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Abstract: The need for environmental protection and water pollution control has led to the
development of different sensors for determining many kinds of pollutants in water. Ammonia
nitrogen presence is an important indicator of water quality in environmental monitoring applications.
In this paper, a high sensitivity sensor for monitoring ammonia nitrogen concentration in water using
a tapered microfiber interferometer (MFI) as a sensor platform and a broad supercontinuum laser
as the light source is realized. The MFI is fabricated to the waist diameter of 8 µm producing a
strong interference pattern due to the coupling of the fundamental mode with the cladding mode.
The MFI sensor is investigated for a low concentration of ammonia nitrogen in water in the wide
wavelength range from 1500–1800 nm with a high-power signal provided by the supercontinuum
source. The broad source allows optical sensing characteristics of the MFI to be evaluated at four
different wavelengths (1505, 1605, 1705, and 1785 nm) upon exposure towards various ammonia
nitrogen concentrations. The highest sensitivity of 0.099 nm/ppm that indicates the wavelength shift
is observed at 1785 nm operating wavelength. The response is linear in the ammonia nitrogen range
of 5–30 ppm with the best measurement resolution calculated to be 0.5 ppm. The low concentration
ammonia nitrogen detected by the MFI in the unique infrared region reveals the potential application
of this optical fiber-based sensor for rivers and drinking water monitoring.

Keywords: ammonia-nitrogen; microfiber interferometer; optical-fiber sensor

1. Introduction

Water is a widely used solvent in chemical and biological processes. Researchers have used optical
fiber sensors and water as the solvent for sensing various chemicals such as ethanol [1], isopropanol [2],
nitrates [3], and ammonia [4] in aqueous solutions. The sensing is based on a change of the refractive
index (RI) of the aqueous solution. Microcomponents such as ammonia nitrogen in water provide
important information about water quality in rivers and water supply processing plants as well as in
drinking water [5]. High concentration of ammonia nitrogen in water can increase eutrophication which
contributes to adverse effects for humans and aquatic life [6]. Moreover, concentrations ranging as low
as 0.2–2.0 ppm can be lethal to fish species [7]. Major industries such as the pharmaceutical and chemical
industries, fertilizer production, sewage treatment plants, and cattle excrement are some of the sources

Sensors 2020, 20, 4713; doi:10.3390/s20174713 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0002-7038-0972
https://orcid.org/0000-0003-2436-8953
https://orcid.org/0000-0002-3026-3202
http://www.mdpi.com/1424-8220/20/17/4713?type=check_update&version=1
http://dx.doi.org/10.3390/s20174713
http://www.mdpi.com/journal/sensors


Sensors 2020, 20, 4713 2 of 9

of ammonia nitrogen released into the environment [8]. In this regard, control of ammonia nitrogen
effluent discharge limits to the environment is critical. Stipulated effluent discharge limit for ammonia
nitrogen varies from one country to another. For example, in Malaysia, the acceptable discharge
limits for ammonia nitrogen are 5 and 10 ppm for enclosed water bodies and rivers, respectively [9].
Therefore, a high sensitivity sensor is required for detecting a low concentration of ammonia nitrogen
in water for environmental, health, and industrial safety.

Microfiber interferometer (MFI) sensors have been drawing the attention of researchers in the
scientific community due to their outstanding properties such as excellent geometry, material uniformity,
high index contrast between the optical fiber and the surrounding environment, strong evanescent field,
and high sensitivity [10]. These features make them an ideal candidate for detecting slight changes in
RI of an aqueous solution. In recent years, various configurations of MFI-based sensors have been
used in determining RI changes in various aqueous solutions. These configurations include thin-core
fiber (TCF) interferometer [11], grating-based MFI [3], single-mode multimode single-mode (SMS)
MFI [12], photonic crystal fiber-based interferometer [13], and as-drawn taper-based interferometers [14].
Zhao et al. designed a SMS fiber structure for RI sensing with a measured sensitivity of 286.2 nm/RIU.
Zhoa et al. [13] designed a tapered photonic crystal fiber (PCF)-based interferometer for RI measurement
with a sensitivity of 281.6 nm/RIU. In 2017, Pham et al. [15] used etched fiber Bragg grating (e-FBG)
to detect nitrate concentration in water with a limit of detection (LOD) of 3.0 ppm. Recently,
Huang et al. [16] presented MFI realized by splicing a section of TCF between two SMS coated with a
PAH/PAA multilayer film for ammonia nitrogen monitoring in water with a sensitivity of 0.031 nm/ppm.
However, the TCF and SMS-based devices involve a complicated fabrication technique and PCFs
are expensive. The as-drawn tapered MFI structure is simpler, straightforward, and cost-effective
compared to grating-based MFI, TCF, PCF, and SMS based devices.

In this paper, an ultrasensitive MFI sensor based on a standard single-mode optical fiber (SMF) for
monitoring low concentration of ammonia nitrogen (5–50 ppm) in water is experimentally demonstrated.
The sensor is investigated in a wide wavelength range of 1500–1800 nm. The results presented here
indicate that the MFI sensor can detect a low concentration of ammonia nitrogen in water with a
0.5 ppm limit of detection.

2. Fabrication and Principle

The MFI is fabricated by heating and pulling SMF (SMF-28, Lucent tech., NJ, USA) using a
VytranTM glass-processing machine (GPX-3400, Morganville, NJ, USA). First, a section of the SMF
fiber is fixed on two translational stages by a fiber holder. While the center of the SMF is heated by
a filament, the two translational stages simultaneously move in the opposite direction to stretch the
fiber down from the initial diameter to the final diameter. Figure 1a shows the schematic structure
of the proposed MFI fabricated from standard SMF. The MFI consists of down-taper section d1,
waist-length L, waist-diameter D, and up-taper section d2. Figure 1b shows the microscopic image
of the down-taper, and part of the waist length of the MFI. Tapered SMF can be either adiabatic or
non-adiabatic depending on the taper angle. An adiabatic taper has a very small local change in the
taper radius (small taper angle) leading to the main portion of the power remaining in the fundamental
mode, and therefore it does not couple to higher-order modes as it propagates through the fiber.
On the other hand, the non-adiabatic taper has an abrupt taper angle and is capable of transferring
energy from the fundamental mode propagating through the normal fiber to the cladding modes in the
down-taper region [17]. As can be seen in Figure 1b, the fabricated taper is non-adiabatic because of its
sharper taper angle. This coupled the fundamental mode to cladding mode thus creating a strong
interference pattern that behaves as a modal interferometer.
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When light propagates through the down-taper and due to its relatively sharp taper angle, the 
fundamental mode will be coupled to the high-order cladding mode. Hence, more than one mode 
will be propagating along the taper waist. In the up-taper region, parts of the cladding modes are 
coupled back to the core, resulting in interference patterns. Output light intensity I of the transmission 
is given by [18,19]: 𝐼 ൌ 𝐼ଵ ൅ 𝐼ଶ ൅ 2ඥ𝐼ଵ𝐼ଶ  cosሺ∆∅ሻ (1) 

where I1 and I2 are the light intensity of the fundamental mode and cladding mode, respectively. Δ∅ 
is the phase difference between the interfering modes and is expressed as: ∆∅ ൌ  2𝜋∆𝑛௘௙௙𝐿𝜆  (2) 

where λ is the central wavelength of the light source, L is the waist length of the tapered region, and ∆𝑛௘௙௙  is the effective refractive index difference between the fundamental and cladding mode ሺ∆𝑛௘௙௙ ൌ 𝑛௖௢ െ 𝑛௖௟ሻ. When Δ∅ = 2mπ, an interference maximum could be observed at the m-order 
peak wavelength given by: 𝜆௠ ൌ ∆𝑛௘௙௙𝐿𝑚  (3) 

A change in the behavior of the surrounding environment will influence the effective refractive 
indices between the fundamental and cladding mode, 𝑛௘௙௙ will correspondingly change to ሺ∆𝑛௘௙௙ ൅𝛿ሺ∆𝑛௘௙௙ሻሻ. Consequently, peak wavelength shifts 𝛿𝜆 in the position of the m-order peak could be 
observed in the interference spectrum. The peak wavelength shifts and the associated phase shift δ∅ 
can be expressed as follows respectively: 𝛿𝜆 ൌ 𝛿 ൬∆𝑛௘௙௙𝐿𝑚 ൰ ൌ ቆ𝛿𝐿𝐿 ൅ 𝛿ሺ∆𝑛௘௙௙ሻ∆𝑛௘௙௙ ቇ 𝜆 (4) 

𝛿∅ ൌ 2𝜋 ቀ∆𝑛௘௙௙𝛿𝐿൫∆𝑛௘௙௙൯ቁ𝜆  (5) 

3. Experiment and Results 

Figure 2a shows the transmission spectra of MFI in air in the wavelength range of 1500–1550 nm 
with different waist diameter (D), waist-length (L) = 15 mm, up-taper = down-taper = 3 mm. The 
spectra were obtained by optical spectrum analyzer (OSA, AQ6375, Yokogawa, Tokyo, Japan) and 
broadband supercontinuum light source. As can be seen from Figure 2a, the trend of the spectrum 
shows that the free spectral range (FSR) decreases as the waist diameter decreases. The MFI with 
waist-diameter 20, 15, 8 µm has a FSR of 26.60, 12.38, and 4.86 nm, respectively. The MFI with  
D = 8 µm exhibited close fringes and has narrow dips with the highest extinction ratio of around 15.12 dB. 
These features are important for sensing application because they help to improve the accuracy and 
resolution of any sensor [20]. Figure 2b shows the spectrum of the 8 µm MFI in air and immersed in 

Figure 1. (a) Schematic of microfiber interferometer (MFI); (b) microscopic image of MFI.

When light propagates through the down-taper and due to its relatively sharp taper angle,
the fundamental mode will be coupled to the high-order cladding mode. Hence, more than one mode
will be propagating along the taper waist. In the up-taper region, parts of the cladding modes are
coupled back to the core, resulting in interference patterns. Output light intensity I of the transmission
is given by [18,19]:

I = I1 + I2 + 2
√

I1I2 cos(∆∅) (1)

where I1 and I2 are the light intensity of the fundamental mode and cladding mode, respectively.
∆∅ is the phase difference between the interfering modes and is expressed as:

∆∅ =
2π∆ne f f L

λ
(2)

where λ is the central wavelength of the light source, L is the waist length of the tapered region,
and ∆ne f f is the effective refractive index difference between the fundamental and cladding mode(
∆ne f f = nco − ncl

)
. When ∆∅ = 2mπ, an interference maximum could be observed at the m-order peak

wavelength given by:
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m
(3)

A change in the behavior of the surrounding environment will influence the effective
refractive indices between the fundamental and cladding mode, ne f f will correspondingly change to(
∆ne f f + δ
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. Consequently, peak wavelength shifts δλ in the position of the m-order peak could

be observed in the interference spectrum. The peak wavelength shifts and the associated phase shift δ∅
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3. Experiment and Results

Figure 2a shows the transmission spectra of MFI in air in the wavelength range of 1500–1550 nm
with different waist diameter (D), waist-length (L) = 15 mm, up-taper = down-taper = 3 mm. The spectra
were obtained by optical spectrum analyzer (OSA, AQ6375, Yokogawa, Tokyo, Japan) and broadband
supercontinuum light source. As can be seen from Figure 2a, the trend of the spectrum shows that the
free spectral range (FSR) decreases as the waist diameter decreases. The MFI with waist-diameter 20,
15, 8 µm has a FSR of 26.60, 12.38, and 4.86 nm, respectively. The MFI with D = 8 µm exhibited close
fringes and has narrow dips with the highest extinction ratio of around 15.12 dB. These features are
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important for sensing application because they help to improve the accuracy and resolution of any
sensor [20]. Figure 2b shows the spectrum of the 8 µm MFI in air and immersed in 5 ppm ammonia
nitrogen. Comparing the spectrum in air and 5 ppm ammonia nitrogen, the intensity power loss
after immersion is estimated to be ~2.0 dB with extinction ration reduced to around 10.0 dB which is
suitable for sensing. The FSR of the spectrum after immersion in solution has increased from 4.86 nm to
6.58 nm, with reference to Equation (4), this occurrence is reasoned with the reduction of ∆ne f f when ncl
increases. The spectrum still exhibited narrow dips, which are critical for monitoring wavelength shift
changes with high accuracy. For this reason, the MFI with D = 8 µm was chosen for this experiment.
The interference pattern of the spectrum is due to mode coupling between the fundamental mode and
cladding modes.
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Figure 2. Transmission spectra of (a) MFI with different waist diameter D (b) 8 µm MFI in air, water,
and 5 ppm ammonia nitrogen.

To determine information on mode distribution and its effects on the interferometric spectrum,
Fast Fourier Transform (FFT) formula is used on the measured spectrum to obtain the spatial frequency
spectrum of the MFI, as shown in Figure 3. It can be observed that, apart from the fundamental mode,
dominantly excited cladding mode (cladding mode 1) and weakly excited cladding mode (cladding
mode 2, 3, and 4) were also stimulated in the spatial frequency spectrum. It is believed that interference
occurs mainly between the fundamental mode and dominantly excited mode (cladding mode 1).
The other cladding mode also contributes to the interference but is negligible due to relatively low
light intensity propagates in the cladding. Thus, it can be concluded that the interference pattern is
due to the combined action of the fundamental mode and cladding mode 1.
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Figure 4 shows the schematic diagram of the experimental setup used for the ammonia nitrogen
measurement. A high-power supercontinuum source (SC-5, YSL Photonics) covering a broad spectrum
range (470–2400 nm) is used to launch light into the tapered MFI. The other end of the MFI was
connected to OSA (AQ6375, Yokogawa, Tokyo, Japan). Ammonia nitrogen solution with different
concentrations was obtained by diluting ammonia nitrogen standard solution (NH3-N) with pure water.
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The MFI was fixed and tautened on a narrow channel made from Perspex®glass. The narrow channel
had a volume of 1000 µl where the MFI as a whole was immersed into the ammonia nitrogen solution
at a concentration from 5–50 ppm with 5 ppm increment. The ammonia nitrogen solution is pumped
slowly into the narrow channel through an inlet opening by a micro-injection pump. The solution
is drained out through an outlet opening by an automated syringe pump. In each concentration,
the measurement of the spectral shift from OSA was recorded after the MFI sensor was submerged in
the solution for 5 min.
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Figure 4. Experimental set-up for ammonia nitrogen measurement.

The transmission spectra of the MFI sensor that monitored around 1505 nm (dip1) and around
1605 nm (dip2) is shown in Figure 5a. As can be seen, the dips in dip1 and dip2 shift toward
longer wavelengths as ammonia nitrogen concentration increases from 5–50 ppm. For example,
a concentration of 10 ppm produces a wavelength shift of 0.42 nm and 0.39 nm to the right at dip1 and
dip2, respectively. The RI of the core, nco, does not change and therefore continuous increase in the
refractive index of the cladding, ncl, will lead to an increase in δ

(
∆ne f f

)
. Consequently, according to

Equation (3), a larger δλ is obtained which explains the redshift observation. Figure 5b shows a nonlinear
relation between dip shift (dip1 and dip2) and ammonia nitrogen concentration. The sensitivity of
the sensor decreases with the increase of ammonia nitrogen concentration. The saturation of the
sensitivity might be attributed to the limited tapered fiber sites for the interaction, particularly at
higher ammonia nitrogen concentrations. As a result, an increase of ammonia nitrogen concentrations
produces lesser optical response magnitude [20]. Their respective sensitivities obtained at dip1 and
dip2 are 0.0666 nm/ppm and 0.0703 nm/ppm. The nonlinearity curve of the transmission wavelength
versus ammonia nitrogen concentration at dip1 is fitted as:

∆λ = 0.342 + 0.1395c− 0.0011c2 (6)
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Sensors 2020, 20, 4713 6 of 9

For dip2, the nonlinearity curve is fitted as:

∆λ = 0.412 + 0.1275c− 0.001c2 (7)

where ∆λ is the change in wavelength shift and c is the ammonia nitrogen concentration. As can be
observed, the sensor starts to reach saturation at a concentration of 35 ppm. The inset in Figure 5b
shows the linear fit plot for low concentrations from 5–30 ppm for dip1 and dip2.

Figure 6a shows the transmission spectra of the interference dips around 1705 nm (dip3) and
1785 nm (dip4) of the MFI sensor. Similarly, it is easy to see the transmission spectra have undergone
a redshift. Figure 6b shows the measured data and plot for the nonlinear fitting for dip3 and dip4
indicating the sensitivities of 0.0724 nm/ppm and 0.0768 nm/ppm. The nonlinearity curve of the
transmission wavelength versus ammonia nitrogen concentration at dip3 is fitted as:

∆λ = 0.368 + 0.1347c− 0.0011c2 (8)
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Figure 6. (a) Transmission spectra of MFI with different ammonia nitrogen concentration for dip3 and
dip4. (b) The linear relation between dip position and concentration for dip3 and dip4, the inset is the
linear fit for low concentrations of 5–30 ppm.

For dip4, the nonlinearity curve is fitted as:

∆λ = 0.342 + 0.1395c− 0.0011c2 (9)

where ∆λ is the change in wavelength shift, and c is the ammonia nitrogen concentration. The inset
in Figure 6b shows the response of the proposed MFI in the low concentration range of 5–30 ppm.
At the interference dip3, the sensitivity obtained is 0.0951 nm/ppm, for which the linear fit is 0.995.
At interference dip4, the sensitivity obtained is 0.099 nm/ppm, for which the linear fit is 0.994. The high
sensitivity of the MFI sensor is due to the excitation of higher-order cladding mode, which is the key
in the formation of a strong interference pattern. Compared with the other dips (dip1, dip2, dip3),
dip4 exhibits a slightly higher dip shift under the same amount of changes in ammonia nitrogen
concentration in water. This shows that the interference peaks have different sensitivities on the same
RI changes [19]. This might have resulted from the behavior of several cladding modes whose effective
index might have a different dependency on any environmental changes.

We also evaluated the stability of the sensor by immersing it into ammonia nitrogen for one hour.
Figure 7a shows the stability of the MFI sensor at 20 ppm for dip 3 and dip4. The standard deviation
of the wavelength transmission spectrum at dip3 and dip4 was 0.03 nm and 0.02 nm, respectively.
Figure 7b shows the stability of the MFI transmission spectrum for the one-hour period during which
the ammonia nitrogen remained relatively unchanged at 20 ppm.
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4. Discussion

The results in this work indicate that this sensor can be used as a highly sensitive measurement
for low concentrations of ammonia-nitrogen. The range 5–30 ppm can be of interest in measuring
ammonia nitrogen levels in effluent discharge for environmental monitoring. Regarding the OSA
resolutions of 0.05 nm in our experiment, the minimum detectable concentration changes for the MFI
sensor obtained was 0.5 ppm. The LOD of the current sensor was below the maximum ammonia
nitrogen level allowed for a closed water body by the Malaysia Department of Environment (DOE) [9].
This means by using OSA with a high resolution, this method is appropriate for monitoring ammonia
nitrogen concentrations in drinking water as well as in wastewater. The LOD of the current MFI sensor
with a resolution of 0.05 nm is lower than previously related sensors reported in [3] with a resolution of
0.01 nm. Moreover, it has clear sensitivity advantages to other related sensors reported in the literature.
For measurements of various forms of nitrogen in water, the comparison is shown in Table 1.

Table 1. Comparison between fabricated MFI sensor and other related sensors.

Sensor Analyte LOD (ppm) Sensitivity
(nm/ppm) Ref

Tapered SMF Sodium nitrate 1.34 0.014 [14]
Etched FBG Nitrate 3.0 0.0035 [3]

LPG Ammonia 0.1 - [21]
Etched FBG Ammonia - 0.171 [22]

Tapered SMF Ammonia-nitrogen 0.5 0.0768 This work

5. Conclusions

In summary, a tapered MFI sensor based on RI change of aqueous solution with high sensitivity for
ammonia nitrogen monitoring in water was demonstrated at a room temperature operation. The sensor
was realized by tapering standard SMF, producing an interferometric device with an extinction ratio
of up to 15.12 dB. The sensor was investigated in a wide wavelength range from 1500–1800 nm by
monitoring the shift of four interference dips. By using a wavelength resolution of 0.05 nm, a detection
limit of 0.5 ppm was obtained. These findings are important in investigating the selectivity of the
proposed sensor towards ammonia nitrogen in water by integrating ammonia sensitive materials to the
taper waist region of the MFI. The characteristics of high sensitivity, easy fabrication, and robustness
make this MFI sensor a potential candidate for detecting ammonia nitrogen in liquid surrounding such
as in drinking water and seawater



Sensors 2020, 20, 4713 8 of 9

Author Contributions: Conceptualization, S.H.G., M.H.Y., A.R.M.Z.; methodology, S.H.G., M.A.M.; writing—original
draft preparation, S.H.G.; Review and editing, M.H.Y., M.Z.A., H.N.L.; All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by University Putra Malaysia under Research Grant No. GP-IPS/2019/9674900.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhou, C.; Zhang, H.-K.; Song, P.; Wang, J.; Zhu, C.-G.; Wang, P.-P.; Peng, F. Geometrically Structural
Parameters Insensitive Fiber Sensor for Detection of Ethanol Concentration. IEEE Photonics Technol. Lett.
2018, 1135, 1–3. [CrossRef]

2. Liao, C.R.; Wang, D.N.; He, X.; Yang, M.W. Twisted Optical Micro fibers for Refractive Index Sensing.
IEEE Photonics Technol. Lett. 2011, 23, 848–850. [CrossRef]

3. Pham, T.B.; Bui, H.; Le, H.T.; Pham, V.H. Characteristics of the fiber laser sensor system based on etched-bragg
grating sensing probe for determination of the low nitrate concentration in water. Sensors 2017, 17, 7.
[CrossRef] [PubMed]

4. Tiwari, D.; Mullaney, K.; Korposh, S.; James, S.W.; Lee, S.W.; Tatam, R.P. An ammonia sensor based on
Lossy Mode Resonances on a tapered optical fibre coated with porphyrin-incorporated titanium dioxide.
Sens. Actuators B Chem. 2017, 242, 645–652. [CrossRef]

5. Al-Badaii, F.; Shuhaimi-Othman, M.; Gasim, M.B. Water quality assessment of the Semenyih river, Selangor,
Malaysia. J. Chem. 2013. [CrossRef]

6. Luo, X.; Yan, Q.; Wang, C.; Luo, C.; Zhou, N.; Jian, C. Treatment of ammonia nitrogen wastewater in low
concentration by two-stage ozonization. Int. J. Environ. Res. Public Health 2015, 12, 11975–11987. [CrossRef]

7. Wicks, B.; Joensen, R.; Tang, Q.; Randall, D. Swimming and ammonia toxicity in salmonids: The effect of sub
lethal ammonia exposure on the swimming performance of coho salmon and the acute toxicity of ammonia
in swimming and resting rainbow trout. Aquat. Toxicol. 2002, 59, 55–69. [CrossRef]

8. Constable, M.; Charlton, M.; Jensen, F.; McDonald, K.; Craig, G.; Taylor, K.W. An ecological risk assessment
of Ammonia in the aquatic environment. Hum. Ecol. Risk Assess. 2003, 9, 527–548. [CrossRef]

9. Department of Environment Malaysia, Environmental Quality (Sewage) Regulations 2009. Available online:
https://www.doe.gov.my/portalv1/wpcontent/uploads/2015/01/Environmental_Quality_Control_of_
Pollution_From_Solid_Waste_Transfer_Station_And_Landfill_Regulations_2009_-_P.U.A_433-2009.pdf
(accessed on 6 May 2019).

10. Tong, L. Micro/nanofibre optical sensors: Challenges and prospects. Sensors 2018, 18, 903. [CrossRef]
11. Ivanov, O.V.; Yang, F.; Tian, F.; Du, H. Thin-core fiber structures with overlays for sensing applications.

Opt. Express 2017, 25, 31197. [CrossRef]
12. Zhao, Y.; Cai, L.; Li, X.G.; Meng, F.C.; Zhao, Z. Investigation of the high sensitivity RI sensor based on SMS

fiber structure. Sens. Actuators A Phys. 2014, 205, 186–190. [CrossRef]
13. Zhao, Y.; Xia, F.; Li, J. Sensitivity-enhanced photonic crystal fiber refractive index sensor with two

waist-broadened tapers. J. Light. Technol. 2016, 34, 1373–1379. [CrossRef]
14. Wang, J.; Liao, Y.; Wang, S.; Wang, X. Ultrasensitive optical sensing in aqueous solution based on microfiber

modal interferometer. Opt. Express 2018, 26, 24843–24853. [CrossRef] [PubMed]
15. Wang, T.; Korposh, S.; James, S.; Tatam, R.; Lee, S.W. Optical fiber long period grating sensor with a

polyelectrolyte alternate thin film for gas sensing of amine odors. Sens. Actuators B Chem. 2013, 185, 117–124.
[CrossRef]

16. Huang, X.; Li, X.; Li, Y.; Yang, J.; Tao, C. Trace dissolved ammonia sensor based on porous polyelectrolyte
membrane-coated thin-core fiber modal interferometer. Sens. Actuators B Chem. 2016, 226, 7–13. [CrossRef]

17. Zibaii, M.I.; Latifi, H.; Karami, H.; Gholami, M.; Hosseini, S.M.; Ghezelayagh, M.H. Non-adiabatic tapered
optical fiber sensor for measuring the interaction between α-amino acids in aqueous carbohydrate solution.
Meas. Sci. Technol. 2010. [CrossRef]

18. Xu, Y.; Lu, P.; Chen, L.; Bao, X. Recent Developments in Micro-Structured Fiber Optic Sensors. Fibers 2017, 5,
3. [CrossRef]

19. Zhang, S.; Zhang, W.; Geng, P.; Gao, S. Fiber Mach-Zehnder interferometer based on concatenated down-
and up-tapers for refractive index sensing applications. Opt. Commun. 2013, 288, 47–51. [CrossRef]

http://dx.doi.org/10.1109/LPT.2018.2875155
http://dx.doi.org/10.1109/LPT.2011.2138126
http://dx.doi.org/10.3390/s17010007
http://www.ncbi.nlm.nih.gov/pubmed/28025512
http://dx.doi.org/10.1016/j.snb.2016.11.092
http://dx.doi.org/10.1155/2013/871056
http://dx.doi.org/10.3390/ijerph120911975
http://dx.doi.org/10.1016/S0166-445X(01)00236-3
http://dx.doi.org/10.1080/713609921
https://www.doe.gov.my/portalv1/wpcontent/uploads/2015/01/Environmental_Quality_Control_of_Pollution_From_Solid_Waste_Transfer_Station_And_Landfill_Regulations_2009_-_P.U.A_433-2009.pdf
https://www.doe.gov.my/portalv1/wpcontent/uploads/2015/01/Environmental_Quality_Control_of_Pollution_From_Solid_Waste_Transfer_Station_And_Landfill_Regulations_2009_-_P.U.A_433-2009.pdf
http://dx.doi.org/10.3390/s18030903
http://dx.doi.org/10.1364/OE.25.031197
http://dx.doi.org/10.1016/j.sna.2013.10.023
http://dx.doi.org/10.1109/JLT.2016.2519534
http://dx.doi.org/10.1364/OE.26.024843
http://www.ncbi.nlm.nih.gov/pubmed/30469595
http://dx.doi.org/10.1016/j.snb.2013.04.034
http://dx.doi.org/10.1016/j.snb.2015.11.078
http://dx.doi.org/10.1088/0957-0233/21/10/105801
http://dx.doi.org/10.3390/fib5010003
http://dx.doi.org/10.1016/j.optcom.2012.09.057


Sensors 2020, 20, 4713 9 of 9

20. Zhu, Y.; Fu, H.; Ding, J.; Li, H.; Zhang, M.; Zhang, J.; Liu, Y. Fabrication of three-dimensional zinc oxide
nanoflowers for high-sensitivity fiber-optic ammonia gas sensors. Appl. Opt. 2018, 57, 7924. [CrossRef]

21. Korposh, S.; Selyanchyn, R.; Yasukochi, W.; Lee, S.W.; James, S.W.; Tatam, R.P. Optical fibre long period grating
with a nanoporous coating formed from silica nanoparticles for ammonia sensing in water. Mater. Chem. Phys.
2012, 133, 784–792. [CrossRef]

22. Fu, H.; Zhang, J.; Ding, J.; Wang, Q.; Li, H.; Shao, M.; Liu, Y.; Liu, Q.; Zhang, M.; Zhu, Y.; et al. Ultra sensitive
NH 3 gas detection using microfiber Bragg Grating. Opt. Commun. 2018. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1364/AO.57.007924
http://dx.doi.org/10.1016/j.matchemphys.2012.01.094
http://dx.doi.org/10.1016/j.optcom.2018.06.059
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Fabrication and Principle 
	Experiment and Results 
	Discussion 
	Conclusions 
	References

