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Abstract: Double-crucible cane fabrication of highly purified chalcogenide-glass was combined
with multimaterial thermal fiber drawing to produce robust low-loss 0.2 NA chalcogenide fibers.
Optical transmission losses were shown to be less than 1.1 dB/m at wavelengths of 1.5, 2.0 and
4.6 µm. Fiber transmission > 97% at the 1.5 µm design wavelength was demonstrated using
single-layer anti-reflection coatings that were durable under temperature, humidity and abrasion
tests. Tensile-strength tests proved that the mechanical strength of the fiber was improved by a
factor of 1000 compared to a jacket-free chalcogenide fiber. Multiwatt power transmission in
single mode fiber was demonstrated.
© 2017 Optical Society of America
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1. Introduction

Optical fibers are central to the tremendous impact photonics has had on everyday life through
critical applications in telecommunications, medicine, high-power lasers for manufacturing, and
distributed sensing [1,2]. Silica glass is the most common fiber material, but it is not transmissive
beyond a wavelength of ≈ 2 µm [3,4]. For longer wavelengths extending into the mid-infrared
(MIR), other types of glasses are required to produce fibers for the delivery of quantum cascade
laser (QCL) light, MIR sensing, the generation of broadband light via supercontinuum generation,
among other applications. Candidate glasses that have been exploited in producing IR fibers
include fluorides, germinates, tellurites, and chalcogenides (see Ref. [5] for a recent review of
the state-of-the-art in IR fiber development). Two shortcomings are usually associated with IR
fibers: (1) high optical losses, typically a few dB/m [6]; and (2) low mechanical robustness
(e.g., Young’s Modulus of the chalcogenide glass As2Se3 is < 1/4 that of silica [7]). The latter
drawback especially plagues chalcogenide glasses (ChGs), reducing their utility despite their
highly transmissive IR spectral window in the 1.5-10 µm range. This is particularly an issue
when chalcogenide glass (ChG) is drawn into the form of a narrow and long optical fiber.

Multimaterial fibers constitute a new research field that focuses on the unique opportunities
made possible (including improved robustness) by combining multiple heterogeneous materials
in the same fiber [8, 9]. The typical strategy employed for producing multimaterial fibers is
that of thermally drawing a ‘preform’: a macroscopic scaled-up model of the intended fiber
geometry. This is the same process utilized in fabricating traditional telecommunications fibers
from a silica preform. The preparation of the preform, however, usually follows a different route
in the case of multimaterial fibers [8]. The thermo-mechanical compatibility between some
ChGs, which are amorphous semiconductors, and certain thermoplastic polymers at their thermal
drawing temperatures has, despite their distinct optical and electronic properties , enabled the
realizations of novel optoelectronic functionalities. These can utilize the fiber form-factor and
can include conductive electrodes along the entire multimaterial fiber length in intimate contact
with interfaces between heterogeneous materials [10]. Examples include the transmission of light
and conduction of electricity along the same fiber [11], optical fiber detectors that are sensitive to
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externally incident light on the fiber outer surface [12–14], fibers that produce an electrical signal
in response to external temperature variations [15], self-monitoring fibers that are sensitive to
potential failures on optical power delivery [16], surface-emitting fiber lasers [17,18], in-fiber
sensors [19], and piezo-electric fibers [20].
In this paper, we demonstrate that the multimaterial fabrication strategy can be exploited to

produce robust ChG fibers without impacting the optical quality of highly purified ChG materials.
We have produced a new class of robust ChG fibers in which the optical properties are dictated
by the ChG while the mechanical robustness stems from a built-in thick polymer jacket that
is co-drawn with the ChG from a preform [21]. Several advantages follow from such a design.
First, our multimaterial ChG fiber-drawing technique is carried out in an ambient environment.
Second, it provides a robust yet pliable polymer jacket built into the preform prior to the drawing
process. In contrast, commercial ChG fibers are produced from the melt via a double-crucible
technique [22,23] which requires an inert environment during the draw, and then adds a post-draw
low-temperature protective polymer coating. Finally, our approach provides control over the
fiber outer diameter, allows access to ultra-large numerical apertures (NAs) that are critical for
nonlinear optical applications, and facilitates the fabrication of robust, dispersion-controlled,
highly nonlinear nano-tapers [24].
The paper is organized as follows. First, we describe the hybrid fiber fabrication process we

utilize here in which a high-purity step-index ChG cane is produced by the double-crucible
strategy, which is then used in preparing a multimaterial preform thermally drawn into a robust
fiber. We next report the results of structural and optical characterization of these multimaterial
ChG-polymer fibers. This includes measurements of beam transport from a quantum cascade
laser at 4.6 µm and high-power transmission at 2 µm. We describe the anti-reflection coatings
deposited on the fiber tips and our tests of the stability and resilience of these coatings. Finally,
we present mechanical characterization of the multimaterial ChG fibers.

2. Fiber fabrication

Here, we have bridged the gap between these two distinct fiber fabrication strategies – double-
crucible and traditional thermal fiber drawing – in a two-step process that combines the advantages
of both. We first exploit the double-crucible technique to produce high-purity canes with a
controllable core-to-cladding diameter ratio [Fig. 1(a)]. We next make use of the multimaterial
fiber fabrication approach by adding a thick, thermoplastic, thermally compatible polymer
outer-cladding or jacket to produce a hybrid monolithic ChG-polymer preform that is then
thermally drawn in a standard draw tower in an ambient environment [Fig. 1(b)]. The preform
outer diameter and the draw-down ratio are adjusted to produce a robust fiber of desired outer
diameter.

2.1. Cane fabrication

The ChGs used in the core and cladding were prepared from highly purified precursors in a
controlled atmospheric environment to minimize impurities that would otherwise increase fiber
optical losses [25]. The selected ChG compositions were As39S61 for the core and As38.5S61.5 for
the cladding, resulting in a numerical aperture (NA) of 0.2. The ratio of the cladding-to-core
diameters was estimated to be ≈12.
The cane fabrication started with loading the two chalcogenide glasses into a quartz-glass

double crucible installed into a fiber draw tower furnace. Once the target draw temperature was
achieved, pressure was applied to the core and cladding glass melts. The applied pressure was
adjusted to obtain the desired cladding-to-core diameter ratio. After obtaining the desired ratio,
the draw speed was then drastically reduced from 7 m/min down to 0.5 m/min in steps until a fiber
with a cladding of approximately 500 µm was obtained. At this diameter, the draw temperature
was reduced by 10 to 15◦C to increase the viscosity of the glass exiting the double crucible.
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Fig. 1. (a) Double-crucible fabrication of a high-purity ChG cane. (b) Thermal fiber drawing
of a preform into a fiber.

Further decrease in speed to ≤ 1 cm/min was necessary to achieve the cane outer diameter
of 2–3 mm. At this point, we used a ’cane-puller’ (Fig. 2) to provide support and stability to
the cane as well as improve control over the cane diameter. The cane-puller consists of two
synchronized stepper motors, a gearhead for torque and speed requirements, and soft belts to
grab the cane and pull on it at a very low speed of ≈ 0.5 − 1 cm/min. Temperature adjustments
were needed at the beginning of the process to ensure that the cane viscosity allowed it to hold its
own weight. In a typical run, roughly 2 m of ChG cane were pulled with outer diameters in the
range 1.61 − 2.85 mm. Diameter variations (minimum-to-maximum) were less than 10% after
establishing crucible temperature, core and cladding pressures and pulling speed.

2.2. Multimaterial fiber drawing

A 6-cm-long ChG cane section was placed inside a PEI (polyetherimide, Sigma-Aldrich) rod
provided with a stepped tube to produce a preform as shown in Fig. 3.

Fibers were drawn in a two-zone furnace: the first (second) zone was held at 250 oC (385 oC),
and drawing speeds up to 50 cm/min were employed to produce fibers with a core diameter in the
range of 10 to 12 µm. Using these parameters, 20 m of useful fiber were drawn from a 6-cm-long,
3-mm-diameter ChG cane. Use of longer cane lengths (We fabricated canes up to 30 cm long.)
would provide longer lengths of fiber; however, we anticipate that most mid-IR beam transport
applications would only require a few meters of fiber. Figure 4(a) is an SEM micrograph of a
polished fiber tip. The PEI jacket diameter is 710 µm and the ChG cladding diameter is 141 µm.
Figure 4(b) is an optical photograph of the fiber tip showing 1.55 µm laser light propagating out
of the fiber core.

We used a phase contrast microscope (Nikon Eclipse Ti-E) to accurately measure the ChG core
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Fig. 2. (a) Front view, (b) side view, and (c) 3D view of the cane puller used to maintain
constant cane diameter and straightness during drawing from the double-crucible furnace.
The system consists of two synchronized stepper motors, a gearhead to achieve torque and
speed requirements, in addition to soft belts which grab the cane and pull it on it at a very
low speed of ≈ 0.5 − 1 cm/min.

Fig. 3. (a) Rod-in-tube assembly, (b) assembled preform showing a ChG core-cladding rod
60 mm long and 2.6 mm in diameter inserted into a 15.5 mm diameter PEI jacket and (c)
photo of drawn fiber.

dimensions as shown in Fig 5. However, observing from the side resulted in a magnification of the
image. The ChG cladding dimension was calibrated to the SEM measurement. The magnification
of the core dimension by the cylindrical interface of the PEI jacket with the ChG cladding is
equal to the ratio of their refractive indices, i.e., nChG/nPEI � 2.67/1.65 = 1.60. The observed
ratio of ChG cladding to core is 275 pixels/40 pixels and correcting for the 1.6x magnification
the true ratio is 11. (Note this agrees well with the cane cladding to core ratio of about 12.) The
measured size of the core was thus found to be 12.8 µm.

3. Optical characterization

We also report the optical characterization of this new multimaterial ChG fiber. This fiber
demonstrated a unique combination of features: low transmission loss, high tensile strength,
outstanding coating adhesion and durability, facile coupling of a variety of laser sources including
QCLs and high optical power handling capability.
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Fig. 4. (a) SEM of the fiber tip showing dimensions of the PEI jacket and the ChG cladding.
The ChG core is not distinguishable from the ChG cladding. (b) Optical photo of the tip
with the core illuminated by a 1.55 µm laser beam coupled into the other end.

Fig. 5. Phase contrast microscope view of the fiber from the side. Two overlapping photos
are shown because the ChG rod was not perfectly centered in the PEI cylinder resulting in
sharp foci at different depths. Note that the cylindrical surfaces result in magnification so the
relative sizes of the cylindrical layers must be corrected for magnification factors that vary
with location.
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3.1. Fiber loss measurements

Optical transmission losses were determined at wavelengths of 1.5 µm (a single-mode-fiber
coupled laser diode) and 2 µm (a thulium-fiber laser), both low-power Gaussian-profile laser
beams. The optical loss was estimated to be ∼0.95 dB/m at both wavelengths using the cut-back
method. Since the coupling was not optimized and the input beams were not diffraction limited,
the estimated value is an upper limit of the actual loss value. This value is comparable to the
reported loss values produced directly via the double-crucible approach [26]. This indicates that
our fabrication process did not introduce additional losses. Furthermore, we carried out loss
measurements using a Pranalytica QCL (10 mW average power at 4.6 µm). The QCL beam was
collimated (5 mrad divergence angle) and coupled into the fiber core via a 6-mm focal-length
ZnSe lens. The fiber output was imaged (Spricon Pyrocam III) and the power was measured by
an MCT (mercury cadmium telluride) detector. Using the cutback approach, the optical loss was
estimated to be ∼1.1 dB/m.

We evaluated beam loss versus bending radius at 4.6 µm using the same QCL used for optical
loss measurements. An unbent fiber had 50% transmission which includes a combined 31%
Fresnel loss at two surfaces and 12% absorption loss (1.1 dB/m x 50 cm length of fiber). The
remaining 17% is likely coupling losses at the entrance surface. Losses were small (< 0.2 dB) at
bend radii ≥5 cm with π/2 (1/4 turn) bend angle (Fig. 6 ). Only at 2.5 cm bend radius did the loss
become significant (0.46 dB). Losses were found to occur primarily in the first π/2 radians of
bending. Using 4π radians (2 complete turns) with a 2.5 cm bend radius resulted in only a 0.05
dB increase in loss.

Fig. 6. Transmission of a bent ChG fiber at 4.6 µm. The square symbol values were measured
using a π/2 radians bend (90◦ bend). The triangle symbol was measured for a 4π radian bend
(two-loop bend). Transmission is an absolute value and includes coupling losses and Fresnel
losses.
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3.2. Fiber AR coatings

Since ChGs have high refractive indices, substantial Fresnel reflection losses are incurred at
ChG fiber surfaces (e.g., n = 2.439 at 1.5 µm for As2S3, 17.5% reflection at an air/fiber surface).
Approaches to reducing Fresnel losses at ChG surfaces include use of thin film coatings [26, 27]
to achieve destructive interference and use of sub-wavelength surface structures [28] (random
or periodic) to achieve an index gradient between air and glass. Fabrication of sub-wavelength
surface structures shows promise but requires development of a detailed procedure. We chose to
use a simple, one-layer quarter-wavelength AR coating on our fiber ends.
However, water adsorption on coating and substrate surfaces can result in heating of optical

surfaces at mid-IR wavelengths. Differences in expansion coefficient of substrate and coating
materials during heating by even relatively low IR laser powers can result in flaking, pealing and
damage of IR coatings. Thus AR coatings that are durable under temperature changes and high
humidity are a necessity for practical use.

In our fibers, the large PEI jacket diameter enables facile deposition of dielectric anti-reflection
layers. A Temescal FC-2000 electron beam evaporator was used to deposit a single layer of
Al2O3 (Fig. 7(a)) on a 20 µm diameter ChG core and 260 µm diameter ChG cladding with
a PEI outer jacket. The thickness design for minimum reflection at 1.5 µm wavelength was
230 nm. Durability testing procedures were adapted from MIL-F-48616. Adhesion (cellophane
tape), humidity (>90% at 50 oC), moderate abrasion (cheesecloth), temperature (20-71 oC) and
solubility (deionized water and isopropanol) were used to test the coating durability. There was
no visible change to the coating after all of these tests.

Fig. 7. (a) ChG fiber tip with Al2O3 single layer, quarter wave, antireflection coating. (b)
Diagram of fiber transmission measurements.

Table 1. Fiber Transmission Measurement
AR coating Calculated (%) Experimental (%) Experimental (%)

@1.55 µm @1.95 µm
none 67.8 65.7 63.0
left 82.3 80.0 78.0
both 100 97.7 98.0

instrument uncertainty ±1% ±3%

Transmission measurements were performed as described in Fig. 7(b). Transmission at λ =
1.55 µm through a 20-µm-diameter core fiber with AR coatings applied to both tips was 97.6%
before durability testing (approaching the theoretical limit). Transmission after testing was 96.7%

                                                                         Vol. 7, No. 7 | 1 Jul 2017 | OPTICAL MATERIALS EXPRESS 2343 



with the 0.9% change within the 1% margin of error of our instrumentation. These results are
summarized in Table 1.

Thus our coating is very durable and adheres well to both the polymer and the ChG areas of the
fiber tip surface. While our test AR coating was a single layer with limited bandwidth coverage
(<1% reflection at 1500 ± 200 nm), a change in thickness can provide an AR coating at another
wavelength. Also, multi-layer coatings can provide broader wavelength AR coverage if needed.

3.3. High power transmission

We performed preliminary measurements of optical power handling as shown in Fig. 8. A
3-cm-long ChG fiber with a ∼10 µm core diameter and AR coated on both ends was pumped by
a 1.95 µm Tm fiber laser. An 11 mm focal length lens (∼90% transmission) was used to focus the
pump beam onto the fiber tip. Damage occurred at the fiber input surface at 7 W of laser power
(6.3 W or 8 MW/cm2 at the fiber tip). No change to the output beam profile was observed prior to
fiber failure. This single data point is in good agreement with previously published results [25]
and requires further verification but indicates that multi-watt power transmission is possible with
our single-mode hybrid fiber.

Fig. 8. Measurement of fiber transmission at 1.95 µm. (a) setup schematic, (b) Output/input
power ratio with power measurements made at the locations marked P1 (input) and P2
(output), (c) Pyrocam III measurement of the output beam profile at a power level just below
damage.

4. Mechanical characterization

The tensile strength of 16-cm-long fibers with 1.2-mm PEI outer diameter was measured with a
MTS Insight Electromechanical Testing Machine. Loading rates were 3-8 mm/min. The inner
ChG materials began to fragment at 15 MPa but the maximum strength of the outer PEI jacket
layer was ≈100 MPa (Fig. 9). Essentially, the PEI jacket stretches the inner ChG material until
it reaches its breaking point. We expect the fiber to have unattenuated light transmission until
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the first crack appears although we have not yet tested this. At stresses in the 15-100 MPa the
polymer continues to lengthen and the ChG core-cladding material breaks up into more and more
fragmented rods. At the 100 MPa point beyond the 0.05% strain point, the fiber fragments are
not long enough to transfer sufficient shear load from the polymer jacket to the ChG material to
create additional breaks [29, 30]. It was previously shown that PES (polyether sulfone) increases
tensile strength of ChG core fiber by a factor of 1000, i.e. to ≈ 6.5 MPa [6]. We have confirmed
that our PEI-clad ChG fiber is similarly robust.

Fig. 9. Measurement of fiber tensile strength. Inset is a photo of the ChG fragments that
form within the stretching PEI jacket.

5. Conclusion

In conclusion, we have described a class of robust multimaterial ChG fibers fabricated in a
two-step process that bridges the gap between the double-crucible approach and traditional
thermal fiber drawing from a preform. Our new fabrication strategy produces fibers that
provide < 1 dB/m loss over a large infrared spectral range, controllable ∆n (NA), controllable
core-to-cladding diameter ratio, robust mechanical properties and durable coatings. We expect
this new type of ChG fiber to provide reliable, low-cost, efficient and versatile laser power
delivery for numerous emerging mid-infrared applications.
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