UV radiation and CH, gas detection with a single ZnQO:Pd nanowire
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ABSTRACT

There is an increasing demand for sensors to monitor environmental levels of ultraviolet (UV) radiation and pollutant
gases. In this work, an individual nanowire of Pd modified ZnO nanowire (ZnO:Pd NW) was integrated in a nanosensor
device for efficient and fast detection of UV light and CH; gas at room temperature. Crystalline ZnO:Pd
nanowire/nanorod arrays were synthesized onto fluorine doped tin oxide (FTO) substrates by electrochemical deposition
(ECD) at relative low-temperatures (90 °C) with different concentrations of PdCl, in electrolyte solution and investigated
by SEM and EDX. Nanodevices were fabricated using dual beam focused electron/ion beam (FIB/SEM) system and
showed improved UV radiation response compared to pristine ZnO NW, reported previously by our group. The UV
response was increased by one order in magnitude (= 11) for ZnO:Pd NW. Gas sensing measurements demonstrated a
higher gas response and rapidity to methane (CH, gas, 100 ppm) at room temperature, showing promising results for
multifunctional applications. Also, due to miniature size and ultra-low power consumption of these sensors, it is possible
to integrate them into portable devices easily, such as smartphones, digital clock, flame detection, missile lunching and
other smart devices .
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1. INTRODUCTION

UV light is known to be beneficial for people at low dose due to production of vitamin D, which is very important for
immunoregulatory processes '%. Low vitamin D status is extremely common nowadays and may lead to the development
of different diseases, such as rickets, psoriasis, eczema, and efc. ' Moderate UV radiation exposure can prevent many of
these diseases, as demonstrated by clinical investigations *. On the other hand, long exposure of ultraviolet B rays (UVB,
A =280 — 315 nm), may results in different acute and chronic diseases of the skin, including skin cancer *. In clinical
conditions, the UV exposure takes place under control of medical supervision, thus, prolonged exposure to UV radiation
is considerably reduced. For people who are long time exposed to UV radiation from sunlight, the risk of skin diseases is
higher. The CH, gas monitoring is also very important for the purpose of safety in homes, industries and mines *. At a
concentration of 5-14% concentration of CH, gas in air, methane is highly explosive, it is a frequent cause of disasters in
homes and industries *.

Therefore, it is necessary to develop a multifunctional miniature device able to continuously monitor the time exposure
to UV light and concentration of CHy in air. In this work, we present a nanosensor device based on an individual ZnO:Pd
NW, which can perform simultaneously several tasks at the same operating conditions, i.e. the detection of UV light (A =
365 nm) and CH,4 gas in small concentrations (100 ppm). Multifunctional operation is possible at room temperature
operation due to the nanometric size of sensing material °, thus the necessity of micro-heater element and thermometer
plate is avoided resulting in ultra-low power detection of UV light and CH, gas with the same sensing material.
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2. MATERIAL SYNTHESIS AND DEVICE STRUCTURES FABRICATION.

ZnO NW arrays were prepared by an electrochemical technique developed by some of us ®®. The ZnO:Pd NW arrays
were electrodeposited on FTO/glass substrates with a resistance of 10 Q/square at relatively low temperature (90°C)
using zinc chloride and molecular oxygen as the growth precursors. The doping was achieved by adding a small amount
of PdCl, (Alfa Aesar) in the electrolyte solution with different concentrations (0.5 — 1.5 pM). More details on
morphological, structural, chemical and optical properties are presented in our previous works *'°. In the present work,
only the UV and CH, sensing properties are presented. After synthesis, the samples were annealed in air at 250°C for a
period of 12 h. The morphological and chemical (EDX) properties were studied as previously reported > ''"'°. The gas
sensing measurements and UV photodetection were performed under the same experimental conditions as in °. The
nanosensor devices were fabricated using FIB/SEM systems by the same procedure as described by Lupan ez al. > ' 117,
The electrical measurements were continuously monitored and collected using a computer controlled Keithley 2400
sourcemeter through a LabView software (National Instruments) applying different bias voltages. The investigations
were performed in a quasi-steady state.

3. RESULTS AND DISCUSSIONS

Figure 1(a) shows a typical SEM image of two-terminal nanosensor device based on an individual ZnO:Pd NW (0.8 uM
PdCl,) with diameter of 100 nm. The substrates were SiO, (350 nm)/Si chip with pre-patterned Au/Cr electrodes '*. The
ZnO:Pd NWs were released from FTO substrate and then transferred to substrate chip > ''. Using a FIB/SEM system,
two platinum (Pt) rigid contacts from platinum (Pt) were formed at both ends of the NWs for contacting them to the Au
electrodes. Series of devices were fabricated on individual ZnO NWs with a diameter (D) = 100 nm and different
concentrations of PdCl, in the electrolyte solution (0.5 — 1.5 uM PdCl,), in order to investigate the influence of Pd on
UV radiation and CH4 gas response. It is well-known that type of NWs contacts affect the current-voltage (I-V)
characteristic of device, as well as UV and gas sensing properties, which is a key factor for understanding of transport
mechanism in NW "%, The all devices fabricated in this work with Pt-ZnO:Pd-Pt structure demonstrated non-linear /-’
characteristics in both regions of applied bias, i.e. negative and positive. Figure 1(b) shows the typical I-V curve of the
nanosensor presented in Fig. 1(a). This may indicate the formation of asymmetric Schottky contacts at both ends of
NWs, i.e. metal (Pd) — ZnO:Pd contacts, which was demonstrated experimentally by many authors and is cause of higher
work function of Pt compared to electron affinity of ZnO 2!,

|_»-ZnO:Pd nanosensor
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Figure 1. (a) SEM images of a nanosensor based on an individual ZnO:Pd nanowire with diameter of 100 nm. (b) Current — voltage
characteristics of the nanosensor device.
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Next, the UV sensing properties of nanosensors based on a single ZnO:Pd NW is discussed. Figure 2(a-d) shows the
dynamic UV response of nanosensors based on ZnO:Pd NW from samples with different concentrations of PdCl, in
electrolyte solution (uM). As can be observed, at relatively low concentration of PdCl, (0.5 uM, see Fig. 2(a)), the
nanosensor shows unstable electrical baseline with a continuous drift, as well as slow response and recovery. This is not
suitable for real applications and requires additional electrical schemes, which leads to increase of the final device cost
and size. Compared to pristine ZnO NW with the same diameter (100 nm) reported in a previous work %, the UV
response of ZnO:Pd NW (with 0.5 uM PdCl,) is about 1.24 time higher, showing an increased response. Increasing
PdCl, concentration to 0.8 uM results in a further increase of UV response to I,/Ig,x = 14, which is about 11 times
higher than for pristine ZnO NW (see Fig. 2(b)). Beside this increase in UV response, the improvement in the stability
was observed with good recovery to the initial baseline. However, further increase in PdCl, concentration leads to a
gradual degradation of UV response (see Fig. 2(e)). While nanosensor based on ZnO:Pd NW (1.25 uM PdCl,) possesses
the same good stability and comparable rapidity as the ZnO:Pd NW (0.8 uM PdCl,, see Fig. 2(b) and Fig. 2(c)), the
nanosensor based on ZnO:Pd NW (1.5 uM PdCl,) showed high instability (see Fig. Fig. 2(d)).

In order to evaluate the UV photodetection rapidity of nanosensors, the bi-exponential fitting was used to determine the
time constants for rising (t,; and 1,,) and decaying (tq; and t4,) photocurrent > **. The results are plotted in Fig. 2(f). A
decrease tendency is observed for all the time constants. The decrease in value of rapid components of photocurrent (1,
and 14;) by increase of concentration of PdCl, in electrolyte solution can be observed. These components are correlated
to the rapid change in the concentration of charge carriers during the switching of UV light 2. The slow components
(12 and 14,) of photoresponse curves are related to photodesorption/adsorption processes of oxygen species onto surface
of NW *2* and showed the same tendency of decrease values with increasing PdCl, concentration in electrolyte solution

(see Fig. 2(f)).

Responsivity (R) and internal photoconductive gain (G) were calculated using the following equations >’

I
Rotoi _ n[ﬁJG (1)
i he
1
G= ?weV (2)

where I, is the photocurrent, P,, is the incident optical power of the UV source (15 mW/cm?), # is the quantum
efficiency, 4 is the Planck’s constant, ¢ is the speed of light, 1 is the wavelength of UV light (365 nm), L is the
interelectrode spacing, s, is the electron mobility, T is the photocarrier lifetime and V is the applied bias. The estimated
values for Responsivity R are 115, 185, 171 and 123 for 0.5, 0.8, 1.25 and 1.5 uM of PdCl,, respectively. While the
estimated values for i-photoconductive gain G is 33, 54, 50 and 36, respectively. This indicates the presence of internal
photoconductive gain for fabricated nanosensors and can be due to small interelectrode spacing in fabricated devices (see
Fig. 1(a)) 7.

The gas sensing measurements to CH4 gas demonstrated high gas response at room temperature. Figure 3 shows the
dynamic gas response to 100 ppm for individual ZnO:Pd NW grown using 0.5 and 0.8 uM of PdCl,. Several pulses of
gas were applied in order to check the repeatability of the nanosensors response. As can be observed, the ZnO:Pd NW
grown using 0.5 puM of PdCl, showed higher gas response to CH, gas, while by increasing the PdCI, concentration, the
decrease in response is observed. The calculated gas response is = 5.7 and = 1.8, for nanosensors grown using 0.5 and
0.8 uM of PdCl,, respectively. The response times (1) and recovery times (tq) were also estimated from the dynamic
response of nanosensors. The obtained results are 1, = 6.2 s and t4 = 48 s for 0.5 uM PdCl,, and 1, = 8.1 s and 14 = 123 s
for 0.8 uM PdCl,. Due to low currents in the dark and exposure in air, the power consumption of such devices is very
low (1-10 nW).
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Figure 2. Dynamic UV response of nanosensor at room temperature based on individual ZnO:Pd NW grown in electrolyte solution
with the following concentration of PdCl,: (a) 0.5 uM; (b) 0.8 uM; (c) 1.25 uM; (d) 1.5 uM. (e) UV radiation response and (f) the
calculated rise and decay times versus concentration of PdCl, in electrolyte solution.

The mechanism for methane gas detection can be explained as follows. Under exposure to air, the adsorption of oxygen
molecules takes place onto the surface of NW **;

0,(g) <> 0,(ads)+e” <> O, (ads) (3)
1 _ _

v, +502(g)+26 « 0% (ads) 4)

where 7, is the surface oxygen vacancy. Also, due to the presence of Pd nanoparticles ° the oxygen spillover process is

enhanced '
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2Pd +0,(g) <> 2Pd : O(ads) %)
O(ads)+e < O (ads) (6)
Therefore, resulting in a higher coverage with oxygen species and a higher degree of electron withdrawal from the ZnO

NW, i.e. higher modulation of the conduction channel (gas response) > *°. Then under exposure to CH,, the surface
reaction process takes place and can be expressed as follows 2%

CH,(g)+20; (ads) > CO,(g)+2H,0(g) +4e” ™
CH,(g)+40 (ads) — CO,(g)+2H,0(g) +4de ®
CH,(g)+20" (ads) — CO,(g)+2H,0(g) +4e ©

In results of electron donating the width of conduction channel is extended °. Thus, the enhanced CH, response of
ZnO:Pd NW compared to pristine ZnO NW can be explained based on the presence of Pd nanoparticles at the surface of
ZnO:Pd NWs’.
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Figure 3. Dynamic gas response at room temperature to 100 ppm of CH, gas for individual ZnO:Pd NW grown in electrolyte solution
using 0.5 uM and 0.8 uM of PdCl,. The applied bias voltage was 1 V.

The enhanced UV response can also be explained based on catalytic properties of Pd nanoparticles, i.e. higher oxygen
coverage due to higher catalytic properties of oxygen molecules dissociation of Pd nanoparticles compared to ZnO
surface *°. Under UV illumination, the electron-hole (¢ — /") pairs are generated and are separated by built-in electric
field in the electron depleted region created by ionization of oxygen species at the surface of ZnO °. The photo-generated
electrons will contribute to an increase in the photocurrent value through the device, while the photo-generated holes will
migrate to the surface to discharge adsorbed oxygen ions from the surface of ZnO NW

_ 1
(2h" +O* (ads) — 502 (g)) °. The improved UV detection speed is due to faster degree of the slow reactions

(photodesorption/adsorption processes of oxygen species onto surface of NW) due to higher catalytic effect of Pd
nanoparticles *.
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5. CONCLUSIONS

In this work we demonstrate that individual ZnO:Pd NW with diameter = 100 nm can be successfully integrated into
nanodevices using FIB/SEM system. Fabricated multifunctional nanodevices show possibility to perform several tasks,
i.e. fast detection of UV light and highly sensitive detection of CH4 gas at low concentrations at the same operation
conditions (at room temperature). The optimal PdCl, concentration for highest UV radiation response (= 14) is 0.8 uM,
while for highest CH, gas response (= 5.7) the concentration is 0.5 pM. Both types of sensors demonstrated good
stability of electrical baseline and excellent repeatability. For the nanodevices operating at room temperature the
response time to CHy is relatively fast (t, = 8.1 s). Such nanodevices can be easily integrated into smart devices for
continuous monitoring of UV radiation and CH, gas for safety purposes due to high performances and low power
consumption.
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