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Abstract: We demonstrate the fabrication and use of a 10-cm-long As2Se3-PMMA
microwire with ultrahigh waveguide nonlinearity � ¼ 176 W�1m�1 that is fully compatible
with standard single-mode silica fibers. The fabrication of this microtaper is simplified with
respect to a previous approach as the core is made of a bulk As2Se3 cylinder rather than a
single-mode step-index As2Se3 fiber. The successful operation of this nonlinear component
is demonstrated with a Kerr-shutter switching experiment based on nonlinear polarization
rotation.

Index Terms: Nonlinear, Kerr effect, fabrication and characterization, photonic materials.

1. Introduction
Devices based on the nonlinear Kerr effect enable a wide range of all-optical processing
applications such as switching [1], wavelength conversion [2], supercontinuum generation [3], and
signal regeneration [4]. For pulses that propagate in a waveguide, the Kerr effect generates a time-
dependent nonlinear phase-shift �ðtÞ with a maximum phase-shift �SPM ¼ �P0Leff , where � ¼
k0n2=Aeff is the waveguide nonlinearity, P0 is the peak power of the pulse, Leff ¼ ð1� e��LÞ=� is the
effective length of the nonlinear waveguide, L is the length of the waveguide, � is the loss
coefficient, Aeff is the modal effective area, n2 is the material nonlinearity, k0 ¼ 2�=� is the wave-
number, and � is the wavelength [5]. For a practical implementation of devices based on nonlinear
effects, it is desirable to use a nonlinear medium with � as high as possible such that a given �SPM
can be achieved with a low power consumption (low P0) and in a compact device (short Leff ).

In one approach for increasing �, materials with high n2 such as chalcogenide glasses [6] and
doped glasses [7] have been used. In another approach, microwires with a large core to cladding
refractive index contrast [8], photonic crystal fibers [3], [9], and suspended-core optical fibers [10]
have been used to reduce Aeff . Microwires [11], [12], photonic crystal fibers [13], and suspended-
core fibers [14] made of chalcogenide glass combine both aforementioned approaches and thus
achieve among the largest values of � available in glasses.

The first designs toward the fabrication of chalcogenide microwires were air-surrounded
microwires [11]. Similar to photonic crystal and suspended-core fibers made of chalcogenide
glasses [13], [14], such microwires are highly nonlinear and have an engineerable chromatic
dispersion. However, chalcogenide microwires are prone to rupture due to their thin structure and
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must be used in a dust free or controlled environment because �9% of the fundamental mode
propagates outside the microwire.

Chalcogenide glasses have been combined with polymers, tellurite, and silica to form photonic
fiber structures for a variety of applications. A Bragg fiber composed of alternating chalcogenide-
polymer layers surrounding a polymer core have been fabricated to guide CO2 laser light [15]–[17].
A photonic crystal fiber composed of a chalcogenide core and a holey tellurite cladding has been
fabricated and used for supercontinuum generation [18]. More recently, a fiber with a chalcogenide
core and a silica cladding has been used for supercontinuum generation in the near infrared [19].

In 2010, we have reported the fabrication and optical characterization of the first hybrid As2Se3-
PMMA microtaper, prepared by tapering a single-mode step-index As2Se3 fiber that is coated with a
PMMA layer [12]. Fig. 1(a) presents a schematic of the hybrid microtaper fabricated from a PMMA
coated step-index As2Se3 fiber. With this material combination, the As2Se3 core of the microwire
provides a large nonlinearity whereas the PMMA coating ensures mechanical robustness and
flexibility to the assembly for normal handling as well as limiting the evanescent interaction with the
environment. In the fabrication process of the hybrid microwire, a single-mode step-index As2Se3
fiber is used to ensure single-mode propagation from the fiber input to the microwire and from the
microwire back to the fiber output, given that the taper transition region satisfies the adiabaticity
criteria [20], [21]. In this case though, the transmission of the resulting hybrid microwire depends
upon the As2Se3 fiber quality and design.

Hybrid microtapers with single-mode transmission can also be fabricated from a multimode
As2Se3-PMMA fiber composed of a bulk As2Se3 cylinder that is coated with a PMMA layer, as
presented in Fig. 1(b). The multimode hybrid fiber must be tapered sufficiently such that only the
fundamental mode is preserved in the As2Se3 core of the microwire. Single-mode transmission in
tapered multimode fiber structures was first observed and studied in tapered fused couplers [22],
[23]. Later, different tapering schemes have been used to filter out higher order modes in multimode
fibers and achieve single-mode transmission [24]–[26].

In this paper, we report single-mode transmission and high nonlinearity in tapered multimode
As2Se3-PMMA fibers. We fabricate multimode and large refractive index contrast hybrid fibers with
an As2Se3 core and a PMMA cladding. The As2Se3 core diameter is designed for optimal coupling
between the fundamental mode of the hybrid fiber and the fundamental mode of a standard single-
mode silica fiber (SMF). A segment of this multimode fiber is then tapered down into a wire until the
As2Se3 core sustains single-mode transmission. This microwire with SMF-compatible pigtails is
then characterized and used as the nonlinear element of a Kerr-shutter to achieve optical switching
based on nonlinear polarization rotation [27].

Fig. 1. Schematic of hybrid microtapers. (a) Hybrid microtaper with a PMMA coated single-mode step-
index As2Se3 fiber. (b) Hybrid microtaper with a PMMA coated bulk As2Se3 cylinder.
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2. Multimode AsSe-PMMA Fiber Design
A primary design criterion for the As2Se3-PMMA multimode fiber is the maximization of the coupling
efficiency between the fundamental mode of an SMF and the fundamental mode of the hybrid fiber.
The coupling efficiency and the reflectivity are calculated using [28]

� ¼ 4�i�t
ð�i þ �t Þ2

R R
~Et
~E �i dxdy

h i2
R R

~Et
~E�t dxdy

h i R R
~Ei
~E �i dxdy

h i

R ¼ ð�i � �t Þ
2

ð�i þ �t Þ2

where �, ~E are the propagation constant and the electric field distribution of the fundamental mode,
and the subscripts i and t stand for the incident and transmitted light. Fig. 2 shows the coupling
efficiency and the reflectivity as a function of the As2Se3 core diameter ð�AsSeÞ. Optimal coupling is
achieved when �AsSe ¼ 15:5 	m with a coupling loss of 0.66 dB per facet from which 0.46 dB is due
to reflection and the remaining 0.2 dB is due to mode mismatch. In practice, there are other sources
of loss such as lateral misalignment between the cores, a gap between the facets of the two fibers,
angular misalignment between the axes of the two fibers, a scratched fiber facet, a non planar fiber
facet, or an angled facet, which lead to extra loss at each coupling facet.

3. Microtaper Design
To achieve single-mode transmission in tapered multimode As2Se3-PMMA fibers, the wire section
must exclusively confine the fundamental mode. Moreover, there must be no power transfer
between the fundamental mode and higher order modes in the transition region and multimode
section of the taper. The wire section exclusively confine the fundamental mode when
�AsSe � 0:49 	m which corresponds to a normalized frequency V ¼ ��AsSeðn2

AsSe� n2
PMMAÞ

0:5=� �
2:4 [29], where nAsSe and nPMMA are the refractive indices of the As2Se3 core and the PMMA
cladding, respectively. Moreover, to avoid power transfer between the fundamental mode and
higher order modes there must be no sharp bends in the multimode section of the taper, and the
slope of the taper transition region must satisfy the condition

d�AsSe
dz

G
�AsSe
2�
ð�11 � �12Þ

where �11 and �12 are the propagation constants of the modes HE11 and HE12, respectively. Fig. 3
shows the maximum allowed taper slope for every value of the core diameter, also known as the
delineation line. If the taper slope is made equal to the delineation line, the transition region over
which �AsSe decreases from 15.5 	m to 0.49 	m can be made shorter than 1.0 mm. For practical
reasons and to guarantee an adiabatic propagation of the fundamental mode in the transition

Fig. 2. Calculated coupling efficiency and reflectivity as a function of the As2Se3 core diameter.
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region, the slope of the transition region from the initial diameter to the final diameter in the
fabricated tapers is always set to jd�AsSe=dzj ¼ �AsSe=L0 with L0 ¼ 1 cm.

Determination of the chromatic dispersion and the waveguide nonlinearity involves solving the
characteristic equation of an infinite cladding cylindrical waveguide to obtain the propagation
constant �, the electric field distribution E

!
, and the magnetic field distribution H

!
for the fundamental

mode HE11 [29]. Solving the characteristic equation takes into account the wavelength dependence
of the refractive index of As2Se3 obtained from the Sellmier relation n2

AsSeð�Þ ¼ 1þ
Pi¼3

i¼1 A
2
i �

2=ð�2 �
�2i Þ where A1¼2:234921, A2¼0:347441, A3¼1:308575, �1¼0:24164 	m, �2¼19 	m, and �3 ¼
0:48328 	m [30], and the refractive index of PMMA obtained from the Cauchy relation n2

PMMA ¼
B1 þ B2�

2 þ B3�
�2 þ B4�

�4 þ B5�
�6 þ B6�

�8 where B1 ¼ 2:399964, B2 ¼ �8:308636� 10�2,
B3 ¼ �1:919569� 10�1, B4¼þ8:720608� 10�2, B5¼�1:666411� 10�2, and B6¼þ1:169519 �
10�3 [31], with � being the wavelength in 	m. Fig. 4 presents the chromatic dispersion ðDcÞ as a
function of �AsSe calculated using Dc ¼ �ð�=cÞðd2neff =d�2Þ [5] where neff ¼ �=k0 with k0 being the
wavenumber. Also presented in Fig. 4 is � as a function of �AsSe at � ¼ 1550 nm calculated using
� ¼ k0�n2=Aeff with �n2 being the effective material nonlinearity given by [32], [33]

�n2 ¼
"0
	0

RR
1 n2

0ðx ; yÞn2ðx ; yÞ 2j~E j4 þ j~E2j2
� �

dA

3
RR
1 ½~E � ~H�� � ẑ
���

���
2
dA

Fig. 4. Calculated waveguide nonlinearity parameter and chromatic dispersion of the hybrid microtaper
as a function of the As2Se3 core diameter at a wavelength of 1550 nm.

Fig. 3. Maximum allowed taper slope as a function of the As2Se3 core diameter for adiabatic
transformation of the fundamental mode in the taper transition region.

IEEE Photonics Journal Single-Mode Transmission in Multimode Fibers

Vol. 4, No. 3, June 2012 Page 963



and Aeff given by [32], [33]

Aeff ¼

RR
1½~E � ~H�� � ẑdA

���
���
2

RR
1 ½~E � ~H�� � ẑ
���

���
2
dA

where n0 is the refractive index; n2 is the material nonlinearity with n2;AsSe ¼ 1:1� 10�17 m2W�1

and n2;PMMA ¼ �8� 10�19 m2W�1 [6], [34]; "0 and 	0 are the electric permittivity and the magnetic
permeability of free space, respectively; z is the direction of propagation; and A is the transverse
surface area. Fig. 4 shows that the optimal As2Se3 core diameter to achieve a maximum
nonlinearity is �AsSe ¼ 0:47 	m for which � ¼ 187:1 W�1m�1.

Material losses in the hybrid microwire are calculated using �dB
hybrid ¼ �AsSe � �dB

AsSe þ
�PMMA � �dB

PMMA, where �i ¼ Pi=Ptot is the confinement factor with Pi being the power fraction of
the mode in layer i and Ptot the total power of the mode. Fig. 5 presents the value of �dB

hybrid as a
function of �AsSe calculated using the attenuation coefficients �dB

AsSe ¼ 0:0085 dB/cm [6] and
�dB
PMMA ¼ 0:5 dB/cm [35] at � ¼ 1550 nm. At the diameter of maximum nonlinearity �AsSe ¼ 0:47 	m

the calculated �dB
hybrid for the hybrid microwire is 0.069 dB/cm.

4. Hybrid Fiber and Microtaper Fabrication
Fig. 6(a) shows a schematic of the setup used for the fabrication of As2Se3-PMMA fiber preforms. A
cylinder of bulk As2Se3 with a diameter of 170 	m is inserted into a commercially available PMMA
tube with an inner diameter of 3.2 mm and an outer diameter of 9.5 mm and the assembly is pushed
into a funnel heated at 230 	C at a constant feed velocity of vf ¼ 50 	m/s. The PMMA tube
collapses on the As2Se3 cylinder and the composite flows out at the bottom of the funnel. The
composite exiting from the bottom of the funnel is captured and is drawn at a constant velocity of
vd ¼ 225 	m/s to obtain a preform with a uniform diameter. The preform is then drawn at a
temperature of 200 	C to obtain a hybrid fiber with �AsSe ¼ 15:5 	m and �PMMA ¼ 472:8 	m.

A 6 cm long sample of this hybrid fiber is cut, and both ends are polished. Fig. 6(b) presents an
image of the polished facet of the hybrid fiber showing the As2Se3 core surrounded by the PMMA
cladding. The hybrid fiber sample is tapered using the heat-brush method [12], [23], [36], [37] to
obtain a microwire with a �AsSe ¼ 0:45 	m, �PMMA ¼ 13:7 	m, and a length of Lw ¼ 10:0 cm.
With a PMMA layer sufficiently robust for manual handling, the microtaper is manually removed
from the tapering setup and transferred to a butt-coupling setup. The input and the output of
the microtaper are permanently butt-coupled to SMF-28 fibers using UV-cured epoxy. Finally,
the pigtailed microtaper is manually packaged in box to obtain a ready-for-use nonlinear
component.

Fig. 5. Calculated confinement factor and loss of the hybrid microtaper as a function of the As2Se3 core
diameter at a wavelength of 1550 nm.
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5. Microtaper Characterization
Fig. 7 presents the transmission spectrum of the hybrid microtaper between � ¼ 1500 nm and
� ¼ 1600 nm measured using amplified spontaneous emission noise from an Erbium-doped fiber
amplifier and an optical spectrum analyzer with a resolution bandwidth of 0.06 nm. The
transmission is maximum at � ¼ 1530 nm with a loss of 8.4 dB. The transmission decreases at
shorter wavelengths because PMMA has an absorption peak at � ¼ 1390 nm and at longer
wavelengths due to a combination of the presence of a PMMA absorption peak at � ¼ 1620 nm and
the decrease of the mode confinement. The transmission spectrum of the microtaper has no
interference features indicating single-mode transmission.

A loss coefficient of �0.52 dB/cm at � ¼ 1530 nm is experimentally estimated by the comparison
between the transmission losses of multiple hybrid microtapers with identical transition regions and
different wire section lengths. This measured loss is 6.3 times higher than the theoretically
estimated loss of 0.083 dB/cm from Fig. 5. We believe the loss increase arises from imperfections in
the fabrication process and the degradation of PMMA. Using the experimentally estimated value of
the loss coefficient, propagation in the 10 cm long wire section of the microtaper amounts to 5.2 dB
from the total 8.4 dB transmission loss at � ¼ 1530 nm in Fig. 7. The remaining 3.2 dB includes the
losses from mode mismatch and reflection at the coupling interfaces (1.3 dB from Fig. 2),
imperfections in the hybrid fiber facets, and propagation in the 3.5-cm-long transition regions of the
microtaper.

Fig. 7. Transmission spectrum of a hybrid microtaper with a wire length of 10 cm and a waist diameter of
0.45 	m.

Fig. 6. (a) Schematic of the As2Se3-PMMA fiber preform fabrication setup and (b) an image of the hybrid
fiber cross section.
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Fig. 8 presents a schematic of the setup used to measure � from the nonlinear phase-shift �SPM
accumulated from signal propagation in themicrowire [38]. A sinusoidal signal with a duration of 29 ps
is formed by combining two continuous wave (CW) lasers at wavelengths �1 ¼ 1549:75 nm and
�2 ¼ 1550:03 nm using a 3 dB coupler and then aligning their polarizations using two polarization
controllers (PC), PC1 and PC2, and a linear polarizer (LP). The sinusoidal signal is amplitude
modulated using a Mach–Zehnder modulator and a square pulse with a duration of 10 ns at a
repetition rate of 1 MHz reducing the average power of the signal by 20 dB. The modulated signal is
then amplified using an Erbium-doped fiber amplifier and passed to a variable attenuator (VA). The
output of the attenuator is launched in the hybrid microtaper and the output of the microtaper is
observed using an optical spectrum analyzer.

Fig. 9(a) shows the spectral evolution of the sinusoidal signal at the output of the hybrid
microtaper at increasing peak power levels. Fig. 9(b) presents the value of �SPM for each peak
power level calculated from I0 and I1, which are illustrated in Fig. 9, using the equation [38]

I0
I1
¼ J2

0 ð�SPM=2Þ þ J2
1 ð�SPM=2Þ

J2
1 ð�SPM=2Þ þ J2

2 ð�SPM=2Þ
(1)

where J0, J1 and J2 are the zero, first, and second order Bessel functions of the first kind. Using the
experimentally estimated loss of 5.2 dB over the wire section length of 10 cm, the effective length is
Leff ¼ 5:83 cm. The ratio of nonlinear phase-shift accumulating in the wire section �wSPM ¼ �P0Leff
to the phase-shift in the entire microtaper �SPM ¼

R
�ðzÞPðzÞdz is 
 ¼ �wSPM=�SPM ¼ 0:87. The

product �Leff =
 ¼ 11:8 W�1 is the slope of the linear fit connecting the experimentally measured
values of �SPM in Fig. 9(b). The waveguide nonlinearity in the wire section of the microtaper is
� ¼ 11:8� 
=Leff ¼ 176 W�1m�1, in close agreement with the theoretically calculated value of
185 W�1m�1 at �AsSe ¼ 0:45 	m in Fig. 4.

Fig. 9. Sinusoidal-signal self-phase modulation measurements showing (a) the recorded output spectra
of the hybrid microtaper for increasing power levels and (b) the measured �SPM as a function of the peak
power of the sinusoidal-signal.

Fig. 8. Schematic of the waveguide nonlinearity measurement setup. CW: continuous wave laser,
PC: polarization controller, LP: linear polarizer, CLK: electrical clock, PPG: pulse pattern generator,
MZ-Mod: Mach–Zehnder modulator, EDFA: Erbium-doped fiber amplifier, VA: variable attenuator,
OSA: Optical spectrum analyzer.
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6. All-Optical Switching in a Kerr-Shutter
Fig. 10 presents a schematic of the Kerr-shutter setup [27] used to demonstrate switching by
induced polarization rotation in the hybrid microwire. Pump optical pulses with a full-width at half-
maximum (FWHM) duration of TFWHM ¼ 5:47 ns and a repetition rate of f ¼ 3:3 kHz at
� ¼ 1535 nm from a Q-switched laser are combined with a CW laser probe at � ¼ 1575 nm using
a 3 dB coupler and then launched into the microtaper. When the pump is linearly polarized in the
microtaper and the pump peak-power is increased using the variable attenuator, birefringence is
induced due to Kerr nonlinearity leading to time dependent birefringence modulation; consequently,
the copropagating probe experiences polarization modulation. The polarization-modulated part of
the probe is isolated using a linear polarizer which blocks the nonmodulated part of the probe
leading to pulses at the probe wavelength. A tunable filter is then used to block the pump laser
pulses and exclusively pass the probe pulses which are then detected using a photodiode and an
oscilloscope. The polarization of the optical pulses from the Q-switched laser, the CW probe laser,
and the output of the microtaper are adjusted using PC1, PC2, and PC3 such that the transmitted
probe power is zero when the pump laser is OFF, and the peak of the probe pulse is maximum
when the pump laser is ON.

The birefringence induced by the linearly polarized pump in the microtaper leads to a phase
difference of ��Birefringence ¼ �SPM between the parallel axis and the perpendicular axis to the pump.
At the output of the linear polarizer aligned at 45	 from the linearly polarized pump, the probe
electric-field amplitude is given by Aout ¼

ffiffiffiffiffiffiffi
0:5
p

Ake�j�SPM �
ffiffiffiffiffiffiffi
0:5
p

A?, where Ak and A? are the
amplitudes of probe electric-field components parallel and perpendicular to the pump, respectively.
Using Pk ¼ jAkj2 ¼ rPtot and P? ¼ jA?j2 ¼ ð1� r ÞPtot , where Pk and P? are the powers of the probe
components parallel and perpendicular to the pump, respectively, r is the ratio of the parallel
probe component power to the total probe power, and Ptot ¼ Pk þ P? is total probe power, the
probe electric-field amplitude becomes Aout ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5Ptot
p

½
ffiffiffi
r
p

e�j�SPM=2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� r Þ

p
ej�SPM=2�e�j�SPM=2,

and the probe power at the output of the linear polarizer becomes

Pout ¼ 0:5Ptot 1� 2
ffiffiffi
r
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� r Þ
p

cosð�SPM Þ
h i

:

Fig. 11. Measured probe pulse at � ¼ 1575 nm showing (a) the probe pulse shape at increasing pump
peak power levels, and (b) the power at the center of the converted pulse versus the peak power of the
pump pulse.

Fig. 10. Schematic of the Kerr-shutter setup. CW: continuous wave laser, PC: polarization controller,
LP: linear polarizer, VA: variable attenuator, BPF: bandpass filter, PD: photodiode.
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For r ¼ 0:5 and using �SPM ¼ �wSPM=
 ¼ �P0Leff =
, the output probe power becomes Pout ¼
0:5Ptot ½1� cosð�P0Leff =
Þ� and full power switching occurs when the pump peak power P0

reaches a critical power Pc ¼ �
=�Leff .
Fig. 11(a) shows the probe pulse normalized to the total power of the probe Ptot that is measured

at PD1 by adjusting PC3 until full probe transmission through the linear polarizer is achieved. Due to
the quasi-CW nature of the long pump pulses, power at the center of the probe pulse ðPcppÞ
depends on the peak power P0 at the center of the pump pulse following the relation
Pcpp ¼ 0:5Ptot ½1� cosð�P0Leff =
Þ�. When P0 reaches Pc , 100% power transmission occurs at the
center of the probe pulse and Pcpp becomes equal to Ptot . As P0 exceeds Pc , power transmission at
the center of the probe pulse decreases while full power transmission occurs at the wings of the
probe pulse. Consequently, a depression starts to appears at the center of probe pulse as can be
observed in Fig. 11(a). Fig. 11(b) presents the measured power at center of the probe pulses as a
function of the peak of the pump pulses. The power at the center of the probe pulse reaches
maximum when the pump peak power is P0 ¼ 266 mW leading to � ¼ �
=P0Leff ¼ 176 W�1m�1 in
agreement with the previous measurement. The estimated ratio Pcpp=Ptot ¼ 0:5½1� cosð�P0Leff =
Þ�
is also plotted in Fig. 11(b) showing close agreement with experimental results.

7. Conclusion
A multimode As2Se3-PMMA fiber has been tapered to achieve single-mode transmission and an
ultrahigh waveguide nonlinearity of � ¼ 176 W�1m�1. Fabrication of such hybrid microwires from a
multimode As2Se3-PMMA fiber is greatly simplified as it eliminates the need for single-mode step-
index As2Se3 fibers. Proper design of the initial As2Se3 diameter allowed for optimal power coupling
into the microwire from an SMF. A Kerr-shutter has been implemented using the fabricated hybrid
microwire to demonstrate switching by induced polarization rotation with a 100% switching power of
266 mW.
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