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HIGHLIGHTS

• Blue micro-light-emitting diodes (μLED)-integrated gas sensors were fabricated as monolithic structure by directly loading sensing 
materials onto the μLED.

• SnO2 nanoparticles are activated by blue μLED and exhibit outstanding sensitivity to  NO2 at μ-Watt power levels.

• Noble metal (Au, Pd, Pt)-decorated  SnO2 showed the tunable gas selectivity for 4 target gases under blue light illumination.

ABSTRACT Micro-light-emitting diodes (μLEDs) have gained significant 
interest as an activation source for gas sensors owing to their advantages, 
including room temperature operation and low power consumption. However, 
despite these benefits, challenges still exist such as a limited range of detect-
able gases and slow response. In this study, we present a blue μLED-integrated 
light-activated gas sensor array based on  SnO2 nanoparticles (NPs) that exhibit 
excellent sensitivity, tunable selectivity, and rapid detection with micro-watt 
level power consumption. The optimal power for μLED is observed at the 
highest gas response, supported by finite-difference time-domain simulation. 
Additionally, we first report the visible light-activated selective detection of 
reducing gases using noble metal-decorated  SnO2 NPs. The noble metals 
induce catalytic interaction with reducing gases, clearly distinguishing  NH3,  H2, and  C2H5OH. Real-time gas monitoring based on a fully hardware-
implemented light-activated sensing array was demonstrated, opening up new avenues for advancements in light-activated electronic nose technologies.
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1 Introduction

The gradual increase of the pandemic has enlightened the 
public about the significance of real-time detection of haz-
ardous substances in daily life. Specifically, the detection 
of gaseous analytes has become more essential due to the 
direct association with human health. The growing demand 
for harmful gas detection has triggered the development 
of various types of gas sensors, including electrochemical 
sensors, surface acoustic wave sensors, optical sensors, and 
chemoresistive sensors [1, 2]. Among these, chemoresis-
tive gas sensors have gained tremendous attention owing to 
their simple structure, small size, and facile operation. The 
fundamental operation principle is based on measurement 
of the change in electrical current of the sensing materials 
upon exposure to the target gas. Metal oxides are the most 
widely utilized materials in chemoresistive gas sensors [3]. 
However, at room temperature, metal oxides-based chem-
oresistive sensors suffer from low response and irreversible 
recovery [4]. To overcome these drawbacks, external heating 
systems were adopted to elevate the operation temperature, 
including back heater and microelectromechanical (MEMS) 
systems [5, 6]. Despite improved gas sensing properties 
through thermal activation, high power consumption and 
thermal degradation of sensing materials remain critical 
issues, which are unfavorable for miniaturization and sta-
bility. Thus, extensive research on room temperature oper-
able gas sensors for high reliability and stability has been 
extensively conducted.

Recently, light activation using light-emitting diode 
(LED) has been extensively utilized for room temperature 
operation with reduced power consumption [7, 8]. Light 
irradiation on the sensing material generates the photo-car-
riers and forms the reactive photo-activated oxygen, which 
is reactive with target gases [9, 10]. Ultraviolet (UV) light 
has been widely utilized in the activation of metal oxides 
due to the large bandgap of metal oxides [11]. However, 
UV light is known to harm the human body and cause skin-
related diseases such as skin cancer, premature aging, and 
burns [12, 13]. To address this drawback, in our previous 
work, we fabricated  SnO2 nanoparticles (NPs) gas sensor 
activated by visible light illumination, which does not harm 
human skin [14]. The defect states in  SnO2 NPs enabled the 
photoexcitation under visible light, resulting in room tem-
perature  NO2 detection with high response and selectivity. 

Despite these promising features, light-activated gas sen-
sors based on  SnO2 NPs still have limitations that need 
to be addressed. The use of commercial LEDs requires 
high power consumption compared to MEMS heaters, and 
the distance between the LED and the sensing material 
results in energy loss due to light diffusion. Furthermore, 
most research on light-activated gas sensors has focused 
on a single target gas detection, especially  NO2. Detecting 
a variety of hazardous gases, such as  NO2,  NH3,  H2, and 
VOCs, is essential for protecting human health. However, 
since  NH3,  H2, and VOCs are less reactive than  NO2 at 
room temperature, it is challenging to detect these gases 
using visible light-activated techniques at room tempera-
ture [4, 15].

Herein, we introduce a fully hardware-implemented blue 
μLED-integrated gas sensor array based on noble metal 
decorated  SnO2 NPs with controllable gas selectivity. By 
using μLED instead of commercial LED, power consump-
tion is significantly reduced from milli-watt to micro-watt. 
Furthermore, the μLED-integrated gas sensor reduces the 
distance between the sensing material and the light source, 
which can substantially be efficient to power consumption 
and increase energy efficiency. The compact configuration 
allows for application on various platforms, including wear-
able devices, medical devices, and smart home systems, 
expanding the potential applications of μLED-integrated 
gas sensors.  SnO2 NPs, previously studied as sensing mate-
rials, were deposited on μLED-integrated gas sensor [14]. 
Under the blue light, the 10 nm-sized  SnO2 NPs exhibited 
excellent sensing performance, including high response, fast 
response and recovery, high reliability, and low detection 
limit. Finite-difference time-domain (FDTD) simulation was 
conducted to reveal the mechanism of the characteristics 
of gas response. Furthermore, noble metals (Au, Pd, and 
Pt) were decorated on  SnO2 NPs to detect gases such as 
 NH3,  H2, and  C2H5OH with fabrication of μLED gas sen-
sor array. While several studies have been published that 
apply noble metal decoration to modulate gas selectivity, 
these studies are limited to high temperature environments 
[16, 17]. By applying noble metal decoration on  SnO2 
NPs, which has superior light activation properties, the 
catalytic effect of noble metals has enabled selective gas 
detection under blue light illumination. Moreover, the real-
time wireless gas monitoring was demonstrated with fully 
μLED-hardware-integrated gas sensor array by utilizing a 
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microcontroller unit (MCU) and customized printed circuit 
board (PCB). This study will establish a guideline and pave 
the new avenue for advancement in electronic nose (e-nose) 
technologies.

2  Experimental Section

2.1  Fabrication of μLED Platform

μLED gas sensor platform was fabricated by following pro-
cedures. Conventional LED on sapphire wafer with 8 pairs 
of superlattices and 4 pairs of multiple quantum wells was 
prepared into chip scale. A 2 × 2 array of square patterns 
was formed on the LED film via photolithography followed 
by inductively coupled plasma etching to vertically etch 
the LED film to form a mesa structure. Then, the current 
spreading layer composed of 10 nm Ni and 10 nm Au was 
deposited on the p-type GaN region by photolithography 
and e-beam evaporation. After the lift-off process of Ni/Au 
metal stack, the sample was annealed at 500 °C in ambient 
air by a rapid thermal annealing (RTA) system to form an 
ohmic contact between the p-type GaN layer and current 
spreading layer by oxidizing the Ni layer [18–20]. The ultra-
thin Ni/Au layer would turn into a transparent layer after the 
thermal annealing process. After that, n-type contact metal, 
composed of 20 nm Cr for adhesion and 200 nm Au for 
current flow, was formed on the n-type GaN layer by photo-
lithography and e-beam evaporation. To connect the current 
spreading layer to the p-type contact metal that would be 
formed later, a small region of the Cr/Au metal layer was 
also formed on the current spreading layer during the pro-
cess. For electrical insulation, 700 nm  SiO2 was deposited 
on the sample by plasma-enhanced chemical vapor deposi-
tion (PECVD). The contact region of the metal layer was 
opened by photolithography and reactive ion etching (RIE). 
On top of that, the lift-off pattern was formed by photoli-
thography, and p-type contact metal also composed of 20 nm 
Cr and 200 nm Au was deposited by e-beam evaporation. 
An additional insulation layer of 700 nm thick  SiO2 was 
deposited by PECVD followed by RIE etching to expose the 
contact region. Finally, 20 nm Cr and 200 nm Au electrodes 
were deposited on the LED via photolithography and e-beam 
evaporation. The overall fabrication process of μLED plat-
form is presented in Fig. S1.

2.2  Preparation of  SnO2 NPs, Au‑SnO2 NPs, Pd‑SnO2 
NPs, and Pt‑SnO2 NPs

SnO2 NPs were prepared by following the procedures of 
our previous work [14]. 3 g of  SnCl4·5H2O was dissolved in 
60 mL of deionized (DI) water and stirred for 1 h. The dis-
solved solution was transferred to a Teflon-lined autoclave 
for hydrothermal synthesis. The synthesis was conducted 
in a dry oven at 200 °C for 24 h. After sufficient cooling to 
room temperature, the synthesized products were collected 
after the cleaning process by centrifugation. The centrifu-
gation was conducted at 10,000 rpm for 10 min, which was 
repeated 3 times. The powders were dried on a hot plate for 
12 h to remove the solutions. For noble metal decoration, 
 SnO2 NPs were dispersed in DI water (1 mg  mL−1) and ultra-
sonicated for 1 h. The metal precursors  (HAuCl4,  K2PdCl4, 
and  K2PtCl4) were dissolved in DI water (1 mg  mL−1) and 
ultrasonicated for 30 min. For Au decoration, 0.2 mg of 
 HAuCl4 and 0.2 mg of Pluronic F-127 were added to 1 mg 
of  SnO2 dispersion under ultrasonication for 10 min. For Pd 
decoration, 0.2 mg of  K2PdCl4 and 0.2 mg of Pluronic F-127 
were added to 1 mg of  SnO2 dispersion under constant stir-
ring for 1 h. For Pt decoration, 0.2 mg of  K2PtCl4 and 0.2 mg 
of Pluronic F-127 were added to 1 mg of  SnO2 dispersion 
under constant stirring for 3 h at 100 °C. The centrifugation 
was conducted to remove the residues after the decoration 
process and doping process. The products were collected 
after completely drying the powders.

2.3  Gas Sensing Measurements

For gas sensing measurements, a slurry was prepared by mix-
ing  SnO2 NPs with a terpineol-based ink. The ink was then 
uniformly coated on Cr/Au electrodes and dried on a hot plate. 
This process was repeated three times to fully cover the sens-
ing area of Cr/Au electrodes. The RTA was conducted under 
 N2 atmosphere at 350 °C for 10 min to improve the crystal-
linity of  SnO2 NPs and evaporate the solvent. The prepared 
sensor was placed inside a quartz tube, and voltage was applied 
to both μLED electrodes and sensing electrodes. The resist-
ance was recorded by I-V source meter (Keithley 2625) under 
an applied voltage of 0.5 V. Dry air was continuously sup-
plied inside the quartz tube with the assistance of mass flow 
controllers (MFC). The target gases, prepared in air balance, 
were inserted into the quartz tube at specific concentrations. 
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The gas concentration was controlled by adjusting the flow 
ratio of air and the target gases, maintaining a total flow rate 
of 1000 sccm. Humid air was generated by passing dry air 
through a water bubbler. To control the humidity level, the 
generated humid air was mixed with additional dry air using 
MFC. Real-time gas monitoring of the μLED gas sensor array 
was conducted in a desiccator to control gas environment.

2.4  Characterizations

The electrical properties of the fabricated μLEDs were charac-
terized by Keithley 4200A. For optical measurement, a source 
meter (Keithley 2602B) was used for supplying the current to 
the sample, while a Si p-i-n photodiode (Hamamatsu Photon-
ics S2281–04) and a fiber-optic spectrometer (AvaSpec-2048) 
were utilized for analysis. The morphology of  SnO2 NPs was 
characterized by field emission scanning electron microscope 
(FE-SEM, Hitachi, SU70) and transmission electron micro-
scope (TEM, JEM 2100F). X-ray diffraction (XRD) analysis 
was conducted by D8-advance, BRUKER MILLER Co. X-ray 
photoelectron spectroscopy (XPS) spectra were obtained by 
AXIS-HIS, KRATOS with Al Kα (1486.6 eV) X-ray source 
at 25.3 W. The UV–Vis absorbance spectra were measured by 
UV–Vis spectroscopy (770, JASCO), and photoluminescence 
(PL) spectrum was recorded by a micro-PL system (Dongwoo 
Optron) with a 325 nm He-Cd laser. The laser spot size of the 
micro-PL system used in this study was 3 µm. The investiga-
tion on substrate temperature change under LED illumination 
was conducted by IR camera (AX5 series, FLIR).

2.5  Finite‑Difference Time‑Domain Simulation

Electromagnetic simulations proceed with a finite-differ-
ence time-domain (FDTD) program (Lumerical Solutions). 
Refractive indices of  SnO2 and  SiO2 are adopted from 
Mohamed [21] and Palik [22]. 36 layers of 10-nm-sized 
 SnO2 NPs with close-packed FCC structure are arranged in 
over  SiO2 planar thin film in air. Periodic boundary condi-
tions were adopted for the x and y dimensions, and perfectly 
matched layer conditions were adopted for the z dimension. 
A plane-wave source is adopted, and it propagates from − z 
to + z (forward) direction  (SiO2 to air). An unpolarized wave 
is adopted by averaging s and p-polarized waves. A 0.5-nm-
sized cubic size cell was used for meshing.

3  Results

3.1  Characterization of μLED‑Integrated Gas Sensor 
Array

Figure 1a presents the simplified structure of the μLED plat-
form for gas sensing measurement. The device consists of 
4 individual μLEDs to fabricate gas sensor array for dis-
crimination of different target gases. The optical image of 
μLED gas sensor platform with dimensions of 20 × 20 μm2 
is shown in Fig. S2. Each μLED has p- and n-contact elec-
trodes for operation and sensor electrodes for gas detection 
with a  SiO2 passivation layer between them. The light passes 
through the  SiO2 layer and photo-activates the sensing mate-
rial on the device, which is located between the two sensing 
electrodes, as shown in Fig. S3 [23, 24]. Figure S4 shows 
the transmittance of  SiO2 layer, indicating that the  SiO2 pas-
sivation layer has little effect on the light emitted by the blue 
μLED. Figure 1b illustrates the enlarged structure image, 
wherein  SnO2 NPs were directly loaded onto the μLEDs 
platform, establishing electrical connections with the sensor 
electrodes. The blue light emitted from the μLEDs activates 
 SnO2 NPs, while the target gas is introduced to the device 
through a quartz tube and reacts with  SnO2 NPs. The resist-
ance signal is read from the sensor electrodes as target gases 
react with  SnO2 NPs. Figure 1c shows a photograph of a 
2 × 2 array of μLED-integrated gas sensor platform, with the 
device of 1 × 1  cm2. The sensing material was coated using 
a micro-needle, as shown in Fig. S5a. The ink droplet was 
prepared by dispersing the sensing material in the terpineol-
based solvent. The microneedle was dipped into the prepared 
ink, forming a small droplet. The ink droplet was cast on the 
sensing area, as displayed in the optical microscope image in 
Fig. S5b. The sensing material covered the LED region and 
successfully filled the space between the sensor electrodes, 
electrically connecting the two electrodes. The uniform 
coating of the sensing material on the μLED was confirmed 
by SEM image in Fig. S6. Using this method, the sensing 
materials are deposited in a cost-effective and simple manner 
without the need for additional lithography steps. Figure 1d 
shows emission images of the μLED under different applied 
voltages: 2.8, 3.1, 3.4, and 3.7 V. The electrical properties of 
μLED are presented in Fig. S7a, where ohmic contact forma-
tion was confirmed from the current–voltage (I-V) measure-
ment, with an estimated turn-on voltage of 3.4 V. The effect 
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of the  SiO2 insulating layer was confirmed by the extremely 
low reverse leakage current of 1.2 ×  10–10 A at − 5 V as pre-
sented in the inset of Fig. S7a. Figure S7b depicts the emis-
sion intensity of μLED under different injection currents, 
where the emission intensity demonstrates an apparent linear 
increase, supporting the formation of ohmic contact at the 
interface between the current spreading layer and p-type 
GaN. The device emitted a sharp blue light characterized 
by a peak wavelength of 453 nm and a full width at half 
maximum (FWHM) value of 20.95 nm at an operating power 
of 63.2 µW, as shown in Fig. 1e. External quantum efficiency 
(EQE) of the 20 × 20 μm2 sized μLED was measured to be 

2.91%, as shown in Fig. S8. The EQE of μLED was meas-
ured to be lower than the EQE of commercial LEDs due 
to the size effect of the μLEDs [25–27]. However, the low 
EQE has a marginal effect on the sensing performance, as 
the sensing material is located directly above the μLED. The 
distance between the light source and sensing material is less 
than 1.5 μm, minimizing the energy loss of light emitted 
from the μLED. As depicted in Fig. S9, the μLED exhib-
ited a blue shift of the emission wavelength as the injection 
current increased due to the quantum confined Stark effect 
(QCSE) [28, 29]. However, our device operates at a low 
current level, minimizing the effect of QCSE on emission 

Fig. 1  µLED-integrated gas sensor array with  SnO2 NPs. Schematic illustration of a structure, and b process to gas detection of µLEDs-
integrated gas sensor. c Optical image of µLEDs-integrated gas sensor array. d Optical images of µLEDs-integrated gas sensor array with differ-
ent light intensities. e PL spectrum of µLEDs. f TEM image, g absorbance plot and Tauc plot, and h PL spectrum of  SnO2 NPs
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performance. Overall, the μLED platform was successfully 
fabricated and emitted sharp blue light with extremely low 
power consumption.

For gas sensing material,  SnO2 NPs were prepared by 
hydrothermal method.  SnO2 is a direct bandgap material, 
which can effectively absorb photon emitted from μLED 
[30]. Furthermore,  SnO2 has dual valency with an Sn oxi-
dation states of  Sn2+ and  Sn4+ [31]. This dual valency of 
Sn facilitates the formation of Sn interstitials and oxygen 
vacancies with low formation energy [32]. These interstitial 
and vacancy sites generate the trap sites between conduc-
tion band and valance band, enabling  SnO2 to absorb light 
in visible range, which is lower energy than the bandgap of 
 SnO2 [33]. Figure 1f showed  SnO2 NPs with an average par-
ticle size of 10 nm. High-resolution images were obtained 
using TEM to investigate the crystallinity of the  SnO2 as 
shown in Fig. S10. The crystal structure of each material 
was confirmed with diffraction patterns, which are presented 
in the inset image. The lattice fringe was observed to be 
0.33 nm, corresponding to the (110) plane of  SnO2 [34, 35]. 
The XRD spectra of  SnO2 NPs exhibited clear peaks, which 
indicates the formation of rutile  SnO2 validated by JCPDS 
No. 41-1445, as exhibited in Fig. S11 [31, 36]. The chemical 
state of  SnO2 was studied by XPS analysis, as depicted in 
Fig. S12. The Sn 3d3/2 and Sn 3d5/2 peaks of  SnO2 appeared 
at 495.05 and 486.65 eV, respectively. The binding energy 
difference between Sn 3d3/2 and Sn 3d5/2 peak was measured 
to be 8.4 eV, which is in good agreement with the chemical 
state of  Sn4+ [37, 38]. The O 1s spectra of  SnO2 NPs were 
subjected to deconvolution, resulting in the identification of 
three distinct peaks corresponding to different oxygen states. 
The  Oad peak, which indicated the oxygen adsorbed on the 
surface of  SnO2, appeared at 531.75 eV. The  OV peak, rep-
resenting oxygen vacancy in  SnO2, appeared at 530.75 eV, 
while the  OL peak, corresponding to oxygen at regular lattice 
sites of  SnO2, appeared at 530.25 eV.

UV–vis spectroscopy was employed to evaluate the opti-
cal characteristics of  SnO2, as shown in Fig. 1g. The band-
gap was determined by analyzing the absorbance spectrum 
with a Tauc plot, as shown in the inset image. The bandgap 
of  SnO2 was determined to be 3.6 eV, which is a commonly 
observed value for  SnO2 [39, 40]. Photoluminescence (PL) 
analysis of  SnO2 NPs was conducted, as shown in Fig. 1h. 
The spectrum exhibited a wide range of energy states, sug-
gesting that the presence of tin interstitials and oxygen 
vacancies led to the formation of intermediate energy levels 

[41]. Due to the presence of vacancy states,  SnO2 NPs could 
be activated by blue light despite its high bandgap energy. 
The peak emission wavelength of  SnO2 NPs was measured 
to be approximately 450 nm, which is comparable to the 
emission wavelength of our μLEDs. The optical analyses 
confirmed that  SnO2 NPs can be activated within the visible 
range, particularly by blue light.

3.2  Gas Sensing Performance of  SnO2 NPs

I-V characteristic curves of  SnO2 NPs under different light 
intensities were measured to investigate the photocurrent of 
 SnO2 NPs, as shown in Fig. S13. The operating power was 
calculated using Eq. (1):

As the power consumption of μLED increased, the 
photocurrent of  SnO2 NPs gradually increased. Gas sens-
ing measurements of  SnO2 were conducted for 5 ppm of 
 NO2 under different μLED operating powers, as shown 
in Fig. 2a. In dark condition, the baseline resistance of 
 SnO2 was significantly high, making it difficult to read 
by sourcemeter, and the response to  NO2 was discernible. 
When  SnO2 is exposed to blue light, photocarriers are gen-
erated, which leads to a substantial decrease in the base 
resistance of  SnO2. As the power consumption of μLED 
increased, the baseline resistance decreased, as shown in 
Fig. S14. When  NO2 is introduced,  SnO2 NPs showed the 
response with an increase in resistance. After 500 s of 
 NO2 exposure, air was introduced, and the resistance of 
 SnO2 NPs began to recover. The mechanism of light-acti-
vation in gas sensors is detailed in Note S1. The relation-
ship between response and power consumption is plotted 
in Fig. 2b, showing a volcano-shaped plot. The response 
of  NO2, denoted as Ro, was defined using Eq. (2), which 
represents the response to oxidizing gas as the ratio of the 
resistance variation in the air and target gas atmospheres.

Here, Rg represents the resistance in the gas atmosphere, 
while Ra represents the resistance in the air environment. 
At low light intensity, the response to  NO2 increases as 
the intensity of the light increases. However, the response 

(1)P = I × V

(2)Ro =
(

Rg−Ra

)

∕Ra
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decreases as the light intensity surpasses the optimal point, 
which is determined where the response reaches the maxi-
mum value. At the optimal point, the response to 5 ppm 
of  NO2 was 6928 with a power consumption of 63.2 μW. 
The response time is defined as the duration required for 
the resistance to reach 90% of the fluctuation after being 
exposed to the target gas. As shown in Fig. S15a, the recov-
ery time decreases as the light intensity increases due to 
the photogenerated holes engaged in  NO2 desorption. In 
contrast, the response time increases as the light intensity 
increases, as shown in Fig. S15b. Higher light intensity 
increases the number of active sites due to the desorption 
of adsorbed oxygen, which extends the resistance satura-
tion time. Furthermore,  NO2 desorption caused by pho-
togenerated holes delays the saturation of  NO2 adsorption. 
At the optimal point, the response time and recovery time 
showed 47 and 49 s. To ensure the effect of light activa-
tion, the device temperature was measured both before and 
after operation, as depicted in Fig. S16. The thermographic 

images demonstrate no significant temperature variation, 
indicating that the gas sensing performance is exclusively 
driven by light activation.

The outstanding response of the μLED gas sensor to  NO2 
can be attributed to both the material characteristics of  SnO2 
and the structural characteristics of the μLED-integrated gas 
sensor. The detailed material characteristics of  SnO2 NPs are 
explained in Note S2. In the case of the structural characteris-
tics, we focused on the geometrical effects of the  SnO2 NPs on 
the electrode of the μLED gas sensor to clarify the volcano-like 
phenomenon in Fig. 2b. Figure 2c illustrates the schematics of 
the gas sensing reaction categorized into three phases with dif-
ferent light intensities. FDTD simulation was employed to pre-
dict the light absorbance of  SnO2 NPs at different light intensi-
ties, as shown in Fig. 2d.  SnO2 NPs were assumed to possess a 
spherical shape with densely packed positions. The simulated 
absorption distribution along the z-axis was obtained for light 
intensity of 50, 200, and 500 mW  cm−2, respectively. The 
first phase in the left panel of Fig. 2c indicates the low light 

Fig. 2  NO2 gas responses of  SnO2 NPs under different light intensities. a Dynamic gas sensing curves to 5 ppm of  NO2 under different light 
intensities. b Optimization of  NO2 response by injection current. c Schematic illustrations of gas sensing reaction under 3 different light intensi-
ties. d Volume absorption profile of model close-packed  SnO2 NPs by FDTD simulation. The cross-sectional area is set to 10 × 360  nm2
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intensity, where the lowest layers are exclusively activated and 
react with  NO2. In this phase, all the generated photo-carriers 
react with the  NO2 molecules because the number of photo-
carriers is considerably smaller than the number of  NO2 mole-
cules. As the light intensity increases, activation layer of  SnO2 
NPs increases, leading to reactions with more  NO2 molecules. 
The response of the sensor reaches maximum value when the 
activation layer of  SnO2 NPs is equal to the thickness of sensor 
electrodes, as shown in the middle panel of Fig. 2c. However, 
when the activation layers of  SnO2 NPs become thicker than 
sensor electrodes due to excessive light intensity, response of 
the sensor diminishes, as shown in the right panel of Fig. 2c. 
When the  NO2 is introduced, most of the  NO2 molecules react 
with  SnO2 NPs located on the top layer. Due to the relatively 
weak gas reaction in the bottom layers, the resistance of the 
top layers increases, while the resistance of bottom layers 
shows little increase. Consequently, the majority of current 
flows through the bottom layer with low resistance, resulting 
in a decrease in the response of the sensor. Throughout these 
three phases, the dependency of the response curve on the light 
intensity exhibits a volcano-like plot. In conclusion, the mate-
rial characteristics of  SnO2 and the structure characteristics of 
the sensor device generate a synergistic effect on gas sensing 
performance.

To evaluate the stability and reliability, the sensor was 
exposed to 16 repetitive pulses of  NO2 under blue light 

illumination with optimal intensity, as shown in Fig. 3a. The 
sensor demonstrated reliability with sustainable base resistance 
and response. Figure 3b illustrates the response curves of  SnO2 
to  NO2 with concentrations ranging from 200 to 1000 ppb. The 
sensor showed reversible sensing with a high response even 
at a low gas concentration of 200 ppb. The linear-fitted curve 
presented in Fig. 3c yielded a slope of 2.24  ppb−1 with an R2 
value of 0.9949, supporting the linearity between gas response 
and  NO2 concentration. The theoretical detection limit (DL) 
was determined based on signal-to-noise ratio of 3, using the 
following equations [9]:

where yi represents the values of the response curve before 
 NO2 exposure, and y denotes the average value of yi. Rx2 
value is calculated by a fifth-order polynomial fitting that 
extracted 10 data points from yi. The root means square 
noise  (rmsnoise) is defined as Eq. (5), with N representing 
the number of extracted data points. Through these calcu-
lations, the DL was found to be 4.46 ppt under blue light 

(3)Rx2 =
∑

((yi − y)2

(4)rmsnoise =

√

Rx2

N

(5)DL = 3
rmsnoise

slope

Fig. 3  Light-activated  NO2 sensing properties of  SnO2 NPs. a Response curves to 16 pulses of 5  ppm of  NO2. b Response curves to 200–
1000 ppb of  NO2. c Calibration of response and detection limit plot. d Comparison of response time vs. response with the state-of-the-art light-
activated gas sensors for  NO2 detection
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at room temperature. The device uniformity was demon-
strated by comparing 3 different sensors, which showed a 
similar response to 5 ppm of  NO2, as shown in Fig. S17. 
The response to 2 ppm of  NO2 under various humidity 
states was measured to demonstrate humidity stability, as 
shown in Fig. S18. As the humidity level increases, the 
baseline resistance of  SnO2 NPs decreases. When humid 
air is introduced to  SnO2 NPs,  H2O molecules are adsorbed 
onto  SnO2 surface and dissociate into  H+ and  OH− ions, 
as shown in Eq. (6) [42, 43]. At low humidity levels, the 
conduction mechanism is proton transport by hopping due 
to the adsorbed  OH− ions [44]. At high humidity levels, the 
charge transport occurs via the Grotthuss chain reaction, as 
shown in Eq. (7) [45–47]:

The response to 2 ppm of  NO2 increased from dry air 
to RH50% and decreased from RH50% to RH80%. At low 
humidity levels, pre-chemisorbed  H+ assists  NO2 adsorp-
tion on  SnO2, which enhances the response to  NO2 [48]. 
In contrast, at high humidity levels, excessive  H2O adsorbs 
to Sn active sites in  SnO2 and fully occupies them with 
hydroxyl ions (Sn–OH−), which inhibits  H+ enhanced 
 NO2 adsorption, leading to a decrease in response to  NO2. 
The long-term stability of the sensor to 5 ppm of  NO2 
was investigated by comparing the initial state and after 
6 months, as shown in Fig. S19. The sensor maintained 
a high response and short response time, despite a slight 
increase in baseline resistance and a decrease in response. 
The comparison of sensing performance to the state-of-
the-art light-activated gas sensors is depicted in Fig. 3d 
[14, 49–54], and detailed properties are summarized in 
Table S1. The left panel compares the response to power, 
while the right panel compares the response to response 
time. Our device exhibited a response time of 47 s to 5 ppm 
of  NO2 with 6928 of response, which is incomparable to 
other works. Moreover, the response was significantly 
high with microwatt-scale power consumption (63.2 μW). 
Furthermore, most reported works utilized UV-LEDs as a 
light source to activate metal oxide-based gas sensors. In 
contrast, our device demonstrated superior performance 
under blue light illumination.

(6)H2O(ad) → H+ + OH

(7)H2O(ad) + H3O
+
(ad)

→ H3O
+
(ad)

+ H2O(ad)

3.3  Noble Metal Decoration on  SnO2 NPs

The noble metals (Au, Pd, and Pt) were decorated on  SnO2 
NPs to investigate the tunable gas selectivity to reducing 
gases. For noble metal decoration,  SnO2 NPs were dissolved 
in DI water and sonicated to make a colloidal solution. After 
sonication, noble metal precursors  (H2AuCl4,  K2PdCl4, and 
 K2PtCl4) were put into  SnO2 NPs solution. Pluronic F-127 was 
additionally put into  SnO2 solution for surfactant and reducing 
agent [55]. Pluronic F-127 is a block copolymer composed 
of polyethylene oxide (PEO) and polypropylene oxide (PPO) 
with a PEO-PPO-PEO triblock structure. Due to the hydro-
philic PEO and hydrophobic PPO, Pluronic F-127 constructed 
a micelle structure in a water-based solution [56].  SnO2 NPs 
were surrounded by Pluronic F-127 and noble metal precur-
sor can permeate into  SnO2 NPs [57]. Furthermore, Pluronic 
F-127 facilitated the reduction of metal ions with good stabili-
zation [58]. Overall, through the solution process-based noble 
metal decoration, Au, Pd, and Pt were uniformly decorated 
onto the  SnO2 NPs. Diverse characterizations were conducted 
to confirm the morphology and chemical states of noble metal 
NPs. Figure 4a shows TEM images of Au-decorated  SnO2 
NPs (Au-SnO2 NPs), Pd-decorated  SnO2 (Pd-SnO2 NPs), and 
Pt-decorated  SnO2 (Pt-SnO2 NPs). The size of the  SnO2 NPs 
was measured to be around 10 nm, whereas Au and Pd were 
confirmed to be about 5 nm and Pt was measured to be 3 nm. 
High-resolution images were obtained using TEM to inves-
tigate the crystallinity of the Au-SnO2 NPs, Pd-SnO2 NPs, 
and Pt-SnO2 NPs, as shown in Fig. S20. The crystal struc-
ture of each material was confirmed with diffraction patterns, 
which are presented in the inset of each image. Moreover, 
STEM with energy-dispersive XPS analysis was performed to 
observe the distribution of the noble metal NPs on the  SnO2 
NPs. As shown in the EDS images in Fig. 4b, noble metal NPs 
were well-dispersed throughout each sample. XPS analysis 
was conducted to confirm the surface chemical states of the 
noble metal-decorated  SnO2 NPs. Figure S19 presents the 
XPS spectra of Sn 3d and O 1s of Au-SnO2 NPs, Pd–SnO2 
NPs, and Pt-SnO2 NPs. Additionally, O 1s peaks of noble 
metal-decorated  SnO2 NPs were deconvoluted into three 
peaks, and the peak location is summarized in Table S2. Fig-
ure 4c displays the XPS spectra of Au, Pd, and Pt, which were 
conducted to investigate the surface chemical bonding state of 
noble metal NPs. The detailed deconvoluted peak positions 
are provided in Table S3. The presence of oxidized peaks 
in the noble metal decorated on  SnO2 NPs revealed that the 
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surface of the noble metals was partially oxidized, while the 
inner region remained in a metallic phase [59].

3.4  Reducing Gas Sensing Properties 
of Metal‑Decorated  SnO2 NPs

The  NO2 sensing properties of Au-SnO2 NPs, Pd-SnO2 
NPs, and Pt-SnO2 NPs were investigated under light 

illumination, as shown in Fig. S22. In comparison with 
 SnO2 NPs, the response to 5  ppm of  NO2 showed a 
decrease in Au-SnO2 NPs, Pd-SnO2 NPs, and Pt-SnO2 
NPs, with the most significant decrease observed in Pt-
SnO2 NPs. Various reducing gases including  NH3, CO,  H2, 
 C2H5OH, and  CH3COCH3 were investigated for  SnO2 NPs, 
Au-SnO2 NPs, Pd-SnO2 NPs, and Pt-SnO2 NPs, as shown 
in Fig. 5a. The response of reducing gases denoted as Rr 

Fig. 4  Characterization of noble metal-decorated  SnO2 NPs. a TEM images and b EDS element mapping images of Au-SnO2 NPs, Pd-SnO2 
NPs, and Pt-SnO2 NPs. c Au 4f, Pd 3d, and Pt 4f XPS spectra of Au-SnO2 NPs, Pd-SnO2 NPs, and Pt-SnO2 NPs
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was defined using Eq. (8), which represents the response 
of reducing gases as the ratio of the resistance between air 
and gas atmosphere.

Here, Rg and Ra are the same as Eq. (2). All sensors showed 
distinct selectivity patterns under blue light illumination. 
As shown in Fig. S23, the sensors were exposed to 4 repeti-
tive pulses of reducing gases, exhibiting high reliability and 
repeatability. For a better comparison, the polar plots of 
 SnO2 NPs, Au-SnO2 NPs, Pd-SnO2 NPs, and Pt-SnO2 NPs 
to reducing gases were obtained, as shown in Fig. 5b.  SnO2 
NPs exhibited moderate response to  NH3, CO, and  C2H5OH, 
Au-SnO2 NPs exhibited high sensitivity and selectivity 
toward  C2H5OH, Pd-SnO2 NPs showed a good response to 
 H2, and Pt-SnO2 NPs exhibited a good response to several 
gases, especially  NH3. The response tendency of reducing 
gases under various light intensities was measured and is 

(8)Rr =
(

Rg − Ra

)

∕Rg ⋅ 100 (%)

detailed in Fig. S24. The gas mixtures containing 50 ppm 
of  NH3,  H2, and  C2H5OH were measured by  SnO2 NPs, Au-
SnO2 NPs, Pd-SnO2 NPs, and Pt-SnO2 NPs, which exhibited 
distinct patterns of dynamic curves, as shown in Fig. S25. 
Overall, noble metal-decorated  SnO2 NPs-based 2 × 2 gas 
sensor array demonstrated the ability to discriminate various 
gases under light illumination.

Based on the conventional mechanism of chemoresis-
tive gas sensors, the reaction with reducing gases leads to a 
decrease in the resistance of n-type  SnO2. However, the gas 
response curves of our gas sensor array showed different 
patterns compared to conventional gas sensors. These unique 
sensing patterns can be explained by the oxygen species on 
the surface of  SnO2 NPs. Oxygen molecules exist as ionized 
oxygen species on the surface of  SnO2 NPs, especially in 
the form of  O2

− at room temperature [60]. When a reduc-
ing gas such as  CH3COCH3 is exposed to  SnO2, the stable 
form of  O2

− is less reactive with  CH3COCH3 [61]. Thus, 

Fig. 5  Gas responses of µLED-integrated gas sensor array to reducing gases. a Response curves and b polar plots of  SnO2 NPs, Au-SnO2 NPs, 
Pd-SnO2 NPs, and Pt-SnO2 NPs to  NH3, CO,  H2,  C2H5OH, and  CH3COCH3
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for the reaction to occur, it is assumed that  O2
− dissociates 

into  O− before reacting with  CH3COCH3, which increases 
the resistance, as shown in Eq. (9). After that, the reaction 
of  CH3COCH3 with  O− decreases the resistance, as shown 
in Eq. (10).

To supplement this mechanism, the dynamic response 
shape of  SnO2 NPs to  CH3COCH3 was measured under 
various conditions of temperature, light, and atmosphere, 
as shown in Fig. S26. When  CH3COCH3 was introduced 
to  SnO2 NPs in the dark state at room temperature, the 
resistance increased because oxygen dissociation was more 
dominant than the decomposition of  CH3COCH3. As the 
temperature increased, the resistance variation for the 
input of  CH3COCH3 showed opposite direction, resulting 
in a decrease of the resistance. The elevated temperature 
activates the adsorbed oxygen and decreases the activation 
energy for the reaction with  CH3COCH3, making the decom-
position of  CH3COCH3 more dominant than oxygen dissoci-
ation. At 150 °C, the tendency for resistance to decrease with 
the input of  CH3COCH3 was abruptly enhanced because 
 O− becomes the stable oxygen species at 150 °C, and is 
reactive with reducing gases [60]. In the case of light illumi-
nation on  SnO2 NPs, the resistance also increased with input 
of  CH3COCH3 at room temperature. However, the response 
and recovery were faster than in the dark state due to the 
light-activated oxygen species, which is more reactive than 
adsorbed oxygen, as shown in Eqs. (11) and (12) [4].

As the temperature increases with light illumination, 
the tendency of dynamic curve shape was similar to that 
in dark state. The elevated temperature causes the resist-
ance to decrease with reaction of  CH3COCH3. To clarify 
the effect of oxygen,  CH3COCH3 was measured under  N2 
atmosphere. When  CH3COCH3 was exposed to  SnO2 NPs 
under  N2 atmosphere, the resistance decreased.  CH3COCH3 
directly adsorbs  SnO2 NPs and draws electrons due to the 
absence of oxygen [62]. Therefore, it can be assumed that 

(9)O−
2(ad)

+ e− → 2O−
(ad)

(10)
CH3COCH3(g) + 8O−

(ad)
→ 3CO2(g) + 3H2O(g) + 8e−

(11)O−
2(hv)

+ e− → 2O−
(hv)

(12)
CH3COCH3(g) + 8O−

(hv)
→ 3CO2(g) + 3H2O(g) + 8e−

the resistance increase in reducing gases at low temperature 
is due to oxygen dissociation of the stable oxygen species.

Moreover, noble metal decoration on  SnO2 NPs results 
in distinct responses to various gases. In the case of  SnO2 
NPs,  C2H5OH showed a decrease in resistance, while other 
gases showed an increase in resistance. It is assumed that 
the decomposition of  C2H5OH is more dominant than oxy-
gen dissociation, unlike other reducing gases. When Au 
is decorated on  SnO2, Au promotes oxygen dissociation 
with chemical sensitization, which decreases the activation 
energy for the reaction of reducing gases [63, 64]. The cata-
lytic effect of Au increases the decomposition of reducing 
gases, which suppresses the increase in resistance caused 
by oxygen dissociation on  SnO2. Therefore, the reducing 
gases showed a decrease in response, but  C2H5OH showed 
an increase in response. This leads Au-SnO2 NPs to exhibit 
good sensitivity and selectivity to  C2H5OH. For Pd-SnO2 
NPs, Pd shows chemical sensitization to  H2 through phase 
transition of  PdHx [65]. The activation energy for the reac-
tion between  H2 and oxygen decreases due to the dissolution 
of  H2 to  H+ ion. Therefore,  H2 reaction with oxygen is more 
dominant than oxygen dissociation, causing the resistance 
of Pd-SnO2 NPs to  H2 to decrease. For Pt-SnO2 NPs, Pt 
accelerates oxygen dissociation on  SnO2, which causes the 
resistance of all reducing gases resistance to increase. This 
results in Pt-SnO2 NPs showing high response for various 
reducing gases through an increase in resistance. Overall, the 
μLED platform was demonstrated to detect various reducing 
gases with tunable selectivity.

3.5  Real‑Time Gas Monitoring with a Fully 
Hardware‑Integrated E‑Nose Array

Real-time gas monitoring of the μLED gas sensor array 
was tested to verify its suitability for daily use, as shown in 
Figs. 6a and S27, and Video S1. The device was connected 
to a PCB via a Pt-wire-bonding process for operation, as 
shown in Fig. 6b. The MCU provided the 3.3 V opera-
tion voltage to the μLEDs, and the 0.5 V sensing volt-
age to each sensing component to monitor the responses 
simultaneously and independently. Figure 6c shows the 
customized design of PCB, which ensured the μLEDs 
deliver separate electrical signals in response to differ-
ent target gases. The device is connected to a mobile 
phone via Wi-Fi for gas hazard notification. The MCU is 
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programmed to send a signal when the resistance change 
induced by the gas reaction exceeds a predetermined 
threshold, as shown in Fig. S28 and Note S3. If the target 
gas concentration is over the threshold value, the signal is 
transmitted, and the corresponding response value appears 
in the mobile application. The application activates color-
coded alarms, displays warning text messages, and moni-
tors the gas response from each sensor. Figure 6d shows 
the user interface of the mobile application when the sen-
sor detects  NO2 gas. By utilizing these platforms, µLED 
gas sensor array can identify the distinct responses of each 
sensor and compare their selectivity via wireless commu-
nication. Moreover, the practical applications of µLED 
gas sensor array were demonstrated by detecting a fer-
mented skate (Raja kenojei), hydrogen leakage, and wine, 

as shown in Fig. 6e and Video S2. Fermented skate is asso-
ciated with  NH3, which is produced by microbial activity 
through the degradation of urea and trimethylamine oxide 
[66]. Detecting hydrogen leakage in gas pipes is crucial 
for the prevention of hydrogen explosion, which has the 
possibility of ignition above 4% of  H2 [67]. Wine, as an 
alcoholic beverage, contains  C2H5OH. When the different 
species were introduced to the gas sensor array, the sensor 
signals showed distinct responses, as shown in Fig. S29. 
In conclusion, the real-time detection of distinct 4 gases 
and practical application to 3 different species by µLED 
gas sensor array demonstrated the potential capability for 
establishing advanced e-nose platforms.

Fig. 6  Real-time gas monitoring using a mobile application. a Schematic illustration of real-time gas sensing platform setup. b Optical image 
of MCU-integrated µLED gas sensor module. c A schematic illustration of PCB circuit design. d User interface of the mobile gas notification 
application when the module selectively detects  NO2 gas. e Response plots of the practical application of gas sensor array to detect fermented 
skate, hydrogen leakage, and wine
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4  Conclusion

The μLED-integrated  SnO2 NPs gas sensor array is capable 
of selectively detecting various gases at room temperature 
while operating at extremely low power levels. Fabrication 
of the 20 × 20 μm2 sized μLED gas sensor platform was con-
ducted via a conventional semiconductor device fabrication 
process. By integrating μLEDs with the gas sensor, blue light 
activation of sensing materials with micro-watt power con-
sumption was achieved. The 1.5 μm gap between the light 
source and the sensing materials maximizes the light activa-
tion efficiency. The μLED-integrated  SnO2 NPs gas sensor 
exhibited a high response to 5 ppm of  NO2 (6928) with a 
power consumption of 63.2 μW. The volcano shape of gas 
response, depending on the light intensity, was interpreted 
using FDTD simulation of light absorbance. For selective 
detection of reducing gases, noble metals such as Au, Pd, 
and Pt were decorated onto  SnO2 NPs. With the catalytic 
effect of the noble metals, the noble metal-decorated  SnO2 
NPs gas sensor array showed a distinct pattern in response 
to reducing gases. Real-time gas monitoring was achieved 
by connecting the gas sensor to a mobile phone via Wi-Fi 
using an MCU. Overall, this work is expected to contribute 
to the enlargement of μLED gas sensor fields and diversify 
the detectable gases for our healthy living environment.

Acknowledgements This research was supported by the Nano & 
Material Technology Development Program through the National 
Research Foundation of Korea(NRF) funded by Ministry of Sci-
ence and ICT(RS-2024-00405016). This work was also financially 
supported by “Cooperative Research Program for Agriculture Sci-
ence and Technology Development (Project No. PJ01706703)” 
Rural Development Administration, Republic of Korea. The Inter-
University Semiconductor Research Center and Institute of Engi-
neering Research at Seoul National University provided research 
facilities for this work.

Declarations 

Conflict of interest The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 

material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 024- 01486-2.

References

 1. S.Y. Park, Y. Kim, T. Kim, T.H. Eom, S.Y. Kim et al., Chem-
oresistive materials for electronic nose: Progress, perspectives, 
and challenges. InfoMat 1, 289–316 (2019). https:// doi. org/ 10. 
1002/ inf2. 12029

 2. S.H. Cho, J.M. Suh, T.H. Eom, T. Kim, H.W. Jang, Colori-
metric sensors for toxic and hazardous gas detection: a review. 
Electron. Mater. Lett. 17, 1–17 (2021). https:// doi. org/ 10. 
1007/ s13391- 020- 00254-9

 3. H.-J. Kim, J.-H. Lee, Highly sensitive and selective gas sensors 
using p-type oxide semiconductors: overview. Sens. Actuat. 
B Chem. 192, 607–627 (2014). https:// doi. org/ 10. 1016/j. snb. 
2013. 11. 005

 4. R. Kumar, X. Liu, J. Zhang, M. Kuma, r Room-temperature 
gas sensors under photoactivation: from metal oxides to 2D 
materials. Nano-Micro Lett. 12, 164 (2020). https:// doi. org/ 
10. 1007/ s40820- 020- 00503-4

 5. S.M. Majhi, A. Mirzaei, H.W. Kim, S.S. Kim, T.W. Kim, 
Recent advances in energy-saving chemiresistive gas sensors: 
a review. Nano Energy 79, 105369 (2021). https:// doi. org/ 10. 
1016/j. nanoen. 2020. 105369

 6. N. Luo, C. Wang, D. Zhang, M. Guo, X. Wang et al., Ultralow 
detection limit MEMS hydrogen sensor based on  SnO2 with 
oxygen vacancies. Sens. Actuat. B Chem. 354, 130982 (2022). 
https:// doi. org/ 10. 1016/j. snb. 2021. 130982

 7. J.M. Suh, T.H. Eom, S.H. Cho, T. Kim, H.W. Jang, Light-
activated gas sensing: a perspective of integration with micro-
LEDs and plasmonic nanoparticles. Mater. Adv. 2, 827–844 
(2021). https:// doi. org/ 10. 1039/ d0ma0 0685h

 8. J. Wang, H. Shen, Y. Xia, S. Komarneni, Light-activated 
room-temperature gas sensors based on metal oxide nanostruc-
tures: a review on recent advances. Ceram. Int. 47, 7353–7368 
(2021). https:// doi. org/ 10. 1016/j. ceram int. 2020. 11. 187

 9. T.H. Eom, S.H. Cho, J.M. Suh, T. Kim, T.H. Lee et  al., 
Substantially improved room temperature  NO2 sensing in 
2-dimensional  SnS2 nanoflowers enabled by visible light illu-
mination. J. Mater. Chem. A 9, 11168–11178 (2021). https:// 
doi. org/ 10. 1039/ d1ta0 0953b

 10. H.-Y. Li, J.-W. Yoon, C.-S. Lee, K. Lim, J.-W. Yoon et al., 
Visible light assisted  NO2 sensing at room temperature by 
CdS nanoflake array. Sens. Actuat. B Chem. 255, 2963–2970 
(2018). https:// doi. org/ 10. 1016/j. snb. 2017. 09. 118

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-024-01486-2
https://doi.org/10.1007/s40820-024-01486-2
https://doi.org/10.1002/inf2.12029
https://doi.org/10.1002/inf2.12029
https://doi.org/10.1007/s13391-020-00254-9
https://doi.org/10.1007/s13391-020-00254-9
https://doi.org/10.1016/j.snb.2013.11.005
https://doi.org/10.1016/j.snb.2013.11.005
https://doi.org/10.1007/s40820-020-00503-4
https://doi.org/10.1007/s40820-020-00503-4
https://doi.org/10.1016/j.nanoen.2020.105369
https://doi.org/10.1016/j.nanoen.2020.105369
https://doi.org/10.1016/j.snb.2021.130982
https://doi.org/10.1039/d0ma00685h
https://doi.org/10.1016/j.ceramint.2020.11.187
https://doi.org/10.1039/d1ta00953b
https://doi.org/10.1039/d1ta00953b
https://doi.org/10.1016/j.snb.2017.09.118


Nano-Micro Lett.          (2024) 16:261  Page 15 of 17   261 

 11. G. Li, Z. Sun, D. Zhang, Q. Xu, L. Meng et al., Mechanism of 
sensitivity enhancement of a ZnO nanofilm gas sensor by UV 
light illumination. ACS Sens. 4, 1577–1585 (2019). https:// 
doi. org/ 10. 1021/ acsse nsors. 9b002 59

 12. H.K. Biesalski, U.C. Obermueller-Jevic, UV light, beta-car-
otene and human skin—beneficial and potentially harmful 
effects. Arch. Biochem. Biophys. 389, 1–6 (2001). https:// 
doi. org/ 10. 1006/ abbi. 2001. 2313

 13. H. Van Loveren, W. Goettsch, W. Slob, J. Garssen, Risk 
assessment for the harmful effects of immunotoxic agents on 
the immunological resistance to infectious diseases: ultraviolet 
light as an example. Toxicology 119, 59–64 (1997). https:// 
doi. org/ 10. 1016/ s0300- 483x(96) 03597-4

 14. T.H. Eom, S.H. Cho, J.M. Suh, T. Kim, J.W. Yang et al., 
Visible light driven ultrasensitive and selective  NO2 detec-
tion in tin oxide nanoparticles with sulfur doping assisted by 
l-cysteine. Small 18, e2106613 (2022). https:// doi. org/ 10. 
1002/ smll. 20210 6613

 15. X. Li, W. Ge, P. Wang, K. Han, H. Zhao et al., Near-infrared 
enhanced  SnO2/SnSe2 heterostructures for room-temperature 
 NO2 detection: Experiments and DFT calculations. Sens. 
Actuat. B Chem. 397, 134643 (2023). https:// doi. org/ 10. 
1016/j. snb. 2023. 134643

 16. T. Kim, T.H. Lee, S.Y. Park, T.H. Eom, I. Cho et al., Drastic 
gas sensing selectivity in 2-dimensional  MoS2 nanoflakes by 
noble metal decoration. ACS Nano 17, 4404–4413 (2023). 
https:// doi. org/ 10. 1021/ acsna no. 2c097 33

 17. S. Park, Y. Lim, D. Oh, J. Ahn, C. Park et al., Steering selectiv-
ity in the detection of exhaled biomarkers over oxide nanofib-
ers dispersed with noble metals. J. Mater. Chem. A 11, 3535–
3545 (2023). https:// doi. org/ 10. 1039/ d2ta0 7226b

 18. H.W. Jang, S.Y. Kim, J.-L. Lee, Mechanism for ohmic contact 
formation of oxidized Ni/Au on p-type GaN. J. Appl. Phys. 94, 
1748–1752 (2003). https:// doi. org/ 10. 1063/1. 15869 83

 19. C.-Y. Hsu, W.-H. Lan, Y.S. Wu, Effect of thermal annealing 
of Ni/Au ohmic contact on the leakage current of GaN based 
light emitting diodes. Appl. Phys. Lett. 83, 2447–2449 (2003). 
https:// doi. org/ 10. 1063/1. 16013 06

 20. Y.C. Lin, S.J. Chang, Y.K. Su, T.Y. Tsai, C.S. Chang et al., 
InGaN/GaN light emitting diodes with Ni/Au, Ni/ITO and 
ITO p-type contacts. Solid State Electron. 47, 849–853 (2003). 
https:// doi. org/ 10. 1016/ S0038- 1101(02) 00440-9

 21. S.H. Mohamed,  SnO2 dendrites–nanowires for optoelectronic 
and gas sensing applications. J. Alloys Compd. 510, 119–124 
(2012). https:// doi. org/ 10. 1016/j. jallc om. 2011. 09. 006

 22. E.D. Palik, Handbook of optical constants of solids (Aca-
demic press; 1998).

 23. E. Tea, J. Huang, C. Hin, First principles study of band line 
up at defective metal-oxide interface: oxygen point defects at 
Al/SiO2 interface. J. Phys. D Appl. Phys. 49, 095304 (2016). 
https:// doi. org/ 10. 1088/ 0022- 3727/ 49/9/ 095304

 24. H. Matsui, K. Santhi, S. Sugiyama, M. Yoshihara, S. Karup-
puchamy, Visible light-induced photocatalytic activity of 
 SiO2/carbon cluster composite materials. Ceram. Int. 40, 
2169–2172 (2014). https:// doi. org/ 10. 1016/j. ceram int. 2013. 
07. 134

 25. J.E. Ryu, S. Park, Y. Park, S.W. Ryu, K. Hwang et al., Techno-
logical breakthroughs in chip fabrication, transfer, and color 
conversion for high-performance micro-LED displays. Adv. 
Mater. 35, e2204947 (2023). https:// doi. org/ 10. 1002/ adma. 
20220 4947

 26. W. Tian, J. Li, Size-dependent optical-electrical characteristics 
of blue GaN/InGaN micro-light-emitting diodes. Appl. Opt. 
59, 9225–9232 (2020). https:// doi. org/ 10. 1364/ AO. 405572

 27. R.-H. Horng, C.-X. Ye, P.-W. Chen, D. Iida, K. Ohkawa 
et  al., Study on the effect of size on InGaN red micro-
LEDs. Sci. Rep. 12, 1324 (2022). https:// doi. org/ 10. 1038/ 
s41598- 022- 05370-0

 28. T. Mukai, M. Yamada, S. Nakamura, Current and tempera-
ture dependences of electroluminescence of InGaN-based UV/
blue/green light-emitting diodes. Jpn. J. Appl. Phys. 37, L1358 
(1998). https:// doi. org/ 10. 1143/ jjap. 37. l1358

 29. S.J. Chang, W.C. Lai, Y.K. Su, J.F. Chen, C.H. Liu et al., 
InGaN-GaN multiquantum-well blue and green light-emit-
ting diodes. IEEE J. Sel. Top. Quantum Electron. 8, 278–283 
(2002). https:// doi. org/ 10. 1109/ 2944. 999181

 30. F. Trani, M. Causà, D. Ninno, G. Cantele, V. Barone, Density 
functional study of oxygen vacancies at the  SnO2 surface and 
subsurface sites. Phys. Rev. B 77, 245410 (2008). https:// doi. 
org/ 10. 1103/ physr evb. 77. 245410

 31. N. Zamand, A.N. Pour, M.R. Housaindokht, M. Izadyar, Sur-
face decomposition of dimethyl methylphosphonate on  SnO2 
nanoparticles: role of nanoparticle size. Prog. React. Kinet. 
Mech. 42, 99–110 (2017). https:// doi. org/ 10. 3184/ 14686 7817x 
14806 85883 1785

 32. C. Kílíç, A. Zunger, Origins of coexistence of conductivity 
and transparency in  SnO2. Phys. Rev. Lett. 88, 095501 (2002). 
https:// doi. org/ 10. 1103/ PhysR evLett. 88. 095501

 33. A. Das Mahapatra, D. Basak, Investigation on sub-band gap 
defects aided UV to NIR broad-band low-intensity photode-
tection by  SnO2 thin film. Sens. Actuat. A Phys. 312, 112168 
(2020). https:// doi. org/ 10. 1016/j. sna. 2020. 112168

 34. J. Wang, Z. Chen, Y. Liu, C.-H. Shek, C.M.L. Wu et al., Het-
erojunctions and optical properties of ZnO/SnO2 nanocom-
posites adorned with quantum dots. Sol. Energy Mater. Sol. 
Cells 128, 254–259 (2014). https:// doi. org/ 10. 1016/j. solmat. 
2014. 05. 038

 35. C. Hu, L. Chen, Y. Hu, A. Chen, L. Chen et al., Light-moti-
vated  SnO2/TiO2 heterojunctions enabling the breakthrough 
in energy density for lithium-ion batteries. Adv. Mater. 33, 
e2103558 (2021). https:// doi. org/ 10. 1002/ adma. 20210 3558

 36. J. Wang, H. Li, S. Meng, X. Ye, X. Fu et al., Controlled 
synthesis of Sn-based oxides via a hydrothermal method and 
their visible light photocatalytic performances. RSC Adv. 7, 
27024–27032 (2017). https:// doi. org/ 10. 1039/ C7RA0 4041E

 37. W. Dong, J. Xu, C. Wang, Y. Lu, X. Liu et al., A robust 
and conductive black tin oxide nanostructure makes efficient 
lithium-ion batteries possible. Adv. Mater. 29, 1700136 
(2017). https:// doi. org/ 10. 1002/ adma. 20170 0136

 38. M. Fondell, M. Gorgoi, M. Boman, A. Lindblad, An 
HAXPES study of Sn, SnS, SnO and  SnO2. J. Electron 

https://doi.org/10.1021/acssensors.9b00259
https://doi.org/10.1021/acssensors.9b00259
https://doi.org/10.1006/abbi.2001.2313
https://doi.org/10.1006/abbi.2001.2313
https://doi.org/10.1016/s0300-483x(96)03597-4
https://doi.org/10.1016/s0300-483x(96)03597-4
https://doi.org/10.1002/smll.202106613
https://doi.org/10.1002/smll.202106613
https://doi.org/10.1016/j.snb.2023.134643
https://doi.org/10.1016/j.snb.2023.134643
https://doi.org/10.1021/acsnano.2c09733
https://doi.org/10.1039/d2ta07226b
https://doi.org/10.1063/1.1586983
https://doi.org/10.1063/1.1601306
https://doi.org/10.1016/S0038-1101(02)00440-9
https://doi.org/10.1016/j.jallcom.2011.09.006
https://doi.org/10.1088/0022-3727/49/9/095304
https://doi.org/10.1016/j.ceramint.2013.07.134
https://doi.org/10.1016/j.ceramint.2013.07.134
https://doi.org/10.1002/adma.202204947
https://doi.org/10.1002/adma.202204947
https://doi.org/10.1364/AO.405572
https://doi.org/10.1038/s41598-022-05370-0
https://doi.org/10.1038/s41598-022-05370-0
https://doi.org/10.1143/jjap.37.l1358
https://doi.org/10.1109/2944.999181
https://doi.org/10.1103/physrevb.77.245410
https://doi.org/10.1103/physrevb.77.245410
https://doi.org/10.3184/146867817x14806858831785
https://doi.org/10.3184/146867817x14806858831785
https://doi.org/10.1103/PhysRevLett.88.095501
https://doi.org/10.1016/j.sna.2020.112168
https://doi.org/10.1016/j.solmat.2014.05.038
https://doi.org/10.1016/j.solmat.2014.05.038
https://doi.org/10.1002/adma.202103558
https://doi.org/10.1039/C7RA04041E
https://doi.org/10.1002/adma.201700136


 Nano-Micro Lett.          (2024) 16:261   261  Page 16 of 17

https://doi.org/10.1007/s40820-024-01486-2© The authors

Spectrosc. Relat. Phenom. 195, 195–199 (2014). https:// 
doi. org/ 10. 1016/j. elspec. 2014. 07. 012

 39. M. Karmaoui, A.B. Jorge, P.F. McMillan, A.E. Aliev, R.C. 
Pullar et al., One-step synthesis, structure, and band gap 
properties of  SnO2 nanoparticles made by a low temperature 
nonaqueous sol-gel technique. ACS Omega 3, 13227–13238 
(2018). https:// doi. org/ 10. 1021/ acsom ega. 8b021 22

 40. Y. Porte, R. Maller, H. Faber, H.N. AlShareef, T.D. Antho-
poulos et al., Exploring and controlling intrinsic defect for-
mation in  SnO2 thin films. J. Mater. Chem. C 4, 758–765 
(2016). https:// doi. org/ 10. 1039/ c5tc0 3520a

 41. S. Deepa, K. Prasanna Kumari, B. Thomas, Contribution 
of oxygen-vacancy defect-types in enhanced  CO2 sensing 
of nanoparticulate Zn-doped  SnO2 films. Ceram. Int. 43, 
17128–17141 (2017). https:// doi. org/ 10. 1016/j. ceram int. 
2017. 09. 134

 42. M. Egashira, M. Nakashima, S. Kawasumi, T. Selyama, Tem-
perature programmed desorption study of water adsorbed 
on metal oxides. 2. Tin oxide surfaces. J. Phys. Chem. 85, 
4125–4130 (1981). https:// doi. org/ 10. 1021/ j1506 26a034

 43. E. Wongrat, T. Nuengnit, R. Panyathip, N. Chanlek, N. Hong-
sith et al., Highly selective room temperature ammonia sen-
sors based on ZnO nanostructures decorated with graphene 
quantum dots (GQDs). Sens. Actuat. B Chem. 326, 128983 
(2021). https:// doi. org/ 10. 1016/j. snb. 2020. 128983

 44. P. Srinivasan, D. Prakalya, B.G. Jeyaprakash, UV-activated 
ZnO/CdO n-n isotype heterostructure as breath sensor. J. 
Alloys Compd. 819, 152985 (2020). https:// doi. org/ 10. 1016/j. 
jallc om. 2019. 152985

 45. Q. Geng, X. Lin, R. Si, X. Chen, W. Dai et al., The correlation 
between the ethylene response and its oxidation over  TiO2 
under UV irradiation. Sens. Actuat. B Chem. 174, 449–457 
(2012). https:// doi. org/ 10. 1016/j. snb. 2012. 08. 062

 46. H. Dong, L.-X. Zhang, H. Xu, Y.-Y. Yin, Y.-F. Liu et al., A 
highly efficient humidity sensor based on lead (II) coordina-
tion polymer via in situ decarboxylation and hydrolysis syn-
thesis. Rare Met. 41, 1652–1660 (2022). https:// doi. org/ 10. 
1007/ s12598- 021- 01913-y

 47. Z. Chen, C. Lu, Humidity sensors: a review of materials and 
mechanisms. Sens. Lett. 3, 274–295 (2005). https:// doi. org/ 
10. 1166/ sl. 2005. 045

 48. J.M. Suh, T.H. Lee, K. Hong, Y.G. Song, S.H. Cho et al., 
Extremely sensitive and selective  NO2 detection at relative 
humidity 90% in 2-dimensional tin sulfides/SnO2 nanorod 
heterostructure. Sens. Actuat. B Chem. 369, 132319 (2022). 
https:// doi. org/ 10. 1016/j. snb. 2022. 132319

 49. I. Cho, Y.C. Sim, K. Lee, M. Cho, J. Park et al., Nanowatt-
level photoactivated gas sensor based on fully-integrated 
visible MicroLED and plasmonic nanomaterials. Small 19, 
e2207165 (2023). https:// doi. org/ 10. 1002/ smll. 20220 7165

 50. I. Cho, Y.C. Sim, M. Cho, Y.H. Cho, I. Park, Monolithic micro 
light-emitting diode/metal oxide nanowire gas sensor with 
microwatt-level power consumption. ACS Sens. 5, 563–570 
(2020). https:// doi. org/ 10. 1021/ acsse nsors. 9b024 87

 51. D. Cho, J.M. Suh, S.H. Nam, S.Y. Park, M. Park et  al., 
Optically activated 3D thin-shell  TiO2 for super-sensitive 

chemoresistive responses: toward visible light activation. Adv. 
Sci. 8, 2001883 (2020). https:// doi. org/ 10. 1002/ advs. 20200 
1883

 52. E. Espid, F. Taghipour, Development of highly sensitive ZnO/
In2O3 composite gas sensor activated by UV-LED. Sens. 
Actuat. B Chem. 241, 828–839 (2017). https:// doi. org/ 10. 
1016/j. snb. 2016. 10. 129

 53. E. Espid, A.S. Noce, F. Taghipour, The effect of radiation 
parameters on the performance of photo-activated gas sen-
sors. J. Photochem. Photobiol. A Chem. 374, 95–105 (2019). 
https:// doi. org/ 10. 1016/j. jphot ochem. 2019. 01. 038

 54. Q. Zhang, G. Xie, M. Xu, Y. Su, H. Tai et al., Visible light-
assisted room temperature gas sensing with ZnO-Ag hetero-
structure nanoparticles. Sens. Actuat. B Chem. 259, 269–281 
(2018). https:// doi. org/ 10. 1016/j. snb. 2017. 12. 052

 55. M. Sokolsky-Papkov, A. Kabanov, Synthesis of well-defined 
gold nanoparticles using pluronic: the role of radicals and sur-
factants in nanoparticles formation. Polymers 11, 1553 (2019). 
https:// doi. org/ 10. 3390/ polym 11101 553

 56. P. Prasanthan, N. Kishore, Self-assemblies of pluronic micelles 
in partitioning of anticancer drugs and effectiveness of this 
system towards target protein. RSC Adv. 11, 22057–22069 
(2021). https:// doi. org/ 10. 1039/ d1ra0 3770f

 57. Z. Wu, C. Guo, S. Liang, H. Zhang, L. Wang et al., A pluronic 
F127 coating strategy to produce stable up-conversion  NaYF4: 
Yb, Er(Tm) nanoparticles in culture media for bioimaging. 
J. Mater. Chem. 22, 18596–18602 (2012). https:// doi. org/ 10. 
1039/ C2JM3 3626J

 58. S. Chen, C. Guo, G.-H. Hu, J. Wang, J.-H. Ma et al., Effect 
of hydrophobicity inside PEO-PPO-PEO block copolymer 
micelles on the stabilization of gold nanoparticles: experi-
ments. Langmuir 22, 9704–9711 (2006). https:// doi. org/ 10. 
1021/ la061 093m

 59. E. Fudo, A. Tanaka, H. Kominami, AuOx, Surface oxide layer 
as a hole-transferring cocatalyst for water oxidation over au 
nanoparticle-decorated  TiO2 photocatalysts. ACS Appl. Nano 
Mater. 5, 8982–8990 (2022). https:// doi. org/ 10. 1021/ acsanm. 
2c011 86

 60. N. Barsan, U. Weimar, Conduction model of metal oxide gas 
sensors. J. Electroceram. 7, 143–167 (2001). https:// doi. org/ 
10. 1023/A: 10144 05811 371

 61. L.L. Fields, J.P. Zheng, Y. Cheng, P. Xiong, Room-tempera-
ture low-power hydrogen sensor based on a single tin dioxide 
nanobelt. Appl. Phys. Lett. 88, 263102 (2006). https:// doi. org/ 
10. 1063/1. 22177 10

 62. A.A. Abokifa, K. Haddad, J. Fortner, C.S. Lo, P. Biswas, Sens-
ing mechanism of ethanol and acetone at room temperature by 
 SnO2 nano-columns synthesized by aerosol routes: theoretical 
calculations compared to experimental results. J. Mater. Chem. 
A 6, 2053–2066 (2018). https:// doi. org/ 10. 1039/ C7TA0 9535J

 63. L. Chen, H. Shi, C. Ye, X. Xia, Y. Li et al., Enhanced etha-
nol-sensing characteristics of Au decorated In-doped  SnO2 
porous nanotubes at low working temperature. Sens. Actuat. 
B Chem. 375, 132864 (2023). https:// doi. org/ 10. 1016/j. snb. 
2022. 132864

https://doi.org/10.1016/j.elspec.2014.07.012
https://doi.org/10.1016/j.elspec.2014.07.012
https://doi.org/10.1021/acsomega.8b02122
https://doi.org/10.1039/c5tc03520a
https://doi.org/10.1016/j.ceramint.2017.09.134
https://doi.org/10.1016/j.ceramint.2017.09.134
https://doi.org/10.1021/j150626a034
https://doi.org/10.1016/j.snb.2020.128983
https://doi.org/10.1016/j.jallcom.2019.152985
https://doi.org/10.1016/j.jallcom.2019.152985
https://doi.org/10.1016/j.snb.2012.08.062
https://doi.org/10.1007/s12598-021-01913-y
https://doi.org/10.1007/s12598-021-01913-y
https://doi.org/10.1166/sl.2005.045
https://doi.org/10.1166/sl.2005.045
https://doi.org/10.1016/j.snb.2022.132319
https://doi.org/10.1002/smll.202207165
https://doi.org/10.1021/acssensors.9b02487
https://doi.org/10.1002/advs.202001883
https://doi.org/10.1002/advs.202001883
https://doi.org/10.1016/j.snb.2016.10.129
https://doi.org/10.1016/j.snb.2016.10.129
https://doi.org/10.1016/j.jphotochem.2019.01.038
https://doi.org/10.1016/j.snb.2017.12.052
https://doi.org/10.3390/polym11101553
https://doi.org/10.1039/d1ra03770f
https://doi.org/10.1039/C2JM33626J
https://doi.org/10.1039/C2JM33626J
https://doi.org/10.1021/la061093m
https://doi.org/10.1021/la061093m
https://doi.org/10.1021/acsanm.2c01186
https://doi.org/10.1021/acsanm.2c01186
https://doi.org/10.1023/A:1014405811371
https://doi.org/10.1023/A:1014405811371
https://doi.org/10.1063/1.2217710
https://doi.org/10.1063/1.2217710
https://doi.org/10.1039/C7TA09535J
https://doi.org/10.1016/j.snb.2022.132864
https://doi.org/10.1016/j.snb.2022.132864


Nano-Micro Lett.          (2024) 16:261  Page 17 of 17   261 

 64. L.-Y. Zhu, L.-X. Ou, L.-W. Mao, X.-Y. Wu, Y.-P. Liu et al., 
Advances in noble metal-decorated metal oxide nanomaterials 
for chemiresistive gas sensors: overview. Nano-Micro Lett. 15, 
89 (2023). https:// doi. org/ 10. 1007/ s40820- 023- 01047-z

 65. A. Mirzaei, H.R. Yousefi, F. Falsafi, M. Bonyani, J.-H. Lee 
et al., An overview on how Pd on resistive-based nanomaterial 
gas sensors can enhance response toward hydrogen gas. Int. J. 
Hydrog. Energy 44, 20552–20571 (2019). https:// doi. org/ 10. 
1016/j. ijhyd ene. 2019. 05. 180

 66. C.-C. Zhao, J.-B. Eun, Isolation and identification of hyper-
ammonia-producing bacteria from commercial fermented 
skates (Raja kenojei). J. Food Sci. Technol. 55, 5082–5090 
(2018). https:// doi. org/ 10. 1007/ s13197- 018- 3447-9

 67. T. Mogi, D. Kim, H. Shiina, S. Horiguchi, Self-ignition and 
explosion during discharge of high-pressure hydrogen. J. Loss 
Prev. Process Ind. 21, 199–204 (2008). https:// doi. org/ 10. 
1016/j. jlp. 2007. 06. 008

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-023-01047-z
https://doi.org/10.1016/j.ijhydene.2019.05.180
https://doi.org/10.1016/j.ijhydene.2019.05.180
https://doi.org/10.1007/s13197-018-3447-9
https://doi.org/10.1016/j.jlp.2007.06.008
https://doi.org/10.1016/j.jlp.2007.06.008

	Real-Time Tunable Gas Sensing Platform Based on SnO2 Nanoparticles Activated by Blue Micro-Light-Emitting Diodes
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Fabrication of μLED Platform
	2.2 Preparation of SnO2 NPs, Au-SnO2 NPs, Pd-SnO2 NPs, and Pt-SnO2 NPs
	2.3 Gas Sensing Measurements
	2.4 Characterizations
	2.5 Finite-Difference Time-Domain Simulation

	3 Results
	3.1 Characterization of μLED-Integrated Gas Sensor Array
	3.2 Gas Sensing Performance of SnO2 NPs
	3.3 Noble Metal Decoration on SnO2 NPs
	3.4 Reducing Gas Sensing Properties of Metal-Decorated SnO2 NPs
	3.5 Real-Time Gas Monitoring with a Fully Hardware-Integrated E-Nose Array

	4 Conclusion
	Acknowledgements 
	References


