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An ordered chalcogenide fiber bundle with a high resolution
for infrared imaging was fabricated using a stack-and-draw
approach. The fiber bundle consisted of about 810,000 single
fibers with an As2S3 glass core of 9 μm in diameter and a
polyetherimide (PEI) polymer cladding of 10 μm in diam-
eter. TheAs2S3∕PEI fibers showed good transparency in the
1.5–6.5 μm spectral region. It presented a resolution of
∼45 lp∕mm and a crosstalk of ∼2.5%. Fine thermal images
of a hot soldering iron tip were delivered through the fiber
bundle. © 2015 Optical Society of America
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Infrared imaging systems have been widely used in many fields
such as medicine, industry, and defense [1–3]. In extreme
(e.g., under nuclear irradiation) or unfavorable environments
(e.g., stray electromagnetic fields, in restricted spaces, etc.), the
use of a flexible, ordered fiber bundle (FB) for collection and
delivery of infrared images is desirable. While state-of-the-art
oxide glass FBs [4] have been manufactured and used to trans-
mit high-resolution images in the visible and near-infrared
spectral regions, they are opaque at wavelengths longer than
about 2.5 μm because of the intrinsic multi-phonon absorp-
tions of the oxide glasses. Currently, FBs capable of transmit-
ting infrared images are mainly based on chalcogenide glass
fibers [5–8], silver halide crystalline fibers [9–11], and hollow
capillary (HC) fibers [12–14]. Chalcogenide glass fibers show
good transmittance in the 1–7 μm (sulfide), 2–9 μm (selenide),
and 3–12 μm (telluride) spectral ranges, depending on their
compositions. Through the conventional “layer winding
method” [7], chalcogenide FBs with good flexibility can be fab-
ricated. However, the resulting FBs typically have a low reso-
lution because it is difficult to reduce the diameter of individual
fibers to less than 40 μm [15]. Silver halide fibers have good

transparency in the 4–20 μm spectral range. Using a multiple-
extrusion approach, FBs consisting of 9000 AgClBr single
fibers with a diameter as small as 25 μm have been fabricated
[16]. HC fibers can transmit light in the 3–14 μm region. An
HC FB can be produced by first fabricating an FB consisting of
single HC fibers, and then coating metal and dielectric films
(e.g., Ag/AgI) on the inner surfaces of the hollow capillaries
[12]. However, it is challenging to fabricate a long HC FB due
to the restriction of the coating process. The HC fibers in the
FB also exhibit losses as high as tens of dB/m.

The infrared FBs reported to date typically have resolutions
of less than 10 lp/mm, and therefore can only transmit rela-
tively coarse infrared images. In this Letter, we fabricated an
ordered chalcogenide FB with a resolution as high as 45 lp/mm.
The FB contained about 810,000 single fibers with an As2S3
glass core of 9 μm in diameter and a polyetherimide (PEI) pol-
ymer cladding of 10 μm in diameter. Its optical properties were
characterized, and its ability to deliver an infrared image was
verified.

The fabrication process of the As2S3∕PEI FB is depicted in
Fig. 1. In the first step, a fiber with a diameter of 400 μm was
thermally drawn from a 100 mm-long cylindrical preform con-
sisting of an As2S3 glass core with a diameter of 18 mm and a
PEI cladding with a diameter of 20 mm [Fig. 1(a)]. In the sec-
ond step, the fiber was cut into segments of 200 mm in length,
and about 900 segments were stacked to form a hexagonal
column with a side length of 6.5 mm. Then, the hexagonal
column was rolled with PEI films to form a preform with a
side length of 7.8 mm, which was then thermally drawn into
a “multi-fiber” with a side length of 200 μm [Fig. 1(b)]. In the
third step, the multi-fiber was cut into segments that were each
200 mm long, and about 900 segments were stacked again to
form a hexagonal column with a side length of 6.5 mm, which
was subsequently rolled with protective PEI films and thermally
consolidated under a vacuum to form the final FB [Fig. 1(c)].
The obtained FB consisted of about 810,000 single fibers, and
had a cross section of about 110 mm2. The cross section of
the FB is shown in Fig. 1(d), indicating that the core diameter
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was about 9 μm and the pitch between the cores was about
10 μm. The active area (or filling factor) of the FB, which was
defined by the percentage of the core area in the cross section,
was about 50%. This value could be increased significantly
by reducing the thickness of the PEI gaps between the multi-
fibers.

In the fabrication of the high-resolution FB, PEI was inten-
tionally chosen as the cladding material because of its several
advantages: (1) it is a thermoplastic polymer with a high glass
transition temperature of ∼215°C, and therefore is thermally
compatible with quite a few chalcogenide glasses, such as As2S3
and As2Se3 [17,18]. The spatial arrangement of stacked fibers
can be easily preserved during the drawing process. This makes
it feasible to produce high-resolution FBs through a stack-and-
draw approach. (2) PEI has high strength [19]. It protects the
fragile As2S3 glass core during the whole fabrication process,
and therefore helps to reduce the possibility of forming dark
(broken) fibers in the FB. (3) It has high rigidity. A PEI polymer
and As2S3 glass can be well polished together [Fig. 1(d)]. This
makes it convenient to obtain an FB with shaped ends by post-
mechanical processing. (4) Compared to As2S3 core glass with a
refractive index (RI) of ∼2.4, PEI has a much lower RI of ∼1.65.

This creates a large RI contrast between the core and cladding,
leading to a very high numerical aperture [5] (NA of ∼1.74 )
fiber with excellent light confinement ability.

High-purity glass is crucial for fabricating low-loss fibers
and therefore high-performance FBs for infrared imaging. The
As2S3 glass was synthesized from 6N-purity elemental arsenic
and sulfur using the conventional melt-quenching technique
[20]. To improve the purity of the glass, physical and chemical
distillation techniques [21,22] were applied in the synthesis.
The transmission losses of the fabricated As2S3∕PEI fibers were
measured by the cut-off method using a Bruker tensor 27 Fourier
transform infrared spectrophotometer (FTIR) equipped with an
external fiber coupling accessory and an HgCdTe detector
cooled with liquid nitrogen. The fiber with a core diameter of
360 μm and a cladding diameter of 400 μm, which was drawn
in the first step, had good transmission in the 1.5–6.5 μm re-
gion [Fig. 2(a)]. The background loss was about 0.5 dB/m, and
the loss at 4.0 μm, which corresponded to the absorption band

Fig. 1. Schematic of fabrication process for the FB by a stack-and-
draw technique. (a) Drawing of single fibers. (b) Stacking of single
fibers and drawing of multi-fibers. (c) Stacking of multi-fibers and
forming of the FB. (d) Cross sections of the fabricated FB consisting
of 810,000 single fibers.

Fig. 2. (a) Attenuation of fabricated As2S3∕PEI fibers with a core
diameter of 360 μm and a cladding diameter of 400 μm. (b) Infrared
images of a soldering iron tip taken with an InSb camera directly and
(c) captured through a 50 mm-long As2S3∕PEI FB.
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due to S-H impurities, was about 3 dB/m. The individual fibers
in the FB could have higher losses, but our FTIR system was
not able to measure them because of the very small core size.

The performance of the FB for transmitting infrared images
was tested with a homemade imaging setup. A soldering iron
tip with a temperature of 380°C was imaged on the input end
of the FB using a CaF2 lens. Another CaF2 lens was then used
to collect the transmitted signal from the output end of the FB
and image it onto a Xenics InSb camera, which is sensitive from
1 to 5 μm in the mid-infrared. Figures 2(b) and 2(c) show the
infrared images obtained with the camera directly and captured
through a 50 mm-long FB, respectively. The latter shows quite
clearly the fine features of the soldering iron tip as indicated in
the former without any distortions, implying the good perfor-
mance of the FB for the delivery of infrared images.

The resolution of the FB was determined by measuring the
modulation transfer function (MTF), which can be obtained
using the knife-edge method [11,13]. A knife edge was illumi-
nated with 3.8 μm of light generated by an optical parametric
amplifier (OPA), and its image was formed on the input end of
the FB. The image was transmitted to the output end of the FB
and was recorded with the InSb camera. A gray-level line profile
was digitally sampled perpendicular to the knife-edge direction,
and the result provided the edge-spread function (ESF), which
is shown in the insert of Fig. 3(a). The next step for calculating
the MTF was to make some standard algebraic operations, in-
cluding fitting the ESF with a Fermi function, differentiating
the fitted ESF, conducting a Fourier transform of the differen-
tiated function, and normalizing its magnitude to unity at zero
frequency [23]. Figure 3(a) shows the derived MTF curve. The
resolution of the bundle defined by the points where the in-
tensity of the MTF was reduced to half of its maximum value
was 45 lp/mm.

Crosstalk [8,11] may be observed in FBs when light focused
into an individual fiber leaks into the near-neighbor fibers
and is transmitted by those surrounding fibers. The crosstalk
is the ratio between the total light intensity in the surrounding
fibers ΣPi to the intensity in the core of the exited fiber P0:

C �
P

PiP
Pi � P0

: (1)

In the experiment, 3.8 μm of light generated by the OPA was
coupled into a single fiber in a 50 mm-long FB using anNA �
0.57 diamond-turned ZnSe lens with an anti-reflection coating
for the 3–5 μm band [24]. The focused spot size was estimated
to be ∼4 μm. The output from the FB was collected by a ×36
reflective objective lens and imaged onto the InSb camera. The
image of the output is shown in Fig. 3(b). Using Eq. (1), about
2.5% crosstalk was obtained.

The good performance of the FB for infrared image delivery
benefits from the high resolution and the low crosstalk. The
high resolution results from the small diameter of the
As2S3∕PEI individual fibers and the large active area of the FB,
and the low crosstalk is mainly attributed to the large NA of the
fibers. We found that an As2S3∕PEI FB, which contained fewer
multi-fiber units and had a cross section of less than ∼1 mm2,
showed relatively good flexibility. However, the flexibility was
quite limited when the cross section of the FB was increased. In
that case, good flexibility could be restored by wax-sealing both
ends of the FB and dissolving the exposed PEI in solvents such

as dimethylacetamide (DMAC) and dichloromethane (see
Fig. 4). It should be noted that the fibers lost their cladding
after the PEI was dissolved by the solvents. In that case, the
crosstalk between the adjacent fibers was expected to get much
higher and the FB was no longer suitable for transmitting infra-
red images. However, this gives an indication that it is feasible
to achieve a useful infrared FB with a large cross section and
high flexibility by employing a more complex fiber structure
with a chalcogenide core, a chalcogenide inner cladding, and
a PEI outer cladding, where the removal of the PEI by solvents
should not disrupt the infrared guidance. In that case, the chal-
cogenide core has a chalcogenide cladding with a lower refrac-
tive index, and the PEI acts as an interlayer material similar to
the “acid-dissolved glass” used in the manufacturing of the
high-resolution oxide glass FBs [25].

In conclusion, we fabricated an ordered FB consisting of
810,000 single fibers with an As2S3 glass core of 9 μm in diam-
eter and a PEI polymer cladding of 10 μm in diameter. The
fiber showed good transparency in the 1.5–6.5 μm spectral
region. The FB had a cross section of ∼110 mm2 and an active
area of ∼50%. It showed a high resolution of 45 lp/mm and
a low crosstalk of ∼2.5%, making it capable of transmitting
thermal images of hot objects efficiently.

Fig. 3. (a) MTF of fabricated As2S3∕PEI FB obtained by the knife-
edge method. The inset image is the evolution of the total output
intensity during the knife-edge measurement. (b) Light intensity dis-
tribution on the output end of fabricated As2S3∕PEI FB in a crosstalk
measurement.
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Fig. 4. Image of a FB consisting of 810,000 As2S3∕PEI fibers after
the PEI was dissolved by the DMAC solvent. The FB had a cross sec-
tion of ∼10 mm2, which was obtained by further reducing the side
length of the FB shown in Fig. 1(c) through the drawing process.
The FB was put into a cup of water to show its flexibility more clearly.
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