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Abstract: Here we report the fabrication of hollow-core cylindrical
photonic bandgap fibers with fundamental photonic bandgaps at near-
infrared wavelengths, from 0.85 to 2.28 um. In these fibers the photonic
bandgaps are created by an all-solid multilayer composite meso-structure
having a photonic crystal lattice period as small as 260 nm, individual layers
below 75 nm and as many as 35 periods. These represent, to the best of our
knowledge, the smallest period lengths and highest period counts reported
to date for hollow PBG fibers. The fibers are drawn from a multilayer
preform into extended lengths of fiber. Light is guided in the fibers through
a large hollow core that is lined with an interior omnidirectional dielectric
mirror. We extend the range of materials that can be used in these fibers to
include poly(ether imide) (PEI) in addition to the arsenic triselenide
(As;Se;) glass and poly(ether sulfone) (PES) that have been used
previously. Further, we characterize the refractive indices of these materials
over a broad wavelength range (0.25 — 15 um) and incorporated the
measured optical properties into calculations of the fiber photonic band
structure and a preliminary loss analysis.
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1. Introduction

Hollow-core photonic bandgap fibers have been made from arrays of air holes in a solid
dielectric [1-3] and from pairs of solid materials forming multilayer structures (also called
Bragg fibers) [4]. Recently, researchers have reported on hollow-core photonic bandgap
fibers with low losses around 1.5 um [5] and 850 nm [6] based on silica-air 2-D photonic
crystal structures. In addition, researchers have made use of the tailorable dispersion and
nonlinear characteristics of these fibers to demonstrate novel effects in ultrafast pulse
propagation and the nonlinear optics of gases[7,8].

Here we report on multilayer photonic bandgap fibers that confine light in a hollow core
[4]. These fibers have an al-solid meso-scale structure consisting of multiple alternating
layers of high- and low-index materials surrounding a cylindrical hollow core. Hollow core
guiding versions of these fibers have recently been successfully fabricated, with fundamental
photonic bandgaps a 3 and 10.6 wm wavelength [9]. While those wavelengths may be used
for high-energy laser delivery, it is aso of interest to explore the usage of these fibers at near-
infrared (IR) wavelengths where most modern solid-state lasers operate, enabling applications
ranging from standard telecommunications to ultrafast physics. In particular, those fibers that
have a large refractive index contrast between the layer materials have been shown
theoretically to allow great reductions in fiber losses and non-linearities as well as widely
tunable dispersion and other interesting properties [10-14]. The high refractive index contrast
between the layer materials leads to large photonic bandgaps and makes the inner lining of the
fiber analogous to an omnidirectional dielectric mirror [15,16]. This structure should
therefore have short electromagnetic penetration depths within the layer structure, minimizing
the interaction of light with the layer materials [17]. Here we report for the first time the
fabrication of hollow-core guiding cylindrical photonic bandgap fibers a near-IR
wavelengths, from 0.85 to 2.28 um. These fibers require a significant reduction in feature
size from previous work; the photonic crystal lattice periods in the fibers fabricated were
drawn down to 260 nm.

To-date, structured fibers in general have been produced using a fairly narrow range of
materials which limit the range of applications. An important focus of our research has been
the identification of pairs of thermo-mechanically solid materials which can be assembled into
a preform and co-drawn into fibers. The full set of necessary materials-compatibility
conditions has not been completely established it is apparent though, that the ability to achieve
small feature sizes while maintaining geometry depends on the material’s viscosities at the
drawing temperature and surface energies. In this work we introduce a new material,
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poly(ether imide) (PEI) into the layered structure of these fibers, combined with the arsenic
triselenide (As;Se;) and poly(ether sulfone) (PES) that have been used in the past. We have
also performed broadband (0.4-15 um) spectroscopic ellipsometry measurements on PEI,
PES, and As,Se; and incorporated the resulting experimentally determined real and imaginary
refractive index values into photonic band diagram calculations for PEI and As,Se;, and for
fiber loss calculations.

2. Experimental

Refractive indices of As,Se;, PElI and PES were measured using a SOPRA broadband
spectroscopic ellipsometer. As,Se; films were prepared by thermal evaporation onto a silicon
substrate. PEI and PES were prepared by spin coating from polymer solutions onto silicon
substrates. The nominally stoichiometric composition of the evaporated As,Se; films was
verified by electron microprobe analysis. The As,Se; films were confirmed to be amorphous
both before and after fiber drawing using Raman microprobe spectroscopy.

The fiber preform was fabricated by the thermal evaporation of an As,Se; layer (2-5 um)
on each side of a free-standing 9-15-um-thick PEI film, and the subsequent ‘rolling’ of that
coated film into a hollow multilayer tube. This hollow macroscopic preform was consolidated
by heating under vacuum, and clad with a thick outer layer of PES; the layered preform was
then placed in an optical fiber draw tower, and drawn down into hundreds of meters of fiber
having well controlled submicrometer layer thicknesses and photonic bandgapsin the near-IR.
The final layer thicknesses of the semiconducting As,Se; layers were as small as 60 nm. The
spectral positions of the photonic bandgaps were controlled by the optical monitoring of the
outer diameter of the fibers during draw. Typica standard deviations in the fiber outer
diameter were ~1-2% of that diameter.

Fiber transmission spectra in the near to mid-IR were measured with a Fourier-transform
infrared (FTIR) spectrometer (Bruker Optics Tensor 37), using a lens to couple light into the
fiber and an external detector.

3. Results and discussion

Scanning electron microscope (SEM) imaging (Fig. 1) of a hollow-core cylindrical bandgap
fiber with a fundamental bandgap of 2.28 um reveals that the drawn fiber maintains
proportional layer thickness ratios, and that the PEI and As,Se; films maintain their structure
during rigorous thermal cycling and elongation.

The real and imaginary components of the refractive indices of PEI, PES, and As,Se;
from 0.25 to 15 um wavelength are compared in Fig. 2. [18]. The polymeric materials have
significant vibrational absorption bands from 5 um to 15 pum, resulting in sharp index
variations. The As,Se; has a large, smooth change in refractive index between 400 and 800
nm due to its electronic bandgap around 1.83 €V. The Fig. 2 inset magnifies the wavelength
region from 0.4 to 2 um. At 1.55 um, the refractive indices of PEI, PES, and As,Se; are 1.66,
1.62, and 2.82, respectively. These results for the real and imaginary index measurements
were used for the calculation of the photonic band diagram shown in Fig. 3 as well as for the
estimation of the fiber losses via leaky mode loss analysis. While good agreement was
obtained for the location of the fundamental and higher order bandgaps, loss estimation for a
non-ideal fiber is more complex. A brief discussion on fiber losses is given below, but a full
analysisis reserved for a future paper dedicated to studying loss mechanismsin 1-D photonic
crystal fibers.
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Multitayer

Fig. 1. Cross-sectional SEM micrographs of a 684-um-OD fiber with a fundamental photonic
bandgap at a wavelength of 2.28 um mounted in epoxy are shown in (A), with multilayer
structure lining around hollow core; (B) demonstrates the integrity of the multilayer structure;
(C) revedls the ordering of alternating layers with As;Se; (bright layers), and PEI (grey layers).
The PEI layers have a thickness of 470 nm, and the As,Se; layers are 270-nm-thick.
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Fig. 2. Real (n, upper panel) and imaginary (k, lower panel) refractive indices of As,Ses, PEI
and PES measured by spectroscopic ellipsometry from 0.25 to 15 um wavelength. The insets
magnify the region between 0.25 and 2 pum (with k on logarithmic scale). The polymeric
materials have vibrational absorption modes from 5 um to 15 um, while As,Se; has an
absorption band below 680 nm due to its electronic bandgap.
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The upper panel of Fig. 3 shows the photonic band diagram for an As,Se; / PEI multilayer
mirror calculated using Bloch wave / eigenvalue techniques (assuming an infinite periodic
multilayer structure) [19]. This diagram was calculated using the measured indices of the
fiber materials. Nominal layers ratio and bilayer thickness were determined using SEM
imaging (Fig.1). The measured transmission spectrum for a hollow-core photonic bandgap
fiber is shown in the lower panel of Fig. 3, using a 5-cm-long fiber with FTIR spectroscopy.
The fundamental photonic bandgap is centered around 2.28 um, and the second and the third-
order gaps are a 1.14 um and 0.8 um, respectively. The good agreement between the
measured transmission spectrum and the band diagram strongly indicates that transmission
through the fiber is dominated by the photonic bandgap mechanism.
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Fig. 3. Lower panel — FTIR spectrum measurement for a hollow-core photonic bandgap fiber.
The fundamental photonic bandgap is centered around 2.28 um. The second and the third-
order gaps are at 1.14 um and 0.8 um, respectively. Upper panel - Calculated photonic band
diagram for a one dimensional photonic crystal made of aternating layers of As,Se; and PEI.
The dark red and bei ge regions represent modes radiating thorough the multilayer structures for
both the TE and TM modes, and only TM, respectively. Modes propagating through air and
reflected by the fiber walls lie in the bandgaps (white) and within the light cone defined by the
glancing-angle condition (black line). Pure TE modes can be confined more than pure TM
modes. Refractive indices used in this calculation were experimentally obtained from
dlipsometry (Fig. 2).
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Fig. 4. Measured normalized transmission spectra for (A) 1,218-um-OD, (B) 1,094-um-OD,
(C) 1,013-um-0D, (D) 783-um-OD, (E) 621-um-OD, (F) 509-um-OD hollow-core photonic
bandgap fibers. The fundamental photonic bandgaps are centered from 0.85 to 1.47 um. Peak
wavelengths from (A) to (F) are 1.47, 1.39, 1.27, 1.03, 1.93 and 0.85 um, respectively.

As mentioned previously, the spectral positions of the photonic bandgaps were controlled
by the laser monitoring of the outer diameter of the fibers during draw. Fibers with an outer
diameter of 1.218 and 509 um have fundamental bandgaps at 1.47 and 0.85 um, respectively.
Fig. 4 shows the wavelength scalability of these fibers, with the comparison of the
transmission spectra for six different fibers. These six fibers have fundamental bandgaps
centered at 1.47, 1.39, 1.27, 1.03, 0.93 and 0.85 um, respectively. These wavelengths span a
range covering the laser lines of many commercially important lasers, such as Nd:YAG at
1.06 um, and laser diodes at 0.85 um. Visible colors from high-order photonic bandgaps in
some of these fibers can be seen externally through the cladding of the fibers (Fig. 5).

Fig. 5. Coiled fibers made from 1,218-um-OD (red), 1,013-um-OD (green), and 621-um-OD
(blue) fibers used to obtained transmission datain Fig.4.
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A critical factor in optical waveguide performance is transmission loss. A fiber cutback
measurement was performed with a 5-m fiber having a fundamental bandgap at 1.57 um, 26
bilayers and core size of 165 um. The fiber was held straight; it was fixed a two points to
prevent variations in the input coupling and propagation conditions during the measurement.
The laser beam, tuned to 1.57 um, was sent through a collimating lens. The transmission loss
as measured for the last 2-m section of the fiber was ~5.5 dB/m. Radiation losses were
measured prior to the cutback by scanning the outer surface of the fiber with a power detector.
We found these measured radiation losses to be comparable to the fiber transmission losses,
suggesting that the losses are radiation limited.

While for the 10.6 um fibers fabricated previously [9], good agreement between cutback
measurements and theoretical loss analysis has been obtained, the transmission losses remain
high for the near-infrared wavelength fibers reported here compared to loss calculations for an
ideal fiber. Fig. 6 inset shows a near-field image of the core intensity as captured during the
cutback measurement after 5-m of fiber. We estimate the modal decomposition of the image
to be comprised of a superposition of less than the 40 lowest-energy modes. The transmission
losses for the 40 lowest energy modes in an flawless structure, is calculated using the leaky
mode technique [11] and shown in Fig. 6. The calculated losses for al modes are below 1
dB/m, well below the measured fiber transmission losses.

The disparity between the calculated and measured losses may be attributed to the
following mechanisms which are not accounted for in our current model: 1) defects such as
dust, interna surface roughness, or the formation of crystalites in As,Se;; and 2) non-
uniformity in the layer thicknesses introduced from roughness of the initial polymer films, and
non-uniform deposition. Improvements in fabrication methods are expected to systematically
reduce these loss mechanisms.
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Fig. 6. Loss calculations for the 40 lowest-energy modes in a defect-free cylindrical PBG fiber
having the same geometry as the measured fiber. The inset shows a near-field image of the
coreintensity as taken during the cutback measurement after 5-m of fiber.
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4, Conclusion

Nearly-cylindrical photonic bandgap fibers have been fabricated for the first time with
fundamental photonic bandgaps at wavelengths ranging from 0.85 to 2.28 um. These fibers
rely on a photonic bandgap to guide light through a hollow core. The photonic bandgaps are
created by an al-solid multilayer composite meso-structure having a photonic crystal lattice
period as small as 260 nm, individual layers below 75 nm and as many as 35 periods. These
represent, to the best of our knowledge, the smallest period lengths and highest period counts
reported to date for hollow PBG fibers. The fibers are drawn from a multilayer preform into
extended lengths of fiber. We have incorporated a new material into the fiber layer structure,
PEI, and compared its optical properties to the previously used As,Se; and PES. This work
demonstrates the wavelength and small-feature size scalability of the materials and processes
employed, as well as the potential for the application of these fibers for short wavelength
applications.
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