from the corresponding engineering estimation of the
times, or 90 % of the final values.

To investigate the effect of light irradiation on the gas-sensing
properties at RT, light-emitting diodes (LEDs) with various wave-
lengths, red (625 nm), dark-green (460 nm), and blue (439 nm) were
used. The sensor was illuminated by LEDs at a fixed distance from the
outside of the measurement chamber through a quartz window. The
light illumination intensity (I) was estimated using the equation I = P/
4qur? [pW/cmZ], where P is an illuminating power from the LED source
and r is the distance from LED to the sensor. In order to examine the
humidity effect, dry air was flown through a water bubbler to prepare
water-saturated gas of 100 % humidity. A MFC controlled the ratio
between wet and dry air flow, thereby monitoring the relative hu-
midity. The relative humidity values in the gas sensing measurement
chamber were confirmed by an external commercial humidity sensor
(Testo 635, Germany).

3. Results and discussion
3.1. Structural and morphological characteristics

SEM images of In,O3 and Rb,CO3/In,O3 powders are presented in
Fig. 1a to e. All the In,O3 and Rb,CO5/In,03 powders revealed mor-
phology of aggregated particles of ~40nm diameter. No remarkable
apparent change in the particle size and morphology could be seen by
coating of Rb,CO3 at different concentrations, but BET measurements
revealed that the surface area of the structure slightly decreased with
Rb,CO3 coating as will be shown later. Furthermore, we think the
Rb,CO5 cluster (as shown by TEM) sizes coated on the In,O3 particle
surface will increase with the concentration of the Rb,CO3 solution. The
overall thicknesses of the sensor body of agglomerated particulates
were in the range of 2-4 um as shown by the SEM images (Fig. S2,
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Fig. 1. SEM images of (a) pristine In,O3 (A0) and (b-e) RbyCO3/In,03 powders with different concentrations of RboCO3: (b) Al (0.01 M), (c) A2 (0.02M), (d) A3
(0.04 M), and (e) A4 (0.08 M). (f) EDS spectrum of A2 powder compared with that of pristine In,O3 in the inset.

Supporting Information). The EDS spectra comparison between pristine
In,03 and Rb,CO3/In,05 clearly confirmed the presence of Rb element
coated (Fig. 1f). All the examinations of the Rb,CO3/In,03 sample in
this study are A2 unless specified.

The XRD patterns of In,O3, Rb,CO3, and Rb,CO3/In,03 (A2 sample)
are shown in Fig. 2a. The strong diffraction peaks of the cubic phase
In,03; were observed at (211), (222), (400), (134), and (440) lattice
planes (JCPDS 89-4595). The Debye-Scherrer analysis of the (222) peak
estimated the particle size of 43 nm (Fig. S3, Supporting Information),
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which matches that observed in the SEM images.

The XRD pattern of Rb,CO3/In,03 exhibited the additional peaks of
(102), (200), (112), and (103) crystalline planes for Rb,CO3 [35]. While
the XRD patterns confirmed the crystalline Rb,CO3 existing in Rb,CO3/
In,03 particles, no other crystalline phases could be observed. Fig. 2b
displays the Raman spectra of Rb,CO3, In,03, and In,03/Rb,CO3. In,03
showed the characteristic peaks at 131, 205, 303, 366, 495, and
628 cm ™! [36,37]. The strongest peak at 1050 cm ™' with small har-
monic peaks at 72, 102, 130, 151, and 680 cm ™' were ascribed to
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Fig. 2. X-ray diffraction and Raman spectra of Rb,CO3 (green), In,O3 (blue) and In,O3/Rb,CO5 (pink) (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.).
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Fig. 3. (a) HRTEM lattice image of Rb,CO3/In,03 particle with insert showing the TEM image of the particles. (b) TEM and EDS of Rb,CO3/In,O3 with elemental

mapping images showing the distribution of In, O, Rb, and C elements.

Rb,CO5 [38]. In the In,03/Rb,CO3, the peak 1050 cm ~ ! was observed,
which indicates the existence of Rbo,CO3 phase in the structure as well.
The HRTEM image of the In,Os3/Rb,CO; (Fig. 3a) and the corre-
sponding fast Fourier transformation (Fig. S4, Supporting Information)
further confirmed the high-quality crystalline phases of In,O; and
Rb,CO3 as presented by 0.5 nm (002) lattice plane of In,O5 and 0.63 nm
(011) lattice plane of Rb,CO3;. The EDS mapping taken from the
Rb,CO3/In,03 showed a uniform distribution of Rb element, suggesting
the formation of RbCOj clusters distributed on In,O5 particles (Fig. 3b).

The chemical bonding natures were examined by XPS (Fig. 4). The
survey spectra of Rb,CO3, In,03, and Rb,CO3/In,03 showed no im-
purity peaks other than In, Rb, O, and C (Fig. 4a). High-resolution XPS
spectra of In 3d core-level (Fig. 4b) exhibit the binding energies at
444.33 and 451.85 eV, which were ascribed to In 3ds,, and In 3ds/»
orbitals of the In®* state, respectively [39]. In the meantime, the
binding energies of In in the RbyCO3/In,05 structure were slightly
shifted down to 443.4 and 450.79 eV compared to those of the pristine
In,03. The low energy shift resulted from the electron donation from Rb
to In since Rb,CO3 is one of the most electropositive alkaline metals.
The doublet from the Rb 3d core level of pure Rb,CO3 is also shown in
Fig. 4c, which matches Rb 3d3,5 (110.69 eV) and Rb 3ds,» (109.22 eV).
In the XPS spectra of Rb, the Rb* state exists in Rb,CO5 [39], of which
binding energies were slightly shifted upward in Rb,CO3/In,03 as
contrary to the observation in indium. The chemical compositions on
the surface of the Rb,CO3/In,03 were estimated from the XPS spec-
trum, which showed the Rb concentration in Rb,CO3/In,03 as 4.69 at
%. (Table S1, Supporting Information).

The up- and down-shifts of the In and Rb binding energies in
Rb,CO3/In,03, respectively, compared to their pure counterparts can
be explained by the formation of p-n junction at the Rb,CO3/In,03
interface. When a p-n junction is formed between a p-type Rb,CO3; and
an n-type In,Os, the positive charges in the space charge region of the
In,03 side will increase the electron binding energy, whereas the ne-
gative charges in the space charge region of the Rb,CO3 side will de-
crease that [29,39,40]. The dramatic increase in the resistance by the
decoration of Rb,CO3 onto the In,05 sensor, as will be discussed later,
is led by the formation of the p-n junction at the interface between
Rb,CO3 and In,05 particles. It should be noted that the radius of Rb*
(148 pm [41]) is much larger than that of In®>* (62pm [42]), thus,
effective doping of Rb into the In,O; lattice is difficult to occur.
Therefore, the deposition of small Rb,CO3 islands or clusters on the
In,03 particles forms the Rb,CO3/In,03 interface leading to a p-n
junction formation.

3.2. Gas sensing properties

Dynamic change in the resistance of In,O3 and Rb,CO3/In,03 sen-
sors during exposure to 250 ppb NO, gas (diluted in dry air) were in-
vestigated at 25°C in dark or under the light irradiation with the
439 nm wavelength at an intensity of 160 uyW/cm? (Fig. 5a). The re-
sistance changes were translated into the sensor response and recovery
curves as shown in Fig. 5b and ¢, which exhibit logarithmic changes of
the signals. The response and recovery time constants were calculated
in Fig. 5d and e assuming exponential rise and decay of the response
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Fig. 4. (a) Survey XPS spectra of Rb,CO3 (pink), In,O3 (yellow), and Rb,CO3/In,03 (green). High-resolution spectra of (b) In 3d and (c) Rb 3d: (1) Experiment curves,
(2) Fitted curves, (3) Baseline, (4) Peak 1, and (5) Peak 2. XPS spectra of In 3d and Rb 3d showed opposite side shifts by heterojunction formation (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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and recovery curves [33,34]. Our observations can be summarized as
the following:

i) The resistance of In,03 (~ 60 k() increased by eight times upon the

decoration of Rb,CO3 (~500 kQ).

ii) The sensor response of the Rb,CO3/In,0O3 sensor was higher than
that of the In,O3 sensor in dark (10 vs. 2.3) and under the light (60
vs. 2,8).

iii) The light irradiation resulted in a higher sensing response level,
particularly in the Rb,CO3/In,03 sensor.

iv) Both of the response and recovery kinetics were enhanced by the
light irradiation

The pristine In,05 exhibiting a relatively low resistance (~60 kQ in
dark as shown in Fig. 5a) has a relatively large intrinsic n-type defects,
which will lead to a relatively thin depletion depth. The cross-section of

(a) In,05-Dark

In,05depleted

In,05 neutral
NO
e 00 o ° 2 o]
g 2 ’/ \
) [ ]
v (]
o .
InNO, . &
o
L o p,
.‘ L]

(b) Rb,CO;/In,0;-Dark

Time (min)

the particle was accordingly sketched in Fig. 6a showing a large neutral
region in the center. The increase of the depletion region depth is also
relatively small even with adsorption of a high concentration NO,. The
condition results in a small modulation of the depletion region depth
(or small AR = R, — R,) leading to a poor sensing signal or small S=R,/
R, (as shown in Fig. 5b). The light irradiation causing an increased
electron-hole-pairs (EHPs) in In,O3 exhibited only a small effect on the
sensing signal level (Fig. 5b). In this case, the neutral core size in Fig. 5a
was further increased (smaller R;), but at the same time, the added
photo-carriers enhanced the NO» molecular adsorption rate on the
surface via fluent electrons supply to the surface to increase the de-
pletion depth. The net results are the slightly increased response level
and response rate, as shown in Fig. 5b [14,43].

On the other hand, the enhanced response level in the Rb,CO3/
In,03 structure in dark is attributed to the greatly reduced conduction
region in the In,O3 particles caused by the Rb,CO3/In,03 p-n junction

(C) szCOs/I n203'|.ight

Rb,CO;depleted
N
° .o‘ ¢ % \
° ° °
[ ] . °
. ® ° ~
° e)
°
- ¢ - [ ..‘

Fig. 6. Schematic illustration of the sensor particles in different conditions. (a) Bare In,O3 in dark showing narrow depletion depth in air under O, adsorption due to
the high intrinsic doping level. The NO, adsorption rate may high, but the depletion depth increase is relatively small. (b) Rb>CO53/In,03 in dark exhibits a highly
expanded depletion depth owing to the p-n junction formation, and the junction further expands with NO, adsorption. A far less NO, adsorption compared to the case
(a) can lead to a higher response level. (¢) Rb,CO3/In,03 under the light in air. The photo-carriers narrowed the depletion depth, but increase the NO, adsorption rate

leading to a higher modulation of the depletion depth.
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Fig. 7. (a) Response-recovery curves of In,O3; and Rb,CO3/
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In,03 sensors toward 250 ppb NO, under 439 nm light illu-
mination at 25 °C. The insert shows a magnification of the low-
response curves. (b) The base resistance monotonically in-
creased with the Rb,CO3 content while the response level

110 showed the peak at 0.02 M Rb,COs.
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formation. This is proven by the eight times increased R, in the
Rb,C0O3/In,03 structure (~500 kQ in dark in Fig. 5a) compared with
that in the bare In,0s. Such condition in the Rb,CO3/In,05 structure is
sketched in Fig. 6b, which is characterized by a far decreased cross-
section area of the neutral core (or a far increased depletion depth)
compared with the bare In,O3. Now Ry is determined by the adsorption
rate of NO, molecules on the surface, and which is also determined by
the rate of electrons supply from the neutral core to the surface, as
repeatedly discussed in our previous studies [23,33,34,44,45]. The NO,
adsorption rate onto In,O3 surface may be smaller in the Rb,CO3/In,03
due to Rb,CO3 coating. However, as indicated in Fig. 6b, a smaller NO,
adsorption rate can cause a greater depletion depth modulation because
of the initially smaller neutral core or higher R,. As a result, a far in-
creased Ry in the Rb,CO3/In;03 could lead to the high response (S~10
in Fig. 5c¢).

The light shining on the Rb,CO3/In,03 structure reduce the re-
sistance with the added photo-generated EHPs (~ 90 kQ in Fig. 5a), but
the resistance is still higher than the bare In,O3 in dark. Therefore, the
depletion depth is greater than the In,O3 in dark and smaller than the
Rb,C0O3/In,03 in dark. This condition is sketched in Fig. 6¢c. The light
irradiation on one hand narrows the depletion depth with the increased
electron concentration, and the other hand increases the electron
supply rate to the surface leading to enhancement of the NO, adsorp-
tion rate. The higher NO, adsorption rate under the light is sketched in
Fig. 6¢ and is supported by the response and recovery times measure-
ments in Fig. 5d and 5e. Note that the enhanced adsorption rate of NO,
causes a core neutral region even smaller than that in the Rb,CO3/In,03
in dark as supported by the response level of the Rb,CO3/In,O3 under
the light (~6 MQ in Fig. 5a) which is slightly greater than that in dark
(~5 MQ in Fig. 5a). Therefore, the charge modulation (or equivalently
AR = Ry — R;) was much greater under the light than in dark, which
led to the greatly enhanced response signal (S~60), as depicted in
Fig. 5c. Therefore, we could explain the enhanced response signal of
Rb,C0O3/In,03 under the light compared that in dark using the con-
duction model for nanostructured sensors based on the sensing signal
measurement data.

Fig. 5d and e present the response and recovery kinetics of the In,O3
and Rb,CO3/In,03 sensors in dark and under the light. They showed
another prominent effect of light illumination, which is the enhance-
ment in sensing kinetics. Because both adsorption and desorption of the
molecules on the oxide surface are the thermally activated processes,
the supply of enough photon energy to the gas molecules to overcome
the adsorption barrier energy as well as to the adsorbed molecules to
overcome the desorption barrier energy accelerate the overall kinetics
in adsorption and desorption processes. This is equivalent to say that
the supply of higher carrier concentration to the surface enhances the
adsorption and desorption kinetics. The faster response times were
observed both in dark and light illumination by the Rb,CO3 decoration
as shown in Fig. 5d. While the response times of In,O3; were ~16 and
~12min in dark and under the light, respectively, those of RboCO3/
In,03 were ~11 and ~ 2.5 min, respectively. The enhanced adsorption
kinetics with Rb,CO3 decoration in dark and under the light can be

Rb,CO, Conc. (M)

0.08

explained by a catalytic effect of Rb,CO3 on the adsorption of NO,,
which enables facile adsorption of NO, on the In,O3 at the vicinity of
Rb,CO5 [23,29]. The light irradiation further enhanced the response
kinetics by the enhanced electron supplying rate to the adsorbing NO,
on the In,03 surface. Enhanced desorption kinetics were also confirmed
under the light for both In,03 and Rb,CO3/In,03 structures owing to an
enhanced desorption rate of NO, and/or enhanced adsorption rate for
O, (Fig. 5e). Note in Fig. 5e that the desorption rate for NO,~ and/or
adsorption rate for O, were not influenced strongly by Rb,COj3 both in
dark and under the light. The results suggest that the catalytic effect of
Rb,COj is negligible in the processes of the desorption of NO,~ and/or
adsorption of O, .

To further clarify the role of Rb,CO3; decoration, NO, sensing
property was examined with varying the content of Rb,CO3 clusters
deposited on In,O3 particles. The specific surface area changing with
the Rb,CO;3; concentration was measured by the BET method and
compared between AO and A2 samples (Fig. S5, Supporting
Information). The BET surface area was slightly smaller with Rb,CO3
decoration possibly from an increased particle sizes in average. Fig. 7a
shows the dynamic response-recovery curves of In,O3 and Rb,CO3/
In,03 (AO to A4 samples) to 250 ppb NO, under the light illumination,
and the response levels and base resistances of the samples are sum-
marized in Fig. 7b. The resistance monotonically increased with the
Rb,CO; concentration indicating that the p-n junction depletion depth
has increased with increase of the content of Rb,CO5 clusters on the
In,O3 particles. The response showed the maximum with 0.02M
Rb,CO3 concentration and decreased at higher concentrations. The
latter observation can be explained by the increasing depletion depth in
the In,O5 particles owing to the increasing volume of the Rb,CO;
clusters. Namely the condition approaches from Fig. 6¢ to b with in-
creasing the volume of Rb,COj3. As such, the observed sensing responses
can be explained by the p-n junction formation. The declining response
at higher Rb,CO3 concentration could be further affected by the re-
duced NO, absorption site density on the In,O3 surface caused by the
increasing Rb,CO3 coverage.

Meanwhile, the effect of the light illumination with different wa-
velengths (i.e. different photon energies) on gas sensing properties of
Rb,CO3/In,03 sensor was also investigated at 25°C. The resistance
changes of the Rb,CO3/In,03 sensor under the visible LEDs with wa-
velengths of 439, 460, and 625 nm is displayed in Fig. 8a. The power
intensity was fixed at 160 pyW/cm?. The higher photon energy results in
higher photo-generated EHPs showing orders of magnitude decreased
sensor resistance. The lowest resistance was measured under the light
with a wavelength of 439 nm. The RT gas sensing performances of the
Rb,CO3/In,03 sensor toward 250 ppb NO, gas measured under the
light of different wavelengths were shown in Fig. 8b. The remarkable
enhancement in sensing response as well as sensing kinetics could be
detected under the light with a shorter wavelength than 460 nm.
Though its corresponding energy, ~2.70 eV, is smaller than the direct
bandgap of In,O3 (between 3.1 and 3.9 eV [46-48]), the photon energy
is greater than the defect level in In,O3. The defect level observed by
photoluminescence measurement was estimated to be ~580nm (Fig.
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$6), which coincides with previous studies [49]. Therefore, only a small
enhancement in the response level and kinetics were observed under
the light of 625 nm. The irradiation of the 439 nm light exhibited the
maximum response; thus, this wavelength was kept used in the sensor
for further investigation.

The response and recovery curves of the Rb;CO3/In,03 sensor at RT
under 439 nm radiation with different intensities are presented in
Fig. 8c. This experiment was to obtain the light condition for the
maximum sensor performance. The response levels were saturated in
20 min at the light intensity higher than 115 pW/cm?. As summarized
in Fig. 8d, the sensor resistance (R,) continuously decreased with the
increase of the light intensity, but R, will also continuously vary with
the varying number of electrons supplied to the surface. The maximum
response was obtained at an intermediate intensity of 160 uW/cm>
(Fig. 8c and d), which is the condition for the highest R,/R,. The sensor
response enhancement at RT under the light irradiation has been re-
peatedly reported [50-52], where the light irradiation could supply
more electrons on the oxide surface for enhanced adsorption and des-
orption rates of the gas molecules. Meanwhile, the maximum response
with an intermediate light wavelength and/or intensity for the given
dimension of the nanostructure sensors could be elucidated by the de-
pletion model of the conduction type gas sensors [23,24,44,53].

The sensing behavior of the Rb,CO3/In,03 sensor to different NO»
concentrations is studied with the same condition above (at 25 °C under
439nm illumination at the intensity of 160 pW/cm?). The sensor
showed a linear dependence on the NO, concentration in the range of
examination as shown in Fig. 9a. The raw data are shown by the inset.
When the linearity is extended to the x-axis, the detection limit of the
sensor defined by R,/R, ~ 3 was about 80 ppb. The repeatability of the
sensor response was also shown in Fig. 9b, which confirms reversibility
during sensor operation. The long-term stability of the Rb,CO3/In,03
sensor is presented in Fig. 9c showing good stability with the resistance
change + 2% during 45 days. The raw data measured is depicted in Fig.
S7. In addition, the selectivity of the sensor was excellent among the
gases of SO,, NH3, CO, H,, and CH, as shown in Fig. 9d. The selectivity
was extremely high with respect to the examined reducing gases as
shown by the negligible responses to 100 —1000 ppm concentrations.
The insignificant response to NH; with poor recovery was observed

Light intensity (uW/cm?)

under the light (Fig. S8a, Supporting Information). At the low operation
temperature, the response signal to NH; is due to adsorption rather than
the combustion reaction occurring at high temperatures. This led to the
poor recovery behavior. Meanwhile, the response to an oxidizing gas,
SO,, was relatively higher than those to the reducing gases and ex-
hibited reasonable desorption in the recovery cycle (Fig. S8b, Sup-
porting Information). However, the response was still far smaller (about
1/30) than that to NO,. Generally, all observations support that the
Rb,CO3/In,05 sensor can be further developed to the RT operating NO,
detection sensor.

Humidity is one of the most critical issues for the RT operating gas
sensors. The effect of humidity on gas sensing performance of Rb,CO3/
In,O3 sensor was investigated as summarized in Fig. 10. The sensing
condition is the same as the above (i.e. at 25 °C under the 439 nm light
at 160 uW/cm?). With the increase of the relative humidity (RH), the
base resistance of the sensor decreases continuously to tens of kilo-ohm
via electron donation of water molecules to n-type In,O3. However, the
flow of 250 ppb NO, significantly increased the sensor resistance to
mega-ohm ranges (Fig. 10a and b). The response-recovery curves de-
rived by the resistance variation were plotted as shown in the response
curves (Fig. 10c). The response levels were further summarized in
Fig. 10d. The maximum response level of the sensor was recorded to be
~140 with the sensor resistance 34 kQ at RH = 45 %, which is far
greater than ~ 65 with the sensor resistance of ~105 kQ at RH = 0%.
The observation can be summarized as the following:

i) The resistance monotonically decreases with RH increase, but the
resistance is significantly elevated upon NO, flow (Fig. 10b). RH be-
tween 30 and 45 % could lead to the enhancement of the sensor re-
sponse (Fig. 10c).

ii) The humidity effect is small when RH is lower (< 23 %) and the
response also shows degradation in higher RH (= 62 %).

It is well known that the adsorbed water molecules donate elec-
trons, thereby lowering the resistance of n-type semiconductors [54].
As a result, increased electron concentration in the sensor can further
supply the electrons to the adsorbing NO, molecules. As we already
discussed that the present condition of light intensity (439 nm, 160 pW/
cm?) resulted in the maximum resistance modulation in the dry air
condition, the higher electron concentration is expected to lower the



N.M. Hung, et al.

Sensors & Actuators: B. Chemical 313 (2020) 128001

8 Fig. 9. The Rb,CO3/In,03 sensor properties
30041 A b measured under 439 nm/160 pW/cm? intensity
< radiation at 25°C. (a) The linearity of the
« ’CT 6+ i sensor with the response-recovery curves for
n-_-m 200 = i % different NO, concentrations shown by the
: ;’ inset. (b) The repeatability of the sensor mea-
2 g 750 ppb g 4 sured with 150 ppb NO; and (c) long-term sta-
o E 1 S bility of the resistance and response levels. (d)
% 100 § K] 5] The selectivity of the NO, gas sensor in com-
& g ] parison with NH3, CO, H», CHy, and SO,.
o« i o
0 , ——e () , ; ,
0 300 600 900 0 50 100 150
NO,concentration (ppb) Time (min)
80
T 100] © d
g1001° o e o (100 601
) 1 G ()
< < 8
& 80 Response 80 3 g. 401
5 ~@ Resistance s 2
o w
(2]
3 s 204
o 60 +60 &’
. . . 0- - |
0 20 40 V\0 0 szss &® &st 0‘3‘ -
. ) &
Time (day) & QQ& QQ& QQQ QQQ
quo O S Ny &N

resistance followed by a decrease in sensing response (Fig. 8d). Inter-
estingly, while the increase of the electron concentration by light illu-
mination degraded the sensing response, that by humidity enhanced the
sensing response. Therefore, the great response enhancement to ~140
by humidity cannot result from the increased electron supply from the
sensor body.
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Rather than that, adsorbed water molecules could affect the gas
adsorption reaction in different ways. The NO, adsorption on the sur-
face can be enhanced via the surface reaction pathway, surface re-
activity and mobility of gas molecules/ions, higher stability of the ad-
sorbed species, etc. It is reported that the water molecules on the oxide
surface not only enhanced the surface reaction rate but also the extent
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Fig. 10. The response-recovery curves of Rb,CO3/In,03 sensor measured at 25 °C with different relative humidity. Plots are given by the (a, b) resistances and (c, d)

response level.
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of reaction [55]. For NO, impingement, water molecules on the oxide
surface accelerated NO, adsorption reaction via the formation of HNO3
and/or solvation of nitrate ions, etc. [55,56]. The greatly increased
amount of NO, adsorption with water molecules can be demonstrated
by far increased response with RH between 30-50 % as shown in
Fig. 10c and d. The further adsorption of water molecules at higher RH
(> 62 %) inhibits the surface reaction by blocking the adsorption sites
[55], which can lead to the degraded NO, adsorption in Fig. 10c. The
rapidly enhanced response rates by the increase of RH are also ex-
plained by the humidity effect. As summarized in Fig. 10d, the humidity
enhanced the NO, sensing response levels. However, the NO, gas con-
centration cannot be accurately estimated under varying humidity in
the environment particularly at RT. Therefore, a humidity sensor needs
to be implemented in parallel for the RT detection of NO, gas [45].

4. Conclusions

In our study, we demonstrated the Rb,COs-decorated In,O3
(Rb>CO3/In,03) nanostructure for the first time, which can be a pro-
mising sensor material to detect NO, under the blue light illumination
at room temperature. The structure exhibited high sensing performance
showing a detection limit of 80 ppb for sensing of NO.. High sensing
response, linearity, reproducibility, selectivity, and long-term stability
were confirmed at the room temperature operation. Rb,CO3; decoration
on In,O3 formed a p-n junction at the Rb,CO3/In,05 interface. While
the p-n junction formation increased the resistance in the In,O3 sensor
and enhanced sensing performance to NO,, the light irradiation of
439 nm wavelength further improved the sensing response level and
response/recovery kinetics. Our observations could be thoroughly un-
derstood by the conduction model in the nano-sized semiconducting
sensors, and the enhanced response of the Rb,CO3/In,03 sensor was a
combined effect of the two: the decreasing conductance of the In,O3
transducer owing to the p-n junction formation that influences R,, and
the photo-carriers that facilitate the NO, adsorption on the surface and
determine R,. The net consequence was the enhanced response to NO.
The Rb,CO3 decoration also enhanced the NO, adsorption kinetics in
dark and under the light, but negligible catalytic effects were shown for
desorption kinetics suggesting a small catalytic effect on oxygen ad-
sorption. The high humidity effect on sensing performance was also
studied.
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