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Abstract: We propose a new technique to perform precise selective 
infiltration of an air hole in the photonic crystal fiber (PCF). To carry out 
the infiltration process, the end face of the PCF is covered by a mask, which 
is fabricated by femtosecond laser inscription from the lateral direction. 
This proposed method overcomes the conventional limitation of maximum 
mask thickness. An analytical model is further proposed and demonstrated 
accurate determinations of the fabricated channel diameter in the mask. 
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1. Introduction 

Selective infiltration of air holes in photonic crystal fibers (PCFs) with functional materials 
receives increasing interest these days. It tailors the light guiding in PCFs through the desired 
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material properties, and leads to optical fiber devices with advanced functions [1], such as 
hybrid guiding [2], high nonlinearity [3], tunable transmission and dispersion [4], etc. This 
facilitates the high-level integration of optical functionalities into the fiber devices which is in 
line with the latest trend in the development of all fiber devices [5]. 

One of the functional devices achievable by this technique is ultrafast nonlinear coupler 
[6], which can be made based on a dual-core PCF (DC-PCF). Controllable directional power 
transfer occurs between the two closely placed solid cores of DC-PCF. If the central air hole 
is filled with metal, the coupling efficiency of the DC-PCF could be increased up to 81.82% 
owing to the resonance between fiber core-guided modes and metal wire plasmonic mode [7]. 
In addition, the coupling loss, the insertion loss, and the extinction ratio of such fiber coupler 
can also be optimized via the proper design of fiber structural parameters and the proper 
choice of the functional materials. Such compact fiber coupler has the potential to be used in 
many optical communication devices. 

Various selective infiltration techniques for PCFs have been demonstrated before. One 
method is manual gluing [4], which uses the glue to block all the air holes except the ones to 
be filled with the functional material. The entire air holes blocking process is controlled 
manually with the aid of translational stage, microscope and charge-coupled device camera. 
Another technique is using the injection-cleaving process [8], which exploits differential 
filling speeds of different sized air holes inside PCFs. However, only PCFs with sufficiently 
large air hole size variations can be infiltrated with this method. An alternative method is to 
selectively collapse the cladding air holes in PCFs using the arc discharge in the conventional 
fusion splicer while leaving the central hole open [9]. This technique is only applicable for the 
hollow core PCFs. Splicing the PCF with a single air hole hollow core fiber as a guiding 
channel has also been demonstrated [10]. This technique requires a hollow core fiber with a 
compatible dimension and only works for the selective infiltration of the central air hole. 

It has also been proposed to use the focused ion beam (FIB) micromachining [11], during 
which sufficient energy transfers from accelerated ions to chemically bonded atoms and 
enable the atoms to overcome the binding energy and material work function. However, this 
process can be limited by ion beam deflection due to charge accumulation on the fiber 
dielectric surface, compromising the achievable milling profile [1]. In addition, such 
micromachining process can be time-consuming. 

To exploit the spatial precision of ultrafast laser processing technology, femtosecond laser 
micromachining has been demonstrated to achieve selective infiltration of PCF. Past report 
highlighted drilling from the end face of a SMF to make a guiding channel connecting to the 
desired air holes of the PCF [12]. Compared to the FIB, this technique circumvents random 
deflection of the incident beam caused by backscattered and sputtered ion emissions, and 
reduces the operation cost for the process. Splicing the PCF uniformly with a SMF seals all 
the surrounding air holes firmly, which allows reliable infiltration for various types of 
functional materials even under high pressure. Moreover, with a melting temperature above 
1200°C, the silica SMF-mask is able to endure very high working temperature. However, 
end-facet micro-machining of SMF-mask can limit the aspect ratio of the micro-channel 
achievable. High precision cleaving is required to produce ultra-thin (10 μm) SMF-mask to 
facilitate both the laser micromachining as well as the beam positioning processes [12]. If 
only a normal fiber cleaver is used to prepare the mask, without the help of high 
magnification long-working-distance microscope, the thickness of the mask can hardly be less 
than 100μm. Achievable micro-channel through mask of thickness over 100 μm can exceed 
PCF narrow air hole diameter (in the range of 2 μm), and the process poses alignment 
challenges to steer clear of air holes in close proximity (~1 μm) for PCF with tight pitches. 

In this paper, we propose and demonstrate a versatile selective infiltration technique. A 
micro-channel is fabricated on the SMF-mask by lateral femtosecond laser inscription and 
successive controllable HF etching. By processing the fiber from the side, our method 
overcomes the limitation of aspect ratio and is able to obtain inscription length as long as the 
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moving range of the translation stage. No high precision laser cleaving is required. The 
analytical model further proposed facilitates accurate determination of the fabricated channel 
diameter within the SMF mask. We have successfully infiltrated the functional material to the 
PCF center air hole with a diameter of 2.5 μm while all the surrounding air holes, with the 
nearest ones only 1.25 μm away, are completely untouched. Our method has the potential to 
infiltrate to an even smaller air hole in the PCF under high temperature and high pressure, 
which allows the realization of more compact and complicated PCF-based functional devices. 

2. Method 

The proposed method for the femtosecond laser-assisted selective infiltration of a PCF 
consists of three steps: 

a) Fiber mask preparation 

The target PCF is first spliced with a standard SMF. A transition region between SMF and 
PCF is formed after fusion splicing, as shown in Figs. 1(a) and 1(b). In the transition region, 
all the holes in PCF are collapsed due to the long arc duration in the splicing process. This 
transition region covers the cross section of the PCF and will function as a fiber mask. 

b) Femtosecond laser inscription and micro-channel etching 

A femtosecond laser at 800 nm is then used to inscribe within the transition region along its 
axis, as shown in Fig. 1(c). It is usually difficult to focus the laser at the central air hole from 
the side of a PCF, because the cladding air holes distort both the imaging and the laser beam. 
Our method overcomes this problem by splicing the target PCF concentrically with a 
reference SMF. The laser beam is first focused at the SMF core, which is much easier and has 
been commonly carried out for fiber Bragg grating fabrication, and then moved horizontally 
along the fiber towards the PCF. After inscription, the SMF and left part of the transition 
region is removed by using a fiber cleaver, as shown in Fig. 1(d). HF is then used to etch out 
a micro-channel towards the PCF, as shown in Fig. 1(e). The etching rate in the laser 
inscribed region is much faster than the pristine fiber. By controlling the etching time, a hole 
with desired diameter can be obtained. This forms a fiber mask with a micro-channel 
connecting to the central air hole of the PCF and covering the surrounding cladding air holes. 

c) Functional material infiltration 

Vacuum cleaning process is applied to remove the HF and residuals in the micro-channel. 
Then functional material can be infiltrated into the desired PCF center hole by using the 
capillary effect, as shown in Fig. 1(f). Since the rest of the holes of PCF are all covered by the 
fiber mask, none of them will be infiltrated. After infiltration, the fiber mask together with 
micro-channel is removed by a fiber cleaver to obtain an ideal PCF end face, as shown in  
Fig. 1(g). Successive procedures will be needed for long-time preservation of the infiltrated 
gas or liquid inside the air hole, so as to fabricate a practical fiber device. As for our case, the 
infiltrated liquid can be held by the capillary effect long enough until we finish all the 
observations. 
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Fig. 1. Detailed steps of the proposed method. 

3. Experiment 

A DC-PCF is used in the experiment, which has an air hole diameter of 2.5 μm and a pitch 
size of 3.75 μm. A standard SMF is spliced with the PCF using Fitel S175 V2000 Fusion 
Splicer under manual mode. The splicing parameters are 100 ms cleaning, 120 ms pre-fuse, 
and 4000 ms 200 V arc. After splicing, a transition region with ~451 μm length can be clearly 
observed under the microscope, as shown in Fig. 2(a). The core of SMF on the left-hand side 
and the PCF air hole bundles on the right-hand side can also be seen. 

The spliced fiber is held horizontally on a cover slip placed on a translation stage. The 
transition region of the spliced fiber is immersed in the index matching oil to mitigate the 
beam profile distortion of the focused laser beam, as illustrated in Fig. 3. The femtosecond 
laser beam is incident from the bottom through an objective lens. Instead of moving the focal 
point of the laser beam, the fiber together with the cover slip is moved by the translation stage 
at a speed of 50 µm/s. The inset of Fig. 3 shows the image of the fiber sample during the 
inscription. The femtosecond laser pulse with a pulse width of 150 fs, a pulse energy of 80 nJ 
and a repetition rate of 100 kHz is employed. The inscribed region is shown in Fig. 2(b). 

 

Fig. 2. Magnified microscope images of the PCF spliced with SMF. (a) The fiber sample after 
splicing. (b) The fiber sample after femtosecond laser inscription. (c) The fiber sample after 
HF etching. 

#200687 - $15.00 USD Received 4 Nov 2013; revised 5 Jan 2014; accepted 7 Jan 2014; published 30 Jan 2014
(C) 2014 OSA 10 February 2014 | Vol. 22,  No. 3 | DOI:10.1364/OE.22.002675 | OPTICS EXPRESS  2678



 

Fig. 3. Schematic of the femtosecond laser inscription on the transition region of the spliced 
fiber sample. 

After the femtosecond laser inscription process, the fiber is cleaned and cleaved at the 
SMF side, 185.63μm away from the air holes in PCF. Then the HF solution with a volume 
ratio of 8% is used to etch away the inscribed region to form a micro-channel towards the 
PCF. The PCF and HF liquid are put in a Teflon container and stirred by an ultrasonic to 
speed up the etching process. The micro-channel has a cone shape with the narrow side 
pointing at the PCF. With accurate etching time estimated by our analytical model, a fiber 
mask attached to the PCF end face is fabricated. As shown in Fig. 2(c), the micro-channel has 
a diameter of 2.37μm when it reaches the PCF, which is very close to the desired hole 
diameter of 2.5μm. 

Finally, the functional material is infiltrated into the central air hole of the PCF through 
the micro-channel. For a proof-of-concept demonstration we use index matching oil as the 
functional material here. After the infiltration process and the successive cleaving, an ideal 
PCF end face can be observed using an inverted microscope. As shown in Fig. 4(a), the 
central air hole of the PCF is filled with the index oil while the surrounding air holes are 
completely untouched. Note that the pitch size of the PCF is 3.75μm and the air hole diameter 
is 2.5μm which means the edge to edge distance between two adjacent air holes is only 
1.25μm. To further explore and confirm the feasibility of this method, we have also infiltrated 
an air hole in the second ring, as shown in Fig. 4(b). Simply by changing the focal depth of 
the laser beam, this technique can be applied to infiltrate air holes in other rings as well. 

 
Fig. 4. Magnified microscope images of the cross-section of the PCFs with single air hole in 
(a) the first ring and (b) the second ring selectively infiltrated. 

4. Analysis of micro-channel etching 

The etching speed in the femtosecond laser-inscribed region is 100 times faster than that in 
the pristine region [13]. Hence the micro-channel with a cone-shape formed by HF etching is 
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guided by the inscribed region, as shown in Fig. 5(a). To give a good estimation of the 
required etching time, the etching process is modeled as follows: 

When the cone-shape micro-channel opening extends to the PCF, the narrow side of it is 
embedded in the PCF air hole bundles and the exact etching depth cannot be measured. What 
available are the desired air hole diameter Φ’ = 2.5 µm when micro-channel reaches PCF and 
the distance h between the PCF end face and the fiber mask end face. A schematic diagram is 
shown in Fig. 5(b) where the dark red region on the left-hand side represents the hole bundles 
in PCF and the depth of micro-channel h’ in this region is unknown in the actual 
measurement. 

The etching speed is known to decrease as the etching depth increases [13]. For 
simplicity, in our case we define the etching speed as the movement speed of the cross section 
of micro-channel where its diameter equals to the desired diameter Φ’ = 2.5 µm. The required 
etching time is the time when the 2.5-µm-diameter cross section of the micro-channel moves 
by a length of h. The etching speed vetching, can be modeled as 0etchingv v at= − , where v0 is the 

initial etching speed and acceleration a represents the decrease of the speed with time (and 

etching depth). The etching depth after time t is then given by 2
0

1

2
h v t at= − . To find out the 

values of v0 and a, etching experiments are performed on two SMF samples with different 
etching time, as shown in Figs. 5(c) and 5(d). With the measured etching depths h + h’ and 
the diameters of the opening Φ, we obtain 210.19356 0.0478h t t= − . 

With the measured h, required etching time t can be obtained. In our case, the distance 
between the PCF end face and fiber mask end face is measured to be 185.63 μm, so the 
required etching time is 20.1 minutes. As shown in Fig. 2(c), the obtained air hole is with a 
diameter of 2.37μm at the PCF end face, which is very close to the desired size. 

 
Fig. 5. Side view of etched fibers. (a) Image of the fiber sample under microscope.  
(b) Schematic drawing for modeling. (c) SMF Sample 1. (d) SMF Sample 2. 

5. Conclusions 

In conclusion, we proposed and demonstrated a practical, repeatable and accurate technique 
for precise selective infiltration of PCFs by harnessing the lateral femtosecond laser-assisted 
fiber processing. Using this method, we precisely infiltrate an air hole in photonic crystal 
fiber (PCF), with a small diameter of 2.5 µm and an ultra-short edge-to-edge air hole distance 
of 1.25 µm. Our proposed technique allows user to fabricate fiber mask with no limitation on 
thickness and precise micro-channel extended to the desired air hole in the PCF. This 
technique is also able to work in very high temperature and pressure which can facilitate the 
fabrication of various functional PCF-based devices. 
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