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of the most widely used applications. In 
addition, mobile gas monitoring is being 
widely applied in the manufacturing, agri-
culture, automotive, and healthcare indus-
tries. In order to meet these needs, gas 
sensing devices are required to be more 
sensitive, compact, simple to measure, 
and inexpensive. Primarily, it should 
consume electrical energy as low as pos-
sible to be combined in battery-driven or 
photovoltaic-powered mobile systems. 
Current low-power gas sensing technolo-
gies can be summarized as the following 
categories; 1) MEMS/NEMS (Micro/Nano-
electro-mechanical systems)-based chem-
oresistive gas sensors,[1–8] 2) nanoscale 
self-heated chemoresistive gas sensors,[9–12] 
3) room-temperature chemoresistive gas 
sensors,[13–15] 4) self-powered piezoelectric/
optical gas sensors,[16–19] and 5) mono-
lithic photoactivated chemoresistive gas 
sensors.[20–22] Among them, monolithic 
photoactivated gas sensors have recently 
emerged and been spotlighted for their 
low power consumption, high sensitivity, 

excellent stability, compact size, and mass-producibility. Mono-
lithic photoactivated gas sensors are directly mounted on the 
light sources such as light emitting diodes (LED). Such sensors 
could significantly improve the light energy transfer efficiency 
by reducing the distance between the sensing material and 
the light source through flip-chip integration or direct surface 
integration. In our previous work, we introduced a highly min-
iaturized photoactivated gas sensor, integrated on a low-power 
ultra-violet (UV) micro-LED platform (µLP).[23] The peak wave-
length of µLPs was near UV region (λpeak = 390 nm) to match 
with the absorption band of the sensing material (ZnO nano-
wire). Through miniaturization, our sensor showed a record low 
power consumption (≈187 µW) and comparable sensing perfor-
mance with previous chemoresistive gas sensors. However, the-
oretically, gallium nitride (GaN)-based LEDs show the highest 
energy conversion efficiency not in the ultraviolet but in the blue 
regime (λ  = 430–450  nm). It has been demonstrated that the 
energy efficiency of GaN LEDs is lower at the shorter emission 
wavelengths, which is mainly caused by the poor quality and 
self-absorption of InGaN epi-layers of UV LEDs grown by the 
metal organic chemical vapor deposition (MOCVD) process.[24]

In this paper, a highly energy-efficient photoactivated gas 
sensor based on the blue µLP (λpeak = 435 nm) is introduced to 

Photoactivated gas sensors that are fully integrated with micro light-emitting 
diodes (µLED) have shown great potential to substitute conventional micro/
nano-electromechanical (M/NEMS) gas sensors owing to their low power 
consumption, high mechanical stability, and mass-producibility. Previous 
photoactivated gas sensors mostly have utilized ultra-violet (UV) light 
(250–400 nm) for activating high-bandgap metal oxides, although energy 
conversion efficiencies of gallium nitride (GaN) LEDs are maximized in the 
blue range (430–470 nm). This study presents a more advanced monolithic 
photoactivated gas sensor based on a nanowatt-level, ultra-low-power blue 
(λpeak = 435 nm) µLED platform (µLP). To promote the blue light absorb-
ance of the sensing material, plasmonic silver (Ag) nanoparticles (NPs) are 
uniformly coated on porous indium oxide (In2O3) thin films. By the plasmonic 
effect, Ag NPs absorb the blue light and spontaneously transfer excited 
hot electrons to the surface of In2O3. Consequently, high external quantum 
efficiency (EQE, ≈17.3%) and sensor response (ΔR/R0 (%) = 1319%) to 1 ppm 
NO2 gas can be achieved with a small power consumption of 63 nW. There-
fore, it is highly expected to realize various practical applications of mobile 
gas sensors such as personal environmental monitoring devices, smart facto-
ries, farms, and home appliances.
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1. Introduction

Nowadays, there are various emerging applications of mobile 
gas sensing technology combined with the internet of things 
(IoT) technology. For example, personalized gas alarm systems 
that can detect atmospheric pollutants or toxic fumes are one 
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dramatically reduce the power consumption for the sensor oper-
ation. Figure 1a shows the schematic illustration of the sensor 
structure. A semiconductor metal oxide (SMO) sensing mate-
rial is irradiated from the bottom of the sensor platform where 
a µLED is embedded. It has two p−n contact electrodes for oper-
ating the LED and two interdigitated electrodes for measuring 
the gas sensing signal. Meanwhile, further consideration about 
the coupling of the emission spectrum of LED and the light 
absorbance of SMOs is necessary. General wide-bandgap SMOs 
such as SnO2, In2O3, ZnO, and TiO2 have very low absorbance 
in the range of visible light (Figure 1b-(i)). In this study, silver 
(Ag) nanoparticles (NPs) were coated on the surface of SMOs 
to promote the photoactivation in the blue range. According 
to recent discoveries, plasmonic metal NPs can generate hot-
electrons under photo-illumination.[25] Following light absorp-
tion and localized surface plasmon resonance (LSPR) excitation 
in the metal NPs, electromagnetic decay takes place on a femto-
second timescale, either radiatively through re-emitted photons 
or non-radiatively by transferring the energy to hot electrons.[26] 
Hot electrons with energies higher than the Schottky barrier 
energy (ϕSB) can be injected into the SMO. Here, the energy 

needed for hot electrons to overcome the energy barrier is con-
siderably smaller than the bandgap (Eg) of SMOs.[27–28] Espe-
cially, Ag NPs show very high optical extinction at the blue 
light (430–460 nm) among various plasmonic metal NPs. Lastly, 
In2O3 (electron affinity, X   ≈  5  eV), which has a low junction 
barrier with Ag (work function, ϕm ≈4.26–4.74 eV), is utilized as 
a gas-sensing material (Figure 1b-(ii)). Porous In2O3 films were 
prepared through a wafer-scale, vacuum physical-vapor-deposi-
tion method (i.e., sputtering with a high-purity material source) 
and uniformly decorated by Ag NPs through the e-beam evapo-
ration process. In particular, glancing angle deposition (GLAD) 
technique was utilized for the deposition of porous nanoco-
lumnar metal oxides. GLAD is a technique where the direction 
of vapor flux impinging on a substrate is inclined.[29] By the 
nanoscale shadowing effect, porous, columnar, and granular 
metal oxide films can be formed. This paper comprehensively 
investigates the light-emitting performance, sensing perfor-
mance of the fabricated sensor, and the effect of Ag NPs. As 
consequence, a high external quantum efficiency (EQE, ≈17.3%) 
and a high sensor response (ΔR/R0 (%) = 1319%) to 1 ppm NO2 
gas with a power consumption of 63 nW could be achieved.
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Figure 1. a) Schematic illustrations of a blue µLED-based gas sensor. b) An electronic band structure of (i) a pristine In2O3 and (ii) an Ag NP-In2O3 
junction under blue light illumination. Comparison of c) irradiance (W/cm2) and d) external quantum efficiency (%) between fabricated blue and UV 
µLEDs depending on the input electrical power. An inset image in (c) shows a blue-emitting LED with forward bias = 3 V. e) Temperature mapping of 
the fabricated blue µLP with different forward bias (2, 3, and 4 V) and maximum temperatures on the mapping image according to the LED forward 
bias (0.5–4 V).
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2. Results and Discussion

2.1. Energy Efficiency of the Fabricated µLP

The light–current–voltage (L–I–V) measurements were per-
formed to evaluate the electrical and optical properties of fab-
ricated blue µLPs (Figure  1c–e). In Figure S1a.b (Supporting 
Information), the electrical power densities of blue µLP were 
obtained by measuring the I–V characteristics with a forward 
voltage ranging from 0 to 4  V. Turn-on voltage was meas-
ured ≈2 V. Also, the irradiance (W cm−2) of the blue µLP was 
obtained by the electroluminescence measurement. Irradi-
ances of the blue µLP are higher than those of the UV µLP 
in Figure  1c at the low power range (sub-milliwatt). The inset 
image in Figure  1c shows the illuminating µLP by applying a 
forward bias of 3.0 V. Blue emission of the fabricated µLP can 
be visually confirmed. Furthermore, the maximum EQE of 
blue µLP is ≈17.4%, which is 2.38 times higher than that of UV 
µLP (7.3%), as shown in Figure 1d. As mentioned before, these 
improvements in blue µLEDs are majorly attributed to the 
high-quality epi-layers of MOCVD GaN.

In addition to the light intensity, the sensing performance 
of SMO gas sensors is also influenced by the temperature of 
sensing materials. It was reported that the temperature near 
the p-contact edge of the LED rises at high current densities 
due to the local self-heating by the current crowding effect.[30] 
Therefore, the surface temperature of the µLP was analyzed to 
ensure the validity of evaluations of gas-sensing performance. 
In order to obtain the temperature map on the surface of µLPs, 
an infrared micro-thermography system was utilized. Detailed 
measurement processes are explained in the section of Meas-
urement of the surface temperature of the µLP in (Figure S2, 
Supporting Information). Figure S3 (Supporting Information) 
shows the temperature map of the µLP applied with different 
forward biases (0.5−4  V). From this result, it can be observed 
that the temperature change on the surface of the µLP is negli-
gible at the operating voltages. In addition, it can be confirmed 
that the local temperature rise at the p-contact edge also rarely 
occurs. Figure  1e shows the summarized maximum tempera-
ture of the µLP with different forward biases (0.5−4  V). The 
maximum temperature change (ΔTmax) is ≈4  °C at a forward 
bias of 4 V. Therefore, the fabricated µLP effectively dissipates 
generated heat, and the gas sensing performance is not influ-
enced by the local heat generation of the µLP.

2.2. The Optical Absorbance of Sensing Materials

Figure 2a shows the emission spectrum of the fabricated blue 
µLP and the absorption spectrum of GLAD In2O3. The meas-
ured peak emission wavelength (λpeak) of the fabricated blue 
µLP is 435 nm. However, the optical bandgap of In2O3 is 3.5 eV 
which corresponds to the photon energy of λ = 354  nm.[31] 
Therefore, the absorption band of GLAD In2O3 is rarely over-
lapped with the emission spectrum of blue µLP. On the other 
hand, Figure 2b shows the photo-absorbance spectra of various 
metal NPs (Ag, Au, and Pt) deposited on transparent quartz 
substrates. Identical to Ag NPs, the other metals were also 
deposited with a thickness of 1.5  nm by e-beam evaporation. 

LSPR peak wavelength of 1.5 nm-thick Ag NPs is 433 nm, well 
matching with the peak emission wavelength (435 nm) of the 
fabricated blue µLP. Meanwhile, Au NPs, also known to exhibit 
an excellent plasmonic property, show LSPR peak wavelength 
at 620 nm. Pt NPs, one of the representative chemical catalysts 
for SMO gas sensors, rarely show the LSPR effect in all ana-
lyzed wavelength regime.

Figure  2c–e shows the SEM images, size distributions, and 
absorbance spectra of various sized plasmonic Ag NPs (1, 1.5, 
and 2 nm-thick) deposited on a quartz substrate. Peak dia meters 
of 1, 1.5, and 2  nm-thick Ag NPs are 11.7 (full width at half 
maximum (FWHM) = 11.1 nm), 14.6 (FWHM = 10.9 nm), and 
17.8  nm (FWHM = 13.5  nm), respectively. It can be confirmed 
that the size distributions of NPs become larger and broader 
by increasing the deposition thickness. Figure  2e shows that 
LSPR peak wavelengths of 1, 1.5, and 2  nm-thick Ag NPs are 
422, 433, and 440 nm, respectively. Therefore, 1.5 nm-thick Ag 
NPs showed the highest concordance with the emission wave-
length (435 nm) of the fabricated blue µLP. In addition, 1.5 and 
2  nm-thick Ag NPs show 31.5% and 79% higher peak-absorb-
ance, respectively, than that of 1 nm-thick Ag NPs. These peak-
shift and broadening of absorbance spectra are attributed to 
the size-dependent LSPR characteristics and electron-boundary 
scattering at the surface of Ag NPs. Since 2 nm-thick NPs pose 
a risk of electrical connection between the surface electrodes, 
In2O3 was finally coated with 1.5  nm-thick Ag NPs. Figure S4 
(Supporting Information) shows 3D surface morphologies of 
the bare Si substrate and e-beam evaporated Ag NPs (deposition 
thickness = 1.5  nm) on the Si surface measured by an atomic 
force microscope. It can be seen that the shape of silver NPs on 
the Si substrate is quasi-hemispherical. The average peak height 
of Ag NPs is ≈10.93  nm. According to literature, when the 
dimension of plasmonic NPs is comparable to or smaller than 
the electronic mean free path (≈53.3 nm for bulk silver[32]) and 
there are adsorbates on the NPs, the dephasing mechanism for 
LSPR, such as chemical interface damping, may dominate.[33] 
In this direct electron injection mechanism, the interaction of 
LSPR with adsorbates induces direct excitation of resonant elec-
trons into the unoccupied states of adsorbates. However, the 
interfacial electronic structure between plasmonic NPs and sem-
iconductors is still being explored, and further experimental and 
theoretical studies will be required for more rigid understanding 
in the future. Conclusively, it is expected that emitted photons 
from the blue µLP can efficiently induce plasmonic excitation 
of Ag NPs and promote photoactivation at the surface of In2O3.

2.3. Results of Sensor Fabrication

Figure  2f shows the optical microscope images of pristine 
In2O3 and Ag NP-coated In2O3 integrated on µLPs, respectively. 
Due to the blue-absorption by plasmonic Ag NPs, the Ag NP-
coated In2O3 film looks more reddish than the pristine In2O3 
film. Figure 2g shows the cross-sectional transmission electron 
microscope (TEM) and top-view scanning electron microscope 
(SEM, inset) images of Ag NP-coated In2O3 film deposited on a 
plain silicon substrate. Columnar and granular nanostructure 
of GLAD In2O3 can be observed in the cross-sectional TEM 
image. The averages (standard deviation) of widths and heights 
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of those nano-columns are 49.7  nm (± 7.4  nm) and 177  nm 
(± 9.8 nm), respectively. In the top-view SEM image, nano-sized 
gaps are uniformly distributed on the entire observed area. 
These nanogaps facilitate target gas molecules to diffuse to the 
depth-wise direction of the sensing film and provide larger sur-
face area for the reaction with target gas.

In addition, Figure  2h shows the TEM-energy dispersive 
spectroscopy (EDS) elemental mapping images of the cross-
section of the Ag NP-coated In2O3 film. It can be confirmed that 
the deposited Ag NPs (Ag L, 1.12 At%) penetrated well through 
the nanogaps and were uniformly distributed in the upper and 

lower regions of the In2O3 film. Figure S5 (Supporting Infor-
mation) shows the X-ray photoelectron spectroscopy (XPS) 
spectra of Ag NPs (1.5 nm)-coated In2O3. Clear peaks of Ag (Ag 
3d3/2 and Ag 3d5/2), O (O 1s), and In (In 3d3/2 and In 3d5/2) indi-
cate that Ag NPs were well coated on the In2O3 film, and there 
was no chemical transition during the Ag-deposition process.

2.4. Effect of Plasmonic Excitation

Gas sensing tests of the fabricated sensors were conducted with 
nitrogen dioxide (NO2) gas to evaluate the effects of the surface 
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Figure 2. a) Electroluminescence (EL) spectrum of the fabricated blue GaN µLED platform (µLP) and absorbance spectrum of the pristine GLAD In2O3. 
b) Absorbance spectrum of e-beam evaporated Ag, Au, and Pt NPs (thickness = 1.5 nm). c) SEM images, d) size distribution, and e) absorbance spectra 
of Ag NPs with various deposition thicknesses (1, 1.5, and 2 nm). f) Optical microscopic images of pristine GLAD In2O3 and Ag (1.5 nm) NPs-coated 
GLAD In2O3 integrated on µLPs. g) Cross-sectional TEM image and h) TEM-EDS elemental mapping images of a FIB-milled Ag NPs-coated In2O3 film. 
An inset image in (g) is a top-view SEM image of nano-porous Ag NPs-coated In2O3 film.
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metal decoration. The noble metal decoration on the surface of 
SMOs generally affects the sensor response via plasmonic exci-
tations as well as chemical catalytic effects. In order to verify 
the dominant effect, a sample of Pt-NP-coated In2O3 was also 
prepared as a comparison group. Pt NP is a well-known rep-
resentative surface sensitizer of SMO gas sensors but has no 
LSPR under light illumination, as seen in Figure  2b. There-
fore, any response improvements of Pt-NP-coated In2O3 under 
light illumination may be attributed purely to the chemical 
catalytic effect of Pt NPs. Figure 3a,b shows the responses of 
monolithic photoactivated gas sensors with pristine In2O3 
and Ag NP-coated In2O3 on blue (435  nm) µLPs to 1  ppm 
NO2 gas under increasing LED operating power. Figure S6a,b 

(Supporting Information) shows Pt NP-coated In2O3 on a blue 
µLP and pristine In2O3 on a UV (390 nm) µLP to 1 ppm NO2 
gas under increasing LED operating power. Here, the sample 
of pristine In2O3 on a UV (390 nm) µLP was prepared to com-
pare previously developed UV µLPs and the proposed blue 
µLPs. The base resistance of all sensors in the pure air (R0) 
decreased by increasing the operating power of µLED because 
of the generation of photoelectrons. The resistance of n-type 
In2O3 increases under NO2 exposure because of surface deple-
tion by electron transfer from metal oxides to surface oxygen. 
The normalized responses [ΔR/R0  ×  100 (%), ΔR = R − R0] 
of all sensors according to the applied µLED power are sum-
marized in Figure  3c. Normalized responses of each sensor 

Small 2023, 2207165

Figure 3. Responses of monolithic photoactivated gas sensors to 1 ppm NO2 gas under different input electrical powers: a) pristine In2O3 and b) Ag 
NPs-coated In2O3 on blue (435 nm) µLPs. c) Summary of normalized responses [ΔR/R0 × 100 (%)] of Pt NPs-coated In2O3 and Ag NPs-coated In2O3 
on blue µLPs. The plot also includes the normalized responses of pristine In2O3 sensors on a blue and UV µLPs for comparison. d) Summary of nor-
malized sensor response (ΔR/R0) to 1 ppm NO2 gas at different temperatures (100−250 °C).
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showed bell-shaped tendencies as in previous works.[23] Data 
points were fitted to the log−normal distribution function, 

f x
x

x

σ π
µ

σ
= −

−







( )

1

2
exp

(ln )

2

2

2
. The optimal operating power 

where the response is maximum [i.e., peak mode defined as 
exp(μ − σ2)] for pristine In2O3 on a UV µLP (461 µW) is 2305 
and 4610 times higher than those of pristine In2O3 (0.2 µW) and 
Pt-NP-coated In2O3 (0.1 µW) on blue µLPs, respectively. How-
ever, in terms of response, pristine In2O3 on a UV µLP shows 
much higher response (ΔR/R0 = 1820%) compared to pristine 
In2O3 on blue µLPs (ΔR/R0 = 214%) at the optimal power. This 
is because the photons emitted from the blue µLP have insuf-
ficient energy (≈2.86  eV) to generate photoelectrons in In2O3 
(the optical bandgap ≈3.5 eV). In addition, Pt-NP-coated In2O3 
exhibits a minor improvement in response (255%) compared to 
the pristine In2O3, which means that Pt NPs rarely promote the 
absorption of blue light and surface activation of the sensing 
material. On the other hand, Ag NP-coated In2O3 on the blue 
µLP exhibits 616% improvement in the peak sensor response 
(ΔR/R0  = 1319%) compared to pristine In2O3 at the optimal 
operating power (63  nW). It is because the Ag NPs facilitate 
the generation of excited electrons under blue light illumina-
tion, and the photoelectrons, which propagate to the surface of 
In2O3, actively promote the gas reactions. In conclusion, the 
degraded sensor response of In2O3 in the blue range can be 
effectively overcome by coating with Ag NPs that induce LSPR 
effects. Furthermore, optimal operating power (63  nW) of the 
proposed gas sensor integrated on the blue µLP is the record 
lowest power consumption among those of all the reported gas 
sensors, including NEMS/MEMS heating platforms and photo-
activation platforms.[1–12,20–23]

As mentioned before, the noble metal decoration on the sur-
face of SMOs may enhance the sensor response via chemical 
catalytic effect or plasmonic excitation under light illumina-
tion. In terms of chemical catalysts, the noble metals promote 
the dissociation of gas molecules and provide a lower energy 
path for the adsorption of gas analytes and diffusion onto the 
surface of supporting metal oxides, thereby enhancing the 
reaction between gas analytes and metal oxides. It is called 
the “spill-over effect” of noble metal catalysts.[34] In order to 
verify the dominating factor between plasmonic excitations 
and chemical catalytic effects, responses of pristine In2O3, 
Pt-NP-coated In2O3, and Ag NP-coated In2O3 were compared 
in the high-temperature heating condition. In addition, tests 
were conducted in dark conditions to eliminate any effects of 
photons. Figure S7a–c (Supporting Information) shows nor-
malized sensor responses [ΔR/R0 ×  100 (%)] of pristine In2O3, 
Ag NP-coated In2O3, and Pt-NP-coated In2O3, respectively, to 
1  ppm NO2 gas at various temperatures (100−250  °C with an 
interval of 25  °C). The samples were exposed to 1  ppm NO2 
gas repeatedly three times under each temperature condi-
tion. Figure 3d shows an averaged sensor response (ΔR/R0) to 
1  ppm NO2 gas depending on heating temperatures. Similar 
to light illumination, sensor responses also follow bell-shape 
tendency as increasing temperatures by balancing between 
decreasing surface densities and increasing surface reactivi-
ties of adsorbed oxygen ions.[35–37] In contrast to the results in 
Figure  3c, Pt-NP-coated In2O3 exhibits the highest response 

(maximum ΔR/R0 = 178%) in most of temperature range, fol-
lowed by Ag NP-coated In2O3 and pristine In2O3 (maximum 
ΔR/R0  = 145 and 121%, respectively). From this result, it can 
be concluded that the chemical catalytic effect is more signifi-
cant with Pt NPs than with Ag NPs. On the other hand, the 
huge response improvement of Ag NP-coated In2O3 seen in 
Figure 3c was influenced dominantly by the effect of plasmonic 
excitation under blue-light illumination than by the chemical 
catalytic effect. Gas tests were also conducted on representa-
tive volatile organic compounds (VOC) gases such as acetone, 
ethanol, carbon monoxide, and methanol with Ag NP-coated 
In2O3 on blue µLP (Figure S8, Supporting Information). Since 
they are reducing gases, they donate free electron carriers on 
the surface of n-type In2O3, lowering the electrical resistance. It 
was observed that blue µLP does not have a good selectivity to 
NO2 gas against other reducing gases. Although it is difficult to 
selectively discriminate the target gas only with the steady-state 
response (R/R0), it is possible to develop an electronic nose 
system by applying the deep learning-based pattern recognition 
since each gas shows a unique transient response. In the pre-
sent study, it should be noted that we have focused on verifying 
the performance of the nanowatts-level ultra-low-power µLED 
gas sensor platform, and in-depth verification of novel sensing 
materials, not on developing a selective gas sensor for a par-
ticular target gas.

2.5. Sensing Performances

Further NO2 gas tests with Ag NP-coated In2O3 on blue µLPs 
to evaluate the lower limitation of detection and the response 
time. Tests were conducted with two modes of operating power 
(0.11 and 67.6 µW). The low-power mode of 0.11 µW is near the 
optimal operating power where the sensor response is maxi-
mized. Similar to the previous reports, the response speed 
of photoactivated gas sensors is accelerated by increasing the 
light intensity.[38] Therefore, the high-power mode (67.6  µW) 
was individually tested for the high-speed response. Figure 4a 
shows the resistance change of the sensor to NO2 gas with con-
centrations ranging from 0.25 to 5  ppm. Results to the lower 
NO2 concentration range from 0.14 to 0.25 ppm are shown in 
Figure  4b. The result shows clear response and recovery over 
the wide concentration range of NO2 gas. The baseline sensor 
resistance was overall higher in the low-power mode due to the 
small photocurrent generation. For a more accurate evaluation, 
the noise level of measurement was calculated at the baseline 
signal. The maximum baseline noise level (3Nmax) was 3.88%. 
The limit of detection (LOD) can be determined at the point 
where the signal is three times larger than the maximum noise 
level (3Nmax).[39] Figure  4c is the calibration graph of the nor-
malized sensor response [ΔR/R0 ×  100 (%)] to NO2 concentra-
tions. The sensor responses have good linearity in the log−log 
scale plot [log10(ΔR/R0) = 1.726 × log10(P) + 3.249, r2 = 0.999 for 
the low-power mode and log10(ΔR/R0) = 1.352 × log10(P) + 2.279, 
r2 = 0.998 for the high-power mode, where P is the NO2 con-
centration (ppm)]. The extrapolated line met 3Nmax at NO2 
concentrations of 28.8 and 56.2  ppb for the low and high-
power modes, respectively. Therefore, more improved LOD 

Small 2023, 2207165
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(28.8 ppb) can be expected in the low-power mode. Figure  4d 
shows the response time (T60%) for low and high-power modes. 
The response time of the low-power mode ranges from 48 to 
50  min which are 2.2−3.6 times larger than that of the high-
power mode (15 to 22  min). In addition, time derivatives of 
dynamic sensor response when the µLED power is 67.6  µW 
shows peaks at the early-stage of gas exposure (i.e., the first 
peak where dR/dt is larger than 5 dB than at the normal state) 
as shown in Figure 4a. Monitoring theses peaks enables rapid 
NO2 detection less than 1 min (Figure 4d). Therefore, the mon-
olithic photoactivated gas sensor can be operated in different 
power modes according to the adequate application target, such 
as lower concentration detection or faster sensor response. 
Table 1 summarizes the performances and power consump-
tions of low-power SMO-type gas sensor studies published so 
far. The joule heating method minimized the heating area by 

fabricating microheaters and nanowire heaters with MEMS/
NEMS technology to reduce power consumption, but the power 
consumption was still high on the milli-watts scale.[4,8,42,43] Self-
heating SnO2 nanowire lowered the power consumption to 
µW-scale (continuous mode), but still failed to lower it to nano-
watts scale, and its mechanical/thermal stability is very vulner-
able due to its sensor structure in which a single nanowire is 
suspended.[9] Recently, photoactivated gas sensors integrated 
with various light activation sources such as optical fibers, mini 
LEDs, and micro LEDs have been introduced.[20–23,40–41] The 
suggested blue µLP-based sensor exhibits a record of low power 
consumption (63 nW) and excellent NO2 sensing performance 
compared with previous works, including UV µLP-based gas 
sensors. Also, µLP-based sensors have excellent stability com-
pared to heater-based sensors. Detailed explanation and stability 
tests are in the section of Excellent stability of the blue µLP in 

Small 2023, 2207165

Figure 4. Nitrogen dioxide (NO2) sensing performance of the monolithic photoactivated gas sensor (Ag NPs-coated In2O3 on a blue µLP) in two modes 
of operation power (0.11 and 67.6 µW). Dynamic response a) to 0.25−5 ppm and b) 0.14−0.25 ppm of NO2 gas. c) Calibration graph of normalized 
sensor response [ΔR/R0 × 100 (%)] to NO2 concentrations. d) Response time (T60%) to NO2 concentrations.
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Supplementary information (Figure S9, Supporting Informa-
tion). The blue µLP operated stably without any change in 
LED characteristics even under accelerated testing conditions 
(turn-on power: 68  mW, pulse operation), and no sensor drift 
occurred even for a long period of about 44 h. The outstanding 
performance is comprehensively attributed to the excellent sta-
bility of GaN-based LED, miniaturization of the light source, 
direct surface integration of the sensing material, and utiliza-
tion of the visible light region and plasmonic light absorber.

3. Conclusion

In this paper, monolithic photoactivated gas sensors based on a 
blue µLED platform (λpeak = 435 nm), known to have the highest 

energy conversion efficiency in gallium nitride (GaN) LEDs, 
were developed. The maximum EQE of the blue µLED was 
highly improved to ≈17.3%, which is 2.74 times higher than that 
of the previous UV µLED. In addition, we demonstrated that 
highly porous In2O3 films coated with Ag NPs could be effec-
tively activated by the blue light. By the LSPR effect, emitted 
photons from blue µLEDs could induce plasmonic excitation of 
Ag NPs very efficiently and promote the photoactivation at the 
surface of In2O3. By checking various coating thicknesses of Ag 
NPs, we found conditions in which the emission wavelength 
of blue LED (435 nm) and the LSPR peak of Ag NPs (433 nm) 
matched well, and the gas response improvement effect was 
maximized. This shows the possibility of maximizing the effi-
ciency of the light source used in photoactivated gas sensing by 
tuning the size of the metal NPs. Furthermore, the plasmonic 

Table 1. Summary of chemiresistive SMO-type gas sensors with various activation sources (MEMS/NEMS-based heater, self-heating nanowires, 
optical fiber, mini LED, and µLED).

Sensing material Activation source integra-
tion type (active area)

Detection gas  
(Dynamic range)

Working  
temperature

Power  
consumption

Sensitivity (Ra/Rg  
or Rg/Ra)

SnO2 NT [4] Micro-heater
surface integration

(3 × 110 µm2)

H2S
(1–20 ppm)

220 °C 5 mW 3.8–11.6

WO3 NW [42] Micro-heater
surface integration

(50 × 50 µm2)

NO2

(0.5–5 ppm)
250 °C 11 mW 1.1–3.3

ZnO NW [8] Carbon NW heater
Integration on carbon NW

(0.05 × 0.05 × 2 µm3)

NO2

(0.1–1 ppm)
200 °C 0.85 mW 2.5–40

ZnO NW [43] Au NW heater
Integration on Au NW
(0.25 × 0.5 × 60 µm3)

NO2

(0.05–2 ppm)
226 °C 1.62 mW 1.47–4.5

SnO2 NW [9] Self-heating SnO2 NW
(0.06 × 0.06 × 1.85 µm3)

NO2

(0.1 ppm)
Self-heating
(≈ 250 °C)

1.6 µW 2

ZnO NW [40] 365 nm optical fiber
Integration on fiber

(0.33 × 100 µm2)
(N.Q.)

Ethanol
(0.01–0.5 ppm)

Global heating
(300 °C)

120 mW 1.1–1.4

ZnO NR [41] 367 nm LED
integration on package

(N.Q.)

Ethanol
(100–1000 ppm)

R.T. 608 mW 1.08–1.42

In2O3 NP [20] 400 nm LED
flip-chip integration

(0.1 × 15 mm2)

Ozone
(38–726 ppb)

R.T. 0.25 mW 1.3–1.5

ZnO NR [22] 280 nm mini LED
flip-chip integration

(750 × 750 µm2)

NO2

(0.1–0.5 ppb)
R.T. 3 mW 2.18–5.33

ZnO NP [21] 455 nm mini LED
surface integration

(190 × 250 µm2)

NO2

(0.025–1 ppm)
R.T. 200 µW for 0.25 ppm

300 µW for 1 ppm
1.8–13.3

ZnO NW [23] 390 nm µLED
surface integration

(30 × 30 µm2)

NO2

(0.06–2 ppm)
R.T. 184 µW for 1 ppm 1.42–10.9

Ag NPs-
coated-In2O3

(This work)

435 nm µLED
surface integration

(50 × 50 µm2)

NO2

(0.14–5 ppm)
R.T. 63 nW for 1 ppm 1.58–59.73

*Abbreviations: R.T. = Room temperature, N.Q. = Not quantified, NT = Nanotube, NW = Nanowire, NR = Nanorod, NP = Nanoparticle.
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excitation and chemical catalytic effect of Ag NPs are compre-
hensively studied by comparison with pristine In2O3 and Pt-
NP-coated In2O3. Conclusively, sensitivity-loss by blue-shifting 
(ΔR/R0  = 1820% with UV µLEDs, 214% with blue µLEDs to 
1 ppm NO2) could be effectively overcome by coating with Ag 
NPs (ΔR/R0 = 1319% with Ag NP-coated In2O3). The suggested 
technology will facilitate practical applications such as environ-
mental monitoring, disease diagnosis, food process monitoring 
and agricultural fields by taking advantages of its extremely low 
power consumption and excellent sensing performances.

4. Experimental Section
Fabrication of Blue GaN MicroLEDs: The whole fabrication process is 

graphically illustrated in Figure S10 (Supporting Information). A µLP had 
two p−n contact electrodes for operating the LED and two interdigitated 
or parallel electrodes for measuring the gas sensing signal. The emission 
area of the µLP was 50 × 50 µm2. Most of the process steps followed the 
previous work, which introduced the UV µLP.[23] Exceptionally, the indium 
concentration of the InGaN/GaN multi-quantum well (MQW) layer 
was precisely tuned for the blue-emission (i.e., emission wavelength 
435 nm). In addition, the pyramidal patterned sapphire substrate (PSS) 
was utilized for the improved light-extraction efficiency for suppressing 
the light loss by the total internal reflections at the interface between 
GaN and sapphire substrate.

Glancing Angle Deposition of Porous Metal Oxide Films: Before 
integrating the sensing material, 3.5 µm-thick photoresist (AZ nlof 2035, 
MicroChemicals, Germany) was patterned on pre-fabricated blue µLPs 
to define a sensing area. Porous In2O3 films were integrated through 
the glancing angle deposition (GLAD) with an radio frequency (RF) 
sputtering system as illustrated in Figure S11 (Supporting Information). 
Specific process conditions of RF sputtering are as follow; 4  mTorr of 
argon atmosphere, tilting angle = 85°, rotation speed = 3.6  rpm, RF 
power = 250 W, deposition time = 90 min (30 + 30 + 30 min with 10 min 
of cooling interval). Then, GLAD In2O3 films were lifted off in acetone. 
Finally, Ag NPs were coated on an entire sensor chip through an e-beam 
evaporation process. Their target thickness and deposition rate were set 
as 1.5 nm and 0.1 Å s−1, respectively, in a deposition monitoring system 
with a quartz crystal microbalance (QCM).

Optical Characterizations: The optical and electrical properties of 
blue µLPs were obtained using the L−I−V measurement system (OPI 
160, WITHLIGHT, Korea) with an integrating sphere and a source meter 
(Keithley 2400, USA). The emission spectrum was also obtained by the 
same measurement setup with a constant input voltage. In order to 
analyze the photon absorbance of GLAD In2O3 film and metal NPs (Ag, 
Au, and Pt), they were deposited on transparent quartz pieces, and an 
absorbance spectrum was measured with the UV−vis spectrophotometer 
(Lambda 1050, PerkinElmer, USA) with an integrating sphere.

Material Characterizations: 3D surface morphologies of Ag NPs were 
measured with an atomic force microscope (XE-100, Park Systems, 
Korea). The micro/nanostructures of the Ag NP-coated In2O3 film were 
observed by a field emission scanning electron microscopy [FE-SEM 
(SU8230), Hitachi, Japan]. In addition, the cross-section of Ag NP-coated 
In2O3 film was prepared by using focused ion beam (FIB) milling (Dual-
beam FIB system, FEI, USA) and was observed by ultra-high-resolution 
SEM [UHR-SEM (SU8230), Hitachi, Japan] and transmission electron 
microscope (Tecnai G2 F30 S-TWIN, FEI, USA).

Gas Sensing Tests: The sensor devices were mounted on a custom-
made testing chamber and connected to a dual-channel current 
sourcemeter (2636b, Keithley, USA) to apply forward bias on a µLPs and 
measure the sensing resistance. Gas was supplied to the sensor device, 
and the concentration of NO2 gas was adjusted by controlling the flow 
rates of NO2 gas and dry air (≈0% relative humidity) with mass flow 
controllers. For evaluating sensor responses in various temperature 
conditions, pristine In2O3, Ag NP-coated In2O3, and Pt-NP-coated In2O3 

were prepared on gold interdigitated electrodes patterned on quartz 
pieces (size = 1 ×  1  cm2). Electrically wired samples were mounted on 
a tube furnace system (Lindberg Blue M, Thermo Fisher Scientific, USA) 
and heated up to 100−250  °C during the NO2 gas test. The electrical 
resistance of each sensing material was measured with a current 
sourcemeter (2636b, Keithley, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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