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Abstract: Silver halide polycrystalline infrared fibers (PIR) have unique properties such as
excellent transmittance in the spectral range from 3 to 17 um, while also being highly flexible,
non-toxic, and non-hygroscopic. They are used in industry and medicine for CO,-laser power
delivery, flexible infrared imaging, and remote process spectroscopy. While PIR fibers possess a
quite low attenuation (0.1-0.5 dB/m) in the 8-12 pm range, their total transmittance is limited
by significant Fresnel reflections at the fiber end faces due to the high refractive index of
silver halide (>2.1). Functionalization of these surfaces with specially designed Anti-Reflective
Microstructures (ARMs) enables a striking enhancement of fiber transmittance. In this work,
direct imprinting (or embossing) of microstructures to fiber ends and their profiling with a
microstructured knife was applied to fabricate such ARMs. The resulting two-dimensional
Moth-eye microstructures and one-dimensional microgrooves at the PIR-fiber ends enable to an
increase of fiber transmittance in a broadband range of (5-17 um) as well as to reach up to 20%
improvement for PIR-fiber laser cables used for power delivery of CO,-lasers at 10.6 pm.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Polycrystalline infrared (PIR) fibers made by extrusion from solid solutions of silver halides
(AgCl;_xBry) possess excellent transmission values in the spectral range from 3 to 17 um [1,2].
The applications for PIR fibers include flexible power delivery for CO, CO, and quantum cascade
laser systems [3—5] in addition to mid-infrared (mid-IR) spectroscopy [2], flexible infrared
imaging [6,7], and pyrometry [8,9].

While PIR fibers have low intrinsic losses in the mid-IR range, Fresnel reflectance losses at
the fiber ends significantly reduce overall transmission due to the high-refractive index contrast
between the fiber material (4 ~ 2.15 for infrared region) and air (n4, = 1). Data on the
refractive index dispersion and the attenuation for AgCIBr solid solutions are scarce and in the
case of the refractive index not fully consistent (e.g. compare the summarized data in [10]
with [11]). Most probably, both depend on the material manufacturing process to some extent.
In this paper, we estimated the refractive index dispersion for AgCly,5Br¢ 75 and AgCly 5Bro 5
compositions used as core and clad of PIR fibers, respectively. This data were used to calculate
the optical properties of PIR fibers in the mid-IR range. The refractive index of 2.15 for PIR
fibers at wavelengths of 3-16 um corresponds to Fresnel reflection losses of approximately 13%
from one surface. Thus about 25% Fresnel reflection at two surfaces of PIR fiber piece notably

#439904 https://doi.org/10.1364/OME.439904
Journal © 2022 Received 11 Aug 2021; revised 24 Oct 2021; accepted 23 Nov 2021; published 3 Dec 2021


https://orcid.org/0000-0002-8902-3000
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.439904&amp;domain=pdf&amp;date_stamp=2021-12-03

Research Article Vol. 12, No. 1/1 Jan 2022/ Optical Materials Express 35

-

O gijez| Ylaaragl:

{ e

impede high-power delivery for laser radiation. For complex systems that contain multiple
PIR fibers, this value is significantly higher and can be estimated as 1 — (1 — R)¥, where R is a
Fresnel coefficient of power reflectance and k is the number of interfaces. For example, PIR
fibers are the main component in Attenuated Total Reflectance (ATR)-probes that are used for
real-time reaction monitoring in the Chemical, Petrochemical, Atomic, Biopharmaceutical and
Food industries [12,13]. ATR probes consist of at least two fibers and thus four interfaces that
result in 43% power losses due to Fresnel reflection. Eliminating or reducing these losses would
result in a significantly increased signal to noise ratio and improved sensitivity of the probe and
thus the whole spectroscopic system. Therefore, improving single-surface transmittance for PIR
fibers is very important, especially for laser power delivery and spectroscopic systems.

There are different methods of surface modification to reduce Fresnel reflection losses, and the
most used one is thin film coating [14—16]. Despite being the most frequently implemented on
various fiber materials and for numerous applications, the anti-reflection thin film shows some
drawbacks. Insufficiently wide spectral range for spectroscopy applications and low laser induced
threshold for laser optics applications limit the use of fibers treated with anti-reflection coating
[17-19]. Moreover, in the case of high-power laser radiation, differences in thermal expansion
coefficients of the fiber core, cladding and coating material can lead to cracks in the coating
[18]. This, together with the high refractive index of AgCIBr fiber, makes the choice of coating
material difficult. In addition, the sensitivity of AgCIBr material to the heat exposure (above 140
°C) and UV irradiation also limits the number of suitable coating techniques [10]. Furthermore,
the softness of the AgCIBr makes polishing impossible and the plasticity of the AgCIBr material
prevents perfect cleavage, at the same time a slicing technique used to prepare the fiber surface
still results in non-perfect flatness which leads to a poor coating quality. Nevertheless, there are
some examples of using anti-reflection coatings for silver halide fibers in literature [20-22].

An entirely different approach to the reduction of Fresnel reflection is the creation of anti-
reflective microstructures (ARMs). The difference from antireflection coating approach is that an
effective refractive index at the fiber surface is created by a sub-wavelength profiled structure
[15,23,24]. The best known of the profiled anti-reflective structures is named after its biomimicry,
the “moth’s eye". These nano-textures create an effective light trap, which theoretically reduces
the reflection down to 0.1% [25]. This light trapping effect also occurs in the short wavelength
range, where the period of the structure is greater than the wavelength [10]. Profiled anti-reflection
structures have some advantages, in particular, they can be made of the substrate material and
therefore have a higher mechanical strength and a higher laser-induced damage threshold [26].
They can be designed for a broad spectral and angular range [27]. There are a number of
techniques to create ARMs on the optics, e.g. lithography [28,29], laser ablation [29,30], etching
[31], molding [32-34], etc. [24,35]. Not all of them are suitable in our case for PIR fiber
end faces due to the reasons discussed before. However, the most straightforward and simply
implemented ones are a direct imprinting (in some cases also called embossing or stamping),
and profiling with a microstructured knife (also called a Special Microstructure Anti-Reflection
Treatment (SMART) in [1]). The former allows the fabrication of two-dimensional ARMs on a
fiber tip via direct contact with a master plate, while the latter creates one-dimensional grooves by
profiling the fiber tip. These structures gradually reduce the refractive index of the fiber surface
and allow to obtain a better optical impedance match.

Here, we investigate the surface modification of the polycrystalline silver halide fiber tip using
direct imprinting and profiling methods. The possibility of direct formation of ARMs at room
temperature (about 22 °C) is demonstrated with respective spectral and profile characterizations.
Two methods for ARM formation are demonstrated - imprinting on the PIR fiber end face using a
master plate with Moth-eye structure and direct profiling with a microstructured knife that creates
microgrooves.
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2. Experimental methods
2.1. Computational methods

In order to substantiate the measurements and to gain a deeper understanding of the anti-reflection
performance of the produced ARMs, these structures were simulated using the finite difference
frequency domain method implemented in COMSOL Multiphysics. The refractive indices
used for the simulations were obtained by fitting measurement data (estimated) and a Sellmeier
equation for the visible range, both published in [11].

All calculations of transmission were performed using experimental data of the microstructures.
The dimensions of the microstructures on the master plate and imprinted fiber ends were measured
with a three-dimensional profilometer.

2.2. Profile measurements

To measure profiles of the fiber end faces after modification, the laser confocal optical profilometer
VK-X1100 from KEYENCE was used with a 100x objective (NA = 0.8, working distance of 2
mm, nominal resolution of 12 nm in height and 40 nm laterally). The original ARMs and the
ones created on the fibers were measured in three randomly chosen spots in different directions
obtaining at least three data points in each direction and overall at least 27 data points. Obtained
data were averaged and standard deviation was calculated.

2.3. Materials

Imprinting was performed using 0.9 m long polycrystalline fibers with 900/1000 um core/clad
diameters and AgCly5Brg75/AgCly sBrg s core/clad composition (Art Photonics, Germany). A
diamond mold plate with anti-reflective Moth-eye structure (Telaztec, USA) was used as a master
plate to obtain two-dimensional patterns. One-dimensional profiling was done using a special
knife made from a cleaved silicon wafer with grooves. The geometry of the micro grooved
one-dimensional silicon knife and two-dimensional Moth-eye microstructures was specifically
optimized for high anti-reflectance performance in the range 8-12 um.

Before usage, the master plate was cleaned from previous AgCl;_xBry fiber residues. Cleaning
was performed by 15 minutes sonication in concentrated hydrochloric acid solution. After that,
the master plate was rinsed with ethanol and dried with a nitrogen flow.

2.4. Imprinting of moth-eye microstructures (2D-imprinting)

Moth-eye impress is a two-dimensional (2D) microstructured surface that is embossed on the
fiber end faces by using a master plate. During the imprinting experiments, the fiber was secured
in the plastic tubing with the fiber ends tightened in the ferrule using a squeeze connector. This
squeeze connector allows securing of the fiber inside a ferrule and prevents its movement during
the imprinting process.

A setup was built for the imprinting of the Moth-eye ARMs on the fiber end (general scheme is
shown in Fig. 1). In the setup, the ferrule is tightened in a special holder and the relative position
between the fiber and the master plate can be changed in X, y and z directions using micrometer
drives. The master plate was then pressed onto the fiber. Imprinting was performed at room
temperature (about 22 °C).

2.5.  Fiber end face profiling with the microstructured knife (1D-profiling)

The 1D-profiling is the creation of one-dimensional microstructures - grooves and ridges - as a
result of shaving (slicing, scraping) with a profiled knife made of a cleaved silicon substrate with
grooves. The microstructures on the knife surface were produced using grayscale photolithography.
The geometry of these microstructures was approximately trapezoidal-shaped, with parameters,
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Fig. 1. General scheme of the setup for imprinting of ARM:s to the fiber end. Setup parts
are indicated by numbers: 1 — fiber; 2 — squeeze connector; 3 — master plate; 4 — holder for a
master plate.

shown at Fig. 5. The 1D-profiling was performed by slicing the fiber tip surface with the
structured knife edge at room temperature (about 22 °C).

2.6. Temperature and force measurements for 2D-imprinting

As the efficient imprinting of the Moth-eye ARMs on the fiber end depends on the mechanical
properties of the material and consequently, on the temperature of the fiber material [36-38],
it is necessary to understand the amount of force required for a successful result. As follows,
the next setup was built to investigate the temperature influence on the required force for the
imprinting process (see Fig. 2). For this, the master plate with Moth-eye structure was fixed
on a hot plate (Kyntel, Peru). The fiber was tightly glued inside the ferrule and pressed to the
master plate heated from the bottom. Thus the heating of the fiber occured only on the surface in
physical contact with the master plate. The temperature of the master plate was measured with a
thermocouple. Force was applied by pressing the load cell onto the fiber (moving in z direction)
and measured with a load cell. The load cell with the signal amplifier and microcontroller was
connected to the computer.

I

Force

output]|
o’

Fig. 2. Experimental setup for force versus temperature measurements. Setup parts are
indicated by numbers: 1 — fiber; 2 — fiber capsule; 3 — master plate; 4 - load cell.

2.7. Transmission measurements

For the measurements of fiber performance, two optical setups were used. The first setup contained
a CO,-laser source with a maximum 10 W output power (Diamond C-40 air-cooled laser GEM
40A Circular, Coherent Inc., USA) and necessary optical components to guide the laser beam
and a power meter to measure transmitted power. The second setup used a mid-IR spectrometer
(Fourier transform infrared (FTIR) spectrometer ReactIR 1000 with Mercury-Cadmium-Telluride
(MCT) detector) to measure changes in transmission over a broad wavelength range. The
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measurements of optical power and fiber transmission were performed on the initial fiber and
afterwards the same fiber with formed ARMs on its ends. The scheme of the measurements is
shown in Fig. 3. As percentages are already used to represent the fiber transmittance, here the
improvement in transmittance is presented in terms of relative enhancement in fiber transmission,
i.e. the ratio between the transmittance of treated and untreated fiber (also using percentages).

Sample fiber
(PIR 900/1000 pm core/clad)

FTIR
—] spectrometer
ReactIR 1000
with MCT
detector
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Reference fiber
(PIR 400/500 pm core/clad)

N
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-

Fig. 3. Scheme of the transmission measurements using a CO,-laser for 10.6 um wavelength
transmission (a) and a FTIR spectrometer for broad wavelength range (b).

3. Results

3.1.  Imprinting of the moth-eye microstructures (2D-imprinting)

The best achieved replication of the Moth-eye microstructure, i.e. when the whole fiber end
surface area was imprinted and covered by ARMs, was achieved only after the optimisation of
the imprinting process. The master Moth-eye plate features a similar structure of truncated cones
arranged in a hexagonal array present in the eyes of moths [39,40]. These structures are known to
be anti-reflective. Depending on the height (H), period (A) and structure size at the top (D) and
bottom (B) (Fig. 4), the anti-reflective performance can be shifted from visible light to infrared
and mid-IR range [41-43]. Effectively, such structures create a gradually changing refractive
index when the wavelength of incident radiation is comparably longer than the dimensions of the
structure [44]. For imprinting of the ARMs onto AgCl;_4Bry fibers we used cone type Moth-eye
microstructures fabricated on the diamond plate. Three-dimensional optical profilometer images
of the master plate (Fig. 4(a)) revealed a A of 3.06+0.18 um, the D of 1.05+0.26 um, the B of
0.6+0.4 um. The H of Moth-eye microstructures was 1.22+0.3 pm.

After the imprinting of the master structure onto the fiber end face, the negative shape (an
inversion of the master plate structure) is left behind. Nevertheless, some discrepancies from the
expected inverse structure occur. This is due to mechanical properties of the material, such as
stiffness, strength, viscoelasticity, toughness, viscosity, i.e. due to elastic response of the fiber
material and insufficient time given for complete material flow [45,46].
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Fig. 4. The 3D profilometer images of the master plate (a) and imprinted fiber surface (b);
geometrical parameters of the master plate profile and imprinted fiber end (c).

With our sample, when increase in CO; laser transmission by 28.6% was observed, the size
D of the imprinted microstructures on the fiber was 0.78+0.16 um (corresponding to the B of
0.6+0.4 um on the master plate), B - 0.89+0.14 um (corresponding to the D of 1.05+0.26 um on
the master plate), A was 3+0.09 um and H increased to 1.29+0.2 um (Fig. 4(c)). The increase in
the structure height compared with the master structure is unexpected and can be attributed to the
sticking of the fiber residues to the master plate after previous imprinting due to more favorable
adhesion. Nevertheless, the bottom dimension of Moth-eye ARMs changed from D = 1.05+0.26
um to 0.89+0.14 um when imprinted. Decrease of the size D might also have occurred because
of elastic deformation and incomplete imprinting.

All things considered, we expected some decrease in the structure height H due to the
incomplete embossing. Because of the limited plasticity, the required time for fiber material to
flow under the cavities depends on the material properties and dimensions of the master structure
[47]. Nevertheless, a slight increase in structure height was observed experimentally. The size
deviation between the individual protrusions and cavities might also have increased because of
inhomogeneous pressure on the whole fiber surface — some areas underwent more pressure than
others. However, three-dimensional profilometer data reveal apparent microstructures over the
entire fiber surface (Fig. 4(b)) after imprinting.

3.2.  Fiber surface profiling with a microstructured knife (1D-profiling)

One-dimensional profile of the microstructured knife and related fiber surface pattern are
presented in Fig. 5. For this profile, the transmittance for CO,-laser increased up to 24% after
treatment of both fiber end faces. After the treatment, the fiber surface acquires almost the same
structure geometry as the knife edge, but inverted. The resulting height of the structure on the
fiber surface profile (approximately 1.75 um) is less compared to that on the knife (2.15 wm).
Also, it can be noted that the top corner of the ridges became sharper on the fiber edge, while the
groove bottom width or distance between ridges became slightly larger than on the knife. This
can be explained by incomplete profiling, i.e. not the whole height of the knife grooves was used.

3.3. Transmission measurements

After the 2D-imprinting of ARMs, the fiber transmission (0.9 m length, 900/1000 pm core/clad
diameter) was measured in a broad spectral range using the FTIR spectrometer. After the
Moth-eye 2D-imprinting (structure corresponding to Fig. 4), the fiber transmittance increased
in the spectral range 5-17 um (Fig. 6(a)) and decreased in the short wavelength range of 2-5
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Fig. 5. The 3D profilometer images of grating on the knife edge (a) and microstructured
fiber surface after slicing (b); geometrical parameters of the knife profile and fiber end
structure after treating (c).

um due to the diffraction. The transmission at 10.6 pm wavelength increased by 5% after the
treatment of one fiber end surface and by 14% after both fiber end surfaces treated, resulting in
total transmission increase from 60.5% to 68.8% for two surfaces being treated. Further attempts
of Moth-eye imprinting enabled to achieve the transmission increase as high as 25.1% (up to
75.7% on 10.6 um wavelength) when both fiber ends were micro-structured (shown in Fig. 6(a) -
dashed line). Unfortunately, there was no possibility to measure the corresponding structures
with a profilometer. An interesting observation is that after the Moth-eye treatment, the fiber end
visually looked almost black (as shown in the Fig. 6 legend inlay).

The transmission increase in in 7.5 um - 17 um spectral range (the cut-off wavelength being
approximately 7.5 wm) was observed for 1D-profiled fiber surfaces (structure corresponding
to Fig. 5). The transmission at 10.6 pm increased by 22.3% from 62.7% to 76.7% after the
treatment of both fiber end surfaces (Fig. 6(b)).

The effect of diffraction on the transmittance in short wavelengths range is observed experi-
mentally for both Moth-eye imprinting and profiling of the fiber surface (Fig. 6). The cut-off
wavelengths for this effect are different due to the difference of geometrical dimensions for both
1D-profile and 2D Moth-eye structures.

Fibers with 2D-imprinted ARMs were also examined by measuring their transmission with a
CO;-laser. Data on CO;-laser transmission and FTIR measurements for 10.6 pm from several
samples are summarized in Table 1.

The increase of CO;-laser transmission is about by 25% (up to 30% in some attempts) at
Moth-eye imprinting and about 19%-24% at profiling after both fiber end surfaces treated. The
fiber transmittance measurements with FTIR-spectrometer show lower values due to a higher
input numerical aperture [27,48], but are in a good agreement with laser transmission results.

Comparison of the 1D-profiling and 2D-imprinting treatment of the fiber shows a similar
increase in the transmittance over a broad wavelength range (Fig. 7). At 10.6 um the ratio between
the transmissions of treated fiber/initial flat surface is 1.25 and 1.22 for 2D-imprinting and
1D-profiling treatment, respectively. However, with the other 2D-imprinting Moth-eye treatment
attempt, the ratio reached only 1.14 (corresponds to Fig. 4). The best results correspond to a
single-surface reflectance of 3% (2D-imprinted moth-eye ARM) and 4% (1D-profiling) at 10.6
um wavelength (13% is for untreated surface).
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Fig. 6. The measured transmission before and after the 2D Moth-eye imprinting (a) and
1D-profiling (b). In case of Moth-eye treatment (a) dashed line indicates the best result,
whereas the solid line shows the result for the structure described at Fig. 4. The legend inlay
shows optical microscope pictures of both flat fiber ends (upper), one imprinted fiber end in
the input (middle) and both imprinted fiber ends (bottom).

Table 1. Results of ARMs treated fiber transmission at 10.6 um wavelength measured with
CO5-laser and FTIR spectrometer.

Sample No | Treatment type | Increase in CO,-laser transmission, % | Transmission with both ends treated, %
One end treated | Both ends treated | CO,-laser Spectrometer
1 Non-treated - - 69 60.5
2 2D imprinted 14 30 90 75.7
3 2D imprinted 13 29 89 73.5
4 2D imprinted 13 29 89 74.4
5 2D imprinted 12 28 88 70.1
[§ 2D imprinted 10 25 86 68.8
7 2D imprinted 10 25 86 68.9
8 Non-treated - - 67 62.7
9 1D profiled - 24 83 76.7
10 1D profiled - 19 80 75.2
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Fig. 7. Comparison of the increase in fiber transmittance ratio for 2D-imprinted Moth-eye
microstructures and 1D profiled grooves on both fiber ends.

3.4. Transmission calculation

The refractive indices used for the simulations are obtained by fitting measurement data (estimated)
and a Sellmeier equation for the visible range, both published in [11]. For the input function of
the fit, a known Sellmeier equation for the component silver chloride, published in [49] was used
(Fig. 8). In the fitted function (1) the wavelength A is given in micrometers.

781073
— _ . 3.2 . -6 . 14
nAgClo_25:AgBr0_75(/l) - \/466 + /12 — 32 4 ] 10_3 193 10 /l + 4 10 /l (1)
24514 Sellmeyer equation fit for IR
—A— Sellmeyer equation fit for VIS from [11]
2404 ® Experimental data from [11]
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o 23549
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@
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£ 23044
@ \
g 2,25 4
©
['4
2,20
2,154
2,101
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Wavelength &, pm

Fig. 8. Sellmeier equation fitted for PIR fiber core material using data obtained from [11]
and the Sellmeier equation from [49] as an input function.

Transmission calculations were performed for Moth-eye and groove structures with geometry
and sizes specified in Fig. 4 and Fig. 5. According to computational results for Moth-eye ARM
treatment (2D-imprinting), increase in the transmission due to anti-reflective contribution occurs
in a wide range of wavelengths from 5 pm to 16 pm (Fig. 9(a)). The reflection from the single
plain air/fiber interface diminishes the transmission to #87% as calculated from the Fresnel
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equations. Whereas, when the ideal Moth-eye ARMs based on the mold geometry are imprinted
on the plain fiber end, the single surface transmission at 10.6 um wavelength increases to 92.5%.
When the incident wavelength is close to the dimensions of an ideal Moth-eye ARM (A =3 pum),
the anti-reflective performance is not noticeable anymore. Because of this effect, the transmission
of the radiation is suppressed due to the diffraction in the range of 3-5 um. Nevertheless, the
simulations based on the geometry of experimentally obtained structures after imprinting show
that reduced reflection should lead to 93% transmission at 10.6 um wavelength.
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Fig. 9. Comparison between the calculated (calc.) and experimental (exp.) performances of
the 1D-profiling and 2D-imprinting, in accordance with data from Fig. 4 and Fig. 5. A) Single
surface transmittance of 2D-imprinted fiber tip with Moth-eye ARMs. B) Single surface
transmittance of 1D-profiled fiber tip. C) Calculated and measured fiber transmittance in
case of treatment of both fiber end faces. Used fibers are PIR fibers with 0.9 m length and
900/1000 wm core/clad diameters. "Ideal" imprint and profile refer to the inverted structures
from the master plate and knife, respectively. "Real" imprint and profile refer to the structures
measured on the profilometer.

Similar results were observed with the one-dimensional groove simulations (1D-profiling,
Fig. 9(b)). A transmission of 97.4% for 10.6 um should be achieved after a perfect treatment
(when an ideal inverted structure is attained on the fiber using the knife profile described in
Fig. 5). Overall, simulated transmittance for groove ARMs is slightly better than that for the
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Moth-eye ARMs, though the cut-off wavelength is higher, providing a more narrow anti-reflective
range. For the groove microstructures, the high transmittance is achieved in the range 8-17 pm.

The simulated transmission of single treated fiber surface was compared with the experimental
results (Fig. 9(a, b)). For this purpose, an internal attenuation from the raw transmission data
of the fiber was excluded and the transmission of single ARMs treated air/fiber interface was
evaluated. The obtained experimental results correspond well to the simulations. Nevertheless,
transmission values observed in the short wavelength range were better than expected. Although
it is not clear yet, this improved transmittance could be explained by neglected interaction
between the diffracted radiation and the fiber material. Generally, the transmission losses in the
polycrystalline fibers at shorter wavelengths are caused by complex interactions between the
Rayleigh-Gans scattering from the micro-grains at the fiber structure and Brillouin scattering,
resulting in a A= dependency [10,25]. The possible interaction between the short wavelength
radiation (approximately 6 pm and shorter) passing through the ARM treated fiber surface and
the micro-grains of the fiber material could be the reason for the improved transmission in the
short wavelength range observed in the experiments. Such interaction was not accounted for
when experimental single ARMs were evaluated.

The transmittance of the whole 0.9 m length fiber was simulated for the cases of the ideal
Moth-eye and ideal grooved ARMs obtained by imprinting/profiling the fiber, i.e. the ARMs
on the fiber tips are inverted ARMs from the master plate/knife. The simulated transmittance
is compared to the experimentally obtained spectra in Fig. 9(c). Experimental transmission
for the used fiber with flat ends is 60.5% (in case of 2D-imprinting) - 62.7% (in case of 1D
profiling) at 10.6 um. If the Moth-eye structure obtained by imprinting would be on both fiber
ends instead of the flat ends, the transmission would reach 69%. The experimentally obtained
value - 68.8% is similar to the expected one. The simulated transmission for the groove ARMs
obtained by profiling the fiber should also be similar to the one obtained experimentally and
reach 77.9% (experimentally obtained value is 76.7%). In this way, the transmission should
increase by 14% after the Moth-eye imprinting (experimentally observed increase is 14%) and by
24% after profiling both ends of the fiber (experimental increase - 22%).

3.5. Temperature and force measurements for 2D-imprinting

The 2D-imprinting described above was performed at room temperature (about 22 °C). However,
it was found that the force required for imprinting the whole fiber (with 900/1000 wm core/clad
diameters) surface area, i.e. with maximum surface coverage efficiency, can be reduced if the
process is performed under higher temperatures. When the heated master plate gets in contact
with the fiber end face, the temperature of the fiber end increases that leads to increased plasticity
of the fiber material. According to our results, the force needed for imprinting of the whole fiber
end area decreased from 90 N at room temperature (about 22 °C) to approximately 45 N when
the master plate heated to 150-200 °C.

4. Discussion

1D-profiling and Moth-eye ARMs treatments lead to similar transmittance improvement of
polycrystalline optical fiber in the spectral range 7.5 - 17 um (see Fig. 7). The main difference is
that the resulting transmission increase starts from about 5 um for Moth-eye ARMs and from 7.5
um for profiling treatment. The dependency of cut-off wavelength and the amount of reflected
radiation on the microstructure dimensions (height, period, top and bottom width) is complex
[50,51]. For the Moth-eye ordered microstructures, the height of the relief affects how much the
reflectance is suppressed. But the cut-off wavelength does not depend on the height, only on the
period. The reduction of the period results in a shift of the cut-off wavelength into the range of
shorter wavelengths [30,44,51].
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The profilometric measurements show that the resulting geometrical dimensions of the fiber
surface profile are different from the surfaces of the profiled knife edge or the moth-eye master
plate. This is due to the low plasticity of the fiber material that also tends to stick to the master
plate or microstructured knife during the treatment. For further improvement in replicating of
ARMs on the fiber surface by embossing technique, an increase in pressure and temperature will
be attempted. The higher loading at the contact of the fiber end and master plate should lead
to better replication of the microstructures. Moreover, higher temperatures should soften the
fiber material and allow to reduce the required force. However, PIR fibers should avoid being
heated for a prolonged period of time as it leads to substantial grain growth and increased optical
losses [10,26]. Thus, the embossing process will be further optimised. In case of 1D-profiling
we believe that the quality of 1D-profiled surface on fiber end face is mainly determined by the
silicon knife quality. Thus, for the improvement in the profiling process, the importance to the
quality of silicon knives and the whole cutting arrangement should be paid.

While producing one-dimensional structures with 1D-profiling is more cost-effective and
simpler, their transmittance is polarisation dependent [52,53] with accordance to our calculations.
Of course, in case of non-polarised radiation (for example, in spectroscopy) this property does not
produce a notable effect. The 2D-imprinting technique allows the production of 2D gratings with
the advantage of polarisation-independent transmittance. This method is more advanced, requires
an application of force and temperature to the master plate and needs to be done more accurately
and precisely to achieve a good imprint on the fiber end face. In addition, master plates with
2D anti-reflective “moth-eye" structure are much more expensive in comparison to 1D grating
used in the previous method. The contamination of the master plate with the polycrystalline fiber
material is another problem which leads to reducing the quality of the resulting structure on
the fiber end face. The cleaning of the master plate is possible with a method described above,
however, it is difficult to get rid of all contaminants because of the fine relief of the structure.

Another significant problem during the imprinting is that usually it is very hard to cleave the
fiber end face perfectly perpendicular to the fiber axis. It leads to incomplete physical contact
between fiber and master plate during the embossing and results in a non-uniform covering of the
ARM structure over the fiber end face.

Despite the problems described above, thermomechanical imprinting and 1D-profiling remain
the most straightforward method of fabricating ARMs on the fiber end face.

5. Conclusion

Simple and straightforward methods to suppress Fresnel reflection and increase the transmittance
of AgCl;_xBry fibers (in a broad spectral range and at CO,-laser radiation wavelength, particularly)
have been proposed and investigated. Both of these treatments were implemented at room
temperature. The shaving of the fiber end with a profiled silicon knife produces one-dimensional
anti-reflective grating. Another method is the imprinting of a two-dimensional so called Moth-eye
microstructured master plate onto the fiber end face. The theoretical reducing of Fresnel reflection
for two structures has been calculated, the experimental results are in a good agreement with
calculated values. The transmission spectra of treated optical fibers in the spectral range from 3
um to 17 wm show the effect of diffraction at the surface microstructure on the fiber transmission.
The significant transmission increase has been measured in the spectral range from 7 to 17
um. Measurement with CO;-laser (10.6 um wavelength) showed the transmission increase by
25-30% for both fiber surfaces treated. The advantage of 1D-profiling technique is the availability
and relatively low cost whereas 2D-imprinting is more promising for broadband anti-reflection
treatment with polarisation independence.
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