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Abstract: This study proposes a long period fiber grating (LPFG) with a zinc oxide (ZnO) nanoparticle
layer for use as a carbon dioxide (CO;) gas sensor. Inductively coupled plasma (ICP) etching, corona
treatment, and electrostatic spraying were used to fabricate this ZnO nanoparticle-coated LPFG CO,
gas sensor. Repeated gas sensor tests showed that, when a 15% CO, mixture was injected (0.2 L/min)
into a closed chamber into which the sensor had been placed, the CO, gas was absorbed by the
ZnO nanoparticle-coated LPFG sensor. In these tests, the transmission loss gradually decreased,
and the maximum transmission loss was 2.039 dB. The concentration test results showed that as the
concentration of CO, introduced into the chamber was increased, the rate of the transmission loss
change was increased in direct proportion. In addition, the sensitivity was 0.0513 dB/%. The results
confirm that this low-cost ZnO nanoparticle-coated LPFG gas sensor was successfully applied to the
measurement of CO, gas. Therefore, the proposed ZnO nanoparticle-coated LPFG can be used to
measure CO; gas.
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1. Introduction

Emissions from factories and vehicles are primarily composed of carbon dioxide (CO,) gas,
which is one of the major greenhouse gases contributing to global warming. As such, gas sensing
elements that can be used to test for industrial gases must be developed for the application in harsh
environments, and these sensors must be specifically designed to test for a single gas. Semiconductors
that have been gradually developed in recent years for gas sensing applications have the advantage of
being compact, yet these semiconductors are unsuitable for use in environments with electromagnetic
interference, high temperatures, or high humidity.

Long period fiber grating (LPFG) sensors are extremely sensitive to the refractive index [1,2],
strain [3,4], and temperature [5,6] changes and are not affected by electromagnetic waves. In recent
years, they have been widely applied in the engineering, biomedicine, and food industries. This study
used a zinc oxide (ZnO) nanoparticle-coated [7-10] LPFG sensor as a CO, gas sensing element.
More specifically, the ZnO nanoparticles absorbed the CO, gas, changing the refractive index of the
LPFG [11], thus changing the transmission loss of the LPFG sensor and effectively enabling it to sense
the CO,. In 2003, Segawa et al. [12] proposed a CO; gas sensor that was manufactured by applying
a thymol blue indicator to an optic fiber using the sol-gel method. When thymol blue absorbs CO,,
it creates carbonic acid, which is slightly acidic; thus, the thymol blue turns yellow, indicating the
presence of CO,. When the sensor detects CO;, the transmission loss changes; when nitrogen gas
is introduced, the loss reverts to normal. In the aforementioned study, when the CO; concentration
was increased from 0% to 100%, the loss increased from 0 to 2.5 dB. In 2007, Samarasekaea et al. [13]
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sputter-coated a layer of ZnO onto silicon plates to detect CO; gas. The silicon plates were placed
under 8.5 mbar of pressure at 130 or 153 °C and processed for 18 h. The ZnO grains sputter-coated
at 130 °C were 20.66 nm in size; those sputter-coated at 153 °C were 24.8 nm in size. These results
showed that the grain size increased along with the sputtering temperature. As the smaller grains had
a larger surface-area-to-volume ratio that allowed them to absorb more CO,, the resulting transmission
loss changes were also increased. Therefore, a ZnO membrane was sputter-coated at 130 °C to detect
COy;. The results indicated that, with minimal changes in nitrogen gas, the sensitivity to CO, was
greatest at 100 °C.

In 2008, Chu et al. [14] used the sol-gel method to mix alkyl and perfluoroalkyl doped with pH
sensitive fluorescent dye to detect CO, gas. CO, gas was detectable in concentrations from 0% to
100%. The sensor intensity gradually decreased, so nitrogen gas and CO; carrier gases were used.
The response time of the sensor was 1.7 s when switching from nitrogen gas to CO; gas and 38.5 s
when switching from CO, to nitrogen. This shows that by switching between nitrogen gas and CO5,
the sensor could stably detect CO, gas. In 2009, Chu et al. [15] used the sol-gel method to mix
hydroxy-3,6,8-pyrenetrisulfonic acid trisodium salt (HPTS) and tetraethylorthosilane (TEOS) to detect
CO,, doping HPTS with silicon dioxide to increase sensor sensitivity and stability. When the 100% CO,
environment was switched to nitrogen gas, the response time was 195.4 s. CO, gas was introduced in
concentrations from 0% to 100%, and (Ip — I) /I increased along with the gas concentration with a
linearity of 0.9974. In 2012, Konstantaki et al. [16] used zinc oxide (ZnO) nanorods overlaid on LPFG
for ethanol vapor sensing. They used ZnO nanorod layers of different thicknesses to measurement
the ethanol. The preliminary results demonstrated the ZnO overlaid LPFG probe could effectively
measure the ethanol vapor. The literature above shows that, in terms of sensor-coating methods, past
studies have primarily used sputter-coating or the sol-gel method to coat a sensor layer onto sensors
used to detect gases. Different gases can be absorbed depending on the layer coated onto the fiber
optic sensors in order to change the refractive index, which in turn changes the spectral transmission
loss and wavelength of the LPFG and allows for the detection of a specific gas. Therefore, this study
used ZnO nanoparticle-coated LPFG to detect CO; gas in a room temperature environment.

2. Working Principle of the CO, Gas Sensor

The ZnO nanoparticle-coated LPFG has periodic surface-corrugated gratings. As an external load
is applied to it, the strain field in the longitudinal direction of the LPFG is modulated as a square wave
because of the periodic surface grating structure of the optical fiber. Based on the elastic-optic effect [11],
the refractive index of the LPFG will also be modulated as a periodic square wave distribution along
the optical fiber.

When light is transmitted through the LPFG, the periodic refractive index grating structure
generates a resonant attenuation dip in the spectrum based on the coupled mode theory [17].
The transmission loss of light transmitted through LPFG is defined [17] as

1 2
T= chOSZ(\/<K?5cl) + (xdc)?L) 1)
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where x%, x¢__ and Kflﬂ . are all LPFG coupling coefficients, x/5_ , is an AC coupling coefficient,
and x% =xdc_ = K?IC_ « = 0. Thus, Equation (1) can be simplified to

T = cos® (%_ L) )

The transmission loss of light transmitted through LPFG is a cosine squared function, where
the transmission loss is dependent on the coupling coefficients and the length of the grating.
The combination of CO; gas and the ZnO nanoparticle sensing layer changes the effective refractive
index for the cladding in Equation (2), thus affecting the coupling coefficient («7;_ ;) such that, when
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the gas is detected, the coupling coefficients for the cladding and core become smaller, decreasing the
transmission loss. Inputting the experimental data into Equation (2) yields the changes in loss.

3. Manufacturing Process and Experiment Setup

3.1. The ZnO-Coated LPFG Gas Sensor Manufacturing Process

The manufacturing process for the ZnO nanoparticle-coated LPFG CO; sensor is shown in
Figure 1. First, the single mode fiber (SMF) was subjected to buffered oxide etching (BOE) to reduce
the diameter from 125 to 40 um. Next, the optical fiber was adhered to a steel grating structure that
then underwent electrostatic spraying with silver nanoparticles. Next, inductively coupled plasma
(ICP) etching was used to create the LPFG structure. The LPFG etching depth was 11.5 um, as shown
in the Figure 2a inset. This LPFG sensor then underwent surface modification using a corona treater to
change the surface from hydrophobic to hydrophilic so that the ZnO nanoparticles would stick to the
fibers more easily. ZnO nanoparticles were then electrostatically sprayed onto the fibers, completely
covering them. Finally, the ZnO-covered LPFG was heated at 100 °C to release CO, and increase the
stability of the sensor layer. The proposed LPFG was fabricated by the MEMS production method,
which allows for mass production such that the cost of producing high numbers of the sensor can be
kept relatively low. An SEM image of the ZnO nanoparticle-coated LPFG sensor is shown in Figure 2b.

1.Wet etching 2.Stick optical fiber on 3.Electrostatic spraying
grating structure nano Ag

S5

—
PR
6.Nanostructure long period 5.Separate 4.Inductive couple plasma etching
fiber grating
2 / /
7y s AF Ay N
9% f 38 F 8 ¥ 1
i Heating at 100°C
7.Surface modification 8. Electrostatic spraying zinc 9.Zine oxide coated long period fiber
by corona treater. oxide gratings by heating process at 100°C

Figure 1. Zinc oxide (ZnO) nanoparticle-coated long period fiber grating (LPFG) carbon dioxide (COy)
gas sensor manufacturing process.
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Figure 2. (a) SEM image of the LPFG. Inset: The notch depth of the LPFG; (b) SEM image of the ZnO
nanoparticle-coated LPFG CO; gas sensor.

3.2. CO;, Gas Sensor Experiment Setup

Figure 3 shows the CO; gas sensor experimental setup. The ZnO nanoparticle-coated LPFG sensor
was sealed inside of a U-shaped quartz tube, which was placed inside of a gas sensor chamber fitted
with a gas loading and unloading system. A gas mixer adjusted the concentration of the CO, gas for the
experiments using different concentrations of CO,. A spectrometer was used to observe the changes in
the LPFG sensor spectrum after different concentrations of CO, were introduced for analysis.
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Figure 3. Experimental setup for CO, gas sensing.
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4. Results and Discussion

4.1. CO, Gas Sensing Experiment Results

An LPFG sensor with a diameter of 40 um and a period of 600 um was used in this experiment.
Electrostatic spraying technology was also used to apply the ZnO nanoparticle layer to detect CO5.
Figure 4 shows the spectra of the sensor in repeated CO, gas sensing experiments. We tracked the
spectrum dip to monitor the variation in gas concentration and utilized the spectrum data in creating
Figure 5. Figure 5 shows the repeatability of the CO, gas sensor spectral analysis. At an initial
concentration of 15% CO;, the corresponding transmission loss gradually lessened and the wavelength
exhibited a slight blue shift. In the first and second cycles, the variation in transmission loss was due
to the sensing layer instability. Figure 6 shows the changes in transmission loss for the CO, sensor.
The figure shows that, among the five cycles of the experiment, the second had the largest transmission
loss (2.038 dB); the mean transmission loss was 1.762 dB, and the standard deviation was 0.195 dB.
The response time of the CO, gas sensor was about 6 min.
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Figure 4. The spectra of the sensor in repeated (five cycle) CO, gas sensing experiments.
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Figure 5. Repeatability of the CO, gas sensor spectral analysis.
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Figure 6. Changes in transmission loss for the CO, gas sensor.

4.2. CO;, Gas Concentration Sensing Experiment

After the 600 pm period optic fiber 40 um in diameter was completely sealed and coated in ZnO,
CO; at concentrations of 3%, 6%, 9%, and 15% were introduced for 20 min to measure the spectral
changes and calculate the transmission loss variation (Figure 7). Figure 7 shows that after introducing
different concentrations of CO; gas, the transmission loss gradually decreased. The changes in loss for
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CO; concentrations of 3%, 6%, 9%, and 15% were 1.144, 1.266, 1.331, and 1.762 dB, respectively. As the
CO; concentration increased, the transmission loss increased; the sensitivity was 0.051 dB/%, and the
linearity was 0.954.
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Figure 7. Correlation between CO, concentration and transmission loss.

5. Conclusions

This study used a LPFG sensor with a diameter of 40 um and a period of 600 um coated
with ZnO nanoparticles to detect CO, gas. The results from replicated experiments showed that,
after adding 15% CO, gas, the transmission loss gradually decreased. The results from five cyclic
experiments showed that the mean change in loss was 1.762 dB, with a standard deviation of 0.195 dB.
The concentration experiment results showed that, as the CO, concentration increased, the transmission
loss increased. The sensitivity of this CO, sensor was 0.0513 dB/%, and the linearity was 0.954.
Therefore, this ZnO nanoparticle-coated LPFG sensor moderate repeatability and could successfully
detect CO; gas concentrations at room temperature.
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