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Abstract

Chemiresistors play a crucial role in numerous research fields, including environmental monitoring, healthcare, and industrial safety,
owing to their ability to detect and quantify gases with high sensitivity and specificity. This review provides a comprehensive overview
of the recent advancements in photoactivated chemiresistors and emphasizes their potential for the development of highly sensitive,
selective, and low-power gas sensors. This study explores a range of structural configurations of sensing materials, from zero-dimen-
sional quantum dots to three-dimensional, porous nanostructures and examines the impact of these designs on the photoactivity, gas
interactions, and overall sensor performance—including gas responses and recovery rates. Particular focus is placed on metal-oxide
semiconductors and the integration of ultraviolet micro-light emitting diodes, which have gained attention as key components for next-
generation sensing technologies owing to their superior photoactivity and energy efficiency. By addressing existing technical challenges,
such as limited sensitivity, particularly at room temperature (~22°C), this paper outlines future research directions, highlighting the poten-
tial of photoactivated chemiresistors in developing high-performance, ultralow-power gas sensors for the Internet of Things and other

advanced applications.
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1. INTRODUCTION

Chemical sensors have garnered significant attention across a
broad range of research fields because of their ability to detect
hazardous substances [1], monitor indoor and outdoor air quality
[2], and contribute to advancements in healthcare [3,4]. These
sensors are indispensable in various applications and provide
critical data to ensure safety and human well-being. Among the

various technologies developed for chemical sensing, oxide
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semiconductor-based sensors are the most prominent and
effective. This technology is highly valued for its sensitivity,
selectivity, and robustness, making it suitable for a wide array of
sensing applications [5,6]. As technology continues to evolve,
there is a growing demand for smaller and more integrated sensor
devices that can be seamlessly incorporated into wearable
electronics [7]. Such devices have the potential to revolutionize
healthcare by enabling continuous monitoring of vital signs and
environmental conditions—thus providing real-time data that
could lead to the early detection of health issues and more
personalized care. Despite considerable progress in oxide-
semiconductor sensor technology, its integration into wearable
healthcare devices has not yet reached its full potential.

The slow adoption of these sensors in wearable devices is
attributed to several challenges. A primary obstacle is the high-
power consumption associated with the conventional operation of
oxide-semiconductor gas sensors. These sensors typically rely on
thermal activation, which normally requires heating the sensing
material to temperatures approaching 400°C. Although this
method significantly improves sensor performance, it also
introduces several challenges. High operational temperatures can
degrade the surrounding electronic components, leading to

potential reliability issues [8]. Additionally, the materials used in
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sensors may suffer from reduced durability owing to prolonged
exposure to extreme temperatures. Furthermore, the need for
thermal activation poses a major challenge for wearable
applications, where energy efficiency and thermal safety are
paramount. Despite notable developments in micro-heating
technologies, wearable devices—which are often battery-
powered—require sensors that can operate efficiently over
extended periods without frequent recharging. The need for
thermal insulation to protect the other components from heat
further complicates the integration of these sensors into compact
lightweight devices [9]. This additional insulation often results in
bulkier systems that are less desirable for wearable electronics,
where size and comfort are critical factors.

To overcome these challenges, researchers have explored
alternative activation methods that can expand applicability
without the drawbacks of thermal activation. A promising
approach is photoactivation [10], in which light is used instead of
heat to activate the sensing material. Photoactivated sensors have
the potential to operate at room temperature (~22°C), reducing
power consumption to the microwatt level, and eliminating the
need for bulky thermal insulation [11]. This approach has the
proven advantages of compact, energy-efficient configurations
and high performance—suitable for integration into wearable
healthcare monitoring systems [9].

In this review, we explore recent advancements in chemical
sensing through photoactivation methods, highlighting their key
requirements, such as material design (dimensions, periodicity,
symmetry, etc.), nanostructures, and light sources. We also explore
the emerging potential of photoactivation as a viable alternative
and discuss its advantages and implications for future applications
in wearable electronics. By addressing these critical issues, this
review aims to provide a comprehensive overview of state-of-the-
art, photoactivated, chemical-sensor technology compared to its
thermal counterpart and highlight the pathways that could lead to
the next generation of low-power, safe, and high-performance

chemiresistors.

2. MECHANISM FOR THE
PHOTOACTIVATION

Photoactivated gas sensors operate based on the photoelectric
effect (when light impinges on the material photons are absorbed
triggering photoelectron emission). When photons, with energy
greater than or equal to the semiconductor bandgap (hv > E,),

collide with the electrons, they move up from the valence band to

the conduction band, leaving behind holes. Fig. 1 (a) illustrates the
widely accepted mechanism of chemiresistive gas sensing,
involving oxygen absorbate-mediated electrical interactions.
Depending on the temperature, oxygen (O,) molecules adsorb
onto semiconductor surfaces in different ionized states (O,’, O", or
0%). Below 150°C, the molecular form O, is predominant, while
above 150°C, atomic forms O, or O* are more common [12].
Even at room temperature (~22°C), studies have shown ionized
oxygen molecules (O,qq) on semiconductor surfaces, evidenced
by conductivity measurements in pure O, and nitrogen (N,)
environments without external heating or photoactivation [13].

Oxygen absorbate-mediated mechanisms are crucial for
photoactivated gas sensors at room temperature (~22°C). In the
absence of light, oxygen adsorption follows a conventional path in
which molecular oxygen (Oyus) binds to the surface.
Photogenerated electrons and holes are produced under light
irradiation. The holes (h<phom)+) interact with the adsorbed
molecular oxygen (Oyqgs)), causing desorption and exposure of
reactive sites, which enhances gas-sensing reactions by increasing
the number of available sites.

Desorbed

photogenerated electrons (eghoy) and re-adsorb as molecular

and (any) pre-existing oxygen react with

oxygen (Oxgas) T €photo) > O2phorey )- These photoadsorbed oxygen
molecules (Oypnow)) are less strongly bound to the semiconductor
and are more reactive than naturally ionosorbed oxygen (O ),
which is more stable and less reactive at room temperature
(~22°C). Furthermore, the ultraviolet (UV)-induced localized
resonance (LSPR) effect
absorption and generates local photothermal effects. This LSPR

surface-plasmon enhances light
effect accelerates surface chemical-reaction kinetics by facilitating
the movement of photoactive charge carriers [14]. Consequently,
light irradiation enhances the overall gas-sensing kinetics and
improves the sensor response.

For example, nitrogen dioxide (NO,), a well-known oxidizing
gas, reacts with photo-adsorbed oxygen, leading to electron
withdrawal from the semiconductor, which increases the
resistance in n-type semiconductors (NO, + Osghoto) = NOoaas) +
Oyeas))- Conversely, reducing gases like acetone (CH;COCH;)
transfer electrons to the semiconductor, producing carbon dioxide
(CO,) and water (H,0), (CH;COCH; + 405pno0) —> 3CO, + 3H,0
+ 4¢"), resulting in a decrease in resistance in n-type semiconductors.

Among various semiconductor oxides, including zinc oxide
(Zn0O), tin oxide (Sn0O,), tungsten trioxide (WQO;), diindium
trioxide (In,O;), and titanium dioxide (TiO,) (Fig. 1 (b)),
photoelectrons are generated when exposed to UV light-emitting

diode (LED) light under an applied voltage, leading to a
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Fig. 1. (a) Photo-activated sensing mechanism under UV illumina-
tion. Reprinted with permission from Ref. [15] © 2023 by the
authors. Licensee MDPI, Basel, Switzerland. (b) Materials
commonly used as photo-activated materials. (c) Photo-acti-
vated sensing mechanism with target gas. (d) Time-dependent
resistance measured at 5V bias at room temperature (~22°C),
showing photo-response upon 275nm UV-LED on/off illu-
mination. Reprinted with permission from Ref. [16] © 2024
The Authors. Published by Elsevier B.V.

significant drop in resistance; this fully recovers when the light
source is removed. This photoresponse occurs rapidly, making
these materials highly responsive to UV activation. Figs. 1 (c) and
(d) illustrate the reaction of NO, gas with the n-type ZnO
nanowires under UV light. UV exposure generates photoelectrons
and holes on the ZnO sensor surface. This process has four steps
as follows:

(1) At room temperature (~22°C), O, molecules adsorb onto the
surface and

(2) react with photoelectrons and desorb as oxygen-ion species.

(3) Some also react with the photogenerated holes, desorbing
them as O, molecules.

(4) Over time, equilibrium is reached between the electron-and-
hole generation and oxygen-ion reactions. When exposed to NO,
gas in a continuous UV environment, the gas reacts with
electrons, reducing the electron count on the ZnO surface and
increasing the sensor resistance.

Therefore, light sources with energies exceeding the bandgap of
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the semiconductor engage internal charge carriers in chemical
reactions, accelerating interactions between the semiconductor
and gas molecules. This enhances sensor performance,
particularly under light irradiation, where gas sensing becomes

faster and more efficient.

3. EFFECT OF STRUCTURAL DIMENSIONS
ON PHOTOACTIVATED CHEMIRESISTORS

The structural dimensions of photoactivated gas-sensing
materials significantly influence their performance, particularly in
terms of light absorption, gas interactions, and overall
physicochemical responses. In this section, we explore how
different structural dimensions affect the efficacy of photoactive
chemiresistors, focusing on how dimensional scaling affects

sensor performance and characteristics.

3.1 0-Dimensional Photoactive Sensing Materials

Figs. 2(a) and (b) show the high ethanol (C,H;OH)-gas
sensitivity of the UV-activated TiO, quantum dots at room
temperature (~22°C). UV exposure generates holes that drive the
photocatalytic oxidation of C,HsOH, leading to the elimination of
these holes and influx of electrons into the conduction band [17-
19]. This process alters the electrical and optical characteristics of
TiO, nanoparticles. Under 365 nm UV light, electron-hole pairs
are produced, and the subsequent removal of holes by C,H;OH
gas results in the accumulation of electrons in the conduction
band, as depicted in Fig. 2 (a). Fig. 2 (b) shows the resistance
changes under three distinct conditions: (i) resistance variation
due to UV exposure without C,H;OH, (ii) resistance variation due
to 1,000 parts-per-million (ppm) C,HsOH exposure in the absence
of UV light, and (iii) resistance variation due to 1,000 ppm
C,H;sOH exposure under UV illumination. Under condition (i), the
UV-generated electrons in the conduction band cause a reduction
in resistance, which is then recovered once the UV light is
removed. In condition (ii), exposure to 1,000 ppm C,HsOH in the
dark leads to an increase in resistance from 1.5 x 10° Q to 1.17 x
10" Q, attributed to C,H;OH absorption in the sample film [20].
In condition (iii), exposure to C,HsOH under UV light causes a
significant decrease in resistance from 1.1 x 10° Q to 7.8 x 10° Q.
This indicates that the reaction mechanism is influenced by the
presence of UV light, with the interaction between C,Hs;OH and
electrons being more pronounced than C,H;OH absorption in the

sample film in the presence of UV light.
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Fig. 2. (a) Gas sensing and recovery mechanisms of the TiO, UV gas
sensor. (b) (i) Change in resistance when switching the UV
light on and off without solvent gas at a flux density of 46
mW/cm?; (i) change in resistance when adding C,Hs;OH
(1,000 ppm) and ventilating the chamber without UV light;
and (iii) change in resistance when adding C,HsOH (1,000
ppm) and ventilating the chamber while irradiating with UV
light. Reprinted with permission from Ref. [21] © 2021
American Chemical Society. (c¢) Preparation process for h-
TiO,/Pd NS. (d) Pd/h-TiO, NS sensor current toward hydro-
gen with different light wavelengths at 30°C and 1,000 ppm
hydrogen. (¢) Pd/h-TiO, NS sensor response toward hydrogen
(500-10,000 ppm). (f) Calibration curve for hydrogen (500—
10,000 ppm) with 365 nm light at 80°C and under dark con-
ditions at 100°C under a 9 V bias. Reprinted with permission
from Ref. [22] © 2024 American Chemical Society

Fig. 2 (c) shows the fabrication process of hollow TiO,
nanospheres (h-TiO, NS) with Pd nanoparticles deposited on their
surfaces. The response of these Pd/h-TiO, NS structures to 1,000
ppm of hydrogen gas was evaluated under various wavelengths
(365, 490, 565, and 625 nm) and dark conditions (Fig. 2 (d)). The
wavelength of 365 nm was the most effective, showing a rapid
response with a factor of 1.55. Fig. 2 (e) compares the hydrogen
sensing performance at concentrations between 500 and 10,000
ppm under 365 nm UV light at 80°C and in dark conditions at
100°C. These data clearly demonstrate that UV irradiation
significantly improves hydrogen detection. Additionally, the R?
value calculated to assess linearity under 365 nm UV light at 80°C
indicates a detection limit as low as 17 parts-per-billion (ppb) (Fig.

2 ().

3.2 1-Dimensional Photoactive Sensing Materials

Fig. 3 (a) shows the fabrication process of the gas sensors using
TiO, nanoparticles (NPs), ZnO hemitubes (HTs), and ZnO
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Fig. 3. (a) Fabrication of gas sensors consisting of ZnO hemitubes
(HTs) and nanotubes (NTs) covered with TiO, nanoparticles
(NPs). (b) (1, 5) Confocal microscopy images of gas sensors
consisting of ZnO HTs and ZnO NTs covered with TiO, NPs,
respectively; (2, 6) high magnification images; (3) resistance
of ZnO HTs and ZnO NTs covered with TiO, NPs gas sensors
in response to different NO, concentrations with and without
UV illumination, respectively; (4, 8) resistance of ZnO HTs
and ZnO NTs covered with TiO, NPs gas sensors to 25 ppm
of NO,, respectively. Reprinted with permission from Ref.
[28] © 2020 by the authors. Licensee: MDPI, Basel, Swit-
zerland. (¢) Scanning electron microscope (SEM) images of
the SnO,/ZnO composite heterojunction. (d) I-V polarization
curves of the SnO,/ZnO composite heterojunction material
under different light sources. (¢) Comparison of the response
of the SnO,/Zn0O heterojunction-based sensor to HCHO with
other potential interferences, each at 50 ppm, under 365 nm
light illumination, and with humidity at RH = 40%.
Reprinted with permission from Ref. [29] © 2019 Li, Gu,
Yang, Du, and Li.

nanotubes (NTs). Figs. 3 (b)-(1), (2), and (5), (6) show the
structures of ZnO HTs and ZnO NTs, respectively, revealing that
ZnO NTs possess a higher density than ZnO HTs. This structural
difference allows the detection of resistance changes in the gas
sensor owing to the multinetwork semiconductor material. The
response of the sensor to varying concentrations of NO, gas under
365 nm UV light and dark conditions was tested (Figs. 3 (b)-(3),
(7)). The ZnO HTs exhibited responses of 105, 108, 123, and
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116% at NO, concentrations of 5, 10, 25, and 50 ppm,
respectively (Fig. 3 (b)-(3)). In contrast, the response of ZnO NTs
was lower at the same concentration (Fig. 3 (b)-(7)).

The higher gas sensitivity of ZnO HTs can be attributed to two
main factors. First, ZnO HTs have more oxygen vacancy-related
defects than ZnO NTs, providing more active sites for gas
interactions and enhancing gas sensitivity [23-25]. This structure
allowed oxygen ions to adsorb and desorb more easily. Second,
the thinner walls of ZnO HTs result in a larger depletion layer and
higher sensitivity [26]. Consequently, the sensors made from ZnO
HTs exhibited a response 1.2 times higher than those made from
ZnO NTs at 25 ppm NO,. However, the sensors did not respond
to room temperature (~22°C) without UV illumination. The gas-
sensing characteristics of 25 ppm NO, were further examined
(Figs. 3 (b)-(4), (8)). The response and recovery times for the
ZnO-HT gas sensors were 27 and 132 s, respectively (Fig. 3 (b)-
(4)), whereas those for the ZnO-NT gas sensors were 19 and 191
s, respectively (Fig. 3 (b)-(8)). Although the ZnO HTs have a
faster overall gas response, their recovery time is longer than that
of the ZnO NTs. The higher density and grain boundary density of
the ZnO NTs led to a slower gas response than that of the ZnO
HTs, which have a lower density. Thus, a high surface area and
low grain boundary density can enhance the sensitivity of gas
sensors [27].

Fig. 3 (c) shows the porous microstructure of the composite
Sn0O,/Zn0O heterojunction nanofibers. The I-V polarization curves
of these nanofibers were examined at different wavelengths (365,
395, and 405 nm) and in the dark (Fig. 3 (d)). The photocurrent
increases as the wavelength decreases. Fig. 3 (e) presents the
sensor response of Sn0,/ZnO nanofibers to 50 ppm of
formaldehyde (HCHO), benzene (C¢Hs), (CH;),CO, toluene
(CHsCH3), methanol (CH;0H), and C,HsOH under UV
irradiation and at a high temperature of 375°C. In the absence of
light, the sensor exhibited a strong response to (CH;),CO at
375°C, indicating the low selectivity. However, under UV
irradiation at room temperature (~22°C), the sensor exhibited a
high response to HCHO with improved selectivity to the gas. This
suggests that UV activation allows the sensor to operate
effectively at room temperature (~22°C) while maintaining a high

selectivity.

3.3 2-Dimensional Photoactive Sensing Materials

As discussed above, zero-dimensional (0D) and one-
dimensional (1D) nanostructures exhibit significant potential as

photoactive sensors. However, their long-term stability remains a
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Fig. 4. (a) TEM image of PSC ZnO nanosheet and (b) HRTEM
image of PSC ZnO nanosheet (c) Sensor responses to dif-
ferent C,H;OH concentrations under UV light. (d) UV-acti-
vated sensing mechanism. Reprinted with permission from
Ref. [34] ©2017 The Institution of Engineering and Tech-
nology. (¢) SEM image of the 3-Zn(OH), precursor. (f) Sens-
ing response profiles of the sensors fabricated from ZnO
nanosheets and commercial ZnO to 1000 ppm (0.1%) of CH,
in the dark and under UV irradiation. (g) Gibbs free energy
diagrams for CH, dissociation on ZnO slab with and without
oxygen vacancies. Reprinted with permission from Ref. [35]
© 2021 Elsevier B.V. All rights reserved.

challenge. To overcome this problem, Meng et al. developed a
gas-sensing material based on two-dimensional (2D) nanosheets.
Specifically, they used porous single-crystalline (PSC) nanosheets
as the active layer in a gas sensor to improve both the sensitivity
and long-term stability [30]. Figs. 4 (a)-(d) illustrate the
development of a ZnO gas sensor based on PSC activated by UV
light at room temperature (~22°C). The transmission electron
microscope (TEM) images of the PSC ZnO nanosheets reveal
their porous structure (Fig. 4 (a)), while the high-resolution TEM
(HRTEM) images show a consistent lattice pattern across the
nanosheets (Fig. 4 (b)). Under UV irradiation, Fig. 4 (c) presents
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the response of the sensor to various C,Hs;OH concentrations at
room temperature (~22°C) under UV irradiation. In the absence of
light, the sensor showed a minimal response to C,H;OH, whereas
under UV exposure, a pronounced electric-current response was
observed. This performance surpasses that of previously reported
1D UV-activated ZnO nanofiber sensors at room temperature
(~22°C) [31,32]. This superior response was attributed to the
larger contact area with the gas molecules in the 2D
nanostructures and the increased number of active sites provided
by the PSC structure.

Fig. 4 (d) shows the UV activation mechanism of the PSC ZnO
nanosheets. ZnO, an n-type semiconductor with electrons as
charge carriers, adsorbs oxygen onto its surface (Fig. 4 (d)-i). UV
with  the
photoelectrons captured by the adsorbed oxygen, forming O,

irradiation  generates photoelectrons and holes,
(Fig. 4 (d)-ii). This decreases the number of surface electrons,
deepens the depletion layer, and reduces surface conductivity.
When C,H;OH molecules were introduced, they reacted with the
oxygen anions, releasing the captured electrons back into ZnO
(Fig. 4 (d)-iii). This resulted in a reduced depletion-layer depth
and increased surface conductivity. Consequently, UV activation
enhances the response of the sensor to the target gases, reduces
power consumption, and improves its stability against flammable
and explosive gases.

Figs. 4 (e)-(g) further illustrate the enhanced methane (CH,)
sensing characteristics of the nanosheet structures due to the
incorporation of abundant surface oxygen vacancies (V,) and
improved photoactivation. Mesoporous ZnO nanosheets were
synthesized from 3-Zn(OH), nanosheets via thermal conversion at
200°C (Fig. 4 (e)). The sensing performance of the mesoporous
ZnO nanosheets was compared with that of commercial ZnO
nanoparticles under both dark and UV-irradiated conditions with
1,000 ppm CH, (Fig. 4 (f)). In the dark, both sensors showed no
response; however, under UV light, a response was observed, with
the mesoporous ZnO nanosheets exhibiting a higher sensitivity
relative to commercial ZnO nanoparticles. This improved
sensitivity was attributed to the higher surface area and enhanced
charge separation from V, [33]. Fig. 4 (g) shows the CH,-
dissociation energy barriers and diagrams for the ZnO (100)
surface with and without surface V.. It was found that the Gibbs
free energy for CH, dissociation is 0.35 eV lower on ZnO slabs
with V, compared to those without V,. The presence of abundant
V, on the mesoporous ZnO nanosheets facilitates the formation of
Zn'/O" pairs and promotes the dissociation of CH, into CH; and
H, enhancing photocatalytic oxidation and resulting in higher

detection performance under UV illumination. These findings

underscore the importance of the crystal structure, surface area,
and presence of V, in influencing the photoactivity and sensitivity

of gas sensors.

3.4 3-Dimensional Photoactive Sensing Materials

As previously noted, extensive research has been conducted on
photoactive gas sensors across the zero, one, and two dimensions,
focusing on achieving high gas sensitivity under photoactivation
at low temperatures. However, studies emphasizing structural
features to maximize photoelectron properties remain limited in
terms of uniformity and light utilization [36-42]. Fig. 5
demonstrates that the highly ordered three-dimensional (3D)
porous TiO, nanostructures utilize multiple scattering effects to
enhance light utilization and exhibit a superior gas response. The
3D TiO, structures were fabricated on Pt interdigitated electrodes
using the proximity-field nanopatterning technology [43] (Fig. 5
(a)). Fig. 5 (b) shows the gas-response differences among various
TiO, structures—pristine film (PF), colloidal particle (CP), inverse
opal (I0), and 3D structures—under exposure to 50 ppm
(CH5),CO at 400°C. The PF and CP structures exhibit minimal
responses owing to limited gas access, whereas the 10 structure
shows significantly improved sensitivity as gases can reach the
bottom of the nanostructures. The 3D TiO, structure further
enhanced the gas response owing to its optimized interneck
thickness and complete gas access to its base, demonstrating a
higher gas reactivity owing to its periodic structure.

Fig. 5 (c) illustrates the NO, gas-sensing system under UV LED
illumination. Figs. 5 (d) and 5 (e) highlight three critical aspects
of the 3D TiO, structure with 600 nm periodicity. Fig. 5 (d)
presents the 1) utility factor and ii) transducer function. The body-
centered tetragonal unit cell of 3D TiO, comprises a hollow
ellipsoid core connected by eight internecks, facilitating gas
access to both the internal and external surfaces ((i) utility factor)
[44]. The hollow tubular structure significantly enhanced the
collision frequency of NO, gas molecules. These eight internecks
narrow the conduction channels because of the formation of a
Schottky junction in the depletion layer created by ionized oxygen
adsorption ((ii) transducer function) [45]. Fig. 5 (e) shows that
additional light scattering by the 3D nanostructures maximizes the
photoactivity, leading to the generation of numerous
photoelectron-hole pairs ((iii) receptor function). Figs. 5 (f) and 5
(g) compare the responses of planar TiO, thin films and 3D TiO,
structures to 5 ppm NO, at room temperature (~22°C) under UV
and dark conditions, respectively. The planar TiO, films showed a

minimal response in darkness and a slight increase under UV
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patterned on SiO,/Si substrates, along with the gas-sensing
measurement system. (d) Highly periodic TiO, nanonetworks
for effective NO, gas permeation and (e) light-scattering
effects induced by 3D nanostructures that enhance the elec-
tromagnetic field of the incident UV light. Resistance change
plots of (f) planar TiO, thin film and (g) 3D TiO, with and
without UV illumination. (h) Gas responses of 3D TiO, as a
function of the TiO, thin-shell thickness with and without UV
illumination. Reprinted with permission from Ref. [11] ©
2020 The Authors. Published by Wiley VCH GmbH.

illumination (Fig. 5 (f)), whereas the 3D TiO, structures
demonstrated a notable response even in darkness, with
significantly enhanced sensitivity under UV light (Fig. 5 (g)). The
base resistance also decreases under UV irradiation owing to the
generation of photoelectron-hole pairs. This indicates that the high
surface area and periodicity of the 3D TiO, structure contributed
to the maximized photoactivity and improved gas response.
However, when the shell thickness of 3D TiO, exceeded 70 nm,
the gas response decreased because of the reduced porosity,
although it improved beyond this thickness (Fig. 5 (h)). This
suggests that below 70 nm, the gas response is more influenced by
the porosity, whereas above 70 nm, light-scattering effects
dominate. Thus, both structural dimensions and photoactivation
levels are crucial for effective gas sensing.

The inherent issue of low selectivity in semiconductor oxide-
based gas sensors can be addressed using strategies such as

decorating the surface of the sensing materials with catalytic
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nanoparticles or coating them with gas-filtering membranes that
possess pores specifically designed to selectively permit only
target gas molecules to pass through. Fig. 6 presents a strategy for
improving the gas selectivity of the 3D-nanostructured sensing
layers. In general, photoactive nanomaterials (e.g., ZnO, TiO,, and
titanium nitride (TiN)) enhance the decomposition performance
and chemical sensing capabilities [47-50]. However, the random
aggregation of nanostructures can reduce device durability and
reproducibility. Fig. 6 (a) illustrates a potential solution for
fabricating 3D TiO, with highly active nanocatalysts to enhance
electrochemical reactions. The 3D TiO, was decorated with metal-
ion precursors (platinum (Pt)*’, palladium (Pd)*, nickel (Ni)*,
and cobalt (Co)*") which can be transformed into polyelemental
forms through an active photothermal effect when treated with
intense pulsed light. The formation of nanosized, polyelemental
nanocatalysts was attributed to the controlled coating of the
precursors and rapid thermal treatments to minimize nanoparticle
agglomeration and overcome instability due to their high surface
energy. Figs. 6 (b)-(d) compare the gas responses toward common
volatile organic compounds at 10 ppm under 5 V with and without
metal nanoparticles. Fig. 6 (b) shows that the 3D TiO, without
metal nanoparticles responded well to most gases, except CsHg but
lacked selectivity for specific gases. After stabilizing the Pt and
PtPd nanoparticles on the surface, a slight increase in the response
to NO,, H,S, and C;H4O was observed; however, no significant
improvements were noted. The addition of Ni improved the
selectivity for hydrogen sulphide (H,S) by accelerating the
dissociation of chemically bonded oxygen species (O™, 0", O,) on
the TiO, surface (Fig. 6 (d)), demonstrating that the selectivity can
be adjusted by varying the type of precursor used.

Fig. 6 (e) shows the hierarchical nanostructures (HNS) of 3D
ZnO/ZIF-8, where a ZIF-8 layer is coated on a ZnO thin shell.
This configuration provides additional light scattering effects and
enhances gas selectivity due to the micro- and nanoscale pores
(3.4 A) of ZIF-8. Fig. 6 (f) shows SEM images of the 3D ZnO/
ZIF-8 HNS, which retained a periodically ordered structure
despite the ZIF-8 coating. The TEM images confirm the uniform
formation of a ZIF-8 layer on the ZnO film surface. Fig. 6 (g)
shows the changes in gas selectivity with varying ZIF-8 thickness
under UV illumination at room temperature (~22°C). NO,,
C,Hs;OH, (CH;),CO, and C4HsCH;gases
diameters of 3.3, 4.3, 4.7, and 5.7 A [51,52], respectively. With a
ZIF-8 pore size of 3.4 A [53], the sensor shows the highest

selectivity for NO,, with a concentration of 0.1 ppm compared to

have molecular

1 ppm for other gases. This demonstrates that NO,, which is
smaller than the ZIF-8 pores, exhibits higher reactivity.
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Fig. 6. (a) PtPdNiCo NPs@TiO, fabrication process driven by the
intensive pulsed-light (IPL) method. Calculated responses
(sensitivity) of (b) 3D TiO,, (¢) PtPd@TiO,, and (d) PtPd-
NiCo@TiO, to six different gases: NO,, ammonia, H,S, CsHs,
and C;H4O. Reprinted with permission from Ref. [54] © The
Royal Society of Chemistry 2023. (e) 3D ZnO/ zeolitic-imid-
azolate frameworks (ZIF-8) hierarchical nanostructures
(HNS) on Pt IDEs patterned on SiO,/Si substrates, the geo-
metric advantages of 3D ZnO/ZIF-8 HNS for detecting gas
molecules, and the conceptualization of the role of the ZIF-8
layer on the ZnO film. (f) Cross-sectional SEM and TEM
images of the fabricated 3D ZnO/ZIF-8 HNS (ZnO thin-shell
thickness: 50 nm, ZIF-8 conversion time: 30 min). (g) Gas-
selectivity analysis of 3D ZnO/ZIF-8 HNS with different ZIF-
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performance of 3D ZnO (50 nm)/ZIF-8 30 min toward dif-
ferent concentrations of NO,. (i) Linear fit of the responses as
a function of NO, concentration. Reprinted with permission
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Additionally, the sensor exhibited a theoretical detection limit of
375 parts-per-trillion (ppt) at low concentrations, indicating that
the ZIF-8 layer enables detection below ppb levels (Fig. 6 (i)).
Overall, 3D structures not only provide more active sites and
utilize light more efficiently because of enhanced scattering but
also enhance the sensitivity and selectivity of gas sensors by

decorating with metal nanoparticles or coating with additional

281

molecular sieving layers.

In this section, we briefly discussed the impact of structural
dimensions on photoactivated gas sensors, emphasizing the
critical role that dimensionality plays in determining the
performance and efficiency of these devices. As the structure
transitions from 0D to 3D, there is a marked improvement in the
light absorption, gas interaction, and overall gas responses. While
0D materials such as quantum dots provide high sensitivity owing
to their large surface area, they face challenges in terms of light
utilization and gas accessibility. Conversely, 3D structures such as
porous nanostructures can be beneficial for optimizing light
scattering and surface area, leading to a significantly enhanced
gas-sensing performance, particularly when working at lower
power levels. The incorporation of metal nanoparticles and
advanced nanostructuring further boosts photoactive properties,
resulting in highly selective and sensitive gas sensors. These
findings highlight the importance of tailoring structural
dimensions to optimize photoactivation, paving the way for more
efficient, and high-performance

low-power, gas-sensing

technologies.

4. UV pLED INTEGRATED GAS SENSORS

The previous section discussed the photoactivity and selectivity
improvements that result from structural modifications. In
addition, the adoption of UV micro-LEDs (ULEDs) for light
irradiation has facilitated gas detection with substantially lower
power consumption compared to conventional lamps
commercial LEDs [56,57]. These pLEDs present a viable

alternative to traditional microheater-based methods, which

or

require milliwatt-level power, involve complex fabrication
[58,59], and are associated with high costs and safety risks due to
material degradation [60]. As discussed previously, photoactivated
sensing technologies allow the detection of gases at room
temperature (~22°C), thereby mitigating thermal damage to the
sensor platform. Photon irradiation enhances the sensor sensitivity
and gas adsorption by increasing the generation of electron-hole
pairs on the surfaces of semiconductor metal oxides (SMOs),
thereby promoting redox reactions [56,57]. Future advancements
will likely focus on combining UV technologies with highly
selective gas sensors to further reduce power consumption and
sensor size [61-63]. With their compact dimensions (< (100 x
100) um?), high luminous efficiency, portability, stability, and
rapid response times, pLEDs are emerging as key technologies for

applications in next-generation displays, optical communications,
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Fig. 7. Proposed monolithic photoactivated gas sensors on a uLP: (a)
top view and (b) cross-sectional view. (¢) 0.25-2 ppm NO,
sensing performance of the photoactivated gas sensor on 30-
uLP. All tests were conducted under an operating power of
~190 uW. Reprinted with permission from Ref. [61] © 2020
American Chemical Society. (d) Structure and sensing mech-
anism of the UV puLED gas sensor. (¢) 3D images of (i) the
laminated structure of the uLED gas sensing platform and (ii)
GLAD In,O; coated with noble metal NPs deposited on the
WULED array platform. (f) Gas responses at various pLED pow-
ers for 5 ppm NO, (N), 100 ppm C,H;OH (E), 50 ppm
(CH;),CO (A), and 100 ppm CH;OH (M). Reprinted with per-
mission from Ref. [80] © 2022 American Chemical Society.

and biomedicine [64-68].

Fig. 7 (a) outlines the schematic structure of a pLED-based
photoactive gas sensor, which includes two p-n contact electrodes
to drive the pLEDs and two cross or parallel electrodes to measure
the gas-sensing signals. The pLED platform (uLP) features a
peak-emission wavelength of 390 nm, and various emission-area
structures were designed to analyze how LED size affects power
efficiency and detection performance. Fig. 7 (b) shows the cross-
sectional structure of a monolithic, photoactive sensor based on
gallium nitride (GaN) pLEDs. In this structure, a 200 nm thick
indium tin oxide layer is applied to the p-GaN layer for the ohmic

J. Sens. Sci. Technol. Vol. 33, No. 5, 2024

contact. Electrical insulation between the LED and sensor
electrodes was achieved using a 500 nm thick silicon dioxide
(Si0,) layer deposited via chemical vapor deposition. The sensing
material used was sequentially synthesized ZnO nanowires,
chosen for their excellent gas diffusion, superior photocatalytic
properties, low electronic bandgap, and simple synthesis process
[69-71]. The bandgap of ZnO is 3.2 eV at room temperature
(~22°C), with an emission wavelength of approximately 387 nm,
which matches the emission wavelength of the designed pLEDs
[56]. The nLEDs are fabricated using precision micro-fabrication
techniques. Fig. 7 (c) demonstrates the testing of NO, gas using a
30-uLP setup. Testing was conducted at an optimal operating
power close to approximately 190 pW. The results exhibit clear
detection responses and excellent recovery characteristics across a
range of NO, gas concentrations from 0.25 to 2 ppm, highlighting
the superior performance of the 30-uLP sensor.

Figs. 7 (d) and (e) further illustrate the development of an ultra-
low-power e-nose system based on multiple UV-uLED gas
sensors. Fig. 7 (d) shows the fabrication of pnLEDs using a 395 nm
wavelength ultraviolet-emitting GaN sapphire wafer, with a dual
SiO, insulating layer applied to prevent electrical shorting. To
maximize the light-extraction efficiency and internal quantum
efficiency of LEDs, patterned sapphire substrate technology has
been introduced [72]. Various pLED sizes were analyzed, leading
to the selection of an optimized 50 x 50 pum’ puLED. Porous
nanocolumnar In,O; films were deposited onto the pLEDs using
the glancing-angle-deposition (GLAD) process for use as gas-
sensing materials. To further enhance the performance of the
photoactive gas sensors, plasmonic noble-metal NPs were coated
onto the GLAD In,0; surface via e-beam evaporation.

Fig. 7 (d) (right) describes the NO, gas-sensing mechanism
under pLED illumination. In dark conditions, oxygen molecules
(0,) adsorb onto the metal oxide surface to form oxygen ions
(Oy)). Upon exposure to light with wavelengths between 250 and
450 nm, photo-generated electron-hole pairs (ef(phom)fhﬂplm)) are
created, significantly increasing charge density and electrical
conductivity [73]. The photogenerated holes (h” o) Teact with
the adsorbed oxygen ions (Oyqg)) to release oxygen molecules
(0,). These released oxygen molecules react with the
photogenerated electrons to form more reactive photoadsorbed
oxygen ions (Oypnooy). When oxidative gases such as NO,
approach, they either capture electrons from the photoadsorbed
oxygen ions or directly from the conduction band of the metal
oxide, leading to increased resistance as the electron concentration
decreases [33]. The photogenerated electron-hole pairs activate

the reactive sites on the semiconductor metal-oxide surface,
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accelerating the adsorption of NO, and desorption of O, and
significantly enhancing the sensor response and recovery rates.
Additionally, the LSPR phenomenon [74-77] induced by
plasmonic NPs generates strong electric fields and energetic
electrons, further improving sensor responsiveness and recovery
rates by providing additional charge carriers [78]. Fig. 7 (e)
illustrates the layered structure of the LED gas sensor and a 3D
schematic of the sensor chip. The single sensor chip features a 2
x 2 array of four nLEDs, emitting UV light from the bottom,
which enhances interaction with the gas-detection material. The
bottom illumination method improves gas detection by increasing
the concentration of photogenerated electrons near the GLAD
In,O; nanocolumns, leading to shorter travel paths, reduced
resistance, and faster response and recovery rates [79]. Fig. 7 (f)
analyzes the gas responses of various gases in relation to the
ULED power, aiming to determine the optimal operating
conditions and evaluate the impact of metal NP coatings on gas-
sensor performance. The experiment examined the pLED power
variation for 5 ppm NO,, 100 ppm C,H;OH, 50 ppm (CH;),CO,
and 100 ppm CH;OH. Oxidative gases, such as NO, draw
electrons from the surface of In,0s, reducing conductivity [33],
while reducing volatile organic compounds (VOCs), such as
C,H;0H, (CH;),CO, and CH;OH, which react with oxygen ions
and increase conductivity. For NO,, the maximum response was
observed at an intermediate power of 1 uW, whereas the response
of VOC gases increased monotonically with higher pLED power.
However, when pLED power exceeded 1 pW, the response to
NO, decreased, and VOC gases similarly showed a bell-shaped
response trend. Specifically, at 1 uW, the gas response for 5 ppm
NO, was 5.2 for bare In,0;, 253.2 for Ag NP-coated In,O;, and
571.6 (Ra/Ro) for Au NP-coated In,O;, demonstrating that metal
NP coatings increased the gas response by more than 100 times.
The NP-coated sensors generally exhibited higher responses to
VOC gases.

The optimal pLED operating condition was a 3.0 V forward
bias, which enabled the detection of both oxidative and reductive
gases, with a total sensor power consumption of only 0.38 mW.
The pLED-based e-nose system proposed in this study
demonstrates  significant performance improvements over
conventional heater-based systems through ultra-low power
consumption and high sensitivity. The integration of pLEDs with
gas sensors maximizes energy efficiency and opens new
possibilities for mobile applications in Internet-of-Things (IoT)
technology. Additionally, the small UV-emission area and room-
temperature (~22°C) operation of LEDs make the system

environmentally friendly and minimize the impact on users and

their surroundings, highlighting the potential of LED integration
as a key element in next-generation, ultralow-power IoT systems.

In this section, we discussed the integration of UV p-LEDs in
gas sensors, highlighting their role in achieving ultralow-power
consumption while enhancing photoactivity and selectivity. The
development of an e-nose system based on multiple UV-uLED
gas sensors demonstrates significant advancements over
traditional systems, including improved light absorption, gas
interaction, and sensor responsiveness. The integration of metal
nanoparticles and nanostructuring techniques, such as GLAD
In,O; films, further enhances their photoactive properties,
leading to highly selective and sensitive gas sensors. The
PLEDs, with their small UV emission area and room-
temperature (~22°C) operation, offer an environmentally
friendly and energy-efficient solution for gas sensors in mobile

IoT applications.

5. CONCLUSIONS

With growing global emphasis on energy efficiency, the
demand for gas sensors with high sensitivity, selectivity, and low-
power operation is rapidly increasing [81]. To meet these
requirements, research on photoactivated chemiresistors,
particularly those based on metal-oxide semiconductors, has
intensified. However, longstanding challenges such as insufficient
sensitivity at near-room temperatures (~22°C) and poor stability
against humidity remain unresolved. Nanostructuring has
emerged as a key strategy to address these issues with the
development of advanced nanostructures such as nanoparticles,
nanowires, nanorods, and highly periodic 3D architectures, which
play a pivotal role in enhancing the surface area and improving
Additionally,

techniques such as catalytic doping, heterostructure formation,

the sensor response capabilities. advanced

and hybridization have been extensively explored to
revolutionize the sensor performance. The integration of these
with  micro-LED

technology paves the way for the development of ultralow-

innovative  nanostructuring  approaches
power, high-performance gas sensors—positioning them as
promising solutions for future practical and diverse applications.
Therefore, continued research on these materials and
technologies is expected to drive transformative advancements
toward the realization of next-generation energy-efficient gas
sensors. This review provides a comprehensive overview of
recent research trends in these areas and proposes potential

directions for future research.
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