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Design of a coated thinly clad chalcogenide long-period fiber grating
refractive index sensor based on dual-peak resonance
near the phase matching turning point
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A novel method for designing chalcogenide long-period fiber grating (LPFG) sensors based on the dual-peak res-
onance effect of the LPFG near the phase matching turning point (PMTP) is presented. Refractive index sensing in a
high-refractive-index chalcogenide fiber is achieved with a coated thinly clad film. The dual-peak resonant characteristics
near the PMTP and the refractive index sensing properties of the LPFG are analyzed first by the phase-matching condition
of the LPFG. The effects of film parameters and cladding radius on the sensitivity of refractive index sensing are further
discussed. The sensor is optimized by selecting the appropriate film parameters and cladding radius. Simulation results
show that the ambient refractive index sensitivity of a dual-peak coated thinly clad chalcogenide LPFG at the PMTP can
be 2400 nm/RIU, which is significantly higher than that of non-optimized gratings. It has great application potential in the

field of chemical sensing and biosensors.

Keywords: chalcogenide longperiod fiber grating, dual-peak resonance, phase matching turning point, refrac-

tive index sensor
PACS: 42.68.Ay, 42.81., 42.25.Dd, 42.81.Pa

1. Introduction

Long-period fiber gratings (LPFGs) promote optical cou-
pling between the core mode and the cladding mode, and the
peak value is easily affected by small changes in the surround-
ing refractive index (SRI). Thus, the refractive index sensing
characteristics of a LPFG have attracted extensive attention
and LPFGs have been widely used for biological and chem-
ical sensing.!'™! The phase matching curve (PMC) of each
cladding mode of a LPFG contains a phase matching turn-
ing point (PMTP), and a LPFG working at the PMTP has
the highest sensitivity to environmental disturbance.®”) When
the actual grating period is less than the corresponding pe-
riod of the PMTP, the LPFG has two resonance peaks that ex-

8-10] At the same time, if

13]

hibit a dual-peak resonance effect.!

U ambient refractive index!?! and strain!

the temperature,
change slightly, the bimodal resonant wavelength will change
accordingly. Chen and Gu observed that a LPFG sensor based
on bimodal resonance worked near the PMTP and had a high
sensitivity to the SRL.I'4] Shu et al. first studied the dual-peak
resonance phenomenon of a LPFG and experimentally studied
the response of the bimodal resonance to the SRI.!'S! When
the SRI increases, the two resonance summits move in the op-
posite direction.

Generally, the resonant wavelength of a LPFG has high
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sensitivity only when the SRI is slightly lower than the
cladding refractive index.!'®! However, the refractive index
of traditional silica fiber is relatively small, and hence such
fiber sensors will not work when special high-refractive-index
liquids are encountered.!'”! Furthermore, due to their lim-
ited transmission range, silica fiber sensors are powerless in
the mid-infrared (MIR) range, which contains many impor-
tant molecular spectral fingerprints.[!8) Chalcogenide glasses
(ChGs) are novel infrared (IR) optical materials with excel-
lent infrared optical properties, such as a wide IR transmission
range,!'”! high linear and nonlinear refractive indices?%-2?!
and low phonon energy,”*! and ChG fibers are thus widely
used in fiber lasers and biological and chemical sensors in the
MIR range.!?+-27)

However, due to the high refractive index of chalcogenide
glass fiber (usually exceeding 2.0), its sensitivity is limited for
conventional liquid detection. This problem can be solved
by coating the fiber cladding with another thin film. Stud-
ies have found that coating a LPFG with a film having a re-
fractive index higher than that of the cladding can expand the
refractive index sensing range of the LPFG and improve its
sensitivity.[*-32! Wang et al. proved that depositing a thin film
at the PMTP of a LPFG can improve the sensitivity; they ob-
tained a sensitivity of 9100 nm/RIU.33! Nevertheless, when a
high-refractive-index film is deposited on the optical fiber, the
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PMC will be changed, thereby leading to drifting of the PMTP.
By reducing the fiber cladding radius, the PMC can also be
changed.?* Del Villar et al. proposed that reducing the fiber
cladding radius and coating had opposite effects on the bi-
modal displacement. 1351 Therefore, a LPFG can be controlled
by reducing the cladding radius and coating until it works near
the PMTP. Chen and Gu*® studied the sensing characteristics
of a thinly clad coated LPFG. Their results show that reduc-
tion of the cladding radius will increase the dynamic range of
the high-sensitivity response of the LPFG thin film sensor.

In this paper, we design a chalcogenide LPFG with thin
film coating, and study the refractive index sensing character-
istics of a chalcogenide LPFG with a high-order mode PMTP.
To optimize the performance, the influence of film parameters
and cladding radius on the dual-peak resonance wavelength
spacing is analyzed. By combining the two methods of plat-
ing high-refractive-index film outside the fiber and reducing
the fiber radius, sensitivity of the chalcogenide LPFG for re-
fractive index sensing is improved, thereby providing practical
support and reference data for the design of a high-sensitivity
chalcogenide LPFG refractive index sensor structure. It is ex-
pected that such a sensor could applied to the detection of var-
ious gases and liquids in the field of biological and chemical
sensing.

2. Theoretical analysis
2.1. Simulation model

Figure 1(a) shows the transmission curve of fabricated
As,S3 glass. The figure shows that this ChG has an extremely
wide IR transmission area, which can be transparent from
1.0 um to 14 um; thus, the prepared ChG can be applied in
the MIR spectral region. A graph of wavelength versus refrac-
tive index was produced using an infrared-variable angle spec-
troscopic ellipsometer (Mark II, J. A. Woollam, USA) and is
shown in Fig. 1(b). This figure shows that the refractive index
of As;S3 glass was greater than 2.3 in the IR region.

Figure 2 shows the structure and refractive index distri-
bution of the coated thinly clad chalcogenide LPFG. The core
and cladding are made of As,S3 glass, and the difference in
refractive index between the core and the cladding is realized
by fine-tuning the composition. A film material with a higher
refractive index, such as diamond, graphite, graphene or car-
bon nanotubes, should be used for the coating. The refractive
indices of the core and the cladding are n; and n;, and their
radii are a; and ap, respectively. The refractive index of the
film is n3 and its thickness is &7 = a3 — a;. The refractive index
of the external environment is ng,. The optical fiber param-
eters used in the calculation are a; = 3 pm, a; = 100 pum,
np = 2.4211, ny = 2.3952, grating length L = 4.5 cm and the
average refractive index change of the core is 1 x 1072,
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Fig. 2. Schematic of coated thinly clad chalcogenide LPFG: (a) structural
model, (b) refractive index profile.

2.2. PMTP and dual-peak resonance

The phase matching condition of the LPFG, that is, the
relationship between the grating period and resonant wave-
length, is expressed as follows:

A = AnegrA, (D

where Anegr = ngg — ng%f is the effective refractive index differ-
ence between the core and the cladding, A is the resonance
wavelength and A is the grating period. According to the
phase matching conditions, PMCs for low- and high-order
cladding modes can be obtained, as shown in Figs. 3(a) and
3(b), respectively. When the grating period is short, the res-
onant wavelength of the low-order cladding mode increases
monotonously with the grating period, whereas the PMC for
the high-order cladding mode will exhibit a conic character-
istic, and two wavelength values can satisfy Eq. (1). In other
words, two resonance peaks appear in the transmission spec-
trum; this is called the double-peak effect. The higher the
cladding mode sequence number, the smaller the grating pe-
riod required for resonant coupling with the core mode, and
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the smaller the resonant wavelength corresponding to the dual
peak.

Cladding mode LPg 19 with the cladding mode number
v = 19 was first selected, and the characteristics of its PMTP
were carefully studied. Figure 4 shows the PMC of the
cladding mode LPg 19. One PMTP is found in the PMC; the
corresponding period is 110.5 pum and the slope is infinite at
the PMTP. When the period is less than 110.5 um double-peak
resonance occurs (as shown in the inset in Fig. 4). When the
LPFG is affected by the refractive index it will cause a change
in the refractive index of the cladding mode; this will then
cause a change in the resonant wavelength. When the grating
period approaches the PMTP, a LPFG refractive index sensor
with high sensitivity will be obtained.
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Fig. 3. Phase-matching curves of odd cladding modes for (a) low-order
cladding and (b) high-order cladding.
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3. Characteristics of LPFG refractive index
sensing operating at the PMTP

When the double peaks are located near the PMTP the
slope of the PMC approaches infinity near the turning point;
that is, the wavelength is most sensitive to periodic changes,
thereby leading to a very high sensitivity to changes in the
external environment. Figures 5(a), 6(a), and 7(a) show the
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Fig. 5. (a) Transmission spectrum of the LPy ;9 mode and (b) response of
LPy3 and LPg 19 modes to the SRI for SRI = 1.34-1.46.
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transmission spectra of LP 19 cladding modes at a low (1.34—
1.46), medium (1.64—1.76), and high (2.14-2.26) SRI when
the grating period is 110.5 um. Figures 5(b), 6(b), and 7(b)
show the responses of low-order (LPp3 modes) and high-
order cladding modes (LPg 19 modes) to different SRIs. When
the period is 110.5 um the low-order cladding mode is uni-
modal and almost unresponsive to all refractive index environ-
ments, whereas the high-order cladding modes have different
responses to various SRIs. As the refractive index increases,
the peak separation rises continuously. High-sensitivity detec-
tion of the SRI is realized by detecting the bimodal wavelength
spacing. Thus, compared with low-order cladding modes, se-
lecting a high-order cladding mode in the structural design can
produce higher sensitivity refractive index sensing.

4. Structure optimization
4.1. Film parameters

A LPFG is highly sensitive to the environment because
the electromagnetic field of the cladding mode penetrates into
the environment in the form of an evanescent wave at the inter-
face between the cladding and the environment and interacts
with the external environment, thereby changing the effective
refractive index of the cladding mode and leading to drifting
of the resonant wavelength.3”] After coating the LPFG with
a film whose refractive index is much higher than that of the
cladding material, the core mode is unaffected by the film, and
the parameters of the film mainly affect the effective refrac-

tive index of the cladding mode, thus affecting the resonant
wavelength of the grating.

The refractive index of the film in the calculation is se-
lected as n3 = 2.45. First, the external environment is assumed
to be air (n4 = 1). When the film thickness increases from 0 nm
to 1000 nm, numerical simulations obtain the relationship be-
tween the effective refractive index and the film thickness of
LPy 3—LPg 23 odd-numbered cladding modes (Fig. 8(a)). The
effective refractive index of each cladding mode gradually in-
creases with the thickness of the film.
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The external environment is set to be air and the LPg 19
When

the film thickness is fixed, changing the refractive index of

cladding mode is selected, as shown in Fig. 8(b).

the film can also alter the effective refractive index of the
cladding mode. In addition, the effective refractive index of
the cladding mode will show abrupt changes within a spe-
cific film thickness range, and the range of abrupt changes
of films with different refractive indices will vary. For ex-
ample, when the film refractive index is 2.45, the effective
refractive index in the corresponding cladding mode changes
from 300 nm to 700 nm, and when the film refractive index is
2.55, the corresponding change in the effective refractive in-
dex of the cladding mode is from 200 nm to 600 nm. When
the film increases to a certain thickness, the low-order cladding
mode will enter the film layer for transmission, and the origi-
nal high-order mode will replace the low-order mode step by
step. At this time, the energy of the electromagnetic field is
redistributed among the cladding modes, the lowest cladding
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mode is transferred to the thin film layer for transmission and
the higher-order mode covers the energy state of its previous
mode, thus affecting the effective refractive index. Villar et
al. explained this from the viewpoint of mode conversion. 33!
When mode conversion of a cladding mode occurs, the effec-
tive refractive index of each cladding mode changes sharply. A
sudden change in the effective refractive index of the cladding
mode will inevitably lead to a shift in the resonance wave-
length, indicating that a suitable refractive index and thick-
ness of the film layer must be determined so that the coated
LPFG works in the region of the effective refractive index of
the cladding mode. A small change will cause a large change
in the cladding mode, which will cause a significant change in
the resonance wavelength and improve the sensitivity of LPFG
refractive index sensing.

4.2. Cladding radius

The design in this work adopts a film refractive index
n3 = 2.55 and film thickness 4 = 300 nm because the choice
of a high-refractive-index material can help shorten the coat-
ing time and save costs. The refractive index of carbon-based
materials (carbon, diamond, graphite, graphene, carbon nan-
otubes) is n = 2.4 to n = 2.9, which is much higher than
that of the cladding material. Amorphous carbon film ma-
terials such as graphene/carbon nanotube composite material
has excellent properties (high hardness, wear resistance, low
friction coefficient, optical transmittance, chemical inertness)
and are suitable as coating materials. Many papers have re-
ported the use of carbon-based materials such as graphene
in the field of optical fiber sensing, and a variety of coating

39-41] Among these, a method

methods have been proposed.|
suitable for application with chalcogenide optical fibers is
the combined dispersion rotary coating method. The pro-
cess of preparing graphene/carbon nanotube composites by the
mixed dispersion rotary coating method is as follows. First, a
graphene/carbon nanotube composite dispersion with uniform
dispersion is prepared. The mixed dispersion is then soni-
cated and deposited on different substrates by a rotary coating
method. The thickness of the composite film can be controlled
according to the speed and time of spin coating.

Coating the optical fiber with a high-refractive-index film
will change the PMC. Figure 9(a) shows the PMC of the LPy 19
cladding mode when it is uncoated, and the film thickness is
300 nm. Obviously, deposition of the film causes the curve to
move to a longer period. In other words, if the period is de-
signed to be 110.5 um, for which the uncoated LPFG works
at the turning point, when a 300 nm thick film is deposited on
the optical fiber, dual-peak resonance will occur. In addition,
the thicker the film, the greater the separation between the two
peaks will be. To solve this problem, we propose reducing the
bimodal spacing of the coated grating by reducing the fiber

radius. Figure 9(b) shows that the peak separation decreases
with a decrease in the cladding radius. When the cladding ra-
dius is 99.53 pm, the peak separation is 0. By optimizing the
fiber radius, the bimodal grating works near the PMTP and
optimal sensitivity can be achieved.

5500
——h=0nm
—— h =300 nm

50001

45001

40001

35001

Wavelength (nm)

30001

2500

100 105 110 115
Period (pm)

40001 600

38001 1400

36001 1200

Peak separation (nm)

Resonant wavelength (nm)

1 1 ()
99.4 99.6 99.8 100.0

Cladding radius (pm)

Fig. 9. (a) Effect of film thickness on phase matching curve. (b) Varia-
tion of peak separation with cladding radius.

5. LPFG refractive index sensing characteristics
of coated thinly clad fiber operating at the
PMTP

The refractive index sensing performance of the chalco-
genide LPFG is optimized by a combination of high-order
mode coupling characteristics of the LPFG and a reduction
of the cladding radius and surface modification of the sen-
sitive film. Figures 10(a), 11(a), and 12(a) show the trans-
mission spectra of LPg 19 cladding modes at low (1.34-1.46),
medium (1.64-1.76), and high (2.14-2.26) SRIs when the film
thickness # = 300 nm, the film refractive index n3 = 2.55, the
cladding radius @, = 99.53 um and the period A = 110.5 pm.
The bimodal spacing increases with the SRI.

Figures 10(b), 11(b), and 12(b) show the linear fitting re-
lationship between peak separation and different SRIs before
and after optimization. The sensitivity of peak separation to
changes in the SRI can be defined as

AA’ res

Angy,

()]

Ssr1 =

That is, the shift of the dual-peak resonance wavelength pro-
duced by unit change in the SRI is used to characterize the
speed of the change in the double-peak spacing with the
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SRI. When the SRI is between 1.34 and 1.46, the unopti-
mized bimodal LPFG refractive index sensing sensitivity is
326 nm/RIU, whereas the optimized bimodal LPFG refrac-

tive index sensitivity is 486 nm/RIU, the sensitivity being in-
creased by 160 nm/RIU. When the SRI changes from 1.64 to

1.76, the sensitivity of the refractive index sensor before and
after optimization is 294 nm/RIU and 527 nm/RIU, respec-
tively, the sensitivity being increased by 233 nm/RIU. When
the SRI increases from 2.14 to 2.26, the wavelength spacing of
the bimodal LPFG rises from 711 nm to 1003 nm. The refrac-
tive index sensitivity of the optimized bimodal LPFG reaches
2400 nm/RIU, whereas the refractive index sensing sensitivity
of the unoptimized bimodal LPFG is only 701 nm/RIU; the
sensitivity is increased by 1699 nm/RIU. These results show
that by selecting appropriate grating parameters, film parame-
ters and cladding radius, the refractive index sensitivity of the
sensor is greatly improved compared with that of a general-
ized LPFG refractive index sensor. The new LPFG refractive
index sensor has high sensitivity and good linearity and is ex-
pected to be applied in the fields of gas, liquid, chemistry and
biological sensing.

In order to compare the sensitivity of the sensor presented
in this paper to the SRI with that of some other sensors, the
average sensitivity to the SRI and detection range of several
typical LPFG SRI sensors are listed in Table 1. The results
show that although the sensitivity of most quartz fiber grating
sensors is high, the range of refractive index in which they can
work is relatively limited. Moreover, when the sensitivity of
a quartz fiber grating sensor is too high, its stability will be-
come poor. Considering the relationship between equilibrium
stability and sensitivity, we chose the above structural param-
eters. Therefore, the structural design proposed by us not only
widens the detection range but also has a certain stability.
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Fig. 12. (a) Transmission spectrum of the LPg 19 mode and (b) sensitiv-
ities before and after optimization for SRI = 2.14-2.26.
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Table 1. Sensitivity of different LPFG sensors.

Sensors Materials Average sensitivity (nm/RIU) Detection range Reference
LPFG sensor based on mode transition near the PMTP SMF-28 4900 1.34-1.39 [34]
Modulated cascaded coated LPFG based on the PMTP SMF-28 9670 1.3300-1.3345 [42]
Etched LPFG sensor near the PMTP SMF-28 5602 1.37-1.41 [43]
Dual-peak LPFG sensor SMF-28 2500 1.333-1.353 [44]
Coated LPFG sensor based on the PMTP SMF-28 2138 1.335-1.373 [45]
n-phase-shifted LPFG sensor near the PMTP SMF-28 9093.3 1.33-1.34 [46]
Few-mode LPFG sensor based on dual-peak resonance SMF-28 1114.28 1.33-1.34 [47]
Etched dual-peak LPFG sensor SMF-28 2670 1.300-1.440 [48]

Coated thinly clad LPFG sensor near PMTP ChG 2400 1.34-2.26 this work

6. Conclusion

In this paper, a coated thinly clad chalcogenide LPFG
refractive index sensor based on the PMTP dual-peak reso-
nance effect is studied theoretically. The sensor is optimized
by selecting appropriate film parameters and cladding radius,
and the sensitivity of the chalcogenide LPFG refractive index
sensor is greatly improved. The simulation results show that
the sensitivity of the coated thinly clad chalcogenide LPFG at
the PMTP to the SRI is 2400 nm/RIU, which is significantly
higher than that of a non-optimized grating. The structure pro-
posed in this work not only has a wider sensing range but also
offers a more flexible sensing scheme. Suitable sensitive ma-
terials can be selected according to the environmental object to
be detected. High sensitivity can be obtained by adjusting the
parameters of the film or the grating structure and is expected
to be obtained in widely used photochemical biosensors.
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