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ABSTRACT

Microstructured fibres offer a range of optical properties that cannot be achieved in conventional
(solid) optical fibres. Although to date, most work in this field has focused on silica glass, non-silica
microstructured fibres are attractive for applications including nonlinear devices, mid-IR
transmission and photonic bandgap operation. A review of progress in the development and
applications of non-silica microstructured fibres will be presented.

INTRODUCTION

Research in the field of microstructured optical fibers has progressed rapidly in recent years
because these fibres can offer a diverse range of novel optical properties that cannot be provided by
more conventional optical fibers, which opens up diverse potential applications in
telecommunications, industrial processing, metrology, medicine and beyond. The transverse cross
section of a microstructured fiber typically contains an approximately periodic arrangement of air
holes that run along the fiber length. The vast majority of microstructured fibers that have been
produced to date are air/silica fibers that contain an arrangement of air holes embedded in undoped
silica glass [1-4].

The holes within the microstructured fibers act as the fiber cladding, and light can be guided
using two quite different mechanisms. Index-guiding microstructured fibers guide light due to the
principle of modified total internal reflection, and such fibers are widely known as holey fibers (HFs)
[2]. In this class of fibers, the holes effectively act to lower the effective refractive index in the
cladding region, and so light is confined within the solid core, which has a relatively higher
refractive index. This guidance mechanism does not reply on the use of a periodic arrangement of
holes [5]. However, since in practice silica holey fibers are generally made by stacking a large
number of circular capillaries, the resulting air holes are typically arranged on a hexagonal lattice,
and so these fibers are also often referred to as photonic crystal fibers [3].

Index-guiding holey fibers exhibit novel optical properties for two principal reasons: (1) the
effective refractive index of the holey cladding region can vary strongly as a function of the
wavelength of light guided by the fiber and (2) the air/glass features provide a large refractive index
contrast. In addition, the optical properties of index-guiding HFs are determined by the configuration
of air holes used to form the cladding, and many different arrangements can be envisaged within this
flexible fiber geometry. For these reasons, it is possible to design single material silica fibers with
properties that are not possible in conventional fibers such as broadband single-mode guidance [6] or
anomalous dispersion in single mode fibers at wavelengths down to 560nm [7]. Simply by scaling
the dimensions of the features within the fiber profile, pure silica HFs can have mode areas ranging
over three orders of magnitude. At one extreme, HFs with large mode area are of great promise for
high power transmission systems (see for example [8], [9]). At the opposite end of the scale, by



combining small-scale cladding features with the large effective index contrast possible in HFs, it is
possible to achieve tight mode confinement, and thus high effective fiber nonlinearities can be
obtained. Such fibers have been used in a variety of nonlinear devices including devices for
wavelength conversion, supercontinuum generation, all-optical switching and data regeneration,
pulse compression and soliton formation (see for example [10]-[21]).

Photonic bandgap microstructured fibers (PBGFs) can guide light by an alternative guidance
mechanism, the so called photonic bandgap effect, if the air holes that define the cladding are
arranged on a periodic lattice [4]. By suitably breaking the periodicity of the cladding it is possible to
introduce a localized mode within this defect. Such a defect can act as a core, and guide light within
well-defined frequency windows. Hollow core photonic bandgap fibers can be designed to transmit
at near-infrared wavelengths and are of particular interest for gas/light interactions and the transport
of high intensity optical fields.

In the single-material holey and photonic bandgap fibers described thus far, light is solely
confined by the holes in the cladding. Hybrid microstructured fibers are another class of fiber that
combines a high-index doped core with a holey cladding. At one extreme, in hole-assisted fibers,
light is guided by the relatively higher index of the doped core, and the air holes located in the
cladding of a conventional solid fiber act to subtly modify properties such as dispersion [22]. In air-
clad fibers, an outer cladding with a high air-filling fraction creates a high numerical aperture inner
cladding which allows the realization of cladding-pumped high power lasers [23]. Alternatively,
dopants can be added to the core of a HF to create novel HF-based amplifiers and lasers (see for
example [24]).

Most work to date in the field of microstructured fibers has focused on silica glass technology,
which allows the definition of a diverse range of high quality transverse fiber cross-sections via the
capillary stacking fabrication technique. This field has now begun to come of age. Advances in fiber
fabrication techniques have reduced the losses of both fiber types dramatically in recent years (to
0.3dB/km for HFs [25] and 1.7dB/km for PBGFs [26]). The prospect of microstructured silica fibers
with a lower transmission loss than conventional fibers represents a tantalizing possibility with the
potential to revolutionize telecommunications.

The combination of the microstructured fiber concept with non-silica glasses is a relatively
unexplored field which promises the development of a host of new fibers and operational regimes
not achievable in existing fibers. For example, recently compound glasses with high intrinsic optical
nonlinearity (such as lead-silicate, tellurite and bismuth-oxide) have been used to produce HFs with
extreme values of effective fiber nonlinearity [27]-[34]. In addition, polymer-based HFs have been
reported [35]. A number of non-silica glasses transmit at wavelengths substantially beyond silica into
the mid-IR (for example chalcogenide glasses), and microstructured fibers made from such materials
promise a new means of providing power delivery at these wavelengths. Note that in contrast to
conventional fibers, microstructured fibers can be made from a single material, which eliminates the
problems induced by the requirement that the core/cladding glasses are thermally and chemically
matched. This opens up the prospect of using microstructured fiber technology as a tool for realizing
optical fibers from an extremely broad range of optical materials.

Other classes of microstructured fiber have also begun to emerge. In particular, microstructured
fibers with solid cladding designs have recently been demonstrated. In these fibers, low index glass
inclusions are embedded in a higher-index glass matrix either in the form of circular inclusions [36]



or in nested layers [37]. These fibers combine the practicality of a solid cladding with the design
flexibility provided by the transverse microstructure.

The aim of this paper is to provide an overview of the progress to date and range of potential
applications for non-silica microstructured optical fibers. We begin by reviewing the fabrication
techniques that have been employed to make non-silica microstructured fibers.

FABRICATION APPROACHES
Preform Fabrication

As noted above, the vast majority of microstructured fibers that have been produced to date have
been made from silica glass, and the preforms for these fibers are usually fabricated using stacking
techniques. Capillary tubes are stacked in a hexagonal configuration, and the central capillary can
then be replaced with a solid glass rod, which ultimately forms the fiber core. The stacking procedure
is flexible: for example active fibers can be made using rare-earth-doped core rods, off-center or
multiple core fibers can be readily made by replacing a non-central or multiple capillaries, etc. The
reproducibility of the structured profile in the preform depends on having long uniform capillaries to
stack and achieving a good stack with many tubes. One significant drawback of the stacking
approach is that the preform fabrication is labor-intensive.

Recently, attention has focused on the fabrication of microstructured fibers in a range of non-
silica glasses. In general, such compound glasses have low softening temperatures relative to silica
glass, which allows new techniques to be used for the fabrication of structured preforms such as
rotational casting and extrusion. The technique that has been used for the majority of non-silica
microstructured fibers made thus far is extrusion [27-34]. In this process, a glass billet is forced
through a die at elevated temperatures near the softening point, whereby the die orifice determines
the preform geometry. Once the optimum die geometry and process parameters have been
established, the preform fabrication process can be automated. In this way good reproducibility in the
preform geometry has been achieved [32]. One advantage of the extrusion technique is that the
preform for the microstructured part of a fiber can be produced in one step. In addition, extrusion
allows access to a more diverse range of cladding structures, since the holes are not restricted to
hexagonal arrangements.

Fiber Fabrication

To produce fibers with relatively large scale features, fibers are in general drawn directly in a
single step from the preform. For small scale features, the preform is first reduced to a cane of 1-
2mm diameter on a drawing tower, and in a second step this cane is inserted in a solid jacketing tube
and then drawn to the final fiber. One of the most challenging aspects of air/glass microstructured
fiber fabrication is to prevent collapse of the holes and to achieve the target hole size and shape
during caning and fiber drawing. The microstructured profile can be affected by the pressure inside
the holes, surface tension of the glass and temperature gradient in the preform. Note that compared
with silica glass, most non-silica glasses have significantly steeper viscosity curves, which leads to
greater demands on the process control during fiber drawing. Nevertheless, a high degree in the
reproducibility of the HF geometry has already been demonstrated for both lead silicate glass [32]
and bismuth glass [33,34].



HIGH NONLINEARITY FIBERS

Design Concept

Microstructured fiber technology has enabled significant progress in the development of fibers
with high effective nonlinearity. This is achieved by combining a small core design with a high
numerical aperture (NA) to yield tight mode confinement. One common measure of fibre

nonlinearity is the effective nonlinearity y [38]: y = 2nn, /(AA ), where n, is the nonlinear

coefficient of the material, A the wavelength and A is the effective mode area.

Pure silica holey fibers with effective mode areas as small as 1.3 pm® have successfully been
fabricated, exhibiting effective nonlinearity coefficients as high as 70 W'km™ at 1550 nm [39], i.e.
around 70 times more nonlinear than standard single mode fibers. This value represents the
theoretical limit in nonlinearity that can be achieved in a silica/air fiber. However, the material
nonlinearity of compound glasses [40] can be more than one order of magnitude larger than that of
silica [38]. The combination of highly nonlinear glass composition and small core/high NA HF
geometry allows a further dramatic increase of the fiber nonlinearity.

As an example, we estimate the magnitude of the nonlinearity that could ultimately be achieved
in a bismuth oxide glass holey fiber by considering the case of a rod of glass suspended in air (see
description of bismuth glass to follow). This simplified geometry represents the fundamental limit in
the mode area/nonlinearity that can be achieved in an air/glass microstructured fiber made from this
material. The highest nonlinearity of y=2200 W™ km™ is obtained when the core rod is ~0.8 pm in
diameter (Figure 1). Note that this nonlinearity is a factor of two higher than the record nonlinearity
achieved thus far for a chalcogenide glass fiber with conventional solid cladding [41].
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Figure 1. Calculated nonlinearity (y) for an air-suspended rod of bismuth oxide glass
Here we review fabrication techniques that have been used to make these fibers, the range of

glasses that have thus far been successfully used, and some key results that have been obtained using
nonlinear non-silica holey fibers.



Fabrication Approach

All of the small-core non-silica microstructured fibers produced to date have exploited extrusion
techniques to fabricate structured fiber preforms with mm-scale features from bulk glass billets. As
an example, consider the structured preform shown in Figure 2(a). In this geometry, the core (center)
is attached to three long fine supporting struts. The outer diameter of this preform is approximately
16mm. The preform was reduced in scale on a fiber drawing tower to a cane of approximately
1.7mm diameter (Figure 2(b)).In the last step, the cane was inserted within an extruded jacket tube,
and this assembly was drawn to the final fiber (Fig.1(c)). The illustrative examples shown in figures
2 (a)-(c) are made from the lead silicate glass SF57, and are taken from Reference [32]. This
procedure has also been used to make nonlinear fibers from other materials including bismuth glass
(for more detail see below). A similar technique has been used to produce small-core tellurite
microstructured fibers in which the core is supported by six long fine struts [29]. In Ref [29], the
preform extrusion is performed directly on a fiber drawing tower, which allows the preform to be
reduced to ~1mm diameter cane directly at the time of extrusion.

The core diameter can be adjusted during fiber drawing by an appropriate choice of the external
fiber diameter. Small core dimensions are chosen to provide tight mode confinement and thus high
effective nonlinearity. For fiber designs of the type shown shown in figure 2, core diameters in the
range 1.7-2.3 um correspond to struts that are typically >5 pm long and <250 nm thick. These long,
thin struts act to isolate the core optically from the external environment, and thus ensure that
confinement loss is negligible [42]. Note that these fibers have an improved structure when
compared with the earliest fibers of this type that were made [27]. Excellent structural
reproducibility has been demonstrated using this fabrication technique [32]. Next, we review the
glasses in which nonlinear microstructured fibers have successfully been fabricated to date.

Figure 2: (a) Cross section through extruded preform, (b) SEM image of cane cross section, (c) SEM image of
holey fiber cross section.

SF57: Lead silicate glasses are a promising host material for highly nonlinear HFs. Although
their intrinsic material nonlinearity (and indeed linear refractive index) is lower than chalcogenide
and heavy metal oxide glasses [43], they offer higher thermal and crystallization stability and less
steep viscosity-temperature-curves, while exhibiting low softening temperatures [44]. Among



commercially available lead silicate glasses, the Schott glass SF57 exhibits the highest nonlinearity.
The softening temperature of SF57 is 520 °C [45], the nonlinear refractive index of this glass was
measured to be 4.1x10™" m*/W at1060 nm [40], and the linear refractive index of SF57 is ~1.8 at
1550 nm [45]. The zero-dispersion wavelength for the glass is 1970 nm and the material dispersion is
strongly normal at 1550 nm. Compared with chalcogenide and heavy metal oxide glasses (n~2.4 at
1550 nm), the significantly lower refractive index of SF57 should enable more efficient integration
with conventional fiber systems.

Bismuth: Bismuth oxide-based glass is an attractive novel material for nonlinear devices. It shows
high nonlinearity but without containing toxic elements such as Pb, As, Se, Te [46]. Moreover, the
bismuth-based glass exhibits good mechanical, chemical and thermal stability, which allows easy
fiber fabrication process. A nonlinear fiber [47] and a short Er-doped fiber amplifier with broadband
emission [48] have been developed from this glass. In addition, bismuth-oxide-based fibers can be
fusion-spliced to silica a fiber [49], which offers easy integration to silica-based networks. The fibers
review in this paper were made from bismuth-oxide-based glass developed at Asahi Glass Company.
Due to the high bismuth content, the glass exhibits a high linear and nonlinear refractive index of
n=2.02 and n,=3.2x10"° m*¥W at 1550 nm, respectively [47], and this glass has a softening
temperature of 550 °C.

Tellurite: Tellurite glasses, like lead silicate and bismuth glasses, offer high refractive index and
high optical nonlinearity (n,=2.5x10"° m%W) [29]. In addition, tellurite glass has good infrared
transmittance and has a low phonon energy relative to other oxide glasses [50]. Furthermore, tellurite
glasses are more stable than fluoride glasses, have higher rare-earth solubilities than chalcogenide
glasses [50] and have an order of magnitude larger Raman gain peak than fused silica [51]. Tellurite
glasses have a low softening temperature around 350 °C [50].

High nonlinearity microstructured fibres: Key results to date

e SF57 holey fiber with an effective nonlinearity coefficient of y=640W'km™ (loss~2.6dB/m at
1550nm) [31]

e Anomalous dispersion at 1550nm and Raman soliton generation in SF57 holey fiber [31]

e Observation of the soliton self frequency shift and pulse compression in SF57 holey fiber
[31]

e Tellurite holey fiber with y=48 W 'km™ (loss #5dB/m at 1550nm) [29]

e Observation of first and second order Stokes stimulated Raman scattering in 1m of tellurite
holey fiber [29]

e Bismuth-oxide-based glass holey fiber with y=460 W km™ [33]
¢ Demonstration of splicing of bismuth holey fibers to conventional fibers [34]

¢ Demonstration of supercontinuum generation in SF6 holey fiber [28]



Discussion:

Both the effective fiber nonlinearity and effective fiber length determine the performance of a
nonlinear device (the effective length depends on the propagation loss). Small-core high-NA holey
fibers based on bismuth-oxide and lead-silicate glasses have clearly higher fiber nonlinearity but also
higher propagation loss compared with highly nonlinear silica holey fibers. However, for short
devices using <1 m fibre length, fibre losses of <2 dB/m can be readily tolerated. For <2 dB/m, the
effective fibre length is >80% of the real fibre length of <1 m, whereas the nonlinearity of non-silica
fibres can be up to 10 times higher than that of silica holey fibres. In other words, in compact devices
using <1 m fibre length with <2 dB/m loss, the increase in fibre nonlinearity obtained by using
nonlinear glass compositions clearly outweighs the decrease of the effective fibre length due to
higher propagation losses. Thus, provided that relatively low loss fibers can be produced, highly
nonlinear compound glass holey fibres can exhibit a better nonlinear performance (lower power or
shorter fibre length requirement) compared with nonlinear silica holey fibers.

Most nonlinear/high-index glasses have a high normal material dispersion at 1550 nm, which
tends to dominate the overall dispersion of fibers with a conventional solid cladding structure.
However, for many nonlinear device applications, anomalous or near-zero dispersion is required.
Fortunately, the cladding geometry significantly affects the waveguide dispersion, allowing the
highly normal material dispersion to be overcome. Indeed, for example, lead silicate holey fibers
showing anomalous dispersion at 1550 nm have been demonstrated [32]. The fact that fiber
dispersion is anomalous also enables us to exploit soliton effects [31].

To make practical fiber-connectorized devices, splicing of compound glass holey fibers to silica
fibers is important. Recently, bismuth-oxide based holey fiber with Ay~ 2.8 pm” has been spliced
to a silica SMF28 patchcord using a conventional mechanical cleaver and fusion splicer [34]. To
reduce the overall mode-mismatch loss, two intermediate buffer stages were used. The bismuth glass
holey fiber itself was spliced to a silica fiber with Agr~ 14pm?. Due to the much lower melting
temperature of the bismuth glass relative to silica glass, very small values for the fusion time and
current were used. The splices achieved were mechanically strong, especially with respect to applied
strain in the axial direction (Figure 3a). Although the total splicing losses achieved to date are still
quite high (5.8 dB) — they can largely be accounted for by individual mode-mismatches at the
various buffer fiber interfaces (minimum 3.8 dB, without taking into account the mismatch in the
mode shape) and an additional 0.1 dB due to Fresnel reflection at the bismuth glass HF / silica fiber
interface. There is considerable scope for reducing the Fresnel reflections using accurately controlled
angle cleaves at the bismuth glass /silica fiber splice. The introduction of an additional silica HF
based buffer stage should help to considerably further reduce the mode-mismatch. Splicing of
bismuth glass holey fiber to silica fiber has resulted in two benefits in the fiber performance. One is
the reduction of coupling losses between the two fibers by 0.9 dB relative to butt coupling. The other
is the achievement of robust single-mode guidance in the bismuth glass holey fiber at 1550 nm,
although the fiber can support more than one mode in case of free-space coupling. An IR image of
the far end of the connectorized holey fiber, when laser pulses at 1558 nm were launched into the
fibre, showed that only the fundamental mode was excited (Figure 3b). (The image also demonstrates



that the fundamental mode of the holey fiber has a triangular mode shape, in agreement with the
predicted mode profile [33].)

silica fibre

Figure 3 (a) Microscope image of bismuth glass holey fiber to silica fiber splice,
(b) IR image of the near-field pattern of the connectorized holey fiber.

NEW TRANSMISSION FIBERS

A range of non-silica glasses can exhibit properties such as transparency in the mid-IR region
and high solubility of rare-earth ions that are not available in silica glass and hence non-silica HFs
are of particular promise for applications in mid-IR region and active devices. One challenge for high
power applications in compound glass-based fibers is the onset of intensity-dependent nonlinear
effects. The use of single-mode HF large-mode-area (LMA) designs [8] is one means of minimizing
such nonlinear effects. Since the nonlinear refractive index (ny) of non-silica glasses is typically in
the range (1-50)x10"°m*/W, higher than that of silica glass (2.7 x 10%° m*W) by 1-2 orders of
magnitude, very large-mode-areas (>>100pum?) are required to reduce the effective nonlinearity v to
below 60W'km™. In practice, it is challenging to fabricate compound glass LMA HFs with the
complex microstructured cladding structures required to provide low NA guidance (i.e. a large
number of relatively small air holes). Here we review recent work on the development of large mode
area single mode lead silicate holey fiber.

A holey fiber with a mode area of 40pum? at 800nm was fabricated from the Schott lead silicate
glass SF6 using the conventional capillary-stacking technique (previous only used successfully for
the fabrication of silica HFs). The cross-sectional microstructure of this HF is shown in Figure 4 (a)
& (b), where a four-ring microstructured cladding can be seen. The hole-to-hole spacing A in the
hexagonally arrayed holey cladding was measured to be 4.3um. In addition to the principal holes
with an inner-diameter (ID) of 2.7um (d;), six smaller holes with an ID of 0.3um (d;) are
periodically distributed in the second ring surrounding the solid core. For the holes near the solid
core, i.e., the holes with sizes d; and d, the ratio of hole-diameter to the hole-to-hole spacing A is
di/A=0.63, and d»/A=0.07, respectively. The 5.5um (d;) holes only weakly influence the optical
guidance properties of this HF as they are located far from the core. Robust single mode guidance,
from at least 700 to 800nm was observed in this HF. The effective mode area of the fundamental
mode A =40um® was extracted from the measured mode intensity profile. Although this value of
mode area is still not large enough to avoid intensity-dependent nonlinear effects in this SF6-based
HF, this work demonstrates that the capillary-stacking technique can be successfully demonstrated to



fabricate soft-glass HFs with complex holey cladding. We anticipate that high-index glass based

single-mode HF with very large mode areas (>>100um2) should be possible using this technique in
the future.

20um

Figure 4 (left) SEM (Scanning Electron Microscope) photographs of SF6 glass holey fibre.

SOLID MICROSTRUCTURED FIBERS

Motivation

Research to date on silica microstructured fibers has shown that the combination of wavelength-
scale features and a large refractive index contrast is a powerful means of obtaining fibers with a
broad range of useful optical properties. However, there are some practical drawbacks associated
with the use of air/glass fibers. When compared with solid fibers, air/glass microstructured fibers are
challenging to splice, polish, taper, and, when the cross-section is largely comprised of air, they can
be fragile. In addition, it can be challenging to fabricate kilometer-scale holey fibers with identical
and controllable cladding configurations. This is because the transverse profile of a drawn
microstructured fiber is sensitive to the effect of pressure inside the holes, surface tension at the
air/glass boundaries and temperature gradients present during the fiber drawing process. To prevent
the collapse of the holey microstructure in HFs, the holes within the preform are often sealed, and
consequently the air pressure inside the structure increases during fiber drawing because of the
decrease of the air volume remaining in the preform. Hence the dimensions of the microstructured
cladding are often time-dependent as well as dimension-dependent. Note that the optical



characteristics of microstructured fibers can be sensitive to the cladding configuration and even
minor changes in the microstructure can cause noticeable deviations in properties such as dispersion.
The development of microstructured fibers with solid microstructured claddings promises to
eliminate these drawbacks. Two different implementations of this concept have recently been
realized. The first approach is to replace the air holes in the transverse structure of an air/glass
microstructured preform with low index glass regions to produce an index-guiding solid holey fiber
[36]. Another approach is to form a fiber in which the cladding is defined by a series of thin nested
layers of glass (a Bragg-type fiber cladding) to form an air-guiding fiber [37]. In both approaches,
the basic requirement is the identification materials which are thermally and chemically matched in
order that they can be drawn into optical fiber and which provide a sufficient index contrast to allow
light to be confined either by index-guiding or photonic bandgap effects without requiring unfeasibly
large numbers of cladding features. Note that while this approach may have some practical
advantages, as suggested above, it clearly restricts the range of materials that can be used.

Solid Holey Fiber
Here we review the recent development of all-solid index-guiding holey (SOHO) fiber based on
two thermally-matched silicate glasses with a high index contrast (as described in Reference [36]).

Fabrication: A borosilicate glass containing lead-oxide (PbO >30mol.%) with a refractive index
of n=1.76 at 1.55um, was selected as the background material (labeled B1 thereafter) for this SOHO
fiber. Another silicate glass containing high alkali-oxide (Na,O, K,;O etc) with index n=1.53 at
1.55pm was selected as the material to fill in the holes (H1). These glasses were selected because of
their mechanical, rheological, thermo-dynamic and chemical compatibility. Rods of H1 glass were
inserted into B1 tubes, both of which were drilled from bulk glass samples. These rod/tube structures
were caned on a fiber drawing tower and stacked around a core rod of B1 glass within a B1 glass
jacket tube using the capillary-stacking technique that is used to produce silica HFs. This structured
preform was then drawn using a two-stage drawing procedure to produce two fibers: one with an
outer diameter (OD) of 440pum and the other with an OD of 220um.

Configuration of solid-microstructured cladding: Figure 5 shows cross-sectional profiles of the
220um OD fiber taken using a Scanning Electron Microscope (SEM). From Figures 5 (a) & (b), it
can be seen that this SOHO fiber is indeed an all-solid fiber without any observable air holes.
However when the accelerating voltage (EHT) of the SEM is increased from 2.72kV to 22.00 kV,
the microstructure in the cladding region becomes apparent. This occurs because the backscattering
coefficient of the primary electrons from the SEM is a monotonically increasing function of the
atomic number [52]. As a result, glasses with low average atomic number and consequently with the
low density exhibit relatively lower brightness than materials with high density. Thus, as shown in
Figures 5(c) and (d), the large density difference between B1 and H1 glasses (5.2 g/cm® and 2.9
g/lem’ respectively) it is possible to distinguish the distribution of each material within the fiber
profile.



(c) (d)

Figure 5: SEMs of 220pum diameter SOHO fiber by adjusting accelerating voltage (EHT) (a) whole view,
EHT =2.72 kV, (b) zoomed center view, EHT = 2.72 kV; (¢) whole view, EHT = 22.00 kV, (d) zoomed
center view, EHT = 22.00 kV

Typically when air/glass holey fibers are drawn, the holes become non-circular due to surface
tension effects, which modify the geometry of the cladding. Hence the details of the resulting cross-
sectional profiles depend on the draw-down ratio, and this becomes particularly apparent when
small-scale features are required. Since the optical properties of such fibers can be sensitive to the
cladding configuration, this effect can make it difficult to predetermine the preform required for a
given fiber specification. Figure 6 compares the all-solid claddings of the Imm cane, 440um fiber
and 220um fiber. First, note that all the low index (black) regions retain their circularity, regardless
of the draw-down ratio. Second, the d/A ratio (d: average diameter of the low index regions, A: the
pitch (center to center spacing) of these regions) is ~0.81 regardless of the fiber OD. SOHO fibers
thus provide a practical way of avoiding structural deformations during fiber drawing.

(a) 1mm cane (b) 440um fiber (c) 220um fiber

Figure 6. SEMs of microstructured cladding in (a) 1mm cane inserted into jacket tube before drawing, (b)
440um OD fiber with A=4pm and (c) 220pum OD fiber with A=2um. (EHT =22 kV)



Fiber attenuation: The index contrast of B1/H1 SOHO fiber is An =0.23 at 1.55um, less than that
in silica/air HF (An=0.44 at 1.55um), which might at first sight be expected to result in poorer mode
confinement. However, the refractive index of the background glass, Hl (n=1.76 at 1.55um) is
higher than that of silica (n=1.44 at 1.55pm) which might be expected to lead to improved mode
confinement. To resolve which factor dominates, Figure 7(a) shows the calculated confinement
losses of the fundamental mode in a range of B1/H1 based SOHO fibers. These predictions were
made with the multipole technique [53], which can model the properties of fibers with circular holes,
so it is particularly well suited to this SOHO fiber. Note that the material absorption and the
fabrication defects have been ignored and it is assumed that the holes lie on a hexagonal lattice. It
can be seen that when A=4pm, the confinement losses decrease rapidly to less than 0.001 dB/m by
(1) increasing d/A ratio from 0.5 to 0.8 or more, or (2) by increasing the number of the rings from 2
to 4 or more with a fixed d/A=0.5. Figure 7(a) indicates that is possible to design B1/H1 SOHO
fibers (when A=4um) with negligible confinement loss provided that the d/A ratio is sufficiently
large (0.8 or larger), as is the case for our 440pm OD SOHO fiber.
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Figure 7(a) Calculated confinement losses of B1/H1 based SOHO fiber as a function of the number of
hexagonal packed rings and their diameter to spacing ratio d/A with A=4um at 1.55um; (b) measured
propagation attenuation of (1) unclad 250um B1 fiber, (2) 440pum B1/H1 SOHO fiber, (3) 220pm B1/H1
SOHO fiber. Note that (3) is a spot measurement at 1550nm. Measurement errors are plotted.

Figure 7(b) shows the measured fiber attenuation for the case of a 250pm unclad/unstructured B1
fiber, 440pm B1/H1 SOHO fiber with A=4pm and d/A=0.81, and 220pum B1/H1 SOHO fiber with
A=2pm and d/A=0.81. It can be seen that the attenuation of both fibers for which A=4pum and 2pum is
~5dB/m at 1.55pm, implying that as predicted, the confinement loss of the fundamental mode is
negligible for these fibers and the loss is dominated by the material absorption and other factors
related to the fiber fabrication process. In detail, due to the overtone of the fundamental vibration of
hydrogen bonding in B1 glass, the attenuation of all the fibers increases around 1.5pum, while
between 1.0-1.2um the fibers show minimum losses of ~1.5dB/m. Additionally, due to the similar



bonding strengths of Si-O bonds and Pb-O bonds, near fiber drawing temperatures, the SiO,-PbO
glass system tends to separate into SiO,-rich regions and PbO-rich regions at the sizes of micron or
sub-micron scale [41]. Phase-separation leads to the compositional variations (and thus the index
variations) within the fiber profile. Impurities in the bulk glasses are another contribution to the total
fiber loss. By using high purity raw materials and melting the glasses in a dry atmosphere [54], it
should ultimately be possible to reduce the total loss of this SOHO fiber at 1.55um to below the
1dB/m level, thus opening up many practical applications for this new fiber type.

Fiber nonlinearity: One of the most attractive applications for holey fibers made from high index
glasses is in nonlinear devices. In order to estimate the effective fiber nonlinearity that can be
achieved in this material system, Figure 8 shows calculations of the effective mode area and
corresponding fiber nonlinearity y for a rod of material B1 surrounded by a uniform non-structured
cladding of material H1. This simplified geometry represents the fundamental limit in effective mode
area/nonlinearity that can be achieved in a fiber made from these two materials. The smallest mode
area (and hence highest y) occurs when the core is ~Ipm in diameter. Corresponding results for a
silica rod suspended in air are also shown in Figure 8. Even though the index contrast between
silica/air leads to a similar mode area as the combination B1/H1, the significantly larger material
nonlinearity (n;) of material B1 results in a dramatic improvement in the nonlinearity. Hence while
the maximum nonlinearity that can be achieved in a silica/air holey fiber is ~60W'km™, more than
500W'km™ should ultimately be possible in a BI/H1 SOHO fiber. The Boskovic method [55] was
applied to measure the effective nonlinearity of the 220um SOHO fiber with A=2pum and d/A=0.81.
Using high power dual frequency beat signals, the effective fiber nonlinearity y was deduced from
the nonlinear phase shift Fgpy, (Fspi=27LP, where L is the effective fiber length and P the signal
power), due to the propagation in the fiber to be 230W 'km', which is ~200 times higher than that of
standard single mode silica fiber and matches the modeled result well.
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Figure 8. Effective nonlinearity of SOHO fiber (left: calculated for a range of simple step-index fiber designs,
right: measured relationship between nonlinear phase shift and the input laser power at 1.55um)

Group velocity dispersion (GVD): One of the most important applications of HFs is highly
nonlinear fibers. However, the high dispersion and dispersion slope which are characteristic of many
HF designs limits the useful spectral bandwidth of the fibers. In silica HFs, low and flat dispersion



can be obtained when d/A on the order of 0.25-0.3 with A=2.3um [56,57]. Hence for the low/flat
dispersion air/silica HF designs identified thus far, these GVD properties are achieved at the cost of a
considerable reduction in nonlinearity relative to small core large air-fraction HFs. In contrast, the
predictions in Figure 9 suggest that zero GVD in the 1.5-1.6um wavelength range can be achieved in
realistic BI/H1 SOHO fiber designs with large d/A and small A, which implies that high nonlinearity
and low dispersion can be achieved simultaneously in solid-microstructured fibers.
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Figure 9. GVD predictions for a range of B1/H1 SOHO fibers made using a full-vector implementation of the
orthogonal function method [56]. The material dispersions of B1 and H1 have been included ab initio.

Hollow core fiber with multilayered cladding

Here a brief overview of another class of solid cladding microstructured fiber: hollow core fiber
with a solid multilayered photonic bandgap cladding. For more details see Reference [37]. In this
work, which was conducted at MIT, a fiber designed for the transmission of 10.6um CO, laser
emission was producing using a combination of polymer and chalcogenide glass materials that are
not themselves transparent at the operating wavelength. The periodically structured solid cladding
effectively acts as a mirror for light propagating within the photonic bandgap, and light is confined to
the hollow core of the fiber. The relatively low fiber losses achieved (<1dB/m) are made possible by
the short penetration depths of electromagnetic waves in the high-refractive-index-contrast photonic
crystal structure.

Fabrication: To achieve high index contrast in the layered portion of the fiber, a chalcogenide
glass with a refractive index of 2.8 (arsenic triselenide) was combined with a high glass-transition
temperature thermoplastic polymer with a refractive index of 1.55, poly(ether sulphone). These
materials are thermally compatible and can be drawn into good quality layered structures. The glass
layers were thermally evaporated onto a polymer film, and the coated film was rolled into a hollow
multilayer tube fiber preform. This hollow macroscopic pre-form was drawn down into fiber with
submicron layer thicknesses. Transmission spectra were used to confirm that the positions of the



measured transmission peaks agree with the calculated bandgaps, which confirms that light is guided
in the hollow core by the photonic bandgap mechanism.

Power delivery: Using a fiber with a fundamental photonic bandgap centered near 10.6pum and a
hollow core with a diameter of 700um, CO; laser emission at 10.6pm was successfully transmitted.
This demonstrates the substantial reduction of fiber transmission loss relative to the intrinsic loss of
the constituent materials. No damage to the fibers was reported when a laser power density of
~300W/cm” was coupled into the hollow fiber core. These results indicate the feasibility of using
hollow multilayer photonic bandgap fibers as a transmission medium for high-power laser light in
the infrared.

CONCLUSION

The synergy of novel compound glass materials and microstructured fiber technology promises a
broad range of new and potentially useful optical fibers. The low softening temperatures
characteristic of compound glasses allow a broad range of fabrication techniques to be exploited for
the production of macroscopic fiber preforms. The technique that has been developed most
extensively to date is extrusion, which has proved to be a flexible approach to realizing fibers from
relatively small quantities of bulk glass. Using conventional solid fiber designs, it is in general
necessary to identify two compatible glasses for the production of low loss optical fibers. Note that
since microstructured fibers can be made from a single material, this technology is a powerful way of
producing fibers from glasses with useful optical properties without requiring that compatible
cladding materials be found.

A range of theoretical techniques have been developed in recent years to model the optical
properties of silica microstructured fibers. These techniques have been applied to several non-silica
microstructured fiber designs (both index-guiding and photonic bandgap). The relatively large index
contrast typically found in microstructured fibers made from high index glasses makes fiber design
more challenging, and in general means that it is more important to use full vectorial methods for
these fibers. Numerical predictions have been used to usefully complement ongoing fabrication and
experimental work for a range of index-guiding fiber designs (see for example [32]).

Using preform extrusion techniques, fibers with high effective nonlinearity have been made from
a range of high-n, non-silica glasses. The largest reported value of effective fiber nonlinearity (y) in a
holey fiber has been realized using lead silicate glass, where y ~640W'km™ has been achieved.
Theoretical work indicates that values of y of a few thousand W'km™' should ultimately be possible.
The best fibers of this type to date have propagation losses of approximately 3dB/m [32]. Given that
this fiber type has only emerged relatively recently, it is anticipated it should be possible to reduce
the losses the 1 dB/m level or below for some high n; glasses. Such an advance should enable this
new fiber type to compete (in terms of device figure of merits) with more conventional fibers for
nonlinear fiber devices. Work on improving on the design of such fib

ers as well as developing techniques that will allow more efficient coupling to conventional
systems is currently under way.

The large index contrast possible in non-silica microstructured fibers is promising for the
development of new fibers based on photonic bandgap effects. It has been demonstrated that
increasing the refractive index contrast beyond that available in air/silica does not necessarily



broaden the photonic bandgaps that are available [58,59]. Unlike air/silica bandgap fibers, in which
the photonic bandgaps widen monotonically as a function of increasing air filling fraction, the
optimum air-filling fraction for high index glasses (i.e. n>2) is approximately 60% (this is referred to
as type-1I photonic bandgap guidance). From a practical viewpoint, this is fortuitous, since non-silica
glasses tend to be relatively fragile, and it would be challenging to produce the extremely large air
filling fraction designs that are typically made in air/silica structures [26]. One particularly promising
application of this new fiber type will be the development of new air-guiding fibers for broadband
high power IR transmission [59].

It has been demonstrated that solid microstructured fibers can be produced using a relatively
small number of cladding features. Large effective nonlinearity can be combined with relatively low
and flat group velocity dispersion between 1.5-1.6um in this class of fiber. Additionally, it can be
expected that the use of a solid fiber structure will lead to a number of practical advantages relative
to air/glass HFs. For example, edge polishing, angle polishing and splicing should all be more
straightforward in SOHO fibers [36]. Light can also be guided in air in fibers with a solid
microstructured cladding [37]. In these fibers, chalcogenide/polymer cladding layers act as an
interior omnidirectional dielectric mirror confining light to the hollow core via photonic bandgap
effects. The transmission windows of these fibers are determined by the layer dimensions and can be
scaled from 0.75 to 10.6pum in wavelength. The transmission losses are orders of magnitude lower
than those of the materials used to make the fiber cladding, thus demonstrating that low attenuation
can be achieved through structural design rather than high-transparency material selection.

Non-silica microstructured fibers have the potential to dramatically broaden the range of optical
properties that can be offered in fiber form. For example, the combination of the high nonlinearity
provided by compound glasses and the flexibility offered by microstructured fiber technology for
engineering the fiber parameters should lead to the development of truly practical, low power
compact nonlinear fiber devices. Solid holey fibers promise both a range of practical handling
benefits and access to new optical regimes. Finally, air-core high-index photonic bandgap fibers are
an attractive means to high-power transmission and new transmission windows.
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