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The fabrication, materials, properties and applications of microstructured polymer
optical fibres are reviewed. Microstructured polymer optical fibres formed the basis of
extensive work on the physics of microstructured fibres, and an outline of the
contribution to the wider field of microstructured fibres is also presented.

1. Introduction

Photonic crystal fibres (PCF) or microstructured optical fibre (MOF) typically utilise multiple air-holes that
run longitudinally along the fibre to guide light. After the first demonstration in 1996 of a silica single-mode
PCF [1], it was quickly realised that a wide variety of optical properties could be achieved by the variety of
microstructures possible, and many reports followed on solid-core and hollow-core PCF [2].

The use of air holes meant that the fibre could be made from a single material. The technology could thus be
transferred from silica to any other suitably transparent, drawable material to access a wider range of
mechanical and/or optical properties. The first such non-silica single-mode PCF reported was made using
polymer — it was a microstructured polymer optical fibre (mPOF) [3] made of polymethylmethacrylate
(PMMA), a common material used in the manufacturing of polymer optical fibre (POF) [4]. The change to
polymers had significant potential given the range of polymers and processing methods available, and the
low processing temperatures which would allow organic and inorganic dopants to be used that would not
otherwise survive the higher processing temperatures of silica.

The aim of this paper is to review the progress that has been made in mPOF [5],[6], to outline the fabrication
methods developed and the materials that have been used. The addition of microstructure to polymer fibres
led to application-specific fibres with potential for use in sensing, engineering, medicine, textiles and
communications. The surrounding work also contributed to understanding the physics of microstructured
optical fibres, with many firsts demonstrated in mPOF, and thus contributed to the larger silica-dominated
field of microstructured fibres as a whole.

2. Fabrication

The general fabrication scheme employed for mPOF is a two-step process [6],[7]. A large diameter ~8 cm
primary preform is first fabricated with the desired hole arrangement and stretched to ~6 mm diameter cane.
The cane is sleeved to increase the outer diameter to ~12 mm, forming the secondary preform from which
fibre is drawn. The details can vary between different fibres, and e.g. fibre can be drawn directly from the
primary preform.

A. Preform Fabrication

As the first step in the process, much effort has focused on the primary performs [6], which have been
fabricated by drilling [3],[7],[8], stacking [9], casting/molding [10], billet extrusion [11] and solvent
deposition [12], with the properties of polymers being crucial to the success of some of these methods.

Drilling was the first method employed to fabricate mPOF [3]. Apart from the ease with which polymers can
be machined, it allowed a variety of designs of greater or lesser complexity to be fabricated easily. Hole
positions are not restricted to the hexagonal arrangement typical of stacked preforms, leading to the first
non-hexagonal microstructured fibre — a ring-structured fibre with the holes placed on concentric circles [8].
The flexibility of drilling thus made it suitable for research purposes and resulted in its wide use, however it
is limited by the short performs produced.

The high air fractions required for some fibre designs led to the investigation of tube stacking for mPOF, as
used in silica PCF fabrication. Thin-walled tubes of 4 mm outer diameter and 3.7 mm inner diameter are



typically used [13] and preform lengths of > 40 cm are possible. Large performs can also be produced
through casting/molding by polymerising the polymer in a mold with the holes defined by steel rods, which
are removed once the polymerisation is complete [10]. Extrusion is a common fabrication method for
conventional step and graded-index POF [4] as it allows for continuous manufacture, rather than batch
fabrication (where one preform produces one batch of fibre). To date, a batch-approach billet extrusion has
been demonstrated for mPOF preforms [11].

Microstructured polymer fibres containing a second polymer (rather than air holes) have been made by
solvent deposition [12]. The first polymer is dissolved in a non-solvent of the second and vice-versa. Layers
of each polymer can be deposited and dried without damaging the remaining preform.

B. Fibre Fabrication

Once the preform is completed it can be drawn to cane and/or fibre. Drawing must be done above the glass
transition temperature Tg of the material. For PMMA, with a Tg of 115 °C, the drawing temperatures are
180 — 230 °C. Tension of 0 — 2 kg for cane draws and 0 — 100 g for fibre is also typical (typical dimensions
are 6 mm diameter for cane and 100’s of microns diameter for fibres). Positive or negative pressure can be
applied at any stage of the process to some or all of the microstructure as required.

Extensive modelling of the draw process of microstructured fibres has identified the role of various process
parameters and material properties such as feed and draw rates, viscosity and surface tension. As a result, a
large range of behaviour such as hole expansion or hole collapse (relative to the outer diameter of the
cane/fibre) can be achieved solely by varying the draw conditions and without the use of vacuum or pressure
[14]-[18]. The behaviour of drawing mPOF in this sense can vary from that of silica PCF where the
combination of material properties and draw parameters tend to favour hole collapse.

3. Materials
A. Polymers

The first and most commonly used polymer for mPOF is PMMA, being the most transparent ‘ordinary’
polymer (i.e. not deuterated or fluorinated), low-cost, widely available and already in use for POF [4].
PMMA is generally transparent in the visible up to 850 nm as seen in Fig. 1. PMMA-POF typically operate
at the 0.15 dB/m loss minimum at 650 nm. In the infrared the transparency is compromised by absorption
bands arising from C-H bonds.
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Fig. 1. Material absorption of PMMA.

Other polymers with specific properties have also been used for mPOF, although this typically results in
higher material absorption or cost. Amongst such examples is the cyclo-olefin co-polymer (COC) Topas



which displays lower water absorption than PMMA [19]; polystyrene (PS) with a higher refractive index
[12]; polycarbonate (PC) with a higher Tg [20]; cellulose which is biodegradable [21] and fluorinated
materials which have lower material absorption [22].

B. Modifying the Polymer

The low processing temperature of PMMA and other polymers mean that a variety of organic and inorganic
dopants can be used in mPOF fabrication. Such dopants would be damaged by the draw temperatures used
for PCF of other materials. Dopants can be incorporated into a polymer at the polymerisation stage [10], by
casting from a solution of both the polymer and dopant [12], or by mixing with [23] or diffusion through the
solid polymer [24].

In solution doping [24] a solution of the dopant is inserted into the holes of an mPOF preform or cane. The
small solvent molecules diffuse into the polymer and swell it, creating voids through which the dopant can
enter the polymer matrix. The solvent is then removed by evaporation. The concentration of the dopant is
determined by the concentration of the solution and the residence time. Diffusion of the dopant upon heating
results in a uniform distribution across the core.

The “solvent’ is necessarily a small, volatile molecule such as methanol or acetone, in which the dopant is
soluble. The residence time of the solution in the holes depends on the extent to which this solvent swells or
dissolves the polymer. Methanol does not dissolve PMMA, and the PMMA can become completely
saturated so long as the swelling does not close the holes of the microstructure. Acetone dissolves PMMA
and residence times are limited to ~30 s. This deposits a layer of dopant on the surface of the hole, which is
transported through the polymer by diffusion upon heating.

Solution doping is limited to dopant molecules that will diffuse through the swollen polymer such as organic
dye molecules, whereas inorganic ionic species are typically excluded [25]. lonic species may be stabilised
by organic ligands [26], but these make the resulting complex too large and, although compatible with the
polymer, prevent its diffusion. Other doping methods such as adding the dopant at the polymerisation stage
or to a solution of the polymer must be used in these cases.

Particulate dopants can be added to PMMA powder and mixed using a ball mill to achieve a homogeneous
distribution. The doped powder is consolidated into a rod using heat and vacuum and the doped rod can be
inserted into position into a drilled or stacked preform and drawn to fibre [23]. This method has been
demonstrated using rhodamine-doped silica nanoparticles and quantum dots [23], cobalt nanoparticles [27],
as well as to produce blends of polymers e.g. PMMA-PS. The inherent disadvantage of this method is
scattering that may arise from the particulate dopants and any air bubbles formed during consolidation of the
doped powder.

4. Single-mode mPOF

Although silica fibre technology is abundant in single-mode fibres, POF technology has focused almost
exclusively on large-core step- and graded-index multimode fibres. Single-mode POF have been fabricated
[28], but they are typically single-mode only in the infrared, suffer from high loss (e.g. scattering at the
core/cladding interface), and are generally not commercially available [4]. The use of microstructure
however, meant that single-mode polymer fibres could be easily fabricated to operate at any wavelength
[3],[29], as shown in Fig. 2(a). The loss of single-mode mPOF is typically 1 dB/m across the visible, and the
core sizes vary from 1-15 um depending on the wavelength to be guided. Alternative single-mode designs,
as shown in Fig. 2(b) have also been fabricated [30], but the hexagonal arrangement of holes [1] is found to
be most robust and is most commonly used.

A. Single-Mode mPOF Gratings

Although significant progress was made with the inscription of fibre Bragg gratings (FBG) in single-mode
step-index POF [31]-[34], their application was limited by high losses. The FBG were inscribed using silica
fibre technology to operate around 1550 nm where the material absorption of PMMA exceeds 50 dB/m (Fig.
1). Shorter wavelengths (and lower material loss) were unobtainable as the fibres became multi-mode.
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Fig. 2. (a) Cross-section of a typical single-mode mPOF, and (b) an alternative single-mode design [30].

Single-mode mPOF have been inscribed with FBG and long period gratings (LPG) [35]-[38]. Fibre Bragg
gratings were inscribed using UV light and a phase mask technique [35] (Fig. 3). The orientation of the
microstructure with respect to the UV beam was identified to be important, and fibres with a flat cross-
section were purposely fabrication to ease alignment, Fig. 3. The grating writing time could be shortened by
doping the fibres with the photosensitive organic dye stiloenmethanol [39], through solution doping of the
performs [24]. The FBG in mPOF also operated in the problematic 1550 nm wavelength region.
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Fig. 3. Sample reflection spectrum of a fibre Bragg grating inscribed in single-mode mPOF [35]. Inset shows an example
of a single-mode mPOF with flat sides.
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Fig. 4. The change in wavelength of three loss feature of a LPG inscribed in single-mode mPOF as a function of applied
strain [38]. The main grating wavelength was 570 nm at zero strain. Inset shows the spectrum of a typical grating.

Long period gratings on the other hand can be easily inscribed to operate in the visible where the material
loss is @ minimum, as in Fig. 4. Gratings with a pitch of 0.5-1 mm are inscribed using a stamping method,
where the fibre is heated to near Ty and a grating is physically pressed onto the fibre [37]; both stress and
physical deformation create the grating.

The interest in single-mode mPOF gratings (particularly LPGS) lies is in strain sensing and monitoring in



engineering and medical applications [38]. This arises from existing interest in the use of polymer fibres for
such applications [31]-[33],[40],[41], with PMMA fibres used for strains of up to 15% [41]. Large changes
in the grating wavelength can be achieved with applied strain as shown in Fig. 4. The high elastic limit of
PMMA and the ability to have low-loss single-mode fibres in the visible makes single-mode mPOF uniquely
useful in such strain sensing applications. Up to 25 % strain has more recently been demonstrated using long
period gratings in mPOF.

B. Elliptical-hole mPOF

The first microstructured fibre with elliptical holes was made using PMMA [42], shown in Fig. 5. Internal
stresses on the microstructure during the draw, created by placing two additional larger holes in the perform
distorted the microstructure to produce elliptical holes. The fibre exhibited form birefringence arising from
the elliptical holes and core, and a stress birefringence component that could be removed by annealing. The
two birefringence components were in opposing directions, thus the birefringence increased after annealing,
as seen in Fig. 5.
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Fig. 5. (a) Birefringence as a function of wavelength for the first microstructured fibre with elliptical holes [42]. Inset
shows the endface of the fibre.

5. Multi-mode mPOF

Several multimode mPOF have been reported with losses as low as 0.19 dB/m [6], approaching the
commercial PMMA-based POF standard of 0.15 dB/m at 650 nm [4]. Multimode microstructured fibres had
received very little attention, as the large number of modes and their leaky nature complicated their
behaviour: calculating the confinement loss of thousands of modes supported by an arbitrary fibre structure
being a difficult task. The leaky nature of the modes made the loss of individual modes an important
parameter, which in turn made some fibre properties length-dependent, like whether a fibre was single-mode
or multimode and how many modes were guided [43],[44],[8], the numerical aperture [45],[46], bend loss
[47] and the bandwidth [48] (in addition to its usual length dependence). Many of these issues were
addressed for the first time in the context of mPOF.

Conventional step-index and graded-index multimode fibres had been investigated in the context of POF for
short-distance communications, to service networks in cars and potentially fibre-to-the-home applications or
high speed connections within and between consumer electronics [4]. Large core, large diameter, flexible
multimode fibres operating in the visible are desirable as that could facilitate low-cost connectors and user
installation. The transfer of this research area to mPOF resulted in some of the complexities of multimode
microstructured fibres being address. Firstly, the variety of structures possible meant that a very large
parameter space needed to be searched and optimal properties of designs had to be defined. Secondly,
modelling the guided modes of microstructured fibres was typically limited to single-mode fibres, whereas
now thousands of (leaky) modes would need to be processed. Finally, the transfer of guided light between
different modes along the length of the fibre had to be taken into consideration.



The exploration of parameter space was addressed by an evolutionary algorithm approach, which iteratively
produced new designs by combining designs assessed to be optimal in some way [30]. To model a large
number of modes, a new modelling approach termed the Adjustable Boundary Condition (ABC) method was
developed [49]. The benefit of the ABC method over other methods was that it was the first to model
arbitrary fibre cross-sections (not limited to circular holes), and it solved a nonlinear eigenvalue problem
with the (complex) mode effective indices as the eigenvalues, allowing many modes to be found easily. In
addition, the orthogonality of leaky modes was formalised and used to ensure the same mode was not found
more than once [50].

The transfer of guided light between modes (mode mixing) depends on perturbations to the fibres such as
impurities or (micro) bending and competes with the loss of light through the leaky modes. Several
descriptions based on multimode POF and ray tracing or diffusion have been reported [51]-[55], and a
transfer matrix model to describe successive bent and straight lengths of fibres arising from the analysis of
mPOF has been developed, as well as an experimental regime for determining important parameters such as
the rate of mode mixing [47].

Fig. 6. (2) Example of a high bandwidth mPOF intended to mimic a graded index profile (GImPOF) [56].
(b) Rectangular core fibre [58].

A. Bandwidth and Bend Loss

One fibre design where these considerations are important are high-bandwidth mPOF, originally designed to
mimic a graded-index structure [56],[48], as seen in Fig 6(a) and Fig. 7(a). Experimental characterisation of
the pulse spreading in these fibres showed that beyond a certain propagation length the pulse width stops
increasing, meaning the bandwidth no longer decreases from inter-modal dispersion and the bandwidth-
length product is not constant. Bandwidths of 10 GHz were measured and observed to remain essentially
constant for lengths between 40 and 75 m [48], as seen in Fig. 7(a). The genetic algorithm approach was
used to explore suitable designs, whist large numbers of modes were solved to evaluate each design.
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Fig. 7. (a) Plot of bandwidth as a function of length for a high-bandwidth mPOF. After a given length the bandwidth

does not decrease as a function of length as expected and as indicated by the dashed lines of slope =1 (assuming no

mode mixing) and slope = 0.5 (mode mixing) [48]. (b) Bend loss of an air-clad mPOF as a function of bent length for
three different bend radii, showing a decrease in the loss rate after a certain length [47].

Another example is air-clad mPOF as in Fig. 7(b), with such designs previously shown to have large
numerical aperture (NA) [57]. An explanation for the high NA of these fibres in terms of coupling to the
solid struts in the cladding arose from an analysis of all the modes supported by the fibres using the ABC
method [45],[46]. Such fibres were also shown to have very low bend loss with plateau behaviour
reminiscent of the pulse spreading described above: beyond a certain bent length of fibre, further bends



produced very little additional loss [47] as in Fig. 7(b). This behaviour was explained in terms of the
competing processes of mode mixing and loss, formalised using a transfer matrix model, where model
parameters could be determined experimentally for each fibre.

Other examples of multimode mPOF do not rely on understanding the complexities of multimode fibres and
include e.g. rectangular core fibres as in Fig. 6(b) suitable for coupling to similarly shaped diodes [58], such
designs arising from the variety of fabrication methods available.

B. Sensing

Examples of multimode mPOF for chemical sensing have appeared, where the solution enters the holes of
the fibre. Surface modification of the polymer was employed for an evanescent field antibody sensor in a
Topas mPOF [19], and a pH sensor [59]. In the former, the holes of the mPOF were coated with a receptor
for the antibody, and in the latter with a dye-doped pH-sensitive thin film. To increase the sensitivity of
evanescent field sensing schemes (i.e. the overlap of the evanescent field and the solution) additional,
smaller holes were placed inside the core of a fibre, as in Fig. 8(a) [60].
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Fig. 8. Examples of mPOF for evanescent field sensing with (a) additional smaller holes in the core [60] and (b) and an
exposed core [61].

Requiring the fluid to enter the holes in the fibre ultimately limits such evanescent field sensors. Individual
measurements can be performed if the fibre were to be emptied and re-filled, whilst continuous monitoring
of a solution by pumping through the fibre would face the practical problem of simultaneously coupling
liquid and light into the fibre and a time delay associated with the fluid flow. These problems are removed in
a fibre with lateral access to the core. A hole drilled into the side of the secondary preform results in a trench
along the fibre, shown in Fig. 8(b), through which the core is exposed to the outside environment without
compromising the structural integrity of the fibre [61]. Thus live monitoring may be performed without the
mentioned difficulties.

C. Doped Fibres and Metallic Inclusions

The doping methods described earlier have been used in various instances to modify mPOF and increase
functionality. Solution doping introducing organic dyes into the polymer matrix has been used to produce a
microstructured fibre (dye) laser using rhodamine 6G [62],[63], increase photosensitivity and increase the
electro-optic coefficient [64].

The powder doping method has been used to incorporate doped silica nanoparticles and quantum dots into
optical fibres for the first time, which can potentially lead to quantum dot-based fibre lasers [23].
Ferromagnetic cobalt nanoparticles have also been placed in the core of an mPOF, Fig. 9(a), and an
enhanced magneto-optic effect due to Faraday rotation was observed upon the application of magnetic field
[27].

The holes of mPOF have been coated with silver by infiltrating the holes with a reacting solution which
deposited the metal on the hole surfaces [65],[66]. Selective filling leads to the coating of only selected
holes, as in Fig. 10(a), demonstrated as an absorption polarizer [65]. The rough nature of the coatings [Fig.
10(b)] makes them suitable for surface enhanced Raman scattering (SERS) experiments (smoother coatings
would be required for Plasmon resonance-based experiments), as electrodes and in other chemical sensing
schemes [66].



Fig. 9. A fibre with a cobalt nanoparticle-dopedef27]. The Faraday rotation achieved for a giapplied field is

proportional to the Verdet constant, shown as atfan of wavelength for pure PMMA (dotted line-tmetcal, (a)-

measured) and different cobalt concentrations p® ®055%, (c) 0.05%, (d) 0.125%, (e) 0.25% byghein bulk
material. (f) is the Verdet constant measured fiilor@ with a 0.05% cobalt core.

Fig. 10. (a) Selectively silver coated holes irbaef absorption polariser [65]. (b) SEM of a silesated hole showing
sub-micron crystals [66].

D. Textiles

Solvent deposition was used to fabricate solid-curdtimode polymer Bragg fibres with applications i
textiles [67],[68]. The photonic bandgap arisingnfr the multilayer cladding of PMMA and PS resuhis i
colouration of the fibres, which can be controlbdough the relative levels of ambient light anghti
guided in the core of the fibres. Different diamdibres will have different bangaps, producing. eeq,
green and blue, which when incorporated into aileexein be used to produce a wide variety of caour
through colour mixing.

6. Hollow-Core mPOF

Research into hollow-core mPOF (HC-mPOF) has cdrdreund three areas. First is the investigation of
novel hollow-core structures and the mechanismwlingh they guide light. Second is the use of HC-RPO
for extending the range of polymers that can bedused the wavelengths that can be guided. Finally,
several sensing schemes have been demonstratétinROF.

A. Novel Structures and Guidance Mechanisms

The first HC-mPOF to be demonstrated was a ringeitred Bragg fibre [69] shown in Fig. 11(a). Thegr

structures were shown to be analogous to multil®yagg reflectors, where the rings of holes areayed
out in the azimuthal direction to form the low ixdayers, whilst the solid region in between thegs of
holes form the high index layers [70],[71]. Hentleese structures support photonic bandgaps inathelr
direction and are able to confine light like otBeagg fibres [72].

An alternative approach to hollow- core fibres nibasvay from photonic bandgaps. This was demonstrate
in two cladding structures: using a kagome latfi®], where the repeating unit is a Star of Dawidp used
for the first twin-hollow core fibre [73], and thast square lattice hollow-core fibre [74], examplof
which are shown in Fig. 11(b), 12 and 13.



