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Supplementary Figures and Tables

Fig. S1 Fabrication procedure of μLED integrated gas sensor array
[bookmark: _Hlk158625299] Fig. S2 Optical microscope images of μLED integrated gas sensor array

Fig. S3 Schematic for operation mechanism of light-activated gas sensor. Black arrows indicate current path of carriers for operating μLED. Sensor electrodes are electrically connected by sensing material coated between them. Each layer is electrically insulated by thick SiO2 layer. Blue light emitted from μLED is delivered to sensing materials through p-GaN, current spreading layer, and SiO2 layer, which are all transparent

Fig. S4 Transmittance of double-side polished (DSP) sapphire substrate and 700 nm of SiO2 film on DSP sapphire by UV-Vis spectroscopy. The wave of transmittance in the SiO2 film on sapphire is caused by the difference in reflective index between SiO2 and sapphire substrate.[S1] The wavelength of μLED light was indicated by a blue line in the graph.
 Fig. S5 a Schematic of sensing material coating method. b Optical microscope image of µLEDs integrated gas sensor array

Fig. S6 SEM image of μLED integrated gas sensor array with SnO2 NPs
 Fig. S7 a I-V characteristic curve of µLEDs. The inset shows semi-log plot of the I-V curve. b Light intensity plot of µLEDs according to injection current

Fig. S8 External quantum efficiency of μLED

Fig. S9 LED peak wavelength of μLED




Fig. S10 TEM image and FFT patterns of SnO2 NPs

Fig. S11 XRD spectrum of SnO2 NPs


Fig. S12 a Sn 3d and b O 1s XPS spectra of SnO2 NPs

Fig. S13 I-V characteristic curves of SnO2 NPs gas sensor under different light intensities
[bookmark: _Hlk168660830]
Fig. S14 Baseline resistance of SnO2 NPs gas sensor under different light intensities
Note S1 Mechanism of light-activated SnO2 gas sensor
Under ambient air condition, oxygen molecules are adsorbed onto the surface of SnO2 NPs. The adsorbed oxygens draw electrons from the SnO2 NPs surface, generating a depletion layer at the surface, as shown in equation (S1). At room temperature, O2- is a dominant form among the oxygen species including O- and O2- [S2].
O2(g) + e- → O2-(ad)									(S1)
When NO2 is introduced to SnO2 NPs without light irradiation, NO2 is difficult to react with SnO2 NPs due to the presence of adsorbed oxygen which is in a stable form of O2-.[S3] For NO2 reaction, NO2 molecules compete with adsorbed oxygen to react with SnO2 NPs.[S4] However, the presence of stable oxygen inhibits NO2 to trap electrons from SnO2 NPs at room temperature. In contrast, blue light irradiation enhances the reaction of NO2 molecules with SnO2 NPs by photo-generating electron and hole pairs in SnO2 [S5]. The photo-generated holes react with adsorbed oxygen and desorb it, as shown in equation (S3) [S6]. The photo-generated electrons combine with oxygen in the air to produce photo-activated oxygen, as shown in equation (S4). The photo-activated oxygen molecules are more reactive and loosely bound to SnO2 compared to adsorbed oxygen molecules under dark condition [S7].
hν → e-(photo) + h+(photo)								(S2)
h+(photo) + O2- (ad) → O2(g)								(S3)
O2(g) + e-(photo) → O2-(photo)								(S4)
When NO2 is introduced to SnO2 under light illumination, NO2 molecules can easily take over the active sites at the surface of SnO2 NPs due to the desorption of stable oxygen, capturing the photo-generated electrons from the conduction band, as shown in equation (S5).[8] Moreover, photo-activated oxygen, which is more reactive than stable oxygen, reacts with NO2 and transfers electrons to NO2 molecules, as shown in equation (S6).
NO2(g) + e-(photo) → NO2-(ad)								(S5)
NO2(g) + O2-(photo) → NO2-(ad) + O2(g)							(S6)
[bookmark: _Hlk169267415]At the recovery stage, photogenerated holes react with adsorbed NO2 molecules and desorb them, enabling SnO2 NPs to recover at room temperature, as shown in equation (S7). 
NO2-(ad) + h+(photo) ↔ NO2(g)								(S7)
The described light activation mechanism demonstrates that the NO2 gas reaction is reversible at room temperature.
 Fig. S15 Calibration of a recovery time and b response time under different power consumption

[bookmark: _Hlk169982906]
Fig. S16 Thermographic images of μLED integrated gas sensor array for a light-on state with a power of 176 µW to each μLED and b light-off state
Note S2 Material characteristics of SnO2 NPs contributing to enhancement factor of gas sensors
[bookmark: _Hlk168921684]The gas sensing performance of SnO2 NPs in material characteristics can be explained by three factors: ⅰ) utility factor, ⅱ) receptor function, and ⅲ) transducer function. The utility factor is related to the diffusion of gas into sensing materials. SnO2 NPs are arranged in a random stack on μLED, forming a porous structure that facilitates the diffusion of gas molecules from the upper surface to the bottom layer of the SnO2 NPs. Therefore, most SnO2 NPs can participate in the reaction with gas, which leads to an increase in reactivity. The receptor function is related to the gas reactivity with adsorbed oxygen on surface of SnO2 NPs. The high surface-to-volume ratio of SnO2 NPs provides plenty of active sites for the gas reaction, and the numerous oxygen vacancies in SnO2 NPs enhance the gas reactivity [S9] The transducer function is associated with the change in charge density due to gas reactions, which affects electrical conductivity. SnO2 NPs with a size of 10 nm appear to be composed of nano-sized grains. As the depletion regions, which are generated by adsorbed oxygen, occupy the entire grain area of SnO2 NPs, the conduction channel of SnO2 NPs almost disappears [S10]. The majority of electrons are trapped on the surface of SnO2 NPs, which leads to a steep change of carrier concentration in gas reaction. In this state, resistance variation by gas reaction is inversely proportional to the size of grains [S11]. Thus, the nano-size grains in SnO2 NPs increase the response dramatically. The enhanced gas sensing properties of SnO2 NPs at room temperature under blue light illumination can be attributed to the aforementioned three factors. 
[bookmark: _Hlk168660779] Fig. S17 a Dynamic curves and b response of SnO2 NPs to 5 ppm of NO2 across various samples to confirm device uniformity

 Fig. S18 a Dynamic curves and b response of SnO2 NPs to 2 ppm of NO2 under various humid conditions
[image: ]
Fig. S19 Long-term stability of SnO2 NPs in response to 5 ppm of NO2 at initial state and after 6 months
Table S1 Summarized NO2 sensing performance of light-activated gas sensors
	Material
	Power consumption
(mW)
	Light color (wavelength)
	Response (concentration)
	Response time/ recovery time
	Refs.

	Ag/In2O3
	0.000063
	Blue (435 nm)
	13.19 (1 ppm)
	54 min. / NA
	[bookmark: _GoBack][49]

	ZnO
	0.184
	UV (390 nm)
	6.05 (2 ppm)
	75 min. / NA
	[50]

	TiO2
	82.5
	UV (405 nm)
	30.58 (5 ppm)
	428 s / NA
	[51]

	S-SnO2
	216
	Blue (450 nm)
	418 (5 ppm)
	170 s / 64 s
	[14]

	ZnO/In2O3
	690
	UV (365 nm)
	2.21 (5 ppm)
	100 s / NA
	[52]

	ZnO
In2O3
WO3
	700
	UV (365 nm)
	0.4 (5 ppm)
0.7 (5 ppm)
16 (5 ppm)
	197 s / 300 s
300 s / 500 s
20 min. / 30 min.
	[53]

	Ag/ZnO
	3000
	Blue (470 nm)
	2.4 (1 ppm)
	230 s / NA
	[54]

	SnO2
	0.063
	Blue (453 nm)
	6928 (5 ppm)
	47 s / 49 s
	This work


 Fig. S20 TEM images and FFT patterns of a Au-SnO2 NPs, b Pd-SnO2 NPs, and c Pt-SnO2 NPs


Fig. S21 a Sn 3d and b O 1s XPS spectra of Au-SnO2 NPs, Pd-SnO2 NPs, and Pt-SnO2 NPs
Table S2 Summarized table of the peak positions (eV) of Sn 3d and O 1s XPS spectra
	Element peak
Material
	Sn 3d
	O 1s

	
	Sn 3d5/2
	Sn 3d3/2
	OL
	OV
	Oab

	SnO2
	486.65
	495.05
	530.25
	530.75
	531.75

	Au-SnO2
	486.38
	494.78
	530.00
	530.50
	531.50

	Pd-SnO2
	486.40
	494.90
	530.20
	530.70
	531.70

	Pt-SnO2
	486.35
	494.75
	530.10
	530.60
	531.60


Table S3 Summarized table of the peak positions of Au 4f, Pd 3d, and Pt 4f XPS spectra
	Photoelectron peak
	Metallic state
	Binding energy (eV)
	Photoelectron peak
	Metallic state
	Binding energy (eV)
	Photoelectron peak
	Metallic state
	Binding energy (eV)

	Au 4f7/2
	Au0
	83.83
	Pd 3d5/2
	Pd0
	335.43
	Pt 4f7/2
	Pt0
	71.1

	Au 4f5/2
	Au0
	87.5
	Pd 3d3/2
	Pd0
	340.69
	Pt 4f5/2
	Pt0
	74.43

	Au 4f7/2
	Au3+
	86.8
	Pd 3d5/2
	Pd2+
	336.48
	Pt 4f7/2
	Pt2+
	72.2

	Au 4f5/2
	Au3+
	90.47
	Pd 3d3/2
	Pd2+
	341.74
	Pt 4f5/2
	Pt2+
	75.53

	
	
	
	Pd 3d5/2
	Pd4+
	337.43
	
	
	

	
	
	
	Pd 3d3/2
	Pd4+
	342.69
	
	
	


Fig. S22 a Dynamic curves and b response plots of SnO2 NPs, Au-SnO2 NPs, Pd-SnO2 NPs, and Pt-SnO2 NPs to 5 ppm of NO2

[bookmark: _Hlk169965385]Fig. S23 Response curves of a SnO2, b Au-SnO2 NPs, c Pd-SnO2 NPs, and d Pt-SnO2 NPs to 50 ppm of NH3, CO, H2, C2H5OH, and CH3COCH3

Fig. S24 The gas sensing properties of gas sensor array based on noble metal decoration under various light intensities. a The dynamic curves and b response plot of Au-SnO2 NPs to 100 ppm of C2H5OH. c The dynamic curves and d response plot of Pd-SnO2 NPs to 500 ppm of H2. e The dynamic curves and f response plot of Pt-SnO2 NPs to 100 ppm of NH3
The sensing properties of the gas sensor array based on noble metal decoration were measured under various intensities. Au-SnO2 NPs was measured with 100 ppm of C2H5OH, Pd-SnO2 NPs was measured with 500 ppm of H2, and Pt-SnO2 NPs was measured with 100 ppm of NH3. For Au-SnO2 NPs and Pd-SnO2 NPs, as shown in Fig. S24a-d, the response plots to light intensity did not exhibit the volcano shape observed in Fig. 2b. The volcano shape of the response plot is related to the activation layer of SnO2 NPs by light illumination. As explained in Fig. 2c, when the excessive light intensity illuminates SnO2, most NO2 reacts at the top layer, which leads to a higher resistance in top layer than in bottom layer. Thus, the response decreased because current flows through bottom layer. 
However, in the case of Au-SnO2 NPs with C2H5OH, and Pd-SnO2 NPs with H2, the resistance decreased with the input of gases. Therefore, the response tendency to light intensity is different from SnO2 NPs to NO2. For Au-SnO2 NPs with C2H5OH, the response increased as light intensity increased. The increase in light intensity enhanced the generation of photo-activated oxygen, which led to high reactivity with C2H5OH, as explained in Supplementary Note 1. Even the most C2H5OH reacted on top layer due to excessive light intensity, the response increased because the current flows through top layer, which has a lower resistance than bottom layer. 
For Pd-SnO2 NPs with H2, the response decreased as the light intensity increased. This tendency is explained by the sensing mechanism of Pd-SnO2, which is related to the phase transition of Pd to PdHx [S12]. Cai et al. interpreted the sensing mechanism of Pd-SnO2 NPs with H2 by changing band structure through phase transition of Pd to PdHx. As the work function of Pd (5.6 eV) [S13] is larger than the fermi level of SnO2 (4.15 eV) [S14], Schottky junction is formed with depletion layer between Pd and SnO2. When H2 is introduced to Pd-SnO2 NPs, Pd transforms into PdHx, changing the work function of Pd from 5.6 eV to 3.2 eV [S15]. Since the work function of PdHx is lower than the fermi energy of SnO2, Schottky junction transforms into ohmic junction. Accordingly, the depletion layer between Pd and SnO2 disappears, leading to a decrease in the resistance of Pd-SnO2 NPs. When light illuminates Pd-SnO2 NPs, the photo-activated oxygen is generated by photocurrent and becomes reactive with H+ ion adsorbed in Pd, increasing desorption of H2 on Pd. This may affect the phase transition of Pd to PdHx, resulting in a decrease in response. 
[bookmark: _Hlk169975256]For Pt-SnO2 NPs with NH3, the response plots to light intensity showed volcano shape, as shown in Fig. S24e, f. The optimal power of µLED at highest response was 73.4 µW, which is close to the optimal power of SnO2 NPs with NO2. As the resistance of Pt-SnO2 NPs increased with the input of NH3, the mechanism is the same as the SnO2 NPs to NO2, as explained in Fig. 2c.



Fig. S25 Response curves of SnO2 NPs, Au-SnO2 NPs, Pd-SnO2 NPs, and Pt-SnO2 NPs to gas mixtures containing 50 ppm of NH3, H2, and C2H5OH

Fig. S26 Response curves of SnO2 to 50 ppm of CH3COCH3 under various conditions of temperature, light, and atmosphere
[image: ]
Fig. S27 Optical images of real-time hazardous gas monitoring module

 
Fig. S28 Example of calibration curve for real-time gas monitoring
Note S3 Calibration of MCU for real-time gas monitoring
Our integrated gas sensor array operates by resistance-read process on a real-time basis. The micro-controller unit (MCU) processor has a 12-bit analog-to-digital (ADC) to read the voltage signal compared to the reference resistor and normalized their resistance from 0 to 4095. Following the light-activated gas-sensing properties of our sensor array, the gas hazard threshold resistance can be estimated and preprogrammed as a normalized value in our MCU. During the real-time monitoring operation, our MCU can transmit the measured value to the mobile phone through the Wi-Fi. The red light turns on when NO2 is detected, the green light turns on when C2H5OH is detected, the blue light turns on when H2 is detected, and the yellow light turns on when NH3 is detected. The above MCU processing was programmed in C++. 




Fig. S29 Response plots of practical application of a µLED gas sensor array to a ferment skate, b H2 leakage, and c wine
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Figure S16. Optical images of real-time hazardous gas monitoring module.




