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Broadband Guidance in a Hollow-Core Photonic
Crystal Fiber With Polymer-Filled Cladding

Christos Markos, Grigorios Antonopoulos, and George Kakarantzas

Abstract— In this letter, we report for the first time (to the
best of our knowledge) the ability of a conventional hollow-
core photonic crystal fiber (HC-PCF) to guide light over a wide
bandwidth by selectively filling the cladding of the fiber with
polymeric material. The transmission spectrum of the new fiber
was recorded using a supercontinuum source while the measured
near-field profile, combined with the numerical analysis, verified
the existence of a single white fundamental guided mode in
the air-core. The main advantage of the proposed method is
that broadband guidance in air can be easily achieved, avoiding
complex and sophisticated designs as well as fabrication of the
fiber cladding structure, thus opening new prospects for the
HC-PCF.

Index Terms— Optical fiber devices, optical polymers.

I. INTRODUCTION

SOLID- and hollow-core photonic crystal fibers comprise a
silica cladding with a periodic array of air-holes running

down the entire length of the fiber [1]. Most of the research
on combining PCFs with new materials has been focused on
solid-core PCFs where infiltration of the cladding holes with
functional materials such as liquid crystals [2], [3], metals [4],
ferrofluids [5], polymers [6], [7], glasses [8], [9] etc. provides
the possibility to manipulate and control the guiding proper-
ties of the PCF according to the required applications [10].
It has been also demonstrated by several groups that the air-
channels of the HC-PCF can efficiently be used to host gas-
phase materials for Raman or other non-linear applications
[11], [15]. However, limited research has been carried out
regarding hollow-core PCFs infused with advanced materials.
Since 2002, it has been demonstrated that HC-PCF can guide
light either by means of a photonic bandgap, or in the absence
of a bandgap, via inhibited coupling guidance [12], [13].
In 2006, it was shown how the bandgap windows can be
shifted (scaled down) to shorter wavelengths by infiltration
of liquids with higher refractive index than air [16]. The
former class of fibers though (bandgap guiding HC-PCF),
exhibits a relatively narrow transmission window with low
loss, while the latter (so called inhibited coupling HC-PCF
or IC-HC-PCF) provide broadband guidance with higher
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transmission loss [17]–[19]. In contrast to bandgap fibers,
the IC-HC-PCF cladding has no bandgap but instead exhibits
low density of photonic states (DOPS) over a broad band-
width along the air-line, indicating the little symmetry overlap
between the core mode and the cladding modes in the respec-
tive frequency range [14], [15]. There are several reports on the
fabrication of such IC-HC-PCFs that require a sophisticated
and experienced handling in both the cladding structure design
and in the fiber fabrication [18]–[22].

In this letter, we demonstrate that broadband guidance in
air can be obtained simply by infiltrating the cladding of
a commercially available bandgap HC-PCF with a polymer
material of refractive index ∼1.42. The polymer utilized in our
experiments was poly-dimethylsiloxane (PDMS). The PDMS
exhibits very good optical properties such as low absorption,
high transparency with a refractive index lower than that of
silica, low Young’s modulus, etc. [23]–[25]. However, the
most important feature of this material is its low shrink-
age [25] which is an essential factor in our case. The loss of
the polymer-filled HC-PCF is relatively higher than Kagome
HC-PCF reported in the literature [15], [18], and [20]; however
the main scope of this letter is to demonstrate the possibility of
combining perhaps other functional materials such as polymers
or glasses to further modify the guidance of the conventional
HC-PCF with no need of the fabrication of a new fiber
structure.

II. EXPERIMENTAL

In our experiments, we employed a 19-cell HC-PCF (similar
19-cell HC-PCF can be purchased from NKT photonics A/S)
with core diameter dC ∼18 μm. The cladding holes have
diameter of ∼3.7 μm, strut width ∼560 nm while the pitch
of the fiber is ∼4 μm. The cross section of the fiber is shown
in Fig. 1.

In order to selectively fill the cladding region of the
HC-PCF, we employed a UV curable polymer and a two-
step infiltration-cure-cleave process as described in [26].
In the beginning, a UV-curing optical adhesive (NOA061)
was infused at a length of a few mm’s into the holes of the
fiber by means of capillary forces. Due to the large diameter
of the central hole, the optical adhesive travels faster, i.e.
several millimeters more than in the cladding holes. At this
point, we applied UV light from the side to cure the optical
adhesive. Then we cleaved the fiber at the cleaving point as
shown in Fig. 2(a). The cleaving point was determined by
observing the filled length through the side of the fiber with an
optical microscope. Since the core hole was blocked, we pro-
ceeded to infiltrate the PDMS material into the cladding holes.
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Fig. 1. Scanning electron microscopy (SEM) image of the HC-PCF. Inset:
Magnified SEM image of the core.

Fig. 2. Schematic representation of the selective filling process of (a) UV
optical adhesive and (b) PDMS. The corresponding optical microscope images
of the infiltrated (c) UV-optical adhesive core and (d) PDMS cladding.

The PDMS material was prepared by mixing 10:1 polymer
with curing agent as described previously in [23]–[25]. Due to
the high viscosity of the PDMS material, we inserted the fiber
in a custom-made pressure cell, where the material infused
into the holes at a pressure of ∼14 bar. The PDMS infiltrated
samples were left to cure for 48 hours at room temperature.

The second step involved another cleave as shown in
Fig. 2(b). At the end of the process, the PDMS selectively
filled only the cladding holes of the fiber. Fig. 2(c) and (d)
correspond to the optical images of the fiber between the two
cleaving points. The infused length of the HC-PCF with the
polymer material was ∼4 cm. In order to verify the polymer’s
uniformity and existence along the fiber, the latter was cleaved
into several pieces along its length and observed at the optical
microscope confirming the existence of the material inside the
cladding of the fiber.

III. NUMERICAL DETERMINATION OF

BANDGAP LOCATION

Prior to experimental work, we calculated the location
of photonic bandgaps of the cladding unit cell using a
plane-wave expansion method [27]. For each value of the

Fig. 3. (a) Calculated bandgaps (green color) for the conventional HC-PCF.
Inset: Zoom-in of the crossing of the airline with the bandgap confirming
the transmission window to be ∼1400–1800 nm. (b) Calculated bandgaps in
the case of PDMS-filled cladding unit cell. The solid line corresponds to the
vacuum dispersion line in both cases.

propagation constant β� (axial component of the wavenum-
ber k normalized to the fiber pitch �), the band structure of
the two-dimensional lattice of the HC-PCF was obtained by
calculating the frequency eigenvalues of the vector Helmholtz
equation. The band structure at each β� was calculated by
taking 16 points of the irreducible first Brillouin zone of the
hexagonal fiber lattice, whereas β� was scanned in steps of
0.2. Fig. 3(a) shows the “finger” plot (normalized propagation
constant β� vs. normalized frequency k�) of the HC-PCF
before infiltrating the material in the cladding. Bandgaps are
denoted in green color.

The transmission window of the fiber occurs in the infrared
range 1400–1750 nm, which is where the vacuum dispersion
line (or air-line) crosses the bandgap (see inset of Fig. 3(a)).
Similarly, we repeated all the calculations, in the case where
the cladding has been filled with PDMS. The refractive index
of PDMS was taken to be ∼1.42 [23]–[25] and that of fused
silica 1.45. As it can been seen from Fig. 3(b), the bandgap
region is now much shallower and away from the air-line.
Since, in our case, the core of the fiber is made of air, no
bandgap guidance can occur in the core.

IV. BROADBAND GUIDANCE AND LOSS

We measured the transmission spectrum of this hybrid
PDMS/silica structure using a supercontinuum source (SuperK
compact, NKT Photonics A/S) covering the 500–1750 nm
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Fig. 4. (a) Experimental set-up. (b), near field pattern of the fundamental
white light guided mode. (c) Transmission spectrum of the conventional
(air/silica cladding) HC-PCF (black line) and the polymer-filled HC-PCF (red
line). Insets: Calculated mode profiles of the polymer-filled HC-PCF at 600
and 1600 nm wavelength.

wavelength range. The light was coupled in the fiber using
an ×60 microscope objective. The output beam was collected
with another ×60 microscope objective and a multimode fiber
where the transmitted signal was recorded with an optical
spectrum analyzer (OSA). All the undesired light (cladding
and “surface” modes) was blocked by using an iris diaphragm
into the beam path such that only light from the core was
detected. In addition a beam splitter (BS) was inserted between
the light output and OSA to record with a CCD camera
the near field pattern. The experimental set-up is shown in
Fig. 4(a). Fig. 4(b) shows the white-light near field inten-
sity profile of the fundamental guided mode. It should be
mentioned, that no higher order modes were observed by
changing the launch conditions therefore the possibility of
having dielectric capillary guidance can be excluded. Also,
in capillary guidance the optical losses are at much higher
levels compared to our case [29], [30].

Fig. 4(c) shows the acquired transmission spectrum of the
polymer-filled HC-PCF. The insets of Fig. 4(c) show the
calculated mode profiles of the polymer-filled HC-PCF at
600 and 1600 nm. The numerical mode calculation of the
polymer-filled and conventional HC-PCF structure was done
by employing the fully vectorial integrated mode solver of the
commercially available Lumerical MODE solutions software.
The effective indices of the fundamental guided modes are
computed based on finite difference analysis using Yee’s
mesh and the index averaging technique [28]. The effective

Fig. 5. (Color online) Loss profile of the PDMS-cladding filled HC-PCF
(black line) and the absorption coefficient of the PDMS polymer material
(blue line). Inset: Optical image of the strong surface modes in the silica
strut.

refractive index of the conventional HC-PCF at 1600 nm
wavelength was found to be around 0.997317 while for the
polymer-filled fiber was 0.9976460. Furthermore, as can be
seen in Fig. 4(c), the spectrum exhibits transmission dips
at around 1186, 1403, and 1690 nm. These observed dips
may be the result of modal cutoffs of the different cladding
resonators [14].

Inhibited coupling guidance in a HC-PCF, occurs when
there is weak mode interaction between the core and the
cladding over a certain frequency range. This type of guidance
was first observed in the so-called Kagome fibers [15]. Con-
trary to the usual bandgap guiding HC-PCFs, which comprise
a cladding with a hexagonal array of circular air holes in
silica, the cladding of Kagome fibers consists of a square
array of star-of-David silica strands in air. In this case, the
strategy for weakening the coupling between the core modes
and the cladding modes focuses on minimizing the size of
the main glass resonators of the cladding structure. Inhibited
coupling structures can exhibit much broader transmission
windows than bandgap guiding HC-PCF [15], [22]. This
is due to the fact that the cladding resonators associated
with narrowing the bandgap range (for example, glass struts)
are now much smaller [15]. We believe that the observed
broadband guidance in our polymer-filled HC-PCF is possibly
due to inhibited coupling between the fiber core and the
cladding. It seems that there is now a different route for
inhibiting the coupling of energy from the air guided mode
to the cladding modes: Apparently, once the air is replaced
with PDMS in the cladding, the number of available cladding
modes near the air dispersion line is significantly reduced
compared to the original air/silica structure. This in turn results
in reduced coupling between the air-guided core modes and
the modes supported by the PDMS/silica cladding over a broad
wavelength range which is the actual transmission window of
the polymer filled fiber.

We also measured the loss of the fiber using the cut-back
technique. The minimum loss is ∼2.5 dB/cm at the visible
range as shown in Fig. 5. We believe that these levels of loss
may be introduced mostly due to confinement and absorption.
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Another significant factor could be the intense surface modes
that exist on the first ring of the silica strut. Additional loss
maybe introduced by imperfections of the cleaved end facet of
the hybrid HC-PCF due to the different mechanical properties
of silica and PDMS. Further optimization in terms of loss is
under progress by improving the infiltration and the material
synthesis procedure.

V. CONCLUSION

In this letter, we presented for the first time to our knowl-
edge broadband guidance in the air core of conventional
HC-PCF with a PDMS polymer-filled cladding. The polymer
inclusions introduce low index contrast in the cladding and
consequently reduce significantly the DOPS. Therefore, the
guidance mechanism is possibly relying on inhibiting coupling
[14], [15]. We measured the transmission spectrum from
500–1750 nm and recorded the near-field profile confirming
the existence of the broadband fundamental mode. In conclu-
sion, the proposed new methodology provides a new highway
for broadband guidance of light in air using conventional
HC-PCFs selectively filled with advanced materials. The pro-
posed technique could be useful in all applications that require
guidance in air over an extended bandwidth.
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