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ABSTRACT   

In this work, we demonstrate the formation of Poly-dimethylsiloxane (PDMS) films inside the holes of conventional 

silica photonic crystal fiber. The index guiding properties of the new PDMS-layer/Silica structures were investigated and 

optimized numerically using FDTD analysis. Films with thicknesses ranging from 100nm to 1μm were formed using 

different PDMS solution concentrations and different solution movement speeds. The thickness of films was very 

uniform along almost all the deposition length as indicated by Scanning Electron Microscopy (SEM) images and micro-

Raman mapping. 
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1. INTRODUCTION  

Photonic crystal fibers have many distinguished properties and characteristics compared to conventional single mode 

fibers
1
. This unique kind of optical fibers constitute of 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, 4

, high index liquids
5
, biolayers

6, 7
, ferrofluids

8
, metals

9
 as well as polymers

10, 11
, into the air-holes of 

the PCF.  Infiltration of the air-holes allows the modification the guiding properties so that tunable devices
12, 13

and 

various types of sensors
14

 can be formed. 

The PDMS elastomer is widely used in opto/microfluidics
15

 and soft lithography. It owns very good optical properties 

such as high transparency over a wide range of wavelengths, lower refractive index (around 1.41) than fused silica and 

negligible birefringence. It also exhibits very good mechanical properties due to low Young's modulus; it is soft and 

deformable with no shrinkage, it bonds relatively well to glass and it can be dissolved to many organic solvents. The 

unique optical and mechanical properties of PDMS with the mature technology of PCFs can constitute an efficient route 

to development of compact cost-effectiveness tunable devices and sensors. 

In this work, we demonstrate the formation of  PDMS films inside the holes of a Hi-Bi silica photonic crystal fiber. The 

index guiding properties of the new PDMS-layer/Silica structures were investigated and optimized numerically using 

FDTD analysis. The details of PDMS film formation were established and the films were characterized using SEM 

imaging and micro-Raman 2D mapping. 

2. EXPERIMENTAL 

The Hi-Bi PCF PM-1550-01 from NKT Photonics was used. The fibre has  a hole pitch of ΛP =  4.4 μm and hole 

diameter of d1 = 2.2 μm for small holes and  d2 = 4.5 μm for the large holes. The outer diameter of the fibre is 125 μm. 

PDMS (Sylgard 184-Dow Corning) was prepared by mixing elastomer and curing agent at 10:1 ratio. We prepared 

solutions of different concentrations of PDMS in toluene. The PDMS/toluene solutions were inserted inside the holes of 

the PCF using capillary forces. Over pressure up to 10 bars was used for more viscous solutions with higher PDMS 

concentrations. In a variant of the well-known dip-coating process (see schematic diagram in Figure 1), the PDMS 

solutions were moved inside the PCF holes with the aid of a pressure gradient. Films with thicknesses ranging from 

100nm up to 1μm were formed using different PDMS solution concentrations and different solution movement speeds.   
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Figure 1.  Schematic diagram of the method used for the PDMS film formation inside the holes of the PCF 

 

3. RESULTS AND DISCUSSION 

3.1 Simulation 

The numerical investigation of both conventional and hybrid Hi-Bi PCF was done by employing a full vectorial finite 

difference method. The effective index of the fundamental guided mode was computed based on finite difference 

analysis using Yee’s mesh and the index averaging technique utilizing perfectly matched layer (PML) boundary 

conditions
16

 .To calculate the birefringence, in the hybrid PCF, a structure with the same structural parameter as the real 

fiber was created. 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 ∼λ/15 
17

.  It should be mentioned that in this work we refer only to the phase birefringence. Dispersion of both 

materials (silica and PDMS) was included in our calculations using their Sellmeier equation
18

. The effective indices of 

both orthogonal polarizations (x and y polarization) of the fundamental mode is then calculated for a range of 

wavelengths from 1000 - 1700 nm. The birefringence B is obtained by taking the difference between the effective 

indices of the two different polarizations of the fundamental mode and from this the polarization beatlength for a 

wavelength λ, is defined as: 

                                                                      Lb = 
B


  (1) 

The beatlengths of the Hi-Bi PCF with PDMS film thicknesses ranging from 100-500 nm together with the beatlengths 

of the PDMS free fiber were calculated using FTDT and they are shown in Figure 2. The presence of the PDMS films 

decreases the fiber’s birefringence hence increasing the polarization beatlength. This is mainly due to lower mode 

confinement caused by the lower refractive index difference of silica and PDMS. The polarization beatlengths at λ=1550 

nm are for different PDMS film thicknesses are shown in Table 1. The PDMS films extend the birefringence range over 

which the Hi-Bi fiber operates. Further tuning of the birefringence can be achieved thermally since the PDMS has a very 

high and linear thermo-optic coefficient (-4.5x10
-4

/°C) 
13

. 

     Table 1. Polarization beatlengths for different PDMS film thicknesses. 

Film Thickness (nm) No PDMS 100 200 300 400 500 

Beatlength (mm) 2.85 3.40 4.10 5.02 6.25 8.03 

 



 

 
 

 

 

Figure 2.  Beatlength vs wavelength for different PDMS film thicknesses (0-500nm) inside the holes of the PM-1550-01 

fiber.  

3.2 Experiment 

In this section, we demonstrate the PDMS film formation inside the hole of a PCF. We prepared solutions of different 

concentrations of PDMS in toluene. Less dense (lower concentrations of PDMS in toluene) and faster moving solutions 

 

Figure 3.  SEM photograph of 100 nm thick PDMS film inside the holes of a PCF. 



 

 
 

 

were used for thinner film formation and thicker (with higher concentrations of PDMS in toluene) and slower moving 

solutions were used for thicker film formation. Figure 3 shows a SEM image of a 100 nm thick PDMS film inside a hole 

of a PCF. We used a PDMS/ Toluene solution at 1:1 ratio. A 15 cm long piece of PCF was carefully cleaved at both ends 

one of which was inserted inside the PDMS/ Toluene solution. The liquid was sucked inside the PCF holes over several 

cms with the aid of capillary forces.  Then, the one end of the solution filled fiber was placed inside a pressure cell and 

the liquid was moved inside and out of the PCF holes by applying 10 bars air pressure.   

 

Figure 4.  SEM photograph of 860 nm thick PDMS film inside the holes of a PCF. 

Figure 4 shows a SEM image of a 860 nm thick PDMS film inside the holes of a PCF. We used a PDMS/ Toluene 

solution at 1:0.5 ratio which was more viscous than in the previous case of Figure 3. Over pressure of about 7 bars was 

used to place the liquid inside the holes.  The liquid was moved inside and out of the PCF holes by applying 4 bars air 

pressure.  The more viscous and slower moving PDMS/ Toluene solution formed  thicker PDMS films. The PDMS film 

formation process will be quantified in the near future. 

The mechanical properties of the silica glass and the PDMS elastomer are very different. Silica is a very hard glass and 

PDMS is a very soft and elastic polymeric material. As a result, the “explosive” process of cleaving the PCF may tear, 

wrinkle and even pull out the PDMS films formed inside the PCF holes, posing a difficulty in imaging the very thin 

films with SEM. Furthermore, the contrast between the silica glass and the PDMS elastomer is quite low for SEM 

imaging and the thin delicate PDMS films may also be too sensitive for the electron beam of the SEM. Alternatively, we 

employed the non destructive method of micro-Raman mapping for imaging the PDMS thin films. We used a Renishaw 

inVia Raman microscope with spatial scanning resolution of 100 nm. The laser beam of the Raman spectrometer at 488 

nm was tightly focused through the objective of the microscope and scanned at a defined area around a PCF hole each 

time recording a Raman spectrum. We chose the very characteristic for PDMS and relatively strong Si-C symmetric 

stretch band at 711 cm
-1

 to do the mapping. Figure 5 the spatial intensity distribution of the Si-C symmetric stretch band. 

The PDMS film cross section is deformed due to the fiber cleaving. Its thickness is estimated to be around 200 nm. The 

micro-Raman mapping is capable of giving PDMS film images in cases where no other imaging technique can be 

applied.      

 

 



 

 
 

 

 

 

Figure 5.  Micro-Raman mapping of PDMS films inside the holes of PCF. 

 

4. CONCLUSIONS 

We have presented results that report the formation of thin PDMS films inside the holes of a commercial Hi-Bi PCF.  

Films with thicknesses ranging from 100nm to 1μm were formed using different PDMS/toluene solution concentrations 

and different solution movement speeds. The index guiding properties of the PDMS-film/Silica structures were 

investigated and optimized numerically using FDTD analysis. The thickness of films was very uniform along almost all 

the deposition length as indicated by SEM images and micro-Raman mapping. The hybrid PDMS-layer/Silica structures 

retain to a large extend the advantages of both silica (regular structure, low loss) and polymer (bio-fictionalization, 

thermal tunability, ease of doping) PCFs, hence making them very attractive for bio-sensing and other applications. 
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