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Light-activated gas sensors have been investigated for their superior potential to replace current
thermally activated gas sensors, which have several drawbacks for the Internet of Everything application.
This review summarizes the various efforts made for the development of light-activated gas sensors and
provides an overview of their progress. The light-activated gas sensing properties of metal oxides, 2D
materials, and other candidate materials are summarized. As strategies to overcome the current
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challenges of light-activated gas sensors, the effects of nanostructures and crystallographic orientations
are discussed. Finally, the incorporation of plasmonic nanoparticles and integration with micro light-
emitting diodes are proposed for the pathway toward the real application of light-activated gas sensors.
This review should offer a broad range of readers a new perspective toward the future development of
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1. Introduction

With the emerging Internet of Everything (IoE) era, the signi-
ficance of sensor technologies has been emphasized and led
to a dramatic development in sensor technologies during the
last decade." With the IoE platform, the inter-connections
between various sensors and mobile devices can collect numerous
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helpful data from the surrounding environments and process
them into useful information for modern human life. These
various sensors can be classified into five groups depending on
the five human senses: vision for the image sensor, touch for
a pressure sensor, hearing for voice recognition, taste for an
electronic tongue, and smell for gas sensors. The gas sensors in
IoE applications are required to have a small size with low power
consumption for their embedding in portable devices, not to
mention excellent gas sensing performance.

To achieve the requirements for IoE application, various gas
sensor principles have been suggested including cantilever-based
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gas sensors,” capacitive gas sensors,” thermometric gas sensors,’
optical gas sensors,’ field-effect transistor gas sensors,” colori-
metric gas sensors,® solid-state electrochemical gas sensors,”*° or
chemoresistive gas sensors.’*™** Among them, the chemoresistive
gas sensors have been considered the most appropriate due to
their simple structure with easy fabrication processes and low
cost. These advantages can result in small size and compatibility
with the existing electrical circuits, suitable for the IoE application.
Their working principles are based on the resistance change upon
adsorption and desorption of target gas molecules on the surface
of semiconductors.

The chemoresistive gas sensors usually utilize various semi-
conducting materials including metal oxides,'*>* 2-dimensional
(2D) materials,”®>>° or conductive polymers.*’** Although
each material has been reported for its superior gas sensing
characteristics to specific target gas molecules through various
strategies, a common challenge exists, which is the high opera-
ting temperature. Metal oxides require operating temperatures
around 250-350 °C for the activation of the interaction with
gas molecules.> Two-dimensional materials and conductive
polymers are usually capable of operating at low temperatures
near the room temperature, but some amount of heat should
be provided to overcome their slow kinetics in the aspect of
practical applications. Therefore, heaters have been irreplace-
able components in gas sensors, but they induce thermal degra-
dation of the nearby electronic components during operation,
causing limitation in the miniaturization and low reliability of
sensor systems, which is the primary reason for high-power
consumption.*®

As an alternative to heaters, the light source, in particular
light-emitting diodes (LEDs), has been one of the great candi-
dates for the activation of semiconductors or gas-sensing
materials at low temperatures.’®*” The appropriate choice of
light wavelength with a higher energy than the bandgap energy
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of semiconductors can excite internal charge carriers to partici-
pate in chemical reactions with gas molecules. However,
further modifications to the materials are needed other than
just relying on bulk material properties to further utilize light
energy and satisfy the IoE requirements. Therefore, there have
been numerous efforts reported with various strategies including
(i) utilization of plasmonic nanoparticles,*®*° (ii) utilization
of other new materials,**** (iii) designing effective nano-
structures,*>** or (iv) integration with micro-LEDs.*®

In this review, we summarize all the efforts made to improve
light-activated gas sensors to exhibit promising enough gas
sensing performance to be utilized in the IoE application with
extremely low power consumption. To the best of author’s
knowledge, there has been no systematic review on the light-
activated gas sensors based on various electronic materials
including metal oxides, 2D materials, or inorganic halide
perovskites.>>*” This review is believed to provide a future insight
into the development of low-power consuming gas sensors
through promising light activation. Particularly, we want to high-
light the utilization of plasmonic nanoparticles and integration
with micro-LEDs in a future perspective of light-activated
gas sensors, considering their extraordinary light-absorbing
characteristics.

2. Principles of light-activated gas
sensors

The first suggestion of light-activated gas sensing can probably
be dated back to 1957 when D. A. Melnick reported the oxygen
adsorption process on the surface of ZnO in relation to ZnO
photoconduction.*® Although this study on oxygen adsorption
had not been applied to any practical gas sensors, D. A. Melnick
revealed the role of chemisorbed oxygen atoms as trap sites for
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conduction electrons induced by ZnO photo-excitation. Since
then, until the 1990s, when J. T. Cheung got patent for ambient-
temperature gas sensors that utilized light irradiation for the
stimulation of photodesorption of the gas from the surface of
the film, most of the gas sensor research had been focused on
operation at high temperatures.” Performance-wise, the high
operating temperature certainly secured fast kinetics with
superior gas responses toward various gases. However, with
the increase in demands for highly mobile devices with various
functionalities, extensive research on gas sensors has started to
focus on reducing power consumption by lowering the opera-
ting temperatures. As mentioned before, the adoption of light
sources as activation sources has been one of the most notable
strategies to achieve low power consumption and as illustrated
in Fig. 1a, various candidate materials can be utilized to
develop high-performance gas sensors at low temperatures.
From the Web of Science literature survey from 2011 to July
2020, the number of studies about gas sensors operating at low
temperatures has been trending up and the number of studies
about light-activated gas sensors has also been increasing
dramatically (Fig. 1b and c). These trends well support the
significance of light activation as a promising strategy to
develop low-power consuming gas sensors.

The most widely accepted mechanism for the chemoresistive
gas sensors is the oxygen absorbate-mediated electric inter-
action.*® The oxygen molecules get adsorbed onto the surface of
semiconductors in three ionized states (0,”, O, or O°7)
depending on the operating temperature.* According to
N. Barsan and U. Weimar, the molecular form (O, ) dominates
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Fig. 1 (a) Schematic of the light-activated gas sensor. Results from a Web

of Science literature survey for articles about (b) gas sensors operating at
low temperatures and (c) light-activated gas sensors from 2011 to July,
2020. Web of Science [v.5.35] Core Collection Search keywords: (b) TS =
gas sensor AND (TS = room temperature OR TS = low temperature) and
(c) TS = gas sensor AND (TS = room temperature OR TS = low tempera-
ture) AND (Tl = UV OR Tl = ultraviolet OR Tl = light OR Tl = illumination OR
Tl = LED OR Tl = photo OR Tl = irradiation).
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ionosorption at a temperature below 150 °C and the atomic
form (O~ or O*7) dominates at a temperature over 150 °C.**
Although oxygen molecules (Oy(gas)) have a very low chance of
ionosorption at room temperature, several studies have experi-
mentally confirmed the ionized oxygen molecules (Op(aas))
on the surface of semiconductors at room temperature.
B. Liu et al. and L. Liu et al. measured the conductivity of the
semiconductors under either pure O, and pure N, without
any external heating or photo-activation, indicating ionosorp-
tion of 0,.°”°" Therefore, the light-activated gas sensors
operating at room temperature are also expected to have
oxygen absorbate-mediated gas sensing mechanisms, and
most of the previously reported papers also interpret their
gas sensing properties through oxygen absorbates. Fig. 2
summarizes the oxygen adsorption process under dark and
light irradiated conditions. Under the dark conditions, the
oxygen adsorption follows the conventional mechanism that
molecular oxygen (Oygs) ) adsorbs onto the surface. Under
light irradiation, photogeneration of electrons and holes takes
place. The photogenerated holes (hphoto)’) interact with
adsorbed molecular oxygen (Ojads) ) to desorb them from
the surface (h(ph"“’)* +Os(ads)” <> Oa(gas))- The exposed reactive
sites after desorption of oxygen can be considered advanta-
geous to gas sensing reactions due to an increased number
of reactive sites.’> The released oxygen and the pre-existed
oxygen react again with photogenerated electrons (€photo) ) t0
adsorb molecular oxygen again (Ojgas) + €photo) <>
O (photo) )- The photo-adsorbed oxygen molecules (Ox(photo) )
are expected to weakly bound to semiconductors and be
more reactive than naturally ionosorbed oxygen molecules
(Oz(aas)”), which are thermodynamically stable and less reac-
tive at room temperature.”® Therefore, overall gas sensing
kinetics and gas responses can be accelerated under light
irradiation. The photo-adsorbed oxygen molecules then react
with target gas molecules. For example, NO,, the most notable
oxidizing gas, takes electrons away from photo-adsorbed
oxygen to increase the resistance in the case of n-type semi-
conductors (NO, + Opphoto) <> NOsads)” + Oi(gas)). For
reducing gases like CH;COCHz, electrons are transferred from
reducing gases to semiconductors with products of CO,
and H,0 (CH;COCH; + 40,(pnote) <> 3CO, + 3H,0 + 4e”),
resulting in a decrease in the resistance in the case of n-type
semiconductors.

(a) (b)
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Fig. 2 Schematic of the oxygen adsorption process under (a) dark condition
and (b) light irradiated conditions.
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3. Light-activated gas sensing
properties of semiconductors
3.1 Metal oxides

The metal oxide semiconductors, such as SnO,, W03, ZnO, NiO,
Co304, or In,0; have been one of the most widely adopted gas
sensing materials.>*”>° The current commercially available gas
sensors are mostly based on metal oxide semiconductors due to
their earth-abundant availability and cheap price.®® The metal
oxide semiconductors also have strength in the detection of
various volatile organic compounds (VOCs) at a low concen-
tration, which is essential for indoor air monitoring.*®*'
However, as mentioned before, their high operating tempera-
ture over 250 °C has been the most significant hurdle to be
applied to mobile devices due to high power consumption.
Although some companies have been successful in reducing
power consumption through pulsed voltage application, it is still
not enough to fulfil the requirements for IoE applications.®>
Therefore, alternative methods like light activation have been
highly demanded.

In the aspect of the light activation, most of the metal oxide
semiconductors have bandgap energies higher than 3.0 eV,
which is in the ultraviolet (UV) range.®® Therefore, most of the
light-activated gas sensors based on metal oxides utilize UV
light as an activation source. B. Liu et al. reported the UV light-
activated gas sensing properties of SnO, nanosphere array
films.>® Fig. 3a shows a cross-sectional scanning electron
microscopic (SEM) image of the fabricated SnO, nanospheres.
As shown in Fig. 3b, the authors illuminated UV light to a
monolayer of SnO, nanospheres with different light intensities
to find the optimal intensity, while 10 ppm NO, was injected
into the chamber. The optimal intensity was 3.09 mW cm >
and the gas sensing response was significantly enhanced
compared to that under dark conditions. Under the illumination
of the optimized UV light intensity, the SnO, nanosphere with a
different number of layers has been prepared and exposed to
different concentrations of NO, (Fig. 3c—f). All the sensors exhib-
ited a perfect linear relationship to the target gas. The gas
responses and sensitivity (the slope of the graph in response to
concentration relationship) were all highest for the SnO, nano-
spheres with 4 layers under UV light illumination. Under the same
intensity of light illumination, the top layers absorb most of the
illuminated light and the bottom region absorbs a little of it.
Therefore, the SnO, nanospheres with 6 layers were too thick to
utilize UV light illumination for gas sensing reactions and 4 layers
were the optimal thickness for the reaction. The optimized SnO,
nanosphere with 4 layers exhibited NO, selectivity, which is
expected to have benefited from excessive photogenerated elec-
trons for the reduction of NO,, which consumes electrons unlike
reducing gases.

X.-X. Wang et al. approached in a way more practical point of
view and utilized a polychromatic (white) light source as an
activation source.®’ The authors fabricated the array of well-
aligned In,O; nanowires on polyimide substrates to achieve
flexible and transparent sensors. Fig. 4a-d shows the schematic
of the fabricated sensors with optical photographs and SEM

830 | Mater. Adv., 2021, 2, 827—-844
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Fig. 3 (a) Cross-sectional scanning electron microscopic (SEM) images of
the SnO; array film with tri-layers. (b) Optimum irradiation intensity gas
measurement of SnO, monolayer array film toward 10 ppm NO,. The gas
response comparison based on the SnO, film with different thicknesses
toward NO; in the concentration range of (c) 0.5-10 ppm and (d) the
corresponding linear relationships. (e) The same measurements for NO,
concentration range of 100-500 ppb and (f) the corresponding linear
relationships. Reproduced with permission from ref. 50. Copyright © 2019
John Wiley & Sons.

images. The fabricated gas sensors based on the In,O; nano-
wire array were exposed to 500 ppb NO, under different light
sources at room temperature, as shown in Fig. 4e. Interestingly,
the sensors exhibited responses to 500 ppb NO, under all
illuminated light wavelengths including white, blue, green,
and red. While gas measurement under green and red light
exhibited recovery characteristics and notable gas responses,
their response or recovery times were relatively long. In addition,
their base resistance in the GQ range can limit their future
practical application due to noisy current. Therefore, the mono-
chromatic blue light and polychromatic white light were chosen
for further characterization. The In,O; gas sensors were then
exposed to NO, of different concentrations under blue light, as
shown in Fig. 4f, and their gas responses were plotted as a
function of NO, concentration, as shown in Fig. 4g. The gas
response and NO, concentration exhibited excellent linear
relationships, indicating the capability of sensor calibration. The
stable operation under blue light irradiation toward 500 ppb NO,
was also confirmed, as shown in Fig. 4h. The same measurements
were conducted under white light, as shown in Fig. 4i-k, and they
also exhibited a good linear relationship with long-term stability.
Then the authors conducted gas sensing measurement under
polychromatic light originating from iPhone screen illumination.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a—d) Photographs and schematic of flexible and transparent
sensors based on an array of parallel In,Os nanowires: (a) transparent
sensor pasted on a bookmark light (with a white LED, 1 W; powered by a
3V button battery), (b) SEM images of the flexible and transparent sensors
based on the In,Oz nanowire array under low magnification, (c) well-
aligned nanowires across the electrodes, and (d) parallel In,Os nanowires
under high magnification. (e) Response of the sensor based on the In,O3
nanowire array to 500 ppb NO, under illumination using different light
sources at room temperature. (f—k) Gas sensing properties of the sensor
based on the In,Os nanowire array at room temperature: (f) response—
recovery curve of the sensor to different NO, concentrations, (g) sensor
response as a function of NO, concentration, and (h) response-recovery
curve of the sensor to cyclic NO, exposure under blue LED illumination;
(i) response—recovery curve of the sensor to different NO, concentrations,
(j) sensor response as a function of NO, concentration, and (k) long-term
stability (after 180 days and 1000 bendings) under white LED illumination.
Reproduced with permission from ref. 64. Copyright © 2020 Royal Society
of Chemistry.

The iPhone was placed under the chamber with an iPhone screen
facing toward In,0O; gas sensors. The distance between sensors and
iPhone was 10 cm, and irradiance was measured to be 0.56 W m >
when the iPhone screen brightness was set at 100%, which is low
compared to the white light source used in the measurement
(Fig. 4i-k). The iPhone light-illuminated gas sensing toward
500 ppb NO, exhibited reasonable gas responses and demonstrated
potential application and integration of gas sensors with displays of
mobile devices.

Although light illumination on metal oxides was effective
in lowering operating temperatures, sensitive and selective
detection of VOCs still remains challenging due to their low
response even under light illumination.®*”®” N. D. Chinh et al.
studied gas sensing properties of In,O; nanostructures under
UV light illumination at room temperature.®® The measure-
ment toward various gases also revealed highly sensitive beha-
vior to NO, like other reports while exhibiting low gas
responses toward VOCs. According to authors, UV illumination
is effective in the generation of charge carriers for photo-
catalytic enhancement of gas sensing characteristics; its effect
on chemical reactions occurring on the surface is much smaller

© 2021 The Author(s). Published by the Royal Society of Chemistry
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than the temperature effect. Especially, the chemical reaction
of reducing gases (C,HsOH, CH;COCH;3, HCHO, or CH,), which
has water molecules as a product, cannot overcome water
formation energy through supplied energy from UV illumination.
Through UV illumination, adsorption and desorption of gas
molecules can be significantly promoted and selective detection
of oxidizing gases like NO, and NO can be effectively achieved.
Therefore, for the selective detection of VOCs with light activation
of metal oxides, other systematic strategy to amplify low gas
responses toward VOCs is highly demanded.

R. Jaisutti et al. reported amorphous indium-gallium-zinc
oxide (IGZO) as one of those strategies to overcome low
selectivity toward VOCs.*® Compared to other polycrystalline
metal oxides that need to have inevitable Schottky barriers at
grain boundaries, amorphous metal oxides can avoid the
formation of Schottky barriers and promote efficient charge
transport in the gas sensing layers. Fig. 5a and b show the
schematic of the fabrication process and a photograph of the
final device of IGZO gas sensors prepared on indium-tin-oxide
(ITO) interdigitated electrodes. Fig. 5¢ shows the optical trans-
mittance spectra and the Tauc plot for the IGZO gas sensors.
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Fig. 5 (a) Schematic of the pattern of ITO interdigitated electrodes,
solution processing of the IGZO film on the electrodes, and sensing
operation under UV-LED irradiation and CHzCOCH3z exposure. (b) Optical
images of a transparent IGZO sensor before and after bonding on a print
circuit board. (c) Optical transmittance spectra (inset shows that the Tauc
plot exhibited the band gap of the IGZO film). (d) Overall response current
behavior (/ vs. t) of an IGZO gas sensor operated under a UV intensity of
30 mW cm~2 and a CHzCOCHs concentration of 750 ppm. (e) Gas sensing
properties of UV-activated IGZO gas sensors operated under different UV
intensities (1 to 30 mW cm™2, with a CHsCOCHs concentration fixed at
750 ppm). (f) Current change (Al) and gas sensitivity during CHzCOCH=
exposure at different UV intensities. (g) Schematic showing the energy
band bending under photoinduced oxygen ions without (left) and
with (right) interaction of CHsCOCH3 molecules at the IGZO surface.
Reproduced with permission from ref. 69. Copyright © 2016 American
Chemical Society.
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The bandgap energy was calculated to be 3.19 eV, and this large
bandgap contributed to high optical transmittance of the IGZO
gas sensors. Fig. 5d shows the overall response current beha-
vior of IGZO gas sensors toward UV illumination and acetone
exposure. Under the dark condition, IGZO gas sensors did not
exhibit any gas response toward 750 ppm CH3;COCH; due to the
low electric conductivity of the IGZO and insufficient energy to
overcome the activation energy of ionosorbed oxygen species.”
Under UV illumination, photogenerated electron and hole pairs
increased the conductivity of the IGZO film, and photocurrent
was significantly enhanced, as shown in Fig. 5d. In addition,
as mentioned before, photogenerated electron and hole pairs
participate in photocatalytic adsorption of oxygen as loosely
bound active sites, and this induced saturation curves before
exposure to CH;COCH;. Upon exposure to CH;COCH3;, photo-
catalytically adsorbed oxygen species participate in the
chemical reaction (CH;COCHj; + 4O0y(photo) <> 3CO, + 3H,0
+ 4e7) to release additional electrons to increase the conduc-
tivity of IGZO film. The IGZO gas sensors were then exposed to
750 ppm CH3;COCH; under UV light with different intensities
(1 to 30 mW), as shown in Fig. 5e. With the increase in UV
intensities, the increased number of photogenerated electron
and hole pairs can participate in photocatalytic adsorption of
oxygen species and those loosely bound oxygen absorbates can
enhance the gas sensing response of IGZO gas sensors toward
CH;COCH;. Compared to the polycrystalline metal oxide, the
amorphous IGZO film was beneficial in the transport of photo-
generated charge carriers and efficient photocatalytic adsorp-
tion was available. The sensitivity (defined as (output current
change)/(initial current) x 100%) is summarized as a function
of the UV power intensity, as shown in Fig. 5f, and they exhibit a
good linear relationship. The energy band bending according
to the above-mentioned mechanisms is illustrated in Fig. 5g.
The photogenerated electrons cause band bending at the surface
and promote photocatalytic oxygen adsorption under ambient air.
The IGZO gas sensors were exposed to various VOCs gases,
including CH;0H, C,H;OH, CH;CHOHCH,, CH;COCH,, C,Hj,
and C¢H;Cl. As a result, the IGZO sensors exhibited sensitive
behaviors to a group of alcohols (CH;OH and C,H;OH) and low
sensitivity toward a group of organic solvents (C;Hg and C¢H5Cl).

There have been other various strategies to overcome the low
selectivity of metal oxide semiconductors under light illumina-
tion (mostly UV light) at room temperature, including for-
mation of heterojunctions”””® or catalyst decoration.”*””
Despite these efforts, the highest gas responses were usually
exhibited when exposed to oxidizing gases like NO, or NO and
selective detection of VOCs remains challenging for the light-
activated gas sensors based on metal oxides. As N. D. Chinh
et al. explained, not enough energy supplied by light illumina-
tion to overcome water formation energy, which is the product
of VOCs sensing reaction, is the primary reason for the low VOC
selectivity.®® As a result, the highly selective behavior only to
oxidizing gases has been mainly reported by light-activated
gas sensors based on metal oxides. The further strategies and
efforts on the enhancement will be described in the later
section of this review.
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3.2 Two-dimensional materials

Two-dimensional materials including graphene,”® graphene
derivatives,””””® or transition metal dichalcogenides (TMDs)**"
have been one of the most attracted materials for gas sensors
operating at room temperatures. The 2D materials exhibit a high
surface-to-volume ratio and a high surface energy, which are
beneficial for adsorption and desorption of target gas molecules
even at room temperature. While graphene and its derivatives are
intrinsically metallic and have difficulties in opening a gap at
the Dirac cone to limit their utilization of excellent electronic
properties, TMDs including MoS,, WS,, and SnS, are intrinsic
semiconductors with distinct bandgaps for easy application to
various electronic devices.®” In particular, in the aspect of light
activation, TMDs with distinctive bandgap energies smaller than
metal oxides can enable activation under visible light. Although
a previously addressed work of X.-X. Wang et al. successfully
demonstrated the light-activated gas sensing characteristics under
the illumination of the iPhone screen, the light-activation heavily
rely on a short wavelength region of polychromatic white light.*®
If visible light can be used as an activation source, all the light
sources available during human life can be used as activation
sources, leading to more practically reasonable light-activated gas
sensor technologies. The utilization of visible light sources can
also prevent potential damages to sensing materials caused by UV
light via generation of ozone in an oxygen-rich atmosphere.*®

D. Gu et al. fabricated gas sensors based on WS, microflakes
for the detection of VOCs under light illumination with different
wavelengths.®* Fig. 6a shows the SEM image of the prepared WS,
samples with a typical layered flake morphology. The microflake
size varies from 1 um to 4 pm. Fig. 6b shows the response curves
of the WS, microflakes under light illumination with different
wavelengths (365, 525, 580, 850, and 940 nm) and dark conditions
toward 10 ppm NH;. The operating temperature was 40 °C and
the relative humidity condition was 30%. Compared to the gas
response under dark conditions, all light-illuminated gas
responses exhibited higher values, indicating the capability of
visible light absorption by prepared WS, microflakes. Among
various wavelengths, 365 nm light illumination exhibited the
highest gas response with the fastest kinetics. The light illumi-
nation with longer wavelength exhibited slightly lower gas
responses except for 940 nm. A shorter wavelength with a
higher energy will certainly be capable of excitation and photo-
catalytic oxidation at a higher rate than the longer wavelengths,
corresponding to lower gas responses for longer wavelengths.
The unexpectedly high gas response under 940 nm light
illumination may be related to inconsistent light intensities
for each light wavelength that authors did not mention in the
manuscript, still these data show the capability of light activa-
tion of WS, microflakes by visible light wavelength. Fig. 6c
shows the resistance curves of the WS, microflakes under light
illumination with 365 and 940 nm and dark conditions toward
5-60 ppm NH;. The responses toward different concentrations
of NH; are summarized as a function of NH; concentration in
Fig. 6d. These curves well support stable operation under visible
light operation with excellent correlation curves, indicating the
capability of sensor calibration. The gas sensing mechanism
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Fig. 6 (a) SEM images of the as-milled WS, sample. (b) Response curves
of the WS,-based chemoresistive sensors under different light illumina-
tions driven by DC power to 10 ppm NHs. (c) Comparison of the resistance
curve of the WS;,-based sensor under light (365 nm, 940 nm) illumination
driven by DC power and the darkness to NHs from 5 to 60 ppm.
(d) Correlation curve of the response of the sensor under the light
(365 nm, 940 nm) illumination and the darkness. Reproduced with permission
from ref. 84. Copyright © 2017 Elsevier B. V.

follows that of metal oxides having photocatalytic oxygen adsorp-
tion and its high reactivity as primary contributing factors.
Another work by D. Gu et al. demonstrated visible light-
activated gas sensing characteristics of SnS, nanosheets.®’
Fig. 7a shows a SEM image of the prepared SnS, nanosheets
with typical layered structures with a size in the range of
50-200 nm. Fig. 7b shows the I-V polarization curves of the
SnS, nanosheets under irradiation at different wavelengths.
The I-V characteristics of SnS, nanosheets exhibit ohmic
behaviors with a higher conductivity for the SnS, nanosheets
under light illumination at shorter wavelengths. Considering
the widely reported bandgap of SnS, (2.36 eV), the green
wavelength corresponds to the bandgap energy, and the I-V
characteristic at a longer wavelength than the green wavelength
exhibited relatively low conductivity, indicating less light
activation.®®®” The fabricated SnS,-based gas sensors were
exposed to 1-8 ppm NO, under green light illumination at
room temperature, and the gas response curves are shown in
Fig. 7c. The gas response and gas concentrations exhibit a
nearly linear relationship with stable operation and excellent
recovery characteristics. Interestingly, the authors compared
the gas selectivity of SnS, nanosheets toward various gases
under both green light illumination at room temperature
and high operating temperature conditions without any light
illumination (Fig. 7d). The overall gas selectivity under both
activation modes (optical and thermal activations) exhibited
almost the same selective behavior with similar gas responses.
These results indicate that there was no significant influence
on the choice of activation modes for the gas sensing charac-
teristics of SnS, nanosheets. Although limited selective beha-
vior only to NO, could not be improved even by adopting TMDs
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Fig. 7 (a) SEM image of the as-synthesized SnS, nanosheets. (b) /-V
polarization curves of the SnS,-based sensor under different light sources.
(c) Resistance of the as-fabricated SnS,-based sensor to 1-8 ppm NO,
concentrations and the correlation curve (inset) under green LED light
activation at room temperature. (d) Selectivity of the sensor under two
activation modes (green LED light and thermal activation) (CO,: 30 ppm;
the other interferent gas: 10 ppm). Reproduced with permission from
ref. 85. Copyright © 2020 Elsevier B. V.

as sensing channels for the light-activated gas sensors, nearly
the same selective behavior under both optical and thermal
activation modes implies selective distinguish between each
VOC can be more capable by using TMDs than metal oxides
under visible light illumination.

Y. Huang et al. reported SnS,/rGO nanohybrids with p-n
transition for the visible light-activated gas sensors.®® The
heterojunction between two different 2D materials can exhibit
light-activated gas sensing properties that cannot be expected
from a single material. The authors controlled a ratio of rGO to
manipulate the conduction type of SnS,/rGO nanohybrids to
either n-type or p-type conduction through one-step hydro-
thermal methods. Fig. 8a shows the schematic illustration of
the synthesis procedure of SnS,/rGO nanohybrids. SnS, is an
n-type semiconductor and the high composition ratio of rGO
can result in p-type semiconducting characteristics. Fig. 8b-e
shows the structural characterizations of n-type and p-type
SnS,/rGO nanohybrids. The rigid hexagonal SnS, layers and
lamellar structure of rGO can be confirmed through SEM images.
The gas sensors were fabricated by drop-casting the synthesized
SnS,/rGO nanohybrids on interdigitated electrodes (IDEs) with
patterned alumina substrates. Before light illumination, the gas
sensing properties of SnS, with varying rGO ratios were tested
through exposure to NO,. Pure SnS, exhibited almost no gas
response to NO, at room temperature, but the addition of 1 mg
rGO resulted in a significant increase in gas responses (255%).
This can be attributed to promoted charge transport from SnS,
to rGO through the sp” orbital of rGO. After the addition of
5 mg rGO, SnS,/rGO was converted from n-type into p-type
conduction with a gas response of 47% toward 1 ppm NO,, and
pure rGO exhibited almost negligible gas response toward NO,.
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Fig. 8 (a) Schematic of the process of hydrothermal synthesis of SnS,/
rGO nanohybrids. SEM image of (b) n-type and (c) p-type SnS,/rGO
nanohybrids. (d) TEM image of SnS,/rGO nanohybrids. (€) HRTEM image
of SnS, and the resulting FFT pattern (inset). (f—h) The effect of light
illumination on the gas sensing properties of n-type SnS,/rGO sensors.
(f) The amplification factor of sensitivity under light illumination of different
wavelengths and power densities. (g) The relative response and (h) recovery
times under light illumination of different wavelengths and power densities.
(i-k) Proposed band alignment diagrams at the SnS,/rGO junctions. (i) Energy
diagram of the SnS, and rGO before forming hybrids. (j) Band realignment and
energy diagram of n-type SnS,/rGO sensors and the formation of the
Schottky barrier. Yellow, green and red lines indicate the energy band of
the pristine n-type SnS,/rGO sensors (solid yellow), after exposure to O,
(dashed green) and after exposure to NO, (dashed red), respectively. ASB1
and ASB2 represent the Schottky barrier shifted by the O, and NO,,
respectively. The light illumination will change the height of ASBland
ASB2 to affect the sensing behavior. (k) The band alignment diagram of the
light-assisted SnS,/rGO sensors. Reproduced with permission from ref. 88.
Copyright © 2019 The Royal Society of Chemistry.

The heterojunctions between SnS, and rGO facilitated gas sensing
at room temperature even without light illumination. To investi-
gate light-activated gas sensing characteristics of SnS,/rGO nano-
hybrids, blue (450 nm), green (532 nm), and red (650 nm) light
illumination was conducted with varying intensities (1, 3, 5, 30,
and 80 mW cm %) during exposure to NO,. The p-type SnS,/rGO
nanohybrids exhibited almost no enhancement through light
illumination since rGO is not a good photoelectric material and
cannot provide sufficient photogenerated charge carriers due to
the very small bandgap. However, n-type SnS,/rGO nanohybrids
exhibited dramatically enhanced gas sensing characteristics upon
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light illumination. In Fig. 8f-h, the amplification factor (defined
as (sensitivity at light)/(sensitivity at dark)), relative response time
(defined as (response time at light)/(response time at dark)), and
relative recovery time (defined as (recovery time at light)/(recovery
time at dark)) of SnS,/rGO nanohybrids are summarized.
Interestingly, the highest amplification factor was observed
for the lowest light intensity. These results indicate that there
is an optimal light intensity for the gas sensing reaction, which
are in accordance with the previous reports on metal oxides and
MoS,.5°°" One of the possible reasons is that the number of
photogenerated charge carriers that participate in the gas
sensing reaction can decrease at an excessively high light
intensity. Another possible reason is that the desorption reac-
tion can dominate the adsorption reaction at an excessively
high light intensity. The illuminated three wavelengths exhibited
almost similar effects on gas sensing properties including
gas responses as above, response times, and recovery times.
The response time increased under all light illuminating
conditions, while the recovery time was shortened at a low
intensity and delayed at a high intensity. These can be attri-
buted to direct photoexcitation of the electrons from NO, into
the conduction band, and intensity-dependent desorption
processes. Fig. 8i-k shows the proposed band alignment diagrams
at the heterojunctions of SnS,/rGO nanohybrids regarding the
descriptions above.

As explained, the 2D materials are capable of the activation
under visible light illumination and prevention of possible
damages that can be caused by UV light illumination.®?
In addition, the utilization of visible light wavelength can provide
more chance of practical application by taking advantage of
numerous light sources available in everyday life. However,
lacking selectivity toward VOCs still remains challenging as it
was for metal oxides under light illumination at room temperature,
and further studies are highly demanded to overcome it.***

3.3 Other materials

While metal oxides and 2D materials are the most widely
studied electronic materials for the gas sensor application,
there have been other efforts on discovering new possible
electronic materials for the gas sensors including inorganic
halide perovskites,'>*" metal sulfides,*>**% and organic
semiconductors.’>'*"'® This section summarizes the light-
activated gas sensing properties of electronic materials other
than metal oxides and 2D materials.

A. Tricoli’'s group has first reported light-activated gas
sensing properties of CsPbBr; and CsPbBr,I inorganic halide
perovskites.’”*! Unlike organic-inorganic hybrid perovskites
suffering unstable operation and being stable under ambient air,
inorganic halide perovskites which have Cs atoms as substitutes
for organic cations can secure their stability to function as gas
sensors. Fig. 9a shows the schematic of O, sensing by CsPbBr;-
based gas sensors. The cross-sectional SEM image in Fig. 9b
indicates a CsPbBr; film with 350 nm thickness deposited on a
fluorine-doped tin oxide (FTO) glass. Upon exposure to the
oxidizing gas of O, at room temperature under the illumination
of 420 nm visible light, highly sensitive detection of O, was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Schematic of O, gas sensing by a CsPbBrs-based chemical
sensor device. (b) Cross-sectional SEM image of an exemplary CsPbBrs
film deposited on an FTO glass substrate. (c) Dynamic responses of a
typical CsPbBrz sensor to switching the chemical environment from pure
N, to pure O, in dark (broken line) and under visible-light illumination
(red line). (d) Stability of the CsPbBrs gas sensor response to the pure
N,/O, atmosphere switching under four consecutive cycles under visible-
light illumination. (e) Schematic of the CsPbBr,l chemical sensor layout.
(f) Cross-sectional SEM image of a representative CsPbBr;l film deposited
on a compact TiO; layer on a FTO glass substrate. (g) Dynamic CsPbBr»l
sensor response to injection of 8 ppm CH3COCH3 in pure N, (black line)
and simulated air (red line) under simulated solar irradiation (AM 1.5,
423 mW cm™2), and in pure N, under darkness (blue line). (h) Photocurrent
response kinetics of a CsPbBr,l sensor to injection of 4 and 8 ppm
CH3zOCHs3 in pure N,. (i) Energy level diagram of the CsPbBr,l device.
(j) Schematic of the CsPbBr,l chemical sensing mechanism. Reproduced
with permission from ref. 40 and 41. Copyright © 2017 John Wiley & Sons.
Copyright © 2019 Royal Society of Chemistry.

available, as shown in Fig. 9c. Compared to the dynamic response
of CsPbBr; to O, having almost no response, visible light
illumination resulted in a gas response of 0.93 with extremely
fast response time (17 s) and recovery time (127 s), which are
difficult to achieve with other materials at room temperature.
Fig. 9d shows the dynamic response curves of CsPbBr; to four
consecutive pulses of O, under visible light illumination. The
CsPbBr; exhibited stable operation upon multiple exposures with
consistent gas responses. Interestingly, when CsPbBr; is exposed
to reducing gases such as C,H;OH and CH;COCH3;, the current
level also increases as it does for oxidizing gases. This indicates
that a somewhat different gas sensing mechanism takes place
for CsPbBr; compared to conventional semiconductors such as
metal oxides and 2D materials. The authors emphasize that
halide perovskites are ambipolar charge transporters due to the
similarity of electron and hole effective mass.'**'% Based on the
ambipolar properties of CsPbBr;, the authors propose that O,,
C,HsOH, and CH;COCH; function as vacancy fillers and
reversibly fill in intrinsic Br vacancies of the CsPbBr;. Considering
Br vacancies can trap the photogenerated charge carriers, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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decreased number of Br vacancies after being filled in by the
introduced target gas molecules results in an increase in the free
photogenerated charge to increase the current level of CsPbl;.
Fig. 9e shows the schematic of VOC sensing by CsPbBr,I under
light illumination. CsPbBr,I has a broader absorption range than
CsPbBr3;, and therefore, it can be expected to exhibit different gas
sensing characteristics from CsPbBr;. Fig. 9f shows the cross-
sectional SEM image of the CsPbBr,I film deposited on the FTO
glass. Upon exposure to CH;COCH; gas at room temperature
under solar irradiation (AM 1.5, 42.3 mW cm™2), CsPbBr,I exhi-
bited highly sensitive detection of CH;COCHj;, while there is
almost no response under dark conditions, indicating that
photogenerated charge carriers play a critical role in gas sensing
(Fig. 9g). Fig. 9h shows the stable operation of CsPbBr,I toward
two consecutive pulses of CH;COCH; under light illumination.
Similar to CsPbBr;, CsPbBr,I also exhibited a current increase
upon exposure to both oxidizing gases and reducing gases,
implying different gas sensing mechanisms from conventional
semiconductors. Fig. 9i shows an energy band diagram of the
CsPbBr;I gas sensors. Upon light illumination, photogenerated
electrons transfer from the conduction band of CsPbBr,I to the
FTO glass across the hole blocking layer, and the photogenerated
holes transfer from the valence band of CsPbBr,I to the Au
probe.'®®'%7 As a result, the net current flow through the out
circuit can be formed from the FTO glass to Au without any
external ways. This current flow can be used to transduce the
electrical characteristics upon exposure to target gas molecules.
Fig. 9j illustrates the possible gas sensing mechanism of
CsPbBr,I gas sensors. In a N, atmosphere without any target
gas molecules, recombination of photogenerated electrons and
holes can take place at trap sites like vacancies. Any existence of
O, like ambient air can passivate the trap sites to reduce
recombination, increasing the current level. In other words, the
presence of O, in the atmosphere can reduce active sites for
target gas molecules to decrease sensor responses, as shown in
Fig. 9g. Similarly, the introduction of target gas molecules like
VOCs in the N, atmosphere can passivate the trap sites of
CsPbBr,I to reduce the recombination and increase the current
level to function as gas sensors. These unique gas sensing
properties and mechanisms of inorganic halide perovskites
reported by A. Tricoli’s group can provide a new insight toward
the design of low-power consuming gas sensors.

H.-Y. Li et al. reported light-activated gas sensing properties
of CdS taking advantage of its low bandgap (~2.4 eV) and
resistance.*® The low bandgap enables visible light absorption
by CdS. The authors synthesized 2D CdS nanoflake arrays using
chemical vapor deposition methods and investigated NO,
sensing characteristics under illumination by a fluorescent
lamp and solar light at room temperature. Fig. 10a-d show
the structural characterizations of the synthesized CdS nano-
flake arrays. Hexagonal CdS nanoflakes with 10-20 nm thick-
ness with a densely packed bottom region and a loosely packed
top region can be confirmed. Therefore, highly porous nano-
structures could be formed at the top surface, which is beneficial
for the accessibility of target gas molecules. Fig. 10e shows the I-V
curves of CdS nanoflake arrays under different light sources in
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curves of CdS nanoflake arrays under different light sources in air. (f and g)
CdS nanoflake arrays sensor’s response to 5 ppm NO, (f) under different
light sources and (g) various green LED irradiance. Reproduced with
permission from ref. 42. Copyright © 2018 Elsevier B. V.

ambient air. The CdS nanoflake arrays reacted to all light
wavelengths with their highest response to blue wavelengths.
The response toward UV light was lower than that toward blue
light, and this can be attributed to a lower light intensity and a
relatively high recombination rate that originated from the
excessively high photon energy. Upon exposure to 5 ppm NO,
under the illumination of different light sources, CdS nanoflake
arrays exhibited varying gas sensing characteristics, as shown in
Fig. 10f. The gas responses of CdS nanoflake arrays were highest
under red wavelength, but the recovery characteristics were not
impressive. The response and recovery were fast under blue and
green wavelengths, while the gas response was higher under
green wavelength than under blue wavelength. The gas response
was the lowest under UV illumination. Collectively, the authors
chose green light as an optimal light source to activate gas
sensors based on CdS nanoflake arrays. Fig. 10g shows the gas
sensing curves of CdS nanoflake arrays under irradiation by
various green light sources. Although gas responses were highest
under the lowest irradiance of 2.5 W m™?, the gas response
under 21 W m ™ irradiance was still enough to distinguish the
sensor signals, and highly promoted response time and recovery
time under 21 W m > were considered important for the
potential real application. The various measurements under
optimized conditions exhibited highly sensitive and selective
behaviors toward NO, gas with an excellent linear relationship
between the gas response and NO, concentrations, indicating
the capability of sensor calibration. The authors also demon-
strated light activation under natural solar light irradiation,
which exhibited acceptable light-activated gas sensing properties.
The gas sensing mechanism follows conventional gas sensing
models for light-activated gas sensors that are mentioned in the
previous sections. The application of low-bandgap materials such
as CdS can utilize visible light illumination as an activation source
and reduce any potential damage induced when using light with
high photon energy.

X. Tian et al. reported the utilization of perylenediimide
on SnO, for the visible light-activated gas sensing properties.>®

836 | Mater. Adv, 2021, 2, 827-844

View Article Online

Materials Advances

The perylenediimide is an n-type organic semiconductor that
has the high planarity of large conjugated systems, resulting in
extremely high chemical, thermal, and optical stability under
visible light illumination.'°®**® While pristine SnO, can only
be activated under UV irradiation, the introduction of perylene-
diimide enables the activation under visible light illumination.
Fig. 11a shows the SEM image of pristine SnO, films and
Fig. 11b and ¢ show the SEM images of the perylenediimide-
sensitized SnO, film. Perylenediimide exhibits a morphology of
fibril structures induced by the strong n-r stacking interaction
between perylenediimide skeletons along the long axial direc-
tion. Perylenediimide formed network structures on the surface
of the SnO, film. Fig. 11d and e show the dynamic response
curves of perylenediimide-sensitized SnO, and pristine SnO,
toward 0.5 ppm NO, under the dark and light-illuminated
conditions, respectively. The gas sensing reaction and recovery
to baseline resistance under dark conditions take more than an
hour for both samples, which is not practical at all. However,
they were dramatically shortened under visible light illumination
to a time scale of several minutes (response time of 6 min and
recovery time of 4 min, respectively). The overall gas responses of
perylenediimide-sensitized SnO, were also significantly increased
to 131.60, which is 4 times higher than that under dark
conditions. Fig. 11f shows the dynamic response curves of
perylenediimide-sensitized SnO, to different concentrations
of NO, (250 ppb-4 ppm), and Fig. 11g shows the corresponding
gas responses as a function of NO, concentrations. The gas
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Fig. 11 (a) SEM image of the SnO, film. (b and ¢) SEM images of the
perylenediimide-sensitized SnO, hybrid film. (d and e) Dynamic response
curves of perylenediimide-sensitized SnO, and pure SnO, towards 0.5
ppm NO, (d) without and (e) with visible-light illumination. (f) Dynamic
response curves of perylenediimide-sensitized SnO, to different concen-
trations of NO, (250 ppb—4 ppm). (g) The corresponding response with
different NO, concentrations. The inset presents the acceptable response
at low NO, concentrations and the linear equation. Reproduced with
permission from ref. 53. Copyright © 2019 Elsevier B. V.
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responses and NO, concentrations exhibit an excellent linear
relationship, indicating the capability of sensor calibration.
Upon exposure to various gases, the perylenediimide-sensitized
SnO, exhibited highly sensitive and selective detection of NO,
under visible light illumination. The gas sensing mechanism also
follows the conventional model for the light-activated gas sensors
that are explained earlier in this review. The utilization of organic
semiconductors with low-bandgap energy to metal oxides can
facilitate visible light absorption to prevent potential disadvan-
tages caused by UV illumination.

4. Various strategies for future
applications
4.1 Plasmonic nanoparticles

The most challenging obstacle for the light-activated gas sensors
toward further practical application is the lacking sensitivity
toward various VOCs other than NO,. The lack of VOC selectivity
originates from insufficient activation energy to overcome the
water formation energy and promote oxidation of reducing gases
under light illumination at room temperature.®® Although various
efforts for the utilization of several different materials and their
combinations for light-activated gas sensing have been made, the
lack of selectivity was difficult to overcome unless the reaction
occurs at high operating temperatures. Therefore, incorporation
of noble metal nanoparticles (Pt, Au, Ag, Pd, etc.) can be a good
strategy since they can promote gas sensing reactions to specific
target gas molecules.""" "' Moreover, the noble metal nano-
particles exhibit localized surface plasmon resonance (LSPR)
effects under the illumination of resonant wavelengths to supply
additional hot electrons to participate in the chemical reaction.
F. Xu et al reported the light-activated gas sensing properties
of Au nanoparticles-decorated ZnO nanotetrapods taking advan-
tage of plasmonic resonant energy from Au nanoparticles.®®
Fig. 12a-d show the schematic of the gas sensor fabrication
process. ZnO nanotetrapods were deposited through thermal
evaporation on Au electrode-patterned ceramic plates, followed
by 5 nm Au sputter deposition and agglomeration into nano-
particles vig annealing. Fig. 12e shows the SEM image of pristine
ZnO nanotetrapods and Fig. 12f shows the SEM image of Au
nanoparticle-decorated ZnO nanotetrapods. The porous network
of ZnO nanotetrapods is expected to provide excellent gas
molecule accessibility, and the diameter of agglomerated Au
nanoparticles ranges from 7 to 50 nm with uniform spatial
distribution. Upon exposure to 500 ppm C,H;OH, as shown in
Fig. 12g, both pristine ZnO nanotetrapods and Au nanoparticle-
decorated ZnO nanotetrapods exhibited almost no gas response
at 17 °C. Under white light illumination (6 mW mm™?), pristine
samples exhibited a small increase in gas response, whereas Au
nanoparticle-decorated samples exhibited dramatically enhanced
gas response. The stable operation toward multiple pulses of
C,H;O0H under light illumination was also confirmed, as shown
in Fig. 12h. The Au nanoparticle-decorated ZnO nanotetrapods
were then exposed to various VOCs including C,HsOH, CH;COCHj,
HCHO, and CH;0H, as shown in Fig. 12i. Under light illumination,
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Fig. 12 Schematic of the gas sensor fabrication process. (a) Ceramic
substrate: two Au pad electrodes pre-deposited on the surface and two
Pt wires mounted on the Au electrodes; (b) ZnO deposited on the ceramic
substrate; (c) 5 nm Au film covered ZnO-based sensor; (d) final sensor
device with ZnO decorated with Au NPs. (e and f) SEM images of the
sensor devices with (e) pure ZnO and (f) Au NP-decorated ZnO. (g—j) Real-
time sensing response curves of sensors made of pure ZnO and Au NP-
decorated ZnO at 17 °C. (g) Exposure to 500 ppm C,HsOH. (h) Cyclic
repeated exposure to 500 ppm C,HsOH under white light illumination.
(i) Sequential exposure to 500 ppm of different gases including C,HsOH,
CH3zCOCH3, HCHO and CHzOH with devices under white light illumination.
(j) Exposure to different concentration levels of C,HsOH vapor (1-1000 ppm)
with devices made of Au NP-decorated ZnO under white light illumination.
Reproduced with permission from ref. 38. Copyright © 2018 Elsevier B. V.

gas responses to all gases were dramatically enhanced, and the
gas response toward C,H;OH exhibited the highest value.
Fig. 12j shows the light-activated gas sensing properties of Au
nanoparticle-decorated ZnO nanotetrapods toward different
concentration levels of C,HsOH (1-1000 ppm). The gas
response and gas concentration exhibited an excellent linear
relationship, indicating the capability of practical application.
Since the conducting channel of the gas sensors is ZnO, the
overall light-activated gas sensing mechanism follows that of
conventional metal oxides. In addition to the conventional
mechanisms, the decoration of Au nanoparticles increased
the Schottky barrier at the interface of Au and ZnO due to a
difference in work function, contributing to the suppression
of the recombination of photogenerated charge carriers."*®
Moreover, under white light illumination that includes 532 nm
wavelength, the resonant wavelength for Au nanoparticles can
induce LSPR absorption. Therefore, Au nanoparticles can enhance
light absorption and broaden the available wavelength range that
pristine ZnO cannot achieve."”'** Through LSPR, highly ener-
getic hot electrons are generated in Au nanoparticles and they can
be transported to the conduction band of ZnO through the
increased Schottky barrier at the interface. They can participate
in the photocatalytic oxygen adsorption process, and localized
field enhancement around Au nanoparticles through LSPR
can facilitate the generation and separation of photogenerated
electron and hole pairs.

R. Chen, et al prepared oxygen vacancy-enriched ZnO
nanorod/Pd nanoparticle hybrids for light-activated gas sensing.*

Mater. Adv,, 2021, 2, 827-844 | 837
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Fig. 13 TEM images of the (a) ZnO/Pd and (b) OV ZnO/Pd samples.
(c) Dynamic response curves of the sensors based on the ZnO, OV ZnO,
ZnO/Pd and OV ZnO/Pd samples to 0.1% CH,4 in the darkness and
(d) under 590 nm light illumination (6 mW cm™2), and (e) the corres-
ponding gas sensing responses. (f) Dynamic response curve and (g) fitted
responses of the OV ZnO/Pd sensor to 0.01-1% CH,4 under 590 nm light
illumination (6 MW cm™2). (h) Selectivity of the OV ZnO/Pd sensor to 0.1%
CH,4 over CO and H,S under 590 nm light illumination (6 mW cm™2).
Reproduced with permission from ref. 39. Copyright © 2020 Elsevier B.V.

The authors treated ZnO nanorods with H, (10% in Ar) to realize
oxygen vacancy-enriched nature, followed by the dispersion of Pd
nanoparticles by a solvent reduction method. Fig. 13a and b show
the transmission electron microscopic (TEM) images of the normal
ZnO/Pd hybrid and the oxygen vacancy-enriched ZnO/Pd hybrid,
respectively. Although oxygen vacancies cannot be distinguished in
the TEM images, uniformly distributed Pd nanoparticles on ZnO
nanorods can be confirmed. The existence of oxygen vacancies was
confirmed by X-ray photoelectron spectroscopy analysis through
increased oxygen vacancy peaks. Fig. 13c and d show the dynamic
response curves of each fabricated gas sensor toward 0.1%
CH, under the dark and 590 nm light-illuminated conditions
(6 mW ecm™?), respectively. The corresponding gas response
values are summarized in Fig. 13e. The pristine ZnO nanorods
and oxygen vacancy-enriched ZnO nanorods did not exhibit any
gas response to CH,, well-known chemically inert explosive gas,
under both dark and light-illuminated conditions.'*® This
indicates that oxygen vacancy alone cannot contribute to the
light-activated CH, sensing at low temperatures. ZnO/Pd
hybrids without oxygen vacancy enrichment exhibit a little
gas response under the dark condition and a slightly increased
gas response under light-illuminated conditions. The disper-
sion of Pd nanoparticles was effective in promoting CH, sen-
sing even under dark conditions due to the catalytic effects of
Pd nanoparticles. The oxygen vacancy-enriched ZnO/Pd hybrids
exhibited a higher gas response under the dark condition and a
dramatically enhanced gas response under light-illuminated
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conditions, indicating that the synergistic effects of oxygen
vacancies and Pd nanoparticles play a critical role in light-
activated CH, sensing. Fig. 13f and g show the dynamic
response curves and fitted responses of the oxygen vacancy-
enriched ZnO/Pd hybrid gas sensors to different concentrations
of CH, (0.01-1%) under light illumination. The sensors exhi-
bited properties following the Langmuir isotherm adsorption
model and revealed their capability of reliable operation as
practical gas sensors. Upon exposure to three different target
gases (CH,, CO, and H,S), oxygen vacancy-enriched ZnO/Pd
hybrids exhibited highly selective detection of CH, under light
illumination (Fig. 13h). The highly enriched oxygen vacancies
can function as strong electron donors for the promotion of
the photocatalytic oxygen adsorption process along with hot
electrons generated from LSPR of Pd nanoparticles under
590 nm light illumination. At the ZnO and Pd interface, the
Schottky barrier should be formed due to work function difference,
and this Schottky barrier blocks easy transfer of hot electrons
generated from Pd nanoparticles through LSPR.'** The oxygen
vacancies can lower the energy barrier to bring generated hot
electrons to ZnO nanorods for photocatalytic oxygen adsorption
and the light-activated CH, sensing.

4.2 Nanostructures

The formation of nanostructures can be another good strategy
to enhance light-activated gas sensing properties. Some of the
previously reviewed works in this paper also adopted various
nanostructures for better gas sensing properties, but most of
them took advantage of increased surface area and provided no
more detailed explanation beyond that.3539425%63 [ fact, the
differences in the nanostructural morphologies provide varying
fractions of exposed polar facets, resulting in different light-
activated gas sensing properties.

J. Cui et al. synthesized ZnO nanofibers, nanoplates, and
nanoflowers by simple electrospinning and hydrothermal
methods.*® Compared to other metal oxides, ZnO has distinc-
tive growth directions that make it facile to realize various ZnO
nanostructures through simple control of growth conditions."*>
Fig. 14a-c show the SEM images of ZnO nanoplates, nano-
flowers, and nanofibers, respectively. The ZnO nanoplates have
a hexagonal morphology with 4 um diameter and 400 nm
thickness, and the ZnO nanoflowers exhibit 3D nanostructures
with a diameter in the range of 4-5 pm, which are composed of
numerous nanosheets with 80 nm thickness. The ZnO nano-
fibers have a diameter of 500-600 nm, and they are composed
of tiny nanocrystallites, while the previous two morphologies
(nanoplates and nanoflowers) have a relatively smooth surface.
The fabricated gas sensors based on each ZnO nanostructure
were exposed to different concentrations of HCHO under
365 nm UV light illumination at room temperature, as shown
in Fig. 14d-f. Fig. 14g summarizes the gas responses of the gas
sensors with each ZnO nanostructure toward HCHO. Among
the three nanostructures, ZnO nanofibers exhibited the highest
gas response, which was 6.7 times and 2.5 times higher than
that of ZnO nanoplates and ZnO nanoflowers, respectively.
These could be attributed to a higher specific area for ZnO

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 SEM images of (a) ZnO nanoplates, (b) ZnO nanoflowers, and
(c) ZnO nanofibers. The current response cycles of (d) ZnO nanoplates,
(e) ZnO nanoflowers and (f) ZnO nanofibers to different concentrations of
formaldehyde and (g) the gas-sensing responses with a bias voltage of 10 V
under 365 nm light irradiation at room temperature. Reproduced with
permission from ref. 43. Copyright © 2016 Elsevier B. V.

nanofibers and polycrystalline structure with a large number of
grain boundaries. The overall gas sensing mechanism follows
that of conventional light-activated gas sensing. The photo-
catalytically adsorbed oxygen molecules that are loosely bound
to the surface provide much more sensitive detection of
target gas molecules. Since ZnO nanofibers in this study are
composed of numerous nanocrystallites with an average size of
45 nm, Schottky barriers formed at each grain boundary after
oxygen adsorption and its charge transfer contribute to the
sensitive modulation upon adsorption and desorption of target
gas molecules."*® However, ZnO nanoplates and nanoflowers
have fewer grain boundaries to result in thinner depletion
layers than ZnO nanofibers. In fact, three ZnO nanostructures
have been prepared by different preparation methods from
each other and that may have caused a significant influence
on the light-activated gas sensing characteristics for each. Still,
this study has revealed the importance of grain size and grain
boundary density to light-activated gas sensing properties,
providing important parameters for nanostructure designs.

M. R. Alenezi et al. reported the UV light-activated gas
sensing properties of three ZnO nanostructures (nanowires,
nanodisks, and nanostars), which were all prepared by hydro-
thermal synthesis.** Each nanostructure exhibits different ratios
of exposed polar to nonpolar facets, and they can significantly
affect light-activated gas sensing characteristics. Fig. 15a-c show
the SEM images of ZnO nanowires, ZnO nanodisks, and ZnO
nanostars, respectively. The photograph of the fabricated gas
sensors based on ZnO nanostructures on flexible substrates is
shown in Fig. 15d. ZnO nanowires exhibited 200 nm diameter and
8 um length, and they have been formed through the growth
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Fig. 15 (a) SEM image of a ZnO nanowires (inset: SAED pattern), (b) ZnO
nanodisks (inset: SAED pattern of ZNDs), and (c) ZnO nanostars.
(d) Photograph of ZnO nanostructured sensors on a flexible substrate. (e)
Schematic diagram of the growth process for each ZnO nanostructure. (f)
Responses to 200 ppm C,HsOH at different temperatures. (g) Response vs
time curves to different C,HsOH concentrations at 350 °C. (h) Responses to
200 ppm of C,HsOH at different light intensities. (i) Response vs time curves
to different Co,HsOH concentrations at 1.6 mW cm™2. Reproduced with
permission from ref. 44. Copyright © 2013 American Chemical Society.

direction of [0001], resulting in their nonpolar side surface with
the {1010} orientation exposed.">”"*® ZnO nanodisks have several
tens of nanometer-scale thickness with high transparency, as
shown in SEM images, and they have grown in a perpendicular
direction to [0001]. Lastly, ZnO nanostars are composed of several
nanowires with 150-200 nm diameter and expected to have
similar crystallographic characteristics to ZnO nanowires.
Fig. 15e summarizes the growth conditions of each ZnO nano-
structure. According to the X-ray diffraction (XRD) analysis for
each nanostructure, intensity ratios of the (0002) polar plane to
the (1010) nonpolar plane were calculated to be 0.36, 2.10,
and 0.50 for ZnO nanowires, nanodisks, and nanostars,
respectively. ZnO nanodisks exposed relatively more polar
facets to air, while the other two morphologies exposed rela-
tively nonpolar facets. The fabricated gas sensors based on ZnO
nanowires, nanodisks, and nanostars were exposed to 200 ppm
C,H;OH under different operating temperatures, and their
results are summarized in Fig. 15f and g. The ZnO nanodisks
exhibited the highest gas response at all operating tempera-
tures over ZnO nanowires and nanostars. The optimal opera-
ting temperature exists since higher temperatures provide
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higher energy for surface activation, while excessively high
operating temperatures accelerate the desorption kinetics of
the sensing materials to yield lower gas responses.’?® The UV
light-activated gas sensing properties of the gas sensors at room
temperature are summarized in Fig. 15h and i. The ZnO
nanodisks exhibited the highest gas responses under all UV
light intensities, corresponding to the thermally activated gas
sensing results. As did for all metal oxide-based light-activated
gas sensors, the photocatalytically adsorbed oxygen molecules
play a critical role in the sensitive gas sensing characteristics of
ZnO nanodisks under light activation. In addition to photo-
catalytic activation, ZnO nanodisks exhibited higher intensity
ratios of the (0002) polar plane to the (1010) nonpolar plane
than other morphologies as mentioned before. The (0001) polar
facet of ZnO nanodisks is terminated with Zn>* ions in ZnO
crystal lattices, and they are favorable active sites for oxygen
adsorption. However, the {1010} nonpolar planes for ZnO
nanowires and nanostars have equivalent Zn and O atoms at
the termination of the ZnO lattice, leading to less oxygen
adsorption. Therefore, ZnO nanodisks could exhibit the highest
chemisorption ability for the gas sensing reaction, resulting in
the highest gas responses under UV light illumination.

4.3 Micro-LED integration

As reviewed, various materials including metal oxides, 2D
materials, inorganic perovskites, metal sulfides, and organic
semiconductors have been utilized to develop high-performance
light-activated gas sensors. Certainly, the light-activation exhibited
promising gas sensing characteristics and visualized their possi-
bility and capabilities of replacing currently dominating thermally
activated gas sensors in aspects of both performance and power
consumption. However, the structure of the sensor devices should
also be studied considering the practical application of light-
activated gas sensors. Current thermally activated gas sensors
have heater electrodes integrated under the gas sensing electrodes
on a single substrate. However, current light-activated gas sensors
utilize separate light sources that are not integrated on a single
substrate, making them reluctant for practical applications.
Therefore, further efforts on integration of light sources to gas
sensor devices should be proceeded to get close to the real
application of the light-activated gas sensors.'*’™'*?

I. Cho, et al. reported monolithic micro-LEDs/metal oxide
nanowire gas sensors that exhibit microwatt-level power
consumption.*’ Fig. 16a and b show the schematic illustrations
of the proposed monolithic gas sensors on micro-LEDs. The
device has two contact pads for LED operation and the other
two electrodes for gas sensor operation. The GaN-based micro-
LEDs exhibit a peak emission wavelength of 390 nm, enough to
activate metal oxides. The upper area of micro-LED was passi-
vated via chemical vapor deposition of SiO,, and hydrother-
mally grown ZnO nanowires were located on the interdigitated
electrodes on the top of the SiO, passivation layer. Fig. 16c-e
show the optical microscopic images of the devices with
different widths of micro-LED (200, 100, and 30 um, respectively).
Fig. 16f shows the optical microscopic image of the device with
a 30 um LED width under operation. The SEM images of the
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Fig. 16 Schematic of the proposed monolithic photoactivated gas sensors
on a microLED platform (uLP): (a) top view and (b) cross-sectional view.
Optical microscopic images of fabricated LPs are as follows: (c—e)
200 x 200 (200-LP), 100 x 100 (100-LP), and 30 x 30 (30-pLP) um?,
respectively. Scale bars are 100 um. (f) Optical microscopic image of a
turned-on 30-pLP (forward bias = 5 V). (g) SEM images of synthesized zinc
oxide (ZnO) nanowires on a prefabricated 30-uLP. Responses of mono-
lithic photoactivated gas sensors on (h) 30-uLP and (i) 200-LP to 1 ppm
NO, gas under different input electrical powers. NO, sensing performance
of the photoactivated gas sensor on 30-puLP. Whole tests were conducted
under an operating power of ~190 uW: dynamic response to (j) 0.25-2 ppm
and (k) 60-250 ppb NO, gas. The inset graph shows the noise level of the
measurement. Reproduced with permission from ref. 45. Copyright © 2020
American Chemical Society.

synthesized ZnO nanowires on the fabricated device can be clearly
seen in Fig. 16g. Then, the fabricated devices with different widths
were exposed to 1 ppm NO, gas with varying input powers to
micro-LEDs, as shown in Fig. 16h and i. The base resistance of the
device decreases as the input power to micro-LEDs increases,
indicating a higher number of photogenerated charge carriers
under a higher micro-LED power. The overall resistance for the
device with 30 um width is higher than that for the device with
200 pm width. This could be attributed to a limited conduction
path through ZnO nanowires for the devices with a small width,
since the gap between each electrode (5 pm) is consistent for all
devices. The sensor responses were the highest for the micro-
LEDs with the smallest width (30 um), and the responses were not
always the highest under the highest input power. These can be
explained by the current spreading of micro-LEDs. With the
increase in the width of micro-LEDs, the lateral series resistance
increases and current spreading becomes inhomogeneous,
leading to the possible less irradiating region to the gas sensing
layers. These dead zones can be minimized by reducing the width
of micro-LEDs, and this can support the highest gas responses for
the devices with 30 um-width micro-LEDs. The light-activated gas
sensor responses are also highly dependent on the balance of
surface absorbate density (O, and NO,). Under the dark condition,
only pre-adsorbed oxygen exists on the surface, while all the
absorbates are totally desorbed under the high flux of illuminated
light."** Therefore, there should be an optimal balance between

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dark and high flux conditions, and which resulted in the optimal
input power to micro-LEDs to yield the highest gas responses.
Fig. 16j and k show the dynamic responses to 0.25-2 ppm NO,
and 60-250 ppb NO,, respectively. These data well support the
stable and reliable operation of the monolithic micro-LEDs/metal
oxide nanowire gas sensors over a wide concentration range of
target gases.

5. Conclusion and perspective

In this review, the recent progress of light-activated gas sensors
was summarized. Light-activated gas sensing has started with
UV illumination on metal oxides, and the available light
spectrum range has been expanded to the visible light range
by utilization of low-bandgap materials such as 2D materials.
While metal oxides and 2D materials have been two major
candidate materials for light-activated gas sensing, inorganic
perovskites, metal sulfides, and conductive polymers also
exhibited their potential for future applications. Despite their
promising gas sensing properties under light illumination at
room temperature, the lack of selectivity toward reducing gases
remained a challenge necessitating future research due to
insufficient activation energy for their oxidation. The studies
on the effects of nanostructures provided a deeper understanding
of light activation depending on the exposed crystallographic
orientations. In particular, the utilization of plasmonic nano-
particles and their localized surface plasmon resonance effects
can dramatically enhance the light-activated gas sensing
performance. The plasmonic nanoparticles can broaden the
available light wavelength range, enhance gas sensing proper-
ties by hot electron generation, and take advantage of the
catalytic effect and chemical sensitization of noble metal
nanoparticles. Moreover, the integration with micro-LEDs sug-
gested a possible device structure for the practical application
of the light-activated gas sensors (Fig. 17). Collectively, proper
and systematic design of light-activated gas sensors based on
the following parameters can provide a promising perspective
toward future gas sensor applications for IoE: (i) principles of
material selection (bandgap, heterojunctions, or plasmonic
nanoparticles), (ii) design of nanostructures, (iii) device struc-
tures and fabrication methods, and (iv) overall gas sensing
mechanisms considering the relationship between light

T@®F 1
I l/
Tube type Pl 2

r*‘/

Print type
Photon Exciton
- Surocn NG
Plasm L)
olarit ..
MEMS type

Year

Power consumption

Fig. 17 Schematic of the future perspectives of the light-activated gas
sensors.
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irradiation and gas sensing materials and the resulting gas
sensing properties.
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