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Abstract— For the first time, a 2x2 optical fiber coupler based
on indium fluoride optical fibers is designed via coupled mode
theory, fabricated via fused biconical tapering technique, and
characterized in the mid-infrared spectral range. A conventional
glass processing system, Vytran® GPX-2400, is employed for the
2x2 optical fiber coupler fabrication, overcoming the main
limitation related to the narrow temperature range for indium
fluoride optical fiber processing. Moreover, the fabricated device
exhibits negligible surface crystallizations. The experimental
results are in optimum agreement with the simulations,
demonstrating that reproducible manufacturing of low-loss fused
optical fiber components for the mid-infrared spectral range is
possible. In particular, the fabricated 2x2 optical fiber coupler is
characterized by a measured coupling ratio CR = 72.2:27.8 at
the wavelength 4 = 3.34 um, with low excess loss E; = 0.88 dB.

Index Terms—Soft glasses, Fused optical fiber components,
Optical couplers, Modeling, Coupled mode theory

I. INTRODUCTION

ID-INFRARED (Mid-IR) wavelength advances are

drawing research attention, since they are opening

novel perspectives in many fields, including sensing,
spectroscopy, imaging, light sources, and comb generation [1]-
[6]. Anyway, the Mid-IR technology maturity is still
inadequate, because the essential building blocks required in
laser and amplifier systems such as couplers, combiners, and
splitters, operating in this spectral range, are not yet sufficiently
developed [7].

Mid-IR optical fibers are generally manufactured with
chalcogenide glasses (containing sulfur, selenium, and/or
tellurium) and fluoride glasses (zirconium fluoride glass, and
indium fluoride glass) [8]. Chalcogenide optical fibers have
been widely investigated because of their large band of low-
attenuation, the high nonlinear coefficient, and the possibility
to obtain active optical fibers through rare-earths doping [8].
These strength points are common with fluoride optical fibers,
which offer extremely low Rayleigh scattering and low
attenuation with the possibility to guide light in the transmission
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window A = 0.3 + 4.5 um for zirconium fluoride glass and in
the range A = 0.3 =+ 5.5 um for indium fluoride glass [9], [10].
Moreover, fluoride fibers show low Fresnel losses at the
interface with air or silica [11], [12]. One of the key building
blocks of most optical fiber systems is the optical fiber coupler,
essential  for  multiplexing/demultiplexing,  signal/pump
combination, ring cavities, filters, etc. [13], [14].

The first experiments performed on soft glasses optical fiber
couplers date to early 90s [15], [16]. Most of the successive
studies concerned broadband, wavelength-dependent and non-
linear chalcogenide couplers with different coupling ratios CR
[7], [17]-[22]. Side-polished bonding and fused biconical
tapering techniques have been exploited for the construction of
zirconium fluoride couplers [11], [15], [23]-[27]. The fused
biconical tapering technique is considered better than side-
etching and side-polishing with reference to reliability and
repeatability [18]. When dealing with fluoride optical fibers, the
glass fragility, and the steep viscosity/temperature
characteristic should be taken into account [10]. The latter
implies the need for precise temperature control to avoid
surface crystallization, which may lead to high excess loss E;.
Indeed, the couplers fabricated with fluoride optical fibers
suffer from relatively high excess losses E, [24]-[27].
Therefore, some technological issues need to be further
explored to address the requirement for low-loss devices
operating in the mid-infrared [28].

In this paper, for the first time to the best of our knowledge,
we propose the design, the fabrication and the characterization,
in the mid-infrared spectral range, of a low-loss 2x2 optical
coupler based on indium fluoride (InFs3) optical fibers from Le
Verre Fluoré (Bruz, France). The 2x2 optical coupler is
fabricated via Vytran® GPX-2400 glass processing system
adopting a single-sweep technique. The total tapering time is
~100s, faster than multi-sweep technique [29]. Two step-index
optical fibers are stacked inside a low refractive index indium
fluoride capillary and tapered down to ~ 23% of their initial
diameter. The through port and the cross port powers of the
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coupler are characterized at the wavelength A = 3.34 um,
employing a pigtailed Interband Cascade Laser (ICL).

The paper is organized as follows. Section Il reports an
overview of the optical fiber coupler operating principle;
Section 11, the electromagnetic design of the optical fiber
coupler; Section IV, the fabrication process via commercial
glass processing system; Section V, the characterization of the
device in the mid-infrared spectral range; Section VI, the
conclusion and the prospects.

I1. OPTICAL FIBER COUPLER OPERATING PRINCIPLE

2x2 optical fiber couplers are typically employed to split or
combine the light with low excess loss E;, at the desired
coupling ratio CR [17]. Optical fiber couplers can be fabricated
via fused biconical tapering technique, in which two optical
fibers, placed in close contact with each other, are heated and
stretched over a short distance. The power coupling between the
electromagnetic modes occurs in the waist region, i.e. the
region with the smallest diameter, see Fig. 1, where the well-
known periodic exchange of power between the
electromagnetic modes is experienced. Coupled mode theory is
usually employed in the electromagnetic design to describe the
codirectional coupling for HE;; mode [7], [17]. In a symmetric
coupler, the input power P, is injected in the input port and then
split between the cross port P. and the through port Py,
according to [7], [17]:

P, = Pysin?(kL,,) [€h)

Pr =1— P, = Pycos?(kL,,) )

U = Teo py/NékG — B2 3)

W =100/ B? — n2k§ 4)
v

K = ®)

" komco (Tco,fVKl (W)) 2

where the equation parameters are the following: k the coupling
coefficient, L,, the waist length, K, and K; the zeroth and first
order Bessel functions of the second kind (respectively

evaluated at 22 and W), 1c0,¢ the core radius in the waist

Tco,f
region, D the core-to-core distance in the waist region, n, the
core refractive index, n,, the cladding refractive index, k, the
free-space wave number, 8 the propagation constant, V' the
normalized frequency.
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Fig. 1. Sketch of an optical fiber coupler fabricated via fused biconical tapering
technique; the input power P, is split among the through port and the cross port,
according to the physical and geometrical properties of the waist/coupling
region, long L.

The performance of a 2x2 optical fiber coupler is described
by the excess loss E;, and coupling ratio Cg [30].

E;, = 10logyo (Po/(Pr + P¢)) (6)

The coupling ratio Cy is related to the optical power of each
output port divided by the sum of the powers at the two output
ports [30]:

Cr_r = Pp/(Pr + P¢) (7)
Cr—c = Pc/(Pr + P¢) (8)

The coupling ratio Cx and its spectral dependence are strictly
dependent on the geometry of the optical fiber coupler. The
excess loss E; is affected by the quality and the geometry of the
transition. To avoid higher order cladding modes coupling, the
transition must be adiabatic [31].

The taper transition is adiabatic when the core radius 7, of
the optical fiber slowly decreases along the taper length Lg;. In
a multimode optical fiber, the radius of the core r.,(z),
expressed as a function of the propagation direction z, must
change by satisfying the following condition:

dreo T¢0(2)

2z =g, )
where Z,, = 21, /tan (a) is the half period between reflections,
NA = sin () is the optical fiber numerical aperture, and « is
the ray angle [32], [33]. The minimum taper transition length
L4t min Can be calculated from (9), according to:

2 (Tco,i_rco.f)
tan (a)

Ldt,min = (10)
where 7, ; and 7, ¢ are the fiber core radii before and after the
tapering, respectively.

I11. OPTICAL FIBER COUPLER DESIGN

The 2x2 indium fluoride optical fiber coupler electromagnetic
design is carried out via coupled mode theory to estimate the
through and the cross port powers for different waist geometries
[34], [35]. The designed optical fiber coupler is made of two
step-index indium fluoride fibers IFG MM (0.20) 28/100 from
Le Verre Fluoré (Bruz, France), having core diameter d,; =
28 um and cladding diameter d;; = 100 um. The cladding
diameter is smaller than that of the typical optical fibers (i.e.
de; = 125 pm) to assist the mode coupling in the waist region.
The optical fibers are inserted within a capillary with low
refractive index. The capillary allows the close contact of the
optical fibers, makes the optical fiber coupler robust, and
facilitates the fusion process, since the larger cross-sectional
area allows for making the control of the fabrication parameters
less demanding. The capillary inner diameter is di,_cqp,; =
360 um, the capillary output diameter is doy¢—cqp,; = 550 um.

The core and cladding refractive indices, at the wavelength
A =334 um, are respectively n.,, =14774 and n, =
1.4638, resulting in a numerical aperture NA ~ 0.20. The
capillary refractive index is ng, = 1.4618 at the same
wavelength 4 = 3.34 um. Figure 2 reports the refractive index
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dispersion of the core refractive index n., (solid line) and of the
cladding refractive index n.; (dotted line) as functions of the
wavelength A, used for simulations. In particular, the dispersion
equations reported in [36] have been employed with slightly
changed weights to better fit the measured values of the
cladding refractive index, obtained via Littrow method at room
temperature (circle markers) [37] The effect of potential glass
component interdiffusion is neglected, so that the waist region
is just a scaled-down version of the non-tapered geometry.

The effective refractive index of the mode guided in the waist
region of each optical fiber, in the absence of the other optical
fiber, is n,rr ~ 14647 at the wavelength A = 3.34 um,
calculated via finite element method (FEM) simulation. The
electric field norm of the supermode guided in the waist region
(i.e. related to the linear combination of the HE;; mode guided
in each optical fiber), having practically the same effective
refractive index n.rr ~ 1.4647, is reported in Fig. 3 and shows
the field overlapping. The desired coupling ratio Cz = 70: 30 is
obtained with a waist length L, = 21.25 mm and a scaling
factor SF = 4.3. Therefore, the designed core radius in the
waist region is 1, ¢ = 1¢,,;/SF = 14 um/4.3 = 3.26 um and
the core-to-core distance in the waist region is D = d, ;/SF =
100 um/4.3 = 23.26 um. The optical fibers are single mode
in the waist region. Down-taper and up-taper have the same
length L;; = L,; = 15 mm, adiabatic transitions are designed
to avoid losses related to higher order modes coupling [34].

Figure 4 reports the spectral dependance of the normalized
output powers of the through port P, (solid line) and of the cross
port P, (dotted line).

Figure 5 reports the normalized output powers of the through
port P (solid line) and of the cross port P, (dotted line), as
functions of the waist length L,, at the wavelength 1 =
3.34 ym.

The design is also validated via 3D-Beam Propagation
Method (BPM, BeamProp, RSoft Design Group). The input
optical fiber is excited with a gaussian beam with beam waist
By, = 31 um. Coincident coupling ratio CR is obtained.
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Fig. 3. Electric field norm E of the supermode guided in the waist region;
scaling factor SF = 4.3, supermode effective refractive index n,r; ~ 1.4647,
at the wavelength A = 3.34 um.
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Fig. 4. Normalized output powers of the through port P, (solid line) and of the
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Fig. 2. Dispersion of the core refractive index n., (solid line) and of the
cladding refractive index n, (dotted line) as functions of the wavelength A.

Fig. 5. Normalized output powers of the through port P;. (solid line) and of the
cross port P, (dotted line) as functions of the waist length L,,, at the wavelength
A =334 um.
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IV. OPTICAL FIBER COUPLER FABRICATION

Two segments of IFG MM (0.20) 28/100 are cleaved through
Vytran® LDC-400 optical fiber cleaver. The cross-sections are
inspected with the microscope, to prevent the presence of
scratches on the optical fiber end-facets. The optical fiber
segments are inserted in the low-index capillary, with the help
of isopropyl alcohol. Alcohol excesses are then removed by the
vacuum pump Linicon LV-125A. The length of the low-index
capillary is L.,, = 17 cm. The optical fibers are not twisted to
avoid potential bend loss. The structure is clamped in the fiber
holding blocks of the Vytran® GPX-2400 glass filament
processing system. The room temperature is T, ~ 20°C, the
room humidity is RH ~30%. The drawbacks of indium
fluoride glass include the mechanical fragility, the physical
behavior dependent on temperature and room humidity level,
the surface oxidation, the glass viscosity, and the interdiffusion
of core/cladding/capillary materials [10]. Some of these
downsides can be mitigated by making sure that the graphite
filament operates near the glass transition temperature
T, ~ 275°C for the entire fabrication process and the heating is
performed under controlled environment (i.e. argon flow) [38].
The main parameters pertaining the fabrication via Vytran®
GPX-2400 glass filament processing system are identified
through trial-and-error technique and reported in Table I.

For the correct identification of the fabrication parameters,
the optical fiber coupler transitions quality, the matching
between the imposed and the measured dimensions, and the
drawing tension characteristic during the fabrication process are
considered. For a fixed value of the fiber holding block pull
velocity vpyg, a high filament power P may lead to surface
crystallization, small waist diameter, or impossibility of
completing the fused biconical taper. Otherwise, a low filament
power may lead to big waist diameter, or capillary/optical fibers
breaking. Figure 6 shows the drawing tension T during the
fabrication time t, useful to identify the correct value for the
initial filament power P, for the fiber holding block pull
velocity vgyp reported in Table 1.
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Fig. 6. Drawing tension T as a function of the fabrication time t.

4
TABLE |
MAIN PARAMETERS FOR VYTRAN GPX-2400 PROCESSING SYSTEM [38]
Parameter Value Description
P 121w Initial filament power
Vrng 500 um/s Fiber holding block pull velocity
T, 19g Initial tension
Fy, 0.35 L/min Argon flow rate during the process

In particular, if the peak is negative, or close to 0g, the glass
is over softened or melted, leading to visible surface
crystallization.

On the contrary, if the peak is too high, the initial filament
power P must be increased since the glass has not reached the
softening temperature Tj,.

The measured waist length is Ly, ~ 21 mm, the capillary
cross-section in the waist region is elliptical, characterized by
semi-axes a ~ 70 um and b ~ 90 um. The length of the semi-
axis b, which is the most significant, is in good agreement with
the imposed scaling factor SF = 4.3, ie. b= (2Xdy; +
dout—cap,i — Ain-cap,i)/SF = 90.70 um. In Fig. 7, a montage
of the longitudinal micrographs captured by Vytran® GPX-
2400 CCD camera is reported.

A smooth reduction in diameter is achieved without any
irregularity in the taper profile. Despite the presence of some
surface crystallization, it is possible to achieve low excess loss
E;. To ensure minimal losses, it is crucial to avoid
crystallization in the areas where the electromagnetic field is
guided.

V. OPTICAL FIBER COUPLER CHARACTERIZATION

The schematic of the experimental set-up is reported in Fig. 8.
The fabricated device is tested via an ICL, Nanoplus
Nanosystems and Technologies GmbH (Wurzburg, Germany),
emitting at A = 3.34 um. The ICL has been pigtailed with
indium fluoride optical fiber IFG (0.30) 9.5/125, Le Verre
Fluoré (Bruz, France). The electromagnetic mode field
diameter of the IFG (0.30) 9.5/125 optical fiber is MFD =
9.7 um.

The excitation is performed with free-space coupling, by
means of a groove and Thorlabs MAX313D/M 3-axis stage.

The through P = 2.59 mW and cross P, = 1.00 mW port
powers are read by two thermal power sensors, i.e. PW 1 and
PW 2, connected to Thorlabs PM100D console, see Fig. 8.

The fabricated coupler waist length is slightly shorter than
the designed one. As a consequence, the measured coupling
ratiois Cp = 72.2 : 27.8, very close but not coincident with the
nominal value C, = 70 : 30. The power injected in the input
optical fiber of the coupler is P, = 4.4 mW. This value has
been measured after having cleaved the input optical fiber
immediately before the down-taper region, without varying the
input coupling condition. The excess loss is E;, = 0.88 dB and
takes into account also the losses induced from the reduction of
the modes number in the down-taper transition [39]. Indeed, the
starting geometry is a few-mode optical fiber and only the
fundamental mode is guided in the waist/coupling region.
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800 um

Fig. 7. Montage of longitudinal micrographs (starting from top right, finishing to bottom left) of the fabricated 2x2 indium fluoride optical fiber coupler,
captured via CCD camera. Each micrograph covers a length of 800 um. Micrographs are reported with a sampling step of 1600 um.

PW 1

IFG 2x2 coupler
z ‘//

3-axis stage

bt (g

Fig. 8. Sketch of the experimental set-up adopted to characterize the fabricated
2x2 indium fluoride optical fiber coupler. The ICL power is coupled in the input
optical fiber of the coupler via Thorlabs MAX313D/M 3-axis stage. The cross
port power P and the through port power P, are measured with two thermal
power sensors, i.e. PW 1 and PW 2.

TABLE Il
PERFORMANCE COMPARISON BETWEEN FLUORIDE
OPTICAL FIBER COUPLERS

. Wavelength ~ Coupling Excess

Ref. Glass Operation 3 Ratio C, Loss E,
Zirconium .

[24] fluoride Multimode 2.00 um 50:50 3.0dB
Zirconium Single- .

[25] fluoride mode 2.20 um 14:86 1.8dB
Zirconium Single- .

[26] fluoride mode 2.70 ym 61:39 43dB
Zirconium Single- .

[27] fluoride mode 2.73 uym 41:59 2.5dB

This = Indium oo mode 334um 722:27.8  0.88dB

work fluoride

Better excess loss E; could be obtained by exploiting single-
mode optical fibers. However, the achieved performance is
remarkably high also with reference to the state of the art, as it
can be inferred by Table II.

To assess the effects of aging on losses, the device is tested
after one month. Negligible variations, within the set-up
measurement uncertainty, have been observed in terms of
excess loss E; and coupling ratio Cg.

The optical fiber coupler can be adapted for operation at
longer wavelengths, up to A =5.5um, which is upper
transparency limit of the InF; glass. To operate at longer
wavelengths, smaller scaling factor SF is required. As an
example, the scaling factor SF = 2.6 and the waist length L,, =
8.2 mm are suitable for an optical fiber coupler with the same
coupling ratio CR = 70: 30 operating at the wavelength 1 =
5.0 um. This last coupler is easier to be fabricated and
mechanically more robust.

V1. CONCLUSION

For the first time, a low-loss optical fiber coupler based on
indium fluoride optical fibers has been designed, fabricated,
and characterized in the mid-infrared spectral range. The
measured coupling ratio is CR = 72.2 : 27.8, while the excess
loss is E;, = 0.88dB at the wavelength A = 3.34 um. The
experimental results are in optimum agreement with the
simulation. Further research efforts will be focused on
exploring the power-damage threshold of the indium fluoride
optical fiber coupler. The fabricated coupler encourages and
boosts the research towards all-in-fiber mid-infrared
applications, e.g. in-band pumped mid-infrared amplifiers and
high-power all-in-fiber lasers.
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