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Abstract 
In this paper, we propose a photo-activated metal oxide gas sensor integrated with a commercial µ-
LED (λpeak = 390 nm) for high photo-irradiation efficiency. The sensing materials, ZnO nanowires or 
SnO2 nanotubes, were grown on parallel electrodes of Indium Tin Oxide (ITO) patterned on a quartz 
substrate. The transparency of the ITO electrodes and the quartz substrate allowed the UV LED to be 
placed beneath the quartz substrate to irradiate the grown nanomaterial, thereby resulting in 
enhanced gas sensing performance. The ZnO nanowires or SnO2 nanotubes were directly 
synthesized by a liquid-phase process on the patterned ITO electrodes for precise positioning and 
facile assembly of the one-dimensional nanomaterials. Due to the small distance between the photo-
emitter and the photoreceptor (ZnO or SnO2), the irradiation efficiency is improved in relation to 
sensors that use external light sources like UV lamps. Furthermore, we have demonstrated that the 
sensing performance for NO2 gas improves as the intensity of UV light increases. 
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Introduction 
Metal oxide gas sensors have been extensively 
studied for mobile applications due to their 
small size, high sensitivity, and low cost. Metal 
oxide gas sensors are generally heated to high 
temperature (200-400 ⁰C). These high 
temperatures may cause drift in the sensor 
signal or lower the long-term reliability due to 
the thermal degradation of the sensing 
materials. In contrast, photo-activated gas 
sensors through UV light irradiation can detect 
the toxic gases at room temperature. UV 
irradiation can increase the sensitivity by 
increasing the number of electron-hole pairs on 
the surface of the metal oxide, which causes 
more adsorption of gas molecules, and by 
promoting the redox reactions of gas molecules 
on the surface [1].  However, because 
conventional photocatalytic gas sensors have 
used external UV lamps or UV LEDs, the 
irradiation efficiency has been very low due to 
the long distance between the photo-emitter 
and the photo-receptor; this, in turn, causes the 
light sources of these sensors to consume high 
electrical power. 
In this paper, we propose a photo-activated 
metal oxide gas sensor fully packaged with a 
commercial µ-LED for high irradiation efficiency. 
Metal oxide nanomaterials (ZnO or SnO2) were 
directly synthesized on top of transparent ITO 
electrodes on a quartz substrate. Different 
devices based on ZnO and SnO2, individually, 
were constructed based on their well-known 

sensing performance.  The metal oxide sensing 
material is irradiated from the bottom of the 
transparent quartz substrate by the 
incorporated commercial µ-LED.  

Experimental Method 
The schematic of the complete sensor system 
is shown in Fig. 1(a). Parallel ITO electrodes 
were patterned on a quartz substrate through a 
lift-off process using UV lithography and RF 
sputtering. The direct synthesis methods for the 
ZnO nanowires and the SnO2 nanotubes have 
been reported in our previous work [2]. The pre-
fabricated ITO electrodes were immersed into a 
ZnO precursor (25 mM zinc nitrate hexahydrate, 
25 mM hexamethylenetetramine (HMTA), and 6 
mM polyethyleneimine (PEI) in DI water). The 
sensing nanowires are grown on each of the 
two parallel electrodes by applying a 4.7 
voltage (current = 4 mA) across the length of 
each electrode inside the precursor solution; 
once the nanowires are grown, they 
interconnect to form an electrical path between 
these parallel electrodes. This voltage heats up 
each electrode to around 95 ⁰C and the ZnO 
nanowires are grown along the length of the 
electrode by a localized hydrothermal reaction. 
To construct the SnO2-based sensors, ZnO 
nanowires were sequentially immersed in SnO2 
LPD solution (3.75 mM SnF2, 15 mM HF, 7.5 
mM H2O2, and 37.5 mM H3BO3 in DI water). 
SnO2 nanotubes were formed due to the 
coating of SnO2 and the simultaneous 
dissolution of ZnO. 
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The commercial UV micro-LED (SM0603UV-
390, BIVAR©, λpeak = 390nm) was placed 
beneath the above mentioned quartz substrate 
as shown in Figure 1(a); here, a Silicon base 
supports the glass substrate through PDMS 
sidewalls and holds the UV LED in between the 
sidewalls. We performed gas sensing tests with 
NO2 gas (1-16 ppm) under UV irradiation with 
various forward- bias voltages (2.9, 3.2, and 4.2 
V). The electrical resistance of the sensing 
material was measured with a sourcemeter 
(Keithley 2636B). 
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Fig. 1. (a) Cross-sectional view of the sensor 
device. (b) Photo of the fabricated ITO electrodes 
and the synthesized ZnO nanowires. The inset is a 
SEM image of intercepting nanowires. (c) A TEM 
image of a SnO2 nanotube. (d) Photo of UV emission 
in different forward-bias values. (e) Photo-absorption 
spectrum of ZnO nanowires and SnO2 nanotubes on 
the transparent substrate. 

Results and Discussion 
Fig.1 (b) shows the fabricated sensor. ZnO 
nanowires made junctions and electrical paths 
between the two parallel electrodes. Fig.1 (c) is 
a TEM image of a synthesized SnO2 nanotube. 
Granular and hollow tube structures were well 
formed. After mounting the quarts substrate 
with the constructed devices onto the micro-
LED, we visually checked that the luminance of 
the LED increased with increasing forward bias. 
Referring to the specifications of the LED, its 
luminance is 15, 100, and 250 cd/m2 at 2.9, 3.2, 
and 4.2 V, respectively. Fig. 1(e) shows the UV-
Visible light absorption spectrum of the bare 
ITO electrodes, the electrodes with the grown 
ZnO nanowires, and the electrodes with the 
grown SnO2 nanotubes. Due to the difference of 
bandgap energy (Eg,ITO ~ 4 eV, Eg,ZnO ~ 3.3 eV,  
and Eg,SnO2 ~ 3.6 eV), the absorbance of the 
electrodes with the ZnO nanowires at 390 nm 
wavelength was higher than that of the 
electrodes with SnO2 nanotubes. Fig.2 shows 
the results of the gas test. The base resistance 
of each material decreased as the luminance of 
the LED increased due to the generated photo-
current. The response speed of the sensors of 
each material was improved by increasing 
luminance values of LED. We summarized the 
sensor response (R/R0) and the recovery rate 

(resistance decay ratio at 2000 sec after 
exposure) in Fig. 3. The sensors based on 
SnO2 nanotubes showed 4 to 8 times higher 
response values compared to those of  ZnO 
nanowires based sensors. The recovery rate of 
SnO2 nanotube under VLED = 4.2V (250 cd/m2) 
was over 90 %.  

Conclusion 
We have developed a photo-activated gas 
sensor using 1D nanomaterials integrated with 
a micro-LED. Due to the photocatalytic effect of 
the UV light, the sensing performance 
(sensitivity, response speed, and recovery rate) 
at the room temperature was improved, 
especially in SnO2 nanotube-based sensors. 
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Fig. 2. Dynamic response of (a) ZnO nanowires 
and (b) SnO2 nanotubes to NO2 gas with UV 
irradiation. 
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Fig. 3. Summary of sensor responses (R/R0) under 
various intensity of irradiation for (a) ZnO nanowires 
and (b) SnO2 nanotubes. Recovery ratio at 2000 s 
after NO2 exposure of (c) ZnO nanowires and (d) 
SnO2 nanotubes. 
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