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We develop a method for the fabrication of functional microstructured optical fibers (MOFs) by
selectively filling the air holes with liquid phase materials, where we utilize the dependence of
filling speed on the size of the air holes. As a demonstration, we construct a hybrid MOF by filling
the center hollow core of a triangular lattice photonic crystal fiber with dye-doped curable polymer,
and experimentally observe the two-photon fluorescence from the hybrid MOF. © 2004 American
Institute of Physics. [DOI: 10.1063/1.1828593]
Confinement of light in low index core (air for example)
using Bragg reflection was proposed in 1978.1 More recently,
microstructured optical fibers (MOFs) inspired by photonic
band-gap research have been extensively investigated, leading to many interesting optical phenomena.2–4 A hollow-core
MOF can achieve air guiding by using the Bragg reflection
from the periodic fiber cladding structure,1 which can potentially lead to ultralow propagation loss5 and have a significant impact on long-distance optical communications. In addition, hollow-core MOFs are an attractive medium for the
study of nonlinear optical phenomena in gas phase
materials.6 Solid-core MOFs, which are another class of
MOFs where optical confinement is provided by effective
index guiding, have also found a wide range of applications
such as dispersion compensation and supercontinuum
generation.7 Since both classes of MOFs are typically composed of an array of air holes in a solid material (such as
silica), they also provide an excellent platform for the infiltration of liquid phase materials and the construction of microfluidic photonic devices such as tunable optical filters8,9
and switches.10 However, the microfluidic photonic devices
reported to date use silica-core MOFs as templates, where all
the surrounding air holes in the MOF are filled with liquid
phase materials and light is guided within the center silica
core. In this letter we report on unique method which allows
us to selectively fill the air holes in air-core MOFs and form
various functional hybrid MOFs for different applications.
More specifically, we demonstrate a hybrid MOF in which
only the central hollow core is filled with a functional material while the cladding structure is mostly air. Such a hybrid
MOF, which can be well approximated by an optical fiber
with the functional material as the fiber core and a mostly air
cladding structure, is fundamentally different from other microfluidic MOFs reported in the literature as discussed later.
The process of fabricating a hybrid MOF begins with a
template hollow-core MOF, in which the size of the central
core differs significantly from that of the air holes in the
MOF cladding. In our example, the MOF template is a
hollow-core triangular lattice photonic crystal fiber, as illustrated in Fig. 1(a). The fiber is fabricated by Crystal Fibre
A/S (Denmark) using a stack and draw technique. The scanning electron microscope (SEM) images of the fiber cross
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section are shown in Figs. 1(b) and 1(c). The diameters of
the central hole and cladding holes are 5.8 and 2.8 m, respectively. From the SEM images, we estimate that the thickness of the silica layers that separate adjacent cladding air
holes is of the order of 50–100 nm. The air filling fraction of
the fiber cladding structure is approximately 90%. This MOF
template is originally designed for supporting hollow-core
guiding within the wavelength range of 1.1–1.3m.
To achieve selective air-hole filling for the MOF template shown in Fig. 1, we employ a UV curable polymer and
a multistep injection-cure-cleave process. A schematic flowchart of this process is illustrated in Fig. 2(a). In the first
step, we inject Norland optical adhesive 73 (NOA73, viscosity 130 cps at room temperature, UV curable) into the holes
of the MOF (including the core) with a syringe. The force
that drives the polymer into the fiber air holes is provided by
the application of an external pressure on the syringe pump.
Due to the high viscosity of the NOA73, the capillary force
is insignificant in the process of polymer infiltration. We can
model the liquid injection process as laminar flow in the
cylindrical holes, which leads to11

FIG. 1. Structure of the microstructured optical fiber. Two differently sized
holes are shown in the schematic diagram (a). The SEM images of the fiber
cross section show both the central hole and cladding holes (b), as well as
the triangular lattice of the cladding holes (c).
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FIG. 3. (Color online) The structure (a) and the profile of a guided mode (b)
in a selectively filled silica microstructured optical fiber 共⌳ = 3.1 m兲. The
central hole (radius 3.78 m) is filled with water while the cladding holes
(radius 1.51 m) are filled with air.

FIG. 2. (Color online) Schematic flowchart on selective filling of the microstructured optical fibers. The images (b) and (c) are optical microscope
images of the fiber cross sections at the cleave positions I and II. The light
regions correspond to the holes filled with polymer.
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where v is the average velocity of the liquid flow in the air
hole, r is the radius of the hole, ⌬p is the pressure difference
between the two ends of the liquid tube within the cylindrical
hole, l is the infiltration length of the liquid within the hole,
and  is the viscosity of the liquid. Equation (1) indicates
that the liquid fills the larger holes much faster than the
smaller holes. After a given period of time, the infiltration
length of NOA73 within the central hole is longer than that
within the cladding holes (step 1). Consequently, along the
certain length from the input of the MOF template [position
I in step 1, Fig. 2(a)], all the holes are filled with NOA73 as
shown in Fig. 2(b). However, beyond that portion [position II
in step 1, Fig. 2(a)], only the bigger holes are filled with
NOA73, as shown in Fig. 2(c). We also notice that due to the
imperfect fabrication, in Fig. 2(c) there are six holes around
the edge of the cladding structure with a size comparable to
that of the central hole. However, filling the six holes at the
edge does not significantly affect the optical properties of the
final hybrid MOF. We subsequently UV cure the NOA73
inside the MOF and cleave the fiber at the position shown in
step 1, which results in a modified MOF with the central hole
capped by the cured polymer. According to SEM images,
there is no noticeable delamination between the polymer and
the inner walls of the air holes after the curing, which indicates that the volume shrinkage of NOA73 during the UV
curing is negligible. With the presence of the cap, in step 2

we can selectively inject any liquid or solution into the MOF
cladding holes (in our specific example, we again choose
NOA73). We apply pressure on the syringe pump so the
liquid injected in the cladding holes penetrates beyond the
length of the cap in the central hole. We then cure the
NOA73 in the cladding holes and cleave the fiber at the
position shown in step 2, Fig. 2(a). At the end of the second
step, we have capped all cladding holes with cured polymer
but left the central hole open. Finally, in step 3, we can inject
liquid selectively into the central hole with the cladding
holes plugged. After cleaving [as shown in Fig. 2(a), step 3],
we obtain a hybrid MOF with the central hole filled with the
desired functional material while the fiber cladding consists
of an array of air holes in silica.
Compared with other types of MOFs, the hybrid MOF
described above has several distinct advantages. First, compared with silica-based MOFs, the hybrid MOF core can be
made from various materials with nonlinear optical coefficients several orders of magnitude higher than those of silica
glass, which makes the hybrid MOF very attractive for nonlinear optics applications. Furthermore, for a hybrid MOF
with a cladding air filling fraction close to 1, we can achieve
optical guiding in low index materials such as water. In Fig.
3, we show the profile of a guided mode in a hybrid MOF in
which the central core is filled with water, and the cladding is
composed of a triangular lattice of air holes in silica. The
mode profile is calculated using the multiple expansion
method.12 Since the optical field is well confined within the
low index (water) core, we can achieve a long effective interaction length between the optical field and the low index
material, which is important for spectroscopy applications in
water-based solutions. The only other optical fiber that can
guide light in a water-based solution core is the Teflon AFcoated capillary tube.13 However, compared with the Tefloncoated fiber, the hybrid MOF fiber possesses some important
advantages in terms of the ease of fabrication, a much larger
numerical aperture (therefore higher collection efficiency of
luminescence), and a much smaller core radius, which leads
to higher optical intensity and is important for nonlinear
spectroscopy.
We demonstrate an example of functional MOFs using
the selective-filling technique described above. The optical
microscope image of the MOF cross section is shown in Fig.
2(c). In this demonstration, the core material is UV cured
NOA73 doped with 0.05 wt % (0.0002 mol/L) Rhodamine
640 (R640). It should be mentioned that light in this MOF is
confined by total internal reflection instead of Bragg reflection. Compared with the alternative approach, where a glass
capillary tube is used, the selectively filled MOF shown in
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shown in Fig. 4(b). Compared with conventional
methods,14,15 our demonstration provides a unique method
for fabricating highly efficient two-photon fluorescence fiber
devices.
In summary, we propose and develop a method that allows the selective filling of MOFs with various functional
materials. In particular, the selective-filling technique allows
for the construction of a hybrid MOF in which the cladding
structure is nearly all air and the central light-guiding core
can be made from almost any solution-based materials. Using such a hybrid MOF, we can achieve optical confinement
in low index materials such as water, which is of particular
importance for spectroscopy and sensing applications in
water-based solutions.
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FIG. 4. (Color online) Experimental setup for optical measurement (a), P,
pump; BS, beam splitter; C, collimator; MMF, multimode fiber; MS, mechanical splicer; F, fluorescence; SP, short-pass filter; L, lens. Detected fluorescence spectra (b) correspond to single-photon (532 nm, open circle) and
two-photon (890 nm, solid line) pumping, respectively.

Fig. 2(c) can achieve much better optical confinement. Furthermore, the MOF can also realize optical confinement in
polymer or liquid material with low 共n ⬍ 1.44兲 or very low
共n ⬍ 1.33兲 refractive index. The MOF can be handled in the
same way as common telecommunication fibers. To measure
the two-photon fluorescence from the MOF, we use the optical setup shown in Fig. 4. A 890-nm fs laser (200 fs, 76
MHz, 15 mW) is used as the pump. Since the cladding of the
template MOF consists mostly of air [Fig. 1(c)], the pump
light is well confined within the polymer core due to index
guiding, and excites the entire length of the hybrid MOF
(total length 20 cm). The two-photon excited fluorescence
that travels backward is collected and detected as shown in
Fig. 4(a). The fluorescence spectrum of the hybrid MOF is
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