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Chalcogenide Taper and Its Nonlinear
Effects and Sensing Applications
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The nonlinear coefficient of chalcogenide glass is 200–1000 times larger than that of silica glass, and it

is transparent in the 1–15 mmwavelengthwindows, whichmakes the nonlinear effects happen atmuch

low power with a short length in near- and mid-infrared wavelength window. With tapered chalco-

genide fibers, the power density in the core and the waveguide nonlinearity can be enhanced to

make nonlinear signal processing unit at a compact size. The threshold of Raman scattering and super-

continuum generation is reduced due to the enhanced Kerr effect and enhanced optical power inten-

sity. Phase-matching condition required in four-wave mixing (FWM) can be realized by tailoring fiber

structures to engineer the chromatic dispersion, which enables newwavelengths creation over a large

range at mWpower and sub-meter length. The guided acoustic waves and longitudinal acoustic waves

can be generated and detected in mW power with chalcogenide tapers. The high power density in the

microwires and the high photosensitivity of chalcogenide glass in the 1550 nmband enable the inscrip-

tion of FBGs in the fiber directly. The chalcogenide microwires are fragile and the core diameter

cannot be tapered down to sub-microns, which can be mitigated by polymer coating that can provide

mechanical strength. Polymers not only provide high mechanical strength as the coating and cladding

materials but also bring over 10 times larger thermal expansion than chalcogenide cores, which en-

hances the sensor prospect of the chalcogenide fibers for temperature, strain, and acoustic sensing.

This work reviews the present and emerging trends in investigation of chalcogenide tapers, mainly

focusing on the fabrication procedure of chalcogenide microwires, the nonlinear effects, and sensing

applications.
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INTRODUCTION

Silica fibers have high attenuation up to 60 dB/m at wavelengths longer than 3 mm (Humbach et al., 1996;

Kitamura et al., 2007; Yu et al., 2012), which makes it not applicable in the applications in the mid-infrared

(mid-IR) wavelength range (2–25 mm). Chalcogenide glass containing one or more chalcogens (sulfur(S), se-

lenium (Se), and tellurium(Te), but excluding oxygen) is a good candidate because it has wide transparency

with the transmission window from 0.5 to 25 mm (Sanghera et al., 2001, 2002; Schliesser et al., 2012), which

implies potential applications based on the mid-IR sources. As shown in Figure 1, the long wavelength cut-

off edges of chalcogenide bulk materials are extended between 12 and 20 mm depending on the mass of

anionic elements (Tao et al., 2015). Besides the low loss in the mid-IR range, chalcogenide glass has the

material nonlinearity (n2) 200–1000 times larger than that of the silica glass at wavelength of 1,550 nm

(Letokhov, 1968; Li et al., 2016b; Slusher et al., 2004).

Table 1 lists some parameters of silica and chalcogenide fibers. Nonlinear applications in near- and mid-IR

region based on chalcogenide fibers have been widely investigated, such as ultrafast all-optical switches

(Asobe et al., 1993), Raman lasers (Ahmad and Rochette, 2014; Bernier et al., 2013), supercontinuum

generation (Dai et al., 2018), strong stimulated Brillouin scattering (Abedin, 2005), mode-locked lasers

(Al-Kadry et al., 2015a), chalcogenide fiber-based mid-IR sources (Sanghera et al., 2009), and slow and

fast light in high nonlinear chalcogenide fibers (Song et al., 2006). As2Se3, as onematerial that has the high-

est material nonlinearity n2 among all chalcogenide glass at 1,550 nm, attracts extensive attention.

The waveguide nonlinearity g is defined as g=k0 n2/Aeff, where n2 is thematerial nonlinearity, k0 =2p/l is the

wave-number with l being the wavelength, and Aeff is effective mode area. To achieve high-efficiency

nonlinear effects in a waveguide, one approach is to use the material with high nonlinearity such as chal-

cogenide glasses as the core material with a high value of n2 (Asobe, 1997; Asobe et al., 1993; Eggleton

et al., 2011; Sanghera et al., 2009, 2010; Slusher et al., 2004). Another approach is to reduce the value of

Aeff by decreasing the diameter of a fiber, which can also engineer the waveguide dispersion of the wave-

guide (Birks et al., 2000; Brambilla, 2010; Brambilla et al., 2009; Gattass et al., 2006). Fabricating microwires
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Figure 1. Typical Infrared (IR) Transmission Spectra of S-, Se-, and Te-based Chalcogenide (ChG) Bulk Samples

Image from Tao et al. (2015).
with a large contrast of refractive index between the core and the cladding can further reduce the effective

mode area Aeff due to more light confined in the core area to enhance the waveguide nonlinearity, which

brings out the chalcogenide-polymer tapers (Baker, 2013; Baker and Rochette, 2010; Rochette and Baker,

2014). Coating chalcogenide fibers with polymers requires that the polymer should have low loss at the

optical wavelength to be transmitted, low refractive index to confine more light in the core, and similar

transition temperature to the chalcogenide fibers (Li et al., 2016a). Many polymers such as poly (methyl

methacrylate) (PMMA) polycarbonate (PC), cyclo olefin polymer (COP), and fluorine-based CYTOP are

good candidates as a cladding material. For example, the refractive index of PMMA is 1.478 at 1,550 nm

(Jensen et al., 2005; Kuzyk, 2018; Silva-López et al., 2005; Yuan et al., 2011) that is much smaller than that

of chalcogenide glasses, which confines light tightly in the core area and enhances the waveguide nonlin-

earity in the chalcogenide-PMMAmicrowires. A waveguide nonlinearity with g =176W�1m�1 is achieved in

chalcogenide-PMMA microwires by tapering the core diameter down to 0.45 mm (Kenny et al., 1991). The

transparent wavelength window of PMMA polymer is from visible region to 2.2 mm (Li et al., 2016b), but the

PMMA-cladded chalcogenidemicrowires have high loss between 0.30 dB/cm and 0.83 dB/cm from 1.30 mm

to 2.20 mm and an absorption peak at �1.65 mm due to the vibrational transition of C-H bond (Li et al.,

2016a). To avoid the vibrational transition of C-H bond in the hydrogen-based polymers, the microwire

with CYTOP cladding is fabricated with the low attenuation up to a wavelength of 4.3 mm (Li et al.,

2016a). The polymer fibers can be used for nonlinear and sensing applications (Emiliyanov et al., 2006; Jen-

sen et al., 2005; Yuan et al., 2011), which is not the subject of the current review. The microwires made

with chalcogenide fibers are the key subject of this review work, especially focusing on the demonstrated

high nonlinearity-associated effects and sensing capability enhanced by polymer coatings in chalco-

genide-polymer tapers.
Device and Material Refractive Index n2 (m
2/W) Transmission Range (mm) Loss (dB m�1)

Silica fiber 1.46 @1.55 mm (Agrawal,

2000)

2.36 3 10�20 @1.55 mm (Kim

et al., 1994)

0.24–2 (Li, 2012) 0.0002@1.55 mm (Miya et al.,

1979)

As2S3 fiber 2.4 @1.55mm (Florea et al.,

2009; Rodney et al., 1958)

3 3 10�18 @2 mm (Lamont

et al., 2008)

0.7–6 (Harrington, 2004;

Kanamori et al., 1984)

0.2 @1.55 mm (Miyashita and

Terunuma, 1982)

As2Se3 fiber 2.83 @1.55 mm (Boudebs

et al., 2004)

1.13 10�17 @2 mm (Fu et al.,

2005)

1–10 (Dai et al., 2018;

Wang et al., 2018)

0.85 @1.55 mm (Baker and

Rochette, 2012; Slusher et

al., 2004)

Te-based fiber (Tao

et al., 2015)

3.2 @2 mm ~10–17 2–12 3 @10 mm

GeAsSe PCF 2.6 @2 mm (Dantanarayana

et al., 2014)

5.3 3 10�17 @2 mm (Xing

et al., 2016)

– 0.5 @2 mm (Xing et al., 2016)

Table 1. Typical Optical Parameters of Silica Fiber and Several Chalcogenide Fibers
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Figure 2. Taper Fabrication Setup

Schematic of (A) polymer-cladded As2Se3 micro-taper fabrication setup and (B) polymer-cladded As2Se3 micro-taper

coupled to single-mode fibers; image from Li et al. (2016b).
FABRICATION PROCEDURE

Birks (Birks and Li, 1992) reported a tapering approach for shaping a fiber taper by changing the hot-zone

length as the fiber is stretched at both ends. Baker successfully fabricated the first hybrid chalcogenide-

PMMA taper consisting of an As2Se3 core and a PMMA cladding (Baker and Rochette, 2010) and also re-

ported a generalized heat-brush tapering approach in which the ratio of the feed and draw velocities

changes at every tapering sweep (Baker and Rochette, 2011).Li (Li et al., 2016b) fabricated the PC- and

COP-coated As2Se3 microwires. The fabrication procedure of hybrid-chalcogenide-polymer tapers in-

cludes five steps: (1) preparation of the chalcogenide rods and polymer tubes, (2) preform fabrication,

(3) fiber drawing, (4) polishing and coupling, and (5) microwire fabrication. The details are described thor-

oughly in Baker (2013) and Gao (2019). Figure 2A shows a schematic of polymer-cladded As2Se3 microwire

fabrication setup. Figure 2B shows the various sections of a micro-taper with both ends permanently butt-

coupled to single-mode fibers (SMF-28) using UV-cured epoxy.

Figure 3 shows an image of different sections of an As2Se3-PMMA taper whose ends are permanently

butt-coupled to single-mode fibers using UV-cured epoxy. Various sections of the As2Se3-PMMA taper

are labeled including the connection between SMFs and hybrid fibers, hybrid fibers, transition sections,

and 5-cm-long microwire section.

Chalcogenide fibers have highmaterial nonlinearity due to the chalcogenide glass as the corematerial with

a high nonlinear coefficient. For instance, As2Se3 glass has a high nonlinear coefficient that is �930 times

larger than that of silica glass. The nonlinearity of the tapered chalcogenide fibers is further enhanced with

engineered chromatic dispersion. The effective material nonlinearity is given by (Afshar and Monro, 2009)

n2 =
ε0

m0

RR
N

n2
0ðx; yÞn2ðx; yÞ

�
2jE!j4 + ��E!2��2�dA

3
RR
N

j½E!3 H
!��,bz j2dA

where ε0 and m0 are the electric permittivity and the magnetic permeability of free space, respectively, n0 is

the refractive index, n2 is the material nonlinearity, E and H are the electric and magnetic fields, respec-

tively, z is the direction of propagation, and A is the transverse surface area. The chromatic dispersion is

given by (Agrawal, 2000)
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Figure 3. An Image of an As2Se3-PMMA Micro-Taper

Image from Gao (2019).
Dc = � l

c

d2neff

dl2

where l is the wavelength, c is the velocity of light in free space, and neff is the effective refractive index.

Figure 4 shows the calculated waveguide nonlinearity parameter g and chromatic dispersion Dc of hybrid

As2Se3-PMMA tapers as a function of core diameter at wavelength of 1,550 nm (Baker and Rochette, 2010).

The large difference of refractive index between polymer cladding and chalcogenide core confines most

of the light in the core and reduces the power consumption for nonlinear effects. Furthermore, polymer

cladding can engineer the waveguide dispersion to change the total dispersion in the microwires. Al-Kadry

(Al-Kadry et al., 2015b) fabricated PMMA-coated As2S3 microwires. At core diameter of 0.58 mm, the group

velocity dispersion of the microwires shifts to normal at 1,550 nm rather than in the anomalous regime of

the air-coated As2S3 microwires. Table 2 lists some parameters such as waveguide nonlinearity g and zero-

dispersion wavelength of some chalcogenide tapers.
NONLINEAR EFFECTS IN CHALCOGENIDE TAPERS

In this section, the following nonlinear effects in chalcogenide tapers are reviewed.

� Four-wave mixing

� Modulation instability

� Fiber Bragg gratings and antisymmetric long-period grating

� Forward Brillouin scattering

� Stimulated Brillouin scattering

� Raman scattering

� Nonlinear polarization-rotation-based mode-locked laser

� Supercontinuum generation
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Figure 4. The Calculated Waveguide Nonlinearity and Chromatic Dispersion of the Hybrid As2Se3-PMMA Taper

as a Function of Core Diameter at a Wavelength of 1,550 nm

Image from Baker and Rochette (2010).
Four-Wave Mixing

High-efficiency four-wave mixing requires large nonlinearity in the anomalous dispersion regime to satisfy

the phase-matching condition. Chalcogenide microwires satisfy these conditions with highmaterial nonlin-

earity of chalcogenide glass and high waveguide nonlinearity, as well as anomalous dispersion regime

achieved by the fiber diameter reduction. Because chalcogenide fibers usually have a large normal material

dispersion at the pump wavelength, many research focuses on the manipulation of waveguide structures

such as tapering structure and photonic crystal fiber (PCF) structures to change the waveguide dispersion

to compensate for the normal material dispersion.

Ahmad (Ahmad and Rochette, 2012b) investigated four-wave mixing based on a 10-cm-long single-core

As2Se3-PMMA taper with As2Se3 core diameter of 1.01 mm. The wavelength conversion bandwidth is

190 nm, which is a 30 times improvement over the previous demonstration, thanks to the engineered

dispersion and an enhanced nonlinear coefficient by tapering down the fiber to a microwire. Ahmad (Ah-

mad and Rochette, 2012a) also demonstrated an optical oscillator based on four-wave mixing in a 10-cm-

long single-core As2Se3-PMMA taper with As2Se3 diameter of 1.01 mm. The gain medium of As2Se3-PMMA

microwire was inserted in a fiber loop and two oscillating wavelengths at a Stoke and anti-Stoke wavelength

shift of +53 nm and �50 nm were observed. The optical oscillator oscillated at a low peak pump with a po-

wer threshold of 21.6 dBm and with a total conversion efficiency of >19%. Abdukerim (Abdukerim et al.,

2016) reported an optical oscillator based on four-wave mixing with a tunable wavelength range of

290 nm. These results are achieved by the combination of both Stokes and anti-stokes in a 10-cm-long

As2Se3-COP microwire with As2Se3 core diameter of 1.47 mm. Combination of high optical confinement

due to the large difference of refractive index between the As2Se3 core and COP cladding and high nonlin-

earity of As2Se3 leads to a high waveguide nonlinearity of g = 24 W�1m�1 in the microwire, and the zero-

dispersion wavelength is shifted to 1.875 mm. Overall, the high efficiency and ultra-broadband four-wave

mixing in chalcogenide-polymer microwires can lead to interesting applications in lasers, optical sensing

systems, and optical communication devices from near- to mid-infrared regions.

A chalcogenide PCF taper was proposed to increase the waveguide nonlinearity for wavelength conversion

based on four-wave mixing (Le et al., 2012). Xing (Xing et al., 2017) used a 1-m-long tapered GeAsSe PCF

fiber with a core diameter of 1.5 mm to achieve continuous-wave-pumped four-wave mixing by combining

high nonlinearity, low dispersion, low loss, and single-mode behavior, which benefits from the engineered

GeAsSe PCF structure. Figure 5 shows the schematic of the dispersion-engineered tapered GeAsSe PCF

fiber.
iScience 23, 100802, January 24, 2020 5



Material Taper

Length

Taper

Diameter

Zero-

Dispersion

Wavelength

Waveguide

Nonlinearity g

Nonlinear Effects or

Application

Year

As2Se3 taper 18 mm 1.2 mm ~1,550 nm 68 W�1m�1

@1,550 nm

Self-phase Modulation 2007 (Mägi et al., 2007)

As2Se3-PMMA

taper

7 cm 0.8 mm 1,550 nm 133 W�1m�1

@1,552.4 nm

Self-phase Modulation 2010 (Baker and Rochette, 2010)

As2S3 taper 50 mm 1.3 mm ~1.4 mm 12.4 W�1m�1

@1,550 nm

Supercontinuum Generation 2011 (Hudson et al., 2011)

As2Se3-PMMA

taper

10 cm 1.01 mm 1,536 nm 76 W�1m�1

@1,536 nm

Four-wave Mixing 2012 (Ahmad and Rochette,

2012b)

As2Se3-PMMA

taper

14 cm 3.6 mm 2,830 nm 7 W�1m�1

@2,620 nm

Modulation

Instability

2014 (Godin et al., 2014)

As2Se3-PMMA

taper

13 cm 1 mm 1,529 nm 99 W�1m�1

@1,532 nm

Raman laser 2014 (Ahmad and Rochette,

2014)

As2S3-PMMA taper 10 cm 1.7 mm 1,625 nm 11.3 W�1m�1

@1,550 nm

Mode-locked laser 2015 (Al-Kadry et al., 2015a)

As2S3-PMMA taper 3 mm 0.58 mm 1,300 nm 54 W�1m�1

@1,550 nm

Supercontinuum Generation 2015 (Al-Kadry et al., 2015b)

GeAsSe PCF taper 27 cm 4 mm 2 mm 1.688 W�1m�1

@1,981 nm

FWM-based wavelength converter 2016 (Xing et al., 2016)

As2Se3-COP taper 10 cm 1.47 mm 1875 nm 24 W�1m�1

@1,940 nm

Parametric oscillator 2016 (Abdukerim et al., 2016)

GeAsSe PCF taper 1 m 1.5 mm 2.1 mm 10 W�1m�1

@2 mm

Parametric amplification 2017 (Xing et al., 2017)

Table 2. Typical Optical Parameters of Chalcogenide Tapers
In situ fabrication of far-detuned fiber wavelength converter has been demonstrated by in situ tracking of

the four-wave mixing in an As2Se3 microwire (Alamgir et al., 2019). The pump wavelength is set to 1.938 mm

and probe wavelength is tuned from 2.34–2.49 mm. As the diameter of the As2Se3 is tapered down,

the waveguide dispersion balances the material dispersion to satisfy the phase-matching conditions and

maximize the gain spectrum. Figure 6 shows the measured idler spectra at the different stretching

length of the tapering process. As the diameter decreases, the group velocity dispersion changes from

normal to anomalous, and the minima and maxima gain spectra shift toward shorter wavelength.

Modulation Instability

Modulation instability (MI) is a process where weak modulations on a high-power optical signal are

amplified with a buildup of new optical frequencies on both sides of the pump signal by phase matching

the pump signal with light at newly generated wavelengths. It has been reported that MI is achieved in
Figure 5. Schematic of the Dispersion-Engineered Tapered GeAsSe PCF Fiber

Image from Xing et al. (2017).
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Figure 6. Measured Idler Spectra at the Different Stretching Length of the Tapering Process

(A–K) Measured idler spectra at different times of the tapering process as the microwire GVD changes from normal to

anomalous. Dd is defined as Dd = k Dd0 , where k is an integer and Dd0=8 nm. Image from Alamgir et al. (2019).
single-core fibers in the anomalous dispersion regime where phase matching can be achieved (Ahmad and

Rochette, 2012b; Tai et al., 1986). In the normal dispersion regime, MI can also be achieved in silica-based

PCF fibers (Harvey et al., 2003; Pitois andMillot, 2003) and single-mode fibers (Harvey et al., 2003; Pitois and

Millot, 2003). In chalcogenide tapers, two methods to achieve MI in normal dispersion regime have been

proposed: one is to utilize a high-order group velocity dispersion profile such as the fourth-order disper-

sion b4 to meet the phase-matching conditions (Godin et al., 2014; Li et al., 2017); the other is to modify the

waveguide structure such as dual-core structure to induce coupling of different modes for phase-matching

conditions to balance the normal dispersion (Gao, 2019).

Godin (Godin et al., 2014) demonstrated that MI occurs in normal dispersion regime through the negative

fourth-order dispersion from pumping at a wavelength of 2.6 mm based on a 14-cm-long As2Se3–PMMA

taper. The frequency detuning is up to�30 THz. Li (Li et al., 2017) further extended the frequency detuning

to 49.3 THz based on a 10-cm-long As2Se3–CYTOP taper with a core diameter of 1.68 mm, which is shown in

Figure 7.

Manipulating the waveguide structure, such as dual-core structure, is another approach forMI in the normal

dispersion regime. Theoretical analysis of MI in dual-core fibers has been reported (Agrawal, 1987; Li et al.,
iScience 23, 100802, January 24, 2020 7



Figure 7. Measured Spectra of MI in a 10-cm-Long As2Se3 Taper with a Core Diameter of 1.625 mm

Image from Li et al. (2017).
2011; Rothenberg, 1990). Based on the coupled-mode theory, the evolution of the electric field along the

dual-core fiber is described by the coupled nonlinear Schrödinger equations (Li et al., 2011):

i
va1
vz

� 1

2
b2

v2a1
vt2

+gja1j2a1 +Ca2 + iC1
va2
vt

= 0

i
va2
vz

� 1

2
b2

v2a2
vt2

+gja2j2a2 +Ca1 + iC1
va1
vt

= 0

where ai is the slowly varying electric-field envelope in core i; i = 1 or 2; z and t are the propagation distance and

the time coordinate, respectively; b2measures the group velocity dispersion (GVD) at the carrier frequency;g is

the waveguide nonlinearity parameter;C is the coupling coefficient; andC1=dC/dU is the coupling coefficient

dispersion, which shows that the coupling coefficient between the two cores depends on the optical wave-

length (Chiang, 1997a, 1997b). The coupling coefficient C and coupling coefficient dispersion C1 are induced

to make MI obtain gain in normal dispersion regime due to the dual-core structure.

Gao (Gao, 2019) reported the experimental observation of MI in the normal dispersion regime in a tapered

dual-core As2Se3-PMMA fiber. The sample is a 10-cm-long dual-core microwire with As2Se3 core diameter

of 1.5 mm and a PMMA cladding diameter of 84.7 mm. Figure 8A presents the setup utilized for the obser-

vation of modulation instability in the tapered dual-core As2Se3-PMMA fiber using pulses with high peak

power. Figure 8B presents the measured spectra as the increase of input pulse power. As the laser power

increases, the spectrum of the pulse broadens by self-phase modulation due to the high nonlinear

coefficient in the dual-core fiber. And two peaks, peak A and peak B, arise in the modulation instability

gain spectra due to the strong wavelength dependence of the coupling coefficient in the dual-core fiber

(Li et al., 2011). The dual-core structure induces the coupling of modes in two cores to fulfill phase-matching

conditions. Modulation instability in dual-core fibers can be used for enhanced parametric amplification,

broadly tunable lasers, and efficient entangled photon generations.

Fiber Bragg Gratings and Antisymmetric Long-Period Grating

Fiber Bragg gratings (FBGs) can be regarded as a linear medium, which is used for sensing in various

application fields such as temperature measurement (Kersey et al., 1993), strain detection (Torres et al.,

2011), and biomedical applications (Kanellos et al., 2010). They also can be viewed as nonlinear devices

that can be used for pulse switching (Lee and Agrawal, 2003), pulse-shaping (Petropoulos et al., 2001),

and slow light (Boyd, 2011).

Ahmad (Ahmad et al., 2011) reported the inscription of side-written Bragg grating employing a He–Ne laser

light at a wavelength of 633 nm to write Bragg grating reflectors at the wavelength of 1,550 nm band due to

the two-photon absorption effect in a 3-cm-long single-core As2Se3-PMMA tapers with a core diameter of

1 mm. The setup is sketched in Figure 9. In this case, the inscription of the FBG is induced due to the
8 iScience 23, 100802, January 24, 2020



Figure 8. Experimental Study on Modulation Instability

(A) Schematic of the modulation instability characterization setup and (B) relative values of the measured spectra at the

output of the dual-core fiber as the input pulse power increases. Image from Gao (2019).
absorption of light with wavelength equal or close to a material band gap. Using a laser source at a wave-

length of 1,550 nm to inscribe a Bragg grating in a 4-cm-long single-core As2Se3-PMMA taper with a core

diameter of 1 mm has also been reported, and the photosensitivity thresholds related to exposure intensity

and exposure time are quantified (Ahmad and Rochette, 2011). The two counter-propagating waves form

standing waves in the microwire section and induce refractive index change periodically along the fiber to

write a Fiber Bragg grating. The energy transfers from 1,550 nm photons to the chalcogenide glass due to

the two-photon absorption effect. This high absorption at 1,550 nm allows for a quick grating fabrication

process.

Baker (Baker et al., 2017) demonstrated that transmission of optical pulses centered at a wavelength of

1,550 nm through a tapered dual-core As2Se3-PMMA fiber inscribes an antisymmetric long-period grating

due to photosensitivity of As2Se3. Figure 10 illustrates the refractive index distribution of an antisymmetric

long-period grating.

Figure 11 shows the schematic of the setup for inscription and characterization of an antisymmetric

long-period grating in a tapered dual-core As2Se3-PMMA fiber and the evolution of the transmission spec-

trum as the increase of the cumulative exposure time. The phase difference Df(l) between the even and
Figure 9. Experimental Setup for the Side-Written Bragg Inscription

(A) Experimental setup for the Bragg grating photo-inscription and in situ monitoring of the process. (B) Detailed

schematic of the prism. Image from Ahmad et al. (2011).
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Figure 10. Refractive Index Distribution of an Antisymmetric Long-Period Grating in a Dual-Core As2Se3-PMMA

Taper

Image from Baker et al. (2017).
odd modes in the antisymmetric long-period grating has slow variation near the resonance wavelength of

lr = 1,550 nm, indicating effective group-velocity matching. Group-velocity matching can be used for

enhanced nonlinear processing of sub-picosecond pulses due to a short pulse walk-off and for increased

efficiency of phase-matched four-wave mixing. Furthermore, fast variation of Df at lr implies that the

phases of even and odd modes have fast variations with wavelength, indicating the potential for inducing

slow light, which will further enhance the waveguide nonlinearity parameter.
Forward Brillouin Scattering

Tight confinement of longitudinal and transverse acoustic waves can lead to strong interactions with light

waves in a fiber core. Acousto-optic interactions (Biryukov et al., 2002; Kang et al., 2009; Peral and Yariv,

1999; Russell et al., 1990, 1991; Shelby et al., 1985; Wang et al., 2011) have been studied extensively

such as forward-stimulated Brillouin scattering and backward-stimulated Brillouin scattering in silica fibers.

Due to the interaction between the incident light and acoustic waves propagating in the cross-sectional

area of the fiber, lights are scattered propagating with the pump light in the same direction, which is known

to be forward-stimulated Brillouin scattering (FSBS) that accompanies multiple spectral peaks caused by

acoustic resonance. Two types of acoustic modes occur in FSBS: one is the radial mode that perturbs

the refractive index of the fiber cross-section, and the other is the torsional-radial mode that perturbs

not only the refractive index but also the birefringence (Auld, 1973; Engan et al., 1988; Hayashi et al.,

2017; Shelby et al., 1985; Thurston, 1992).

Gao (Gao, 2019) investigated the radial acoustic modes in both silica single-mode fibers and single-core

As2Se3-PMMA tapers that were placed in a Sagnac loop. Figure 12A shows the signal amplitude as a func-

tion of time when the single-mode fiber without coating was exposed in the air. A stimulated acoustic
Figure 11. Experimental Study on the Inscription of Antisymmetric Long-Period Gratings

(A) Schematic setup for inscription of an antisymmetric long-period grating.

(B) Initial growth of the transmission spectrum as the increase of exposure time.

(C) Evolution of transmission spectrum as the increase of exposure time. Image from Baker et al., (2017).
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Figure 12. Experimental Results of Radial Acoustic Modes

Measured power of the signal as a function of time t in the oscilloscope when the fiber under test was (A) 15-m-long single-

mode fiber without coating and (B) 10-cm-long As2Se3-PMMA taper, respectively. Image from Gao (2019).
impulse radiates outward from the core to the out boundary of the cladding. Part of the acoustic wave is

reflected by the boundary between the cladding and the air and propagates back toward the core. The

travel time from the core to the boundary of cladding is�21 ns that is determined by the cladding diameter

and the acoustic velocity in the cladding. Similarly, a 10-cm-long single-core As2Se3-PMMA taper with

As2Se3 core diameter of 3 mm and PMMA diameter of 169.5 mm was placed in the Sagnac loop as fiber un-

der test. Figure 12B shows the measured power of the signal as a function of time showing that the echo

period is about �65 ns that is determined by the acoustic velocity in PMMA of 3,800 m/s (Hayashi et al.,

2011) and the diameter of PMMA.

Torsional-radial acoustic modes are also investigated in a 1.5-km-long single-mode fiber and a 60-cm-long

As2Se3-PMMA taper with As2Se3 diameter of 1.06 mm and PMMA cladding diameter of 60 mm, respectively

(Gao, 2019). A peak at 108.2 MHz was observed shown in Figure 13A that corresponds to the TR2,5 mode in

silica single-mode fibers. Figure 13B shows the torsional-radial acoustic modes of the As2Se3-PMMA taper

with a peak frequency of �292 MHz.

Based on the measurements of radial- and torsional-radial-guided acoustic modes, many sensing

applications have been investigated such as impedance measurement (Antman et al., 2016) and absolute

diameter characterization (Jarschel et al., 2018). A new approach for humidity sensing based on As2Se3-

PMMA tapers can be achieved due to the impedance changed in the PMMA cladding induced by the water

absorption property of the PMMA material.
Stimulated Brillouin Scattering

Stimulated Brillouin scattering (SBS) is caused by the nonlinear interaction among the pump, Stokes fields,

and a longitudinal acoustic wave by the electrostriction process (Agrawal, 2000).

Stimulated Brillouin scattering in single-mode As2Se3 chalcogenide fibers has been observed with the Bril-

louin frequency shift of 7.95 GHz and the gain bandwidth of 13.2 MHz at 1,560 nm (Abedin, 2005). Beugnot

(Beugnot et al., 2014) investigated the influence of the diameter of chalcogenide tapers and PMMA coating

on the SBS spectrum, which shows that the Brillouin frequency shift and threshold of the stimulated Bril-

louin scattering significantly increase with the wire diameter due to acoustic damping in the PMMA

cladding.

However, in tiny waveguides, the waveguide boundaries induce a strong coupling of shear phonons,

longitudinal phonons, and guided acoustic phonons, resulting in much richer dynamics of light interaction

with hybrid acoustic modes. Saxena (Saxena et al., 2019b) investigated the SBS using a BOTDA system in

As2Se3-PMMA tapers. Simultaneous generation of stimulated Brillouin scatting and guided acoustic

wave Brillouin scattering from electrostriction was observed in a 60-cm-long As2Se3-PMMA taper with

As2Se3 core diameter of 2 mm. Figure 14 shows that the evolution of the Stokes gain profile as a function
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Figure 13. Experimental Results of Torsional-Radial Acoustic Modes

Measured spectra of torsional-radial acoustic modes of (A) 1.5-km-long single-mode fiber and (B) 60-cm-long As2Se3-

PMMA fiber with As2Se3 diameter of 1.06 micron. Image from Gao (2019).
of pump power, and three peaks are observed. In addition to a strong stimulated Brillouin scattering at

Brillouin frequency shift of 7.62 GHz and a weak one at 7.8 GHz, an amplification Stokes light at 7.4 GHz

was also observed due to the modulation of guided acoustic wave Brillouin scattering.
Raman Scattering

Raman scattering in chalcogenide fibers has been investigated widely due to the large gain coefficient of

chalcogenide glass and operation spectrum over the wavelength range of 1–10 mm (Bernier et al., 2013;

Slusher et al., 2004). A Raman laser with a wavelength of 3.34 mm has been demonstrated based on a 3

m-long single-mode As2S3 fiber (Bernier et al., 2013; Slusher et al., 2004).

Microwires further enhance the nonlinear gain, in which the optical intensity is enhanced by more than two

orders of magnitude due to the reduced waveguide mode area. Ahmad demonstrated the first Raman

lasing based on a 13-cm-long single-core As2Se3-PMMA microwire with As2Se3 core diameter of

0.95 mm (Ahmad and Rochette, 2012c) and then they reported a Raman laser based on a single-core

As2Se3-PMMAmicrowire with core diameter of 1.01 mm, in which the core diameter was chosen to operate

in near zero-dispersion wavelength for the pump laser (Ahmad and Rochette, 2014). The resonant cavity

of this Raman laser included two FBGs directly written in the As2Se3 microwire, as shown in Figure 15.

Figure 16 shows that Raman lasing is observed at a wavelength of 1,585 nm as the device is pumped at

different optical power at the wavelength of 1,532 nm. Four-wave mixing was also observed in this micro-

wire-based Raman laser due to (1) large Raman and parametric gain that is up to five orders of magnitude

larger than that in silica fibers and (2) precisely engineered chromatic dispersion of microwires. Abdukerim

(Abdukerim et al., 2017) reported a Raman fiber laser based on a multi-material chalcogenide microwire

with a core of As38Se62, a cladding of As28S62, and a PMMA coating. The core was tapered down to

0.85 mm and a Raman lasing at a wavelength of 2.025 mm occurred from a pump light at a wavelength

of 1.938 mm.
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Figure 14. Evolution of the Stokes Gain Profile as a Function of Pump Power

Image from Saxena et al. (2019b).
Nonlinear Polarization-Rotation-Based Mode-Locked Laser

In a laser, each longitudinal mode oscillates independently with no fixed relationship between each other.

If each mode operates with a fixed phase between it and the other modes, the laser output produces an

intense burst or pulse of light, which is called mode-locked lasers. Usually, the laser resonator contains

somemode-locking devices: either an active element (an optical modulator) or a nonlinear passive element

(a saturable absorber) (Lamb, 1964).

Al-Kadry (Al-Kadry et al., 2015a) reported a mode-locked fiber laser using a 10-cm-long As2S3-PMMA

taper as the nonlinear medium with a core diameter of 1.7 mm. The laser is passively mode-locked

based on nonlinear polarization rotation and can be adjusted for multi-wavelength laser operation.

Combination of mode-locked and multi-wavelength lasers has many applications in optical sensing and

spectroscopy.
Figure 15. Raman Lasing Setup

Image from Ahmad and Rochette (2014).
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Figure 16. Output Spectra Showing the Simultaneous Operation of Raman Laser and FWM Wavelength at

Different Input Pump Power Levels

Image from Ahmad and Rochette (2012c).
Supercontinuum Generation

When optical pulses propagate through highly nonlinear fibers, nonlinear effects generate new fre-

quencies beyond the pulse spectrum so that the pulse spectrum is broadened, which is called supercon-

tinuum generation (Agrawal, 2000). The supercontinuum is driven mainly by self-phase modulation, optical

wave-breaking, stimulated Raman scattering, and four-wave mixing (Heidt et al., 2017). Supercontinuum

source has many applications such as mid-IR frequency combs (Schliesser et al., 2012), molecular spectros-

copy (Sanders, 2002), early cancer diagnosis (Seddon, 2013), and remote sensing (Lambert-Girard et al.,

2015). Chalcogenide fibers have high nonlinearity, which is good for these nonlinear effects. However,

the material dispersion of chalcogenide fibers is usually large in the normal dispersion region. Engineering

dispersion can be achieved by controlling the waveguide geometry, such as tapering down the diameter

of the fiber, which can make the total dispersion from normal to anomalous and greatly increase the nonlin-

earity of the waveguide. So chalcogenide tapers are promising devices for supercontinuum generation.

Mägi (Mägi et al., 2007) demonstrated the first As2S3-taper-based supercontinuum generation with spec-

trum broadening of 40 nm. The waist diameter was reduced to 1.2 mmand the nonlinearity is increased to 68

W�1m�1. Hudson (Hudson et al., 2011) used an As2S3 taper with the taper waist diameter of 1.3mm for

supercontinuum generation from 970 to 1,990 nm using low pulse energy of 77 pJ.

Two-photon absorption is an unavoidable absorption process, which limits the efficiency of nonlinear ef-

fects. Figure 17A presents the two-photon absorption of As2Se3 as a function of normalized energy,

showing it decreases as the increase of the wavelength.

As such, to avoid two-photon absorption, extending the wavelength of laser sources to long wavelength

is a logical way. Al-kadry (Al-kadry et al., 2013) used an SMF shown in Figure 17B to shift the initial pump

wavelength to 1,775 nm by means of Raman effect to avoid the two-photon absorption. At 1,775 nm,

the group velocity dispersion b2 is �102 ps2∕km, which is in the anomalous dispersion range. A supercon-

tinuum generation with spectrum from 1,260 to 2,200 nm using a femtosecond (fs) pulse was observed in a

10-cm-long As2Se3 microwire with a core diameter of 1.28 mm. As shown in Figure 18, at a peak power of

18.8W, the�20 dB spectrumwas extended to 940 nm. Al-kadry (Al-Kadry et al., 2014) demonstrated firstly a

supercontinuum generation covering two octaves of bandwidth from 1.1 mm to 4.4 mm in a 10-cm-long

As2Se3 microwire. The core diameter is optimized to 1.6 mm to locate the pump wavelength in the anom-

alous dispersion regime with b2= �130 ps2∕km and g = 32.2 W�1m�1, which realizes the 3.3-mm-broad

bandwidth using low pump pulse energy of 500 pJ. Al-kadry (Al-Kadry et al., 2015b) also introduced a

supercontinuum generation in the normal dispersion regime. A 3-mm-long As2S3-PMMA microwire was
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Figure 17. Experimental Study on Supercontinuum Generation

(A) Two-photon absorption spectrum of As2Se3 as a function of normalized energy.

(B) Experimental setup for supercontinuum generation. Image from Al-kadry et al. (2013).
tapered down to a diameter of 0.58 mm for supercontinuum generation from 960 to 2,500 nm using low

pulse energy of 150 pJ. Instead of soliton fission used in the anomalous dispersion regime, it is based

on optical wave breaking to achieve a broad supercontinuum generation (Hasegawa and Tappert, 1973).

The PMMA coating contributes to achieving the normal dispersion and also low power consumption for

supercontinuum generation, which is not achievable in air coating tapers.
Figure 18. Supercontinuum Generation Measured as the Increase of Pump Power

Image from Al-kadry et al. (2013).
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Figure 19. Spectral Expansion as the Increase of Peak Power

Image from Hudson et al. (2017).
Sun (Sun et al., 2015) tapered down the diameter of an As2Se3-As2S3 fiber to 1.9 mm for supercontinuum

generation. The pumping pulses with a pulse duration of 100 fs was set at the wavelength of 3.4 mm (the

zero dispersion wavelength of the taper was shifted to 3.3 mmat the diameter of 1.9 mm), and the generated

supercontinuum spanned from a wavelength of 1.5 mm–4.8 mm.

Hudson (Hudson et al., 2017) reported a supercontinuum generation by a pulse laser at 2.9 mmwith a pulse

duration of 230 fs and peak power of 4.2 kW based on a 5-cm-long As2Se3-As2S3-PMMA fiber with As2Se3
core diameter of 3 mm. Figure 19 shows the evolution of spectrum as the increase of peak power. As the

peak power increased to 4.2 kW, the supercontinuum spectrum was broadened to 12 mm.

SENSING APPLICATIONS

In this section, we will review As2Se3-PMMA tapers for sensing applications in

� Simultaneous temperature and strain measurement

� Techniques for sensitivity enhancement for temperature and strain measurement

� Temperature-insensitive strain sensor

� Transverse strain measurement

� Ultrasound measurement
Simultaneous Temperature and Strain Measurement

Gao (Gao et al., 2017) demonstrated an approach for simultaneous temperature and strain measurement

in a dual-core As2Se3-PMMA taper with As2Se3 core diameter of 0.55 mm. Measurement was done by

observing the two troughs from the transmission spectra of two axes when temperature and strain were

changed. Measurement sensitivities are calculated for both principal polarization axes with temperature

sensitivities of �115 pm/�C for axis-1 and �35.5 pm/�C for axis-2 and strain sensitivities of �4.21 pm/mε

for axis-1 and �3.16 pm/mε for axis-2.
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Figure 20. Calculated Values of v4d/vl and (v4d/vl)
�1 as a Function of As2Se3 Core Diameter

Image from Gao et al. (2018b).
Techniques for Sensitivity Enhancement for Temperature and Strain Measurement

To enhance the temperature and strain sensitivity in dual-core As2Se3-PMMA tapers, two approaches

have been investigated (Gao et al., 2018b, 2019b). The wavelength shift of troughs in the transmission

spectrum is proportional to the value of the variation of the difference between phases of the even and

odd modes with respect to wavelength (v4d(l)/vl) (Gao et al., 2017). So the basic principle is to reduce

the value of v4d(l)/vl. The first approach is by increasing the diameter of As2Se3 core and PMMA cladding

to reduce the value of v4d(l)/vl and to increase thermal forces in a dual-core As2Se3-PMMA taper

(Gao et al., 2018b). As shown in Figure 20, the value of v4d(l)/vl decreases as the As2Se3 core diameter

increases. Thermal forces on the As2Se3 cores induced by the large difference of thermal expansion

coefficients between As2Se3 cores and PMMA cladding are also enhanced by PMMA cladding with large

diameters (Gao et al., 2018a). These two effects work together to enhance the measurement sensitivity.

A fiber with As2Se3 core diameter of 2.5 mm was tested, and the sensitivities are 436 pm/�C and �6.23

pm/mε and 572 pm/�C and �3.63 pm/mε from the transmission spectra of axis-1 and axis-2, respectively.

The second approach is based on effective group-velocity matching between the even and odd modes of

a dual-core As2Se3-PMMA taper on which an antisymmetric long-period grating is inscribed (Gao et al.,

2019b). The variation of the difference between phases of the even and odd modes with respect to wave-

length tends to 0 (v4d(l)/vl/ 0) near the resonance wavelength of the grating due to the effective group-

velocity matching between the two modes, and consequently, thermally induced change of the difference

between phases of the two modes 4d (l) leads to a large wavelength shift indicating enhancement of the

temperature measurement sensitivity. As shown in Figure 21, temperature measurement sensitivity

enhancement by a factor of 4.0 is achieved in comparison with the sensitivity in the wavelength range
Figure 21. Evolution of Measured Transmission Spectrum as a Function of Temperature

Image from Gao et al. (2019b).
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Figure 22. Experimental Results of Temperature Measurement

Evolution of the transmission spectra of the six tapered dual-core As2Se3-PMMA fibers with As2Se3 core diameters of (A)

1.50 mm, (B) 1.00 mm, (C) 0.65 mm, (D) 0.61 mm, (E) 0.60 mm, and (F) 0.55 mm as the temperature decreases (D T<0). Image

from Gao et al. (2018a).
that does not have effective group velocity matching in the dual-core taper with As2Se3 core diameter of

1.5 mm.
Temperature-Insensitive Strain Sensor

The thermal forces in a dual-core As2Se3-PMMA taper are investigated (Gao et al., 2018a). The thermal

expansion coefficient of PMMA is up to 10 times larger than that of As2Se3, which induces longitudinal

and transverse forces on the As2Se3 cores by thermal expansion/contraction of the PMMA cladding.

The temperature-insensitive condition is achieved at an optimal PMMA layer thickness by the counterbal-

ance of the wavelength shift caused by the thermally induced forces on the refractive index of the

dual-core fiber cores and that caused by the thermally induced fiber length variation. A temperature-

insensitive strain sensor is proposed and demonstrated based on the thermal forces in a dual-core

As2Se3-PMMA fiber with an As2Se3 core diameter of 0.61 mm and a PMMA cladding diameter of

34.4 mm, which is shown in Figure 22.
Transverse Strain Sensing

Saxena (Saxena et al., 2019a) reported calibration of transverse load based on the Brillouin frequency

shift in a 60 cm As2Se3-PMMA taper with a sensitivity of 0.08 MHz/N. The diameters of As2Se3 core and

PMMA cladding are 2 mm and 100 mm, respectively. Figure 23 presents the experimental results showing

the Brillouin frequency spectrum shifts from 0 (blue) to a 4 kg load (red) at 1 kg increment.
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Figure 23. Experimental Results of the Brillouin Frequency Spectrum as the Load from 0 (Blue) to a 4 kg Load

(Red) at 1 kg Increment
Ultrasound Measurement

Gao (Gao et al., 2019a) demonstrated an ultrasound sensor based on a dual-core As2Se3-PMMA taper

with a Young’s modulus 24 times smaller than that of silica fibers. Due to the dual-core structure, low

Young’s modulus, sub-micrometer dimension of core, and the high-contrast interference pattern by the

even and odd modes, this ultrasound sensor shows high sensitivities to both shear and longitudinal waves

of ultrasound waves in the frequency range from 10 kHz to 34 MHz.
Conclusion and Outlook

Chalcogenide tapers and their applications have been reviewed in this work, which highlights the main

features and emerging trends. This review mainly focuses on the various applications by different nonlinear

effects and sensing applications in the chalcogenide tapers due to the high nonlinear coefficient and

engineered dispersion.

Tapered chalcogenide-polymer fibers composed of chalcogenide cores and a polymer material as

cladding are promising platforms for sensing and nonlinear applications. The polymer cladding/coating

provides high robustness, high flexibility, and ease of handing, which has great advantages over the silica

fibers (Peters, 2010; Webb, 2015). However, the water-absorption property of the polymer is an essential

factor that one should take care of when polymer materials are used in fiber sensing and nonlinear

applications. Polymers as cladding or coating materials will stretch chalcogenide cores due to the absorp-

tion of water, which on the other hand can lead to humidity sensors (Zhang et al., 2010).

The inscription of FBGs and antisymmetric LPGs in single-core and dual-core As2Se3-PMMA tapers

can lead to the realization of many mid-IR devices that are very important for mid-IR lasers and gas

spectrum measurement. Antisymmetric LPGs are shown to have the potential for achieving slow light.

This slow light feature can be utilized for the implementation of highly sensitive devices for the measure-

ment of temperature and refractive-index change of a liquid solution.

Nonlinear effects and sensing applications in chalcogenide tapers bring out many promising applications

in mid-IR sensing, lasers, and spectroscopy. It will open the path toward the realization of many practical

and encouraging applications and fundamental research.
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Silva-López, M., Fender, A., MacPherson, W.N.,
Barton, J.S., Jones, J.D., Zhao, D., Dobb, H.,
Webb, D.J., Zhang, L., and Bennion, I. (2005).
Strain and temperature sensitivity of a single-
mode polymer optical fiber. Opt. Lett. 30, 3129–
3131.

Slusher, R.E., Lenz, G., Hodelin, J., Sanghera, J.,
Shaw, L.B., and Aggarwal, I.D. (2004). Large
Raman gain and nonlinear phase shifts in high-
purity as 2 Se 3 chalcogenide fibers. JOSA B 21,
1146–1155.

Song, K.Y., Abedin, K.S., Hotate, K., Herráez,
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