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Abstract: In this work, we investigate the guiding properties of a hybrid
polymer (poly-dimethylsiloxane)/silica photonic crystal fiber (PCF). In
particular, we demonstrate how the basic guiding properties of a
conventional PCF are changed due to the infusion of poly-dimethylsiloxane
(PDMY) in its air-holes. We show that PDMS infiltration allows tuning of
single mode operation, confinement loss, effective modal area (EMA) and
numerical aperture (NA) with wavelength and/or temperature. This is
primarily due to the enhancement of evanescent field interaction, lending
some important characteristics for designing tunable fiber devices.
Numerical calculations were performed for different relative hole sizes, d/A
(0.35-0.75), of PCF for a 500-1700nm wavelength and 0-100°C temperature
range, whereas direct comparison with a conventional air-filled PCF is also
shown.
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1. Introduction

Photonic crystal fiber (often referred as microstructured or 'holey' fiber) possesses many
distinguished properties and characteristics compared to conventional single mode fiber [1].
This unique kind of optical fibers constitute micrometer-scaled holes running along their
entire length which usually are arranged in a hexagonal pattern [2]. This feature enables the
infiltration of advanced materials and liquids such as liquid crystals [3-6], high index liquids
[71, biolayers [8,9], ferrofluids [10], metals [11-13] as well as polymers [14,15], into the air-
holes of the PCF. Infusion of the above mentioned different materials lends the ability to
modify the guiding properties and Behaviour of these fibers develops tunable devices [16,17],
filters [18], attenuators [19], sensors [20-22] etc.
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During the last decade, polymers have also attracted a lot of scientific interest because
they are flexible materials with good mechanical properties, relatively low cost, and often
suitable for photonic applications [23]. Limited research has been carried out so far though on
the development of polymer infused PCF-based devices. Kerbage et al. reported a highly
tunable birefringent microstructured optical fiber, where the variation of the refractive index
of the infused polymer allows tuning of the guiding properties [17]. The proposed device
required however post-processing (tapering) for increasing the interaction of the evanescent
field with the infused polymer, which may result in high losses. In addition, polymers can
exhibit shrinkage during polymerization and create stress and often cracks [16]. Consequently,
the choice of the active polymer has a crucial role in the development of tunable devices.

A widely known and used polymer in the field of micro/optofluidics is the poly-
dimethylsiloxane (PDMS). It has been used as stamp resin in the procedure of soft
lithography, making it one of the most common materials used for flow delivery in
microfluidics chips [23]. PDMS is a low cost material and it has very good optical and
mechanical properties as well as low shrinkage and it can be fabricated very easily [23]. Its
refractive index is around 1.41 and it is highly transparent to a wide range of wavelengths
[24]. The combination of the unique optical properties of PDMS with the mature technology
of PCFs can constitute an efficient route to development of compact cost-effectiveness
tunable devices and sensors [15].

In this work, we present a detailed numerical analysis combined with experimental loss
measurement of a PDMS infiltrated all-silica PCF. We demonstrate that PDMS infusion
allows the tuning of basic guiding characteristics that lend many advantages, when designing
tunable fiber devices. In particular, we show that PDMS infusion allows tuning single mode
operation, effective modal area (EMA) and numerical aperture (NA) with wavelength and
temperature as well as varying confinement loss and enhancing evanescent field interaction.
These are important features for developing tunable devices (i.e. filters, sensors, tunable
birefringence devices, high NA fibers, etc.) using conventional PCFs infiltrated with polymer
(PDMS) materials.

The rest of the paper is organized as follows. In section 2, we experimentally measured
PDMS absorption as well as the transmission losses of different PDMS—filled PCFs. Section 3
details the guiding properties (Section 3.1) as well as thermal properties (Section 3.2) of the
fiber. In particular it is shown, how the infused polymer material affects the guiding
mechanism of the fiber in terms of the effective index of the fundamental guiding mode (ng),
effective modal area (EMA), confinement loss, numerical aperture (NA), single mode
operation and fraction of power in the material-filled cladding. It is also shown how these
parameters can be significantly tuned with temperature, due to the high thermo-optic
coefficient of PDMS. Different relative hole sizes are employed, while results are compared
with conventional (unfilled) PCFs.

2. Fiber samples preparation and loss measurements

In this section, basic absorption and loss measurements are provided to demonstrate the ease
of fiber development as well as determine its loss performance. The poly-dimethylsiloxane
(PDMS) was from Dow Corning (Sylgard-184) and was prepared by mixing elastomer and
curing agent at 10:1 ratio [24]. For determining the absorption coefficient of PDMS, we drop
casted the polymer in a glass substrate and measured the material absorption using a
spectrophotometer and a step profilometer to define the film thickness of the sample. Figure 1
displays the absorption coefficient from 500-to-2000 nm wavelength spanning. At short
wavelengths, the polymer exhibits a relative low absorption with only a high peak at 1186 nm
and a minimum at 1320 nm. At longer wavelengths absorption coefficient increases
significantly, exhibiting a maximum at ~1750nm.
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Fig. 1. Absorption coefficient of Poly-dimethylsiloxane (PDMS) material (logarithmic scale).

In our experiments, we employed four different commercially available PCFs named as
LMA-13, 12-01, 10, 5, (see [25] for fiber specifications), with different d and 4 each (where d
corresponds to the diameter of the cladding-hole and A is the pitch of the fiber). Table 1
shows the structural parameters (i.e. d and A) of the fibers. The fibers were infiltrated with
PDMS using a custom-built pressure cell. The infiltration length depends on the viscosity of
the material (in this case 3900 centipoise), the cladding-holes diameter of the fiber, and the
applied pressure [26]. For example in the case of an LMA-5 fiber, applying a constant
pressure of ~15 bars for 1.5 hours was enough to fill a fiber length of ~2 cm. Different
samples were prepared and cured at room temperature for 48 hours according to the
specifications of detailed in [24]. Figure 2(a) shows the optical microscope image of the
LMA-13 filled with the polymer and Fig. 2(b) shows the scanning electron microscope (SEM)
image of the same air-filled fiber.

Table 1. Structural Parameters of the Fibers

Parameters (pm)

Fibers d A
LMA-13 43 8.5
LMA-12-01 3.5 7.7
LMA-10 3.46 7.2
LMA-5 1.4 3.1

Silica

Fig. 2. (a) Optical microscope image of the PDMS-filled PCF (LMA-13). (b) SEM image of a
conventional (empty) PCF fiber.
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The loss performance of the PDMS-filled PCFs were measured using cut-back method by
launching white light from a broadband supercontinuum laser source (500-1700nm). Figure 3
displays the experimental set-up. The output beam was collected with a 20 x microscope
objective and a multimode fiber, while the transmitted signal was monitored on an optical
spectrum analyzer. Any undesired cladding light was blocked by inserting an iris diaphragm
into the beam path, such that only light from the waveguide core was recorded.

Sample 20 s MMfiver
Supercontinuum _[()] AFCRC 2 ( Q )

Fig. 3. Experimental set-up.

The corresponding measured losses of the polymer filled LMA-13, 12-01, 10, and 5 from
500 to 1700 nm is shown in Fig. 4. LMA-13, 12-01 and 10 have relatively large core
compared to LMA-5 and therefore confinement loss is directly affecting the total loss of the
fiber. Therefore, LMA-13 has higher loss than 12-01, and 10. However, it can be clearly seen
that the highest values of loss obtained for the case of LMA-5 where the light-polymer
interaction is the highest compared to all the other cases. The corresponding calculated
fraction of power in the cladding is ~1.33% at 600 nm while for example in LMA 12-01 is
~0.09% at the same wavelength. Similarly, at longer wavelengths, i.e. 1400 nm, the fraction
of power in LMA 5 is ~14% while in LMA 12-01 is ~1.9%. Due to the high absorption
coefficient of PDMS at long wavelengths (higher than 1320 nm) as demonstrated in Fig. 1,
combined with high confinement loss (fundamental mode starts to become a leaky mode),
LMA-5 exhibits consequently very high losses at these wavelengths as shown in Fig. 4. It
should be also mentioned that the loss measurement performed with great care in order to
minimize errors such as in/out coupling instabilities, power fluctuation, cleaving quality, etc.
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Fig. 4. Loss measurements (dB/cm) of LMA-13, 12-01, 10, and 5 from 500 to 1700 nm.

3. Numerical modeling

In our calculations we considered a standard index-guiding photonic crystal fiber with the air-
holes arranged in a hexagonal array as shown in Fig. 5(a). We investigated five different
structures with d/A = 0.35,0.45,0.55,0.65,0.75. The diameter of the cladding holes remained
constant to d = 3.5 um for all cases, which in experimental terms are big enough for the
infiltration of a high viscosity polymer over several centimeters [26]. The host material of the
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fiber was fused silica while the air-holes of the PCF were unselectively filled with PDMS.
The refractive index profile of the hybrid structure is shown in Fig. 5(b).

The numerical method we employed to find out the guiding and thermal properties of the
PDMS-filled PCFs is the Yee-mesh-based full-vector finite difference method [27] which is
an efficient and accurate numerical mode solver for the analysis of optical waveguides and
PCEF structures [27,28]. In Figs. 5(c) and 5(d) we show the calculated effective indices of the
fundamental guiding mode at 1550 nm wavelength of a conventional (unfilled) and PDMS
filled PCF. In order to achieve accurate predictions in the numerical computation of the
presented hybrid PDMS/Silica PCF cases, it is important to select the appropriate mesh
spacing (grid size). With respect to the discretization scheme that was used in the calculation,
reasonably accurate results can be obtained by keeping the mesh spacing at: A/15 [27]. The
boundary condition is another critical factor for simulation of mode properties. An absorbing
perfectly matched layer (PML) boundary condition [29] was employed in our case for the
truncation of computation domain without reflection. In all cases, we considered only the x-
polarized mode since the difference between the two orthogonal polarizations was negligible.

Numerical results are divided into two sections. Section 3.1 considers the guiding
properties of the hybrid PCF from 500 nm to 1700 nm wavelength. In our study, we have
considered both the dispersion of fused silica and PDMS. The refractive index of silica was
calculated using Palik's parameters [30], while the real part of the refractive index of PDMS
using its Sellmeier equation, where the coefficients were experimentally demonstrated in [24].
The imaginary part of the refractive index was extracted based on the absorption
measurements of the material (see Section 2).
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Fig. 5. (a) Hybrid polymer/silica simulated PCF. (b) Refractive index profile of the hybrid
structure. Example of the calculated fundamental guiding mode profile of the PCF with d/A =
0.35 at 1550 nm (c) with air and (d) infused with PDMS polymer

In section 3.2 we investigate the thermal properties of the hybrid fiber. PDMS exhibits one
of the highest linearly negative thermo-optic coefficient that corresponds to dn/dT =
—4.5x107/ °C [15]. We showed the effect of temperature in terms of effective index of the
fundamental guiding mode, confinement loss, effective modal area, numerical aperture and
fraction of power in the PDMS-filled holes of the PCF. Our calculations were performed at
633 nm and 1550 nm wavelength. At 633 nm, the infused polymer exhibits a relative low
absorption loss, while 1550 nm is a widely used wavelength at C-band.

3.1 Guiding properties of the polymer-infused PCF

In this section, we analyze the guiding mechanism of the PDMS-filled PCF for a wavelength
range of 500 nm up to 1700 nm, for different relative hole sizes, d/A, at room temperature.
Depending on the structural dimensions of hole diameter d and pitch A, the fiber comprises
both single- and multi-mode guidance. The V-parameter (normalized frequency) is an
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essential factor which determines the guiding properties of the fiber. The formulation of the
V-parameter for a PCF is given by [31]:

V — parameter = Zﬂ%«/niM (A)—njg, (L) 1)

Despite the fact, that this mathematical formula is similar to the expression for the standard
optical fibers, the unique structure of PCF is taken into account. In Eq. (1), the term
2, (A) corresponds to the effective index of the fundamental guiding mode at a particular

wavelength and respectively 2y, (A) corresponds to the effective index of the first cladding

mode in the infinite cladding structure which is usually defined as the fundamental space
filling mode. For the fully detailed analysis of this expression refer to [32].

Figure 6 shows the calculated V-parameter of the hybrid polymer/silica PCF versus
wavelength operating wavelength for different d/A. The dashed lines correspond to the
conventional unfilled PCF of the corresponding same d/A, while the black dashed line
indicates the higher-order mode cut-off and is associated with a value of Vpcp = m, as
demonstrated by Mortensen et al [32] and validated in [33]. From Fig. 6, it can be clearly seen
that PDMS inclusion in PCF, converts a multimode fiber (see conventional air-filled PCF in
Fig. 6) to endlessly single-mode according to the relative hole size d/A for specific
wavelength ranges. This is an important feature for developing tunable fiber devices. For
example, in the case of d/A = 0.55, the PDMS-filled PCF exhibits single mode operation
above 800 nm wavelength, while the structures with d/A = 0.65 and 0.75 above 1100 nm and
1300 nm, respectively. The corresponding conventional unfilled PCF exhibits multimode
operation across the whole wavelength span.
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Fig. 6. Numerical calculations of the V-parameter of the PDMS filled PCF for different relative
hole sizes. The dashed lines correspond to the conventional unfilled PCF. The black dashed
line indicates the single-mode operation threshold.

Figure 7(a) shows the effective indices (n.) of the fundamental guided modes again for
different relative-hole sizes. From Fig. 7(a), it can be seen that there is an overall increment of
the effective indices of the fundamental mode of the hybrid structure (dashed lines) against
conventional PCF (solid lines). This is due to the fact that the average refractive index of the
cladding in the hybrid fiber is higher than the conventional one. Figure 8(b) displays the
confinement loss, which is relatively low at short wavelengths but linear increases with
wavelength. The confinement loss for holes sizes higher than 0.55, was negligible, since the
guiding mode is highly confined to the core of the fiber.
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Fig. 7. (a) Effective index of the PDMS-filled PCF versus wavelength for different relative hole
sizes Dashed lines correspond to the conventional (unfilled) PCF. (b) Confinement loss versus
wavelength of the PDMS-filled PCF.

Another parameter of great importance is the effective modal area (EMA), as it is directly
related to the confinement loss [34], micro-bending loss [35], splicing loss [36] and numerical
aperture [37]. The effective area of the fiber core A,y is given by [38]:

A = M 2)
7 J.J‘S|Et|4dxdy

In Eq. (2), the E, is the transverse electric field vector and S denotes the cross-section of the
fiber. Figure 8(a) shows the response of EMA of the hybrid (solid lines) and conventional
(dashed lines) PCF. As expected, increasing the relative hole size d/A of the hybrid PCF, the
mode becomes more confined and consequently reducing EMA. In contrast, EMA of a
conventional PCF exhibits almost flat response (see black dashed line in Fig. 8(a)). Tuning
EMA is of great importance for fiber laser application and the infusion of PDMS enables the
ability to tune EMA based on operating wavelength as well as when varying temperature (see
section 3.2). Numerical aperture, NA, is another important parameter which is directly related
to the effective modal area EMA and can be expressed as:

NA=sin®@~(1+74, /2°)" 3)

where O is the half divergence angle of the light radiated from the end-facet of the fiber.
Figure 8(b) shows the NA change versus wavelength. It can be seen that he increase in NA is
higher for higher relative hole sizes. For example, in the case of d/A = 0.75, NA exhibit an
increase from ~0.06 to 0.15 over the 500 to 1700nm wavelength span, while only from 0.02 to
0.04 for d/A = 0.35. In either case, increasing NA is significantly important, especially when
considering fibers for non-linear applications (e.g. supercontinuum generation) due to
launching difficulties.
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Fig. 8. (a) Effective modal area of the hybrid PCF (solid line) and (b) numerical aperture of the
hybrid polymer/Silica PCF with varying relative hole size. The dashed lines correspond to the
conventional air-filled PCF.

Finally, we have calculated how the evanescent field changes due to the infusion of
PDMS. As expected, the infiltration of a polymer into the holes of a PCF substantially
increases the light-matter interaction, thus enhancing the evanescent field. Figure 9 shows the
calculated percentage of energy in the PDMS-filled holes for a particular fiber mode
(fundamental guiding mode in our case). This is calculated by integrating the optical power
inside the PCF holes and dividing it by the total power carried by that mode as expressed in
[39]:

I Re(E H, - E H)dxdy

fractionof power =2 ‘ ‘ x100 4
Ed * ( )
[ Re(EH, —E H)dxdy

Total

In Eq. (4), Ex, Ey and Hx, Hy are the respective transverse electric and magnetic fields of the
fundamental guiding mode. As the d/A increases the interaction of the light with polymer
becomes stronger and the fraction of power in the holes of the PCF can be as high as ~13% at
1700 nm. It should be noted that in case of the conventional unfilled PCFs, the fraction of
power in the air-holes is negligible for all d/A structures.
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Fig. 9. Fraction of power in the PDMS-filled holes of the PCF versus wavelength for different
relative hole sizes. Right inset represents a graphical representation of the evanescent field for
the case of d/A =0.75 at 1700 nm wavelength.
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3.2 Thermal properties of the polymer-infused PCF

In this section, we present the thermal properties of the hybrid PDMS infused PCF. All
calculations were performed at 633 nm, where PDMS exhibits relative low absorption as well
as at 1550nm, which is a widely used wavelength. PDMS exhibit a unique capability to
operate over a wide range of wavelengths as compared with polymer or liquids, bearing a
potential for developing thermally tune fiber devices (i.e. sensors). In our calculations, the
thermo-optic coefficient of PDMS was set to dn/dT = —4.5x107Y °C [15], while it was
neglected for silica. This is because the thermo-optic coefficient as well as any thermal effect
induced is insignificant for low temperatures as high as 100°C [40]. To this end, based on the
thermally induced change of the refractive index of PDMS, we calculated the corresponding
effective indices of the fundamental guiding mode. Figures 10(a) and 10(b) show the effective
index difference (An) defined as the difference of the effective indices between the initial (T,
= 0°C) and actual temperature (x-axis) at 633 and 1550 nm, respectively. From Fig. 10(a), it
can be seen, that the change of the effective refractive index with temperature is limited due to
the high confinement of the fundamental mode at 633nm. For d/A = 0.75, the difference in the
effective indices reaches a maximum of ~2.4x107* at 100°C. For the same structure at 1550nm,
the change of the effective index can be as high as 30x10™ (see Fig. 10(b)). This is due to the
large overlap between the guiding mode and PDMS-filled cladding providing a significantly
capability for designing thermally tuned devices at 1550nm. Figures 10(c) and 10(d) show the
unique feature to tune the V-parameter by varying temperature. Figure 10(c) shows the
change of the V-parameter at 633 nm, over which the effect is not very strong due to the high
confinement of the mode at short wavelengths. In contrast, at 1550nm wavelength, the effect
is much stronger as shown in Fig. 10(d).
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Fig. 10. Effective index difference variation, An of the polymer-filled PCF for different relative
hole sizes versus temperature at (a) 633nm and (b) 1550 nm. Single-mode operation cut-off (V-
parameter) for different temperatures at (c) 633 and (d) 1550nm wavelength.
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Figure 11 displays the corresponding confinement loss variation only for 1550nm, since at
633 is insignificantly small. In general the increase of temperature induces an increase in the
refractive index contrast between cladding and core also increases, allowing the fundamental
guiding mode to be highly confined to the core of the fiber. From Fig. 11, it can be seen that
for relative hole sizes greater than 0.55, the confinement loss is significantly reduced starting
from 0.01 dB/m at 0°C to less than 1x107% at 70°C. In contrast for d/A = 0.45 kot 0.35,
confinement loss reduces more smoothly, starting from a high value of 10dB/m (see d/A =
0.35 curve) to only 1x10™* at 100°C (see d/A = 0.45 curve).

In Fig. 12, we show how the thermo-optic effect can tune the EMA and NA of the fiber at
both 633 and 1550 nm wavelength for different d/A. It can be clearly seen that the variation of
EMA in the case of 633nm is very small as compared to 1550nm. At longer wavelengths, i.e.
1550nm, there is efficient interaction between the core mode field and the active material
infused into the air-holes and thus for the best case scenario (see Fig. 12(b), d/A = 0.35 curve),
EMA can be as high as 400um’ and as low as 200pum” for a temperature variation of 100°C.

Figures 12(c) and 12(d) display the corresponding NA variation with temperature. As
previously mentioned, the change of NA with temperature is directly linked to EMA,;
therefore at short wavelengths (i.e. 633 nm) the variation of NA is small (see Fig. 12(c)),
while at 1550nm NA notably increases with temperature. For example, for the case of d/A =
0.75, NA increases from 0.12 to 0.18 for a 100°C temperature increase. It should be noted
here again that for a conventional unfilled PCF, temperature changes do not affect EMA and
NA due to very low thermo-optic coefficient of silica. Tuning EMA and NA with temperature
is an important feature especially as for example collecting light from non-linear fiber,
alleviating the need for fiber post processing.
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Fig. 11. Confinement loss of the hybrid PDMS infused PCF for different relative hole sizes at
1550 nm.
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Fig. 12. Effective modal area (EMA) and numerical aperture (NA) variation versus temperature
at (a),(c) 633 nm and (b),(d) 1550nm.

Figures 13(a)-13(f) displays the a graphical representation (logarithmic scale) of the
fundamental guiding mode at 0°C, 20°C, 40°C, 60°C, 80°C and 100°C. It can be seen that
when increasing the temperature, the refractive index contrast between cladding and core
increases as well, this is due to the high thermo-optic effect caused of infused PDMS,
confining the fundamental guiding mode into to the core of the fiber. Consequently, both

EMA and NA are tuned as shown in Fig. 12.

(C))

Fig. 13. (a) Single-frame(one per 20°C) excerpts from the simulation video illustrating the
tuning of the modal area of the fundament mode of the hybrid polymer/silica PCF with d/A =
0.35 at 1550 nm starting from 0°C to 100°C. Subplot (a) corresponds to 0°C and (f) to 100°C
(logarithmic scale) (Media 1).
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Finally, we have also calculated, the fraction of power (%) inside the PDMS-filled
cladding for different relative hole sizes from 0°C to 100°C. At 633 nm, the high confinement
of the mode allows limited interaction with the cladding and thus the fraction of power varies
from around 0.1 to 1.25% as shown in Fig. 14(a). However, the same effect is much stronger
at 1550 nm and from Fig. 14(b), it can be seen that the fraction of power in the PDMS infused
holes spans from 2% to 16% at 0°C for the different relative holes sizes.
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Fig. 14. Fraction of power in the cladding of the hybrid polymer/silica PCF at (a) 633 nm and
(B) 1550 nm from 0°C to 100°C.

4. Conclusions

In this paper, the guiding and thermal characteristics of a hybrid polymer (PDMS)/silica
photonic crystal fiber were presented. The study was focused on its fundamental
characteristics such as the effective index of the fundamental mode, confinement loss, V-
parameter, effective modal area (EMA), numerical aperture and the evanescent field of the
waveguide for different relative hole sizes (d/A = 0.35, 0.45, 0.55, 0.65, 0.75), over 500nm to
1700nm wavelength range. Furthermore, it was also investigated how these parameters can be
thermally manipulated over a wide range of temperatures. It was shown that the infusion of
PDMS in a conventional PCF allows tuning of these parameters with temperature lending
some important features as for example conversion of a multimode to endlessly single mode
fiber, tuning EMA and NA of conventional fibers or enhancing evanescent filed interaction.
To this end, we may argue that such PDMS (or other featured polymers)-infused PCFs may be
used in designing tunable devices i.e. filters, sensors, tunable birefringent devices, etc.
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