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Abstract: We demonstrate the use of focused ion beam milling to machine 
optical structures directly into the core of microstructured optical fibers. 
The particular fiber used was exposed-core microstructured optical fiber, 
which allowed direct access to the optically guiding core. Two different 
designs of Fabry-Perot cavity were fabricated and optically characterized. 
The first cavity was formed by completely removing a section of the fiber 
core, while the second cavity consisted of a shallow slot milled into the 
core, leaving the majority of the core intact. This work highlights the 
possibility of machining complex optical devices directly onto the core of 
microstructured optical fibers using focused ion beam milling for 
applications including environmental, chemical, and biological sensing. 
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1. Introduction 

The concept of fabricating optical fibers using a structural combination of glass and air was 
first demonstrated by Kaiser et al. in 1974 [1]. This technique was seen as a method of 
producing low-loss fibers from a single material, while allowing the core to be protected from 
the external environment. Further development in the 1990s introduced microstructured holes 
into the optical fiber cross-section, giving rise to unprecedented control of the fiber’s optical 
propagation properties [2, 3]. Various designs of microstructured optical fiber (MOF) have 
since proven useful for: endlessly single-mode guidance [4], air-core guiding [5], high non-
linearity [6], supercontinuum generation [7, 8], and double-clad structures for fiber-lasers [9–
11]. 

An area of particular interest is chemical and biological sensing, whereby the holes of a 
MOF can be filled with liquid or gaseous analytes that interact with the portion of the optical 
mode propagating within the fiber holes [12, 13]. This platform offers high sensitivity due to 
long interaction lengths, while requiring only small sample volumes [13, 14]. The cross-
sectional structure of the MOF can be tailored to increase the measurement sensitivity, which 
involves increasing the interaction of the propagating mode(s) with the analyte to be sensed. 
This is achieved by reducing the core diameter of the fiber so that the evanescent field is 
substantial [15, 16] or by making use of liquid-core structures [17, 18]. 

Demonstrated sensing configurations and applications are diverse, including: hydrogen 
peroxide sensing using Raman scattering [19], fluorescent indicator coatings for detection of 
aluminum [20] and calcium and cadmium ions [21], absorption spectroscopy of biomolecules 
[22], and the use of fluorescent labeling techniques for antibodies [23] and proteins [24]. 
There are also numerous examples of microstructured optical fiber sensing techniques that 
measure changes in the refractive index of the material filled into the fiber holes [14], such as: 
techniques based on multimode interferometry [25], multi-core mode-coupling [26], and 
surface plasmon resonance [27–30]. 

New fabrication and processing techniques allow expansion upon the cross sectional 
design of a MOF by adding structure along the fiber core. For example, fiber Bragg gratings 
[31, 32] and long period gratings [33] have been written for sensing applications. To expand 
the scope of structures that can be fabricated, focused ion beam (FIB) milling is an ideal 
platform that has been proven for fabricating high resolution features in micro-fibers such as 
Fabry-Perot cavities [34–36] and fiber Bragg gratings [37–39]. However, the application of 
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such techniques to MOFs is challenging because the core is protected by the outer cladding. 
To date, the use of focused-ion beam milling with MOFs has been limited to opening side 
holes through the cladding of MOFs [40, 41] or writing channels on the end face of the MOF, 
forming micro fluidic channels when the fiber is spliced [42]. 

In this paper, we demonstrate the fabrication of optical features directly onto the core of a 
MOF using focused ion beam milling. To gain access to the fiber’s core, we used a unique 
MOF, exposed-core microstructured optical fiber (ECF), where a portion of the external 
cladding has been removed in the fabrication process [43–48]. Longitudinal structuring of 
ECFs has recently been demonstrated via femtosecond laser ablation Bragg gratings [49, 50]. 
Here we expand the tool-kit for structuring ECFs by demonstrating the inscription of two 
different designs of Fabry-Perot cavity directly onto the core using focused-ion beam milling. 
The first cavity cuts through the ECF core, penetrating into the internal holes of the fiber and 
forming reflecting surfaces across the entire core. The second cavity is a shallow rectangle 
milled into the center of the core such that it does not penetrate into the internal ECF holes. 
These two cavity designs were chosen to demonstrate the versatility of the technique. We 
envision that when applied to sensing, the penetrating cavity can be of use for gas sensing or 
in a microfluidic configuration with fluid pumped through the far end of the fiber while the 
shallow cavity can be optimized to be particularly sensitive to surface interactions for 
biological sensing. 

2. Fiber geometry and splicing 

The exposed-core microstructured optical fiber (ECF) used here was fabricated using the 
same technique as previously reported [44, 45, 50]. The preform was fabricated from a 20 mm 
outer diameter, 100 mm long fused silica glass rod (Suprasil F300, Heraeus). Three holes 
were ultrasonically drilled into the center of the rod in an equilateral triangle configuration 
with 0.4 mm hole separation. A 1 mm slot was cut into one of the holes using a diamond 
blade, exposing the core. The preform was drawn with a furnace temperature of 2010°C and 
positive internal hole pressure (the two closed holes) of 11 mbar. The resulting fiber, shown in 
Fig. 1, has an outer diameter of 160 µm and an effective core diameter of 6.8 µm, where the 
effective core diameter is defined as the radius of a circle whose area is the same as a triangle 
that fits wholly within the core. 

 

Fig. 1. Scanning electron microscope (SEM) images of the entire microstructured exposed-core 
fiber (ECF) cross-sectional geometry (a) and of the core region (b). 

Two separate ECFs, with lengths of approximately 30 mm, were spliced to conventional 
single mode fibers (SMF28e) using a previously optimized technique for a similar structure 
[50]. In this technique, a conventional arc splicer (Fujikura FSM-100P) set for a standard 
SMF28-SMF28 splice was used, however the arc current was reduced by 4.0 mA and arc time 
increased to 3.0 s. Manual alignment was used and assessed via transmitted power measured 
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on a power meter. Images of a typical splice are shown in Figs. 2(a) and 2(b). Note that the far 
end of the ECF was sealed (melted) using the arc splicer, which has been found to be effective 
in removing reflections from the far end of the fiber. 

 

Fig. 2. Scanning electron microscope (SEM) image of the splice between the ECF and a 
conventional single mode fiber (SMF28e). (a) Viewed perpendicularly to the optical axis, 
directly into the cladding opening. (b) Viewed at a 45° angle. For reference, the diameter of the 
ECF (left) is 160 µm while the SMF28e (right) is 125 µm. 

3. Focused ion beam milling 

3.1 Sample preparation 

To demonstrate that structure can be written directly onto the core of an exposed-core fiber, 
two different Fabry-Perot cavities were written using a Tescan (Lyra XMU) FIB-SEM 
(focused ion beam – scanning electron microscope). First, the two spliced fibers were 
mounted onto an aluminum block using a silver paste. A microscope was used to rotate the 
fiber such that the open section of the ECF was vertically orientated prior to gluing. The 
sample was then sputter coated with a 50 nm tantalum coating to reduce charging effects in 
the electron/ion microscope. 

3.2 Structure 1: Penetrating cavity 

The first cavity, which penetrated into the internal ECF holes, required four machining steps; 
SEM images of the first three steps are shown in Figs. 3(a)-3(c). (1) A large square milling 
pattern was used to open the ECF internal holes and partially remove the core using a high 
beam current (I ≈2 nA) for a duration of 75 min [Fig. 3(a)]. This opening exposed the position 
of the core, but did not form an optical cavity due to a curved surface finish. (2) A polishing 
step formed two parallel reflecting surfaces on the core using a lower current (I ≈600 pA) for 
a duration of 55 min [Fig. 3(b)]. (3) The remaining central core structure was removed using a 
smaller milling rectangle than in step 1 (I ≈600 pA, duration = 45 min), see Fig. 3(c). (4) 
Finally, the 50 nm tantalum coating was removed along the core between the splice point and 
the cavity using a 35 µm width rectangular pattern centered on the core and a high beam 
current (I ≈2 nA). The tantalum coating leads to significant optical loss (discussed in Sec. 4) 
and FIB milling is an effective and clean means of removing the coating. A thin layer, less 
than 150 nm, of the ECF may have been removed during this step, however this is negligible 
compared to the core diameter (6.8 µm). The final cavity had a length of 34.6 µm [Fig. 3(d)] 
and the splice was 434 µm from the start of the cavity [Fig. 3(e)]. 
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Fig. 3. The procedure used for fabricating Fabry-Perot cavities that cut through the entire core 
of the ECF, viewing down into the slot of the ECF. Images (a)-(c) were taken with a 45° 
viewing angle while (d) and (e) were taken perpendicularly to the fiber core. (a) A square 
milling pattern was used first to open the geometry with high current (I ≈2 nA). (b) The two 
end faces were polished with lower current (I ≈600 pA). (c) The remaining central material 
was removed. (d) The final Fabry-Perot cavity was measured to be 34.6 µm long. (e) The 
length of the ECF from the splice to the cavity was measured to be 434 µm. 

3.3 Structure 2: Shallow (non-penetrating) cavity 

The second cavity fabricated was a shallow cavity that did not penetrate into the holes of the 
ECF, shown in Fig. 4. The transverse positioning of the cavity was achieved though 
comparison to SEM images of the fiber’s cross section [Fig. 1]. Control of the depth of the 
cavity was based on the FIB milling instrumental pre-calibrated values (milling time = 12 
minutes for I ≈630 pA). The intended depth was 4.0 µm; however, the achieved milling depth 
is highly dependent on the ion beam incident angle [51]. The milling rate is generally greater 
at higher incident angles, peaking at approximately 75°, while normal incidence milling 
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occurs at a relatively slower rate. The final cavity depth was 2.0 µm, which was measured by 
viewing the cavity at 45°, as seen in Fig. 4(b). 

As with the first cavity, the ends of the cavity were polished in order to produce optically 
flat surfaces with minimal off-axis angle. In contrast to the fully penetrating cavity, polishing 
must be performed with care to ensure there is no intrusion into the holes of the ECF. The 
polishing was thus performed in multiple small steps with increasing depth to take into 
account the slightly sloped surface of the cavity. The final step was to remove the tantalum 
coating, with the same procedure as the first cavity. The resulting cavity had a length of 28.9 
µm [Fig. 4(a)], a width of 2.5 µm [Fig. 4(b)], and the distance from the splice to the start of 
the cavity was 524 µm [Fig. 4(c)]. 

 

Fig. 4. (a) The shallow Fabry-Perot cavity in the core of the ECF. The upper and lower 
horizontal lines are a result of the walls of the open wedge structure of the ECF (see Fig. 1). (b) 
The left hand side cavity wall in (a), but viewed at an angle of 45° in order to measure the 
cavity depth. The measurement of 2.0 µm was after multiplying by √2 to take into account the 
viewing angle. (c) The length of the ECF from the splice to the cavity was measured to be 524 
µm. 

4. Optical characterization 

The reflection spectra of the two different cavities, before and after the tantalum coating was 
removed, were characterized using a super-continuum source (Fianium, WL-SC-400-2), a 
circulator with FC/APC connectors, and an optical spectrum analyzer (ANDO, AQ6315). The 
measured wavelength range was 1200 nm to 1700 nm, performed in 50 nm steps with a 
resolution of 0.1 nm and later combined. This ensured sufficient resolution for measurement 
of the short free spectral range associated with the cavity formed by the splice and the FIB 
milled cavity. To obtain a reflectivity spectrum, the source spectrum, the circulator response, 
and OSA sensitivity were calibrated and removed from the cavity reflectivity spectra by 
measuring and normalizing to the reflectivity of a flat-cleaved SMF (that is, without the ECF 
present). The reflectivity of the flat-cleaved SMF is analytically well known and was 
calculated using the Sellmeier equation for F300 silica glass [52] and the normal incidence 
Fresnel reflection equation (e.g. 3.35% at 1200 nm and 3.28% at 1700 nm). 
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Subsequent Fourier transform analysis required conversion of the optical spectrum 
analyzer data to the frequency domain, as the free spectral range expressed in terms of 
wavelength is non-uniform [FSRλ, Eq. (1)], while it is uniform when expressed in terms of 
optical frequency [FSRν, Eq. (2)]. 

 
2 2

,
2

FSR
nl OPDλ

λ λλ= Δ = =  (1) 

 ,
2

c c
FSR

nl OPDν ν= Δ = =  (2) 

where λ is the free space wavelength, c is the speed of light constant, n is the refractive index 
of the cavity, l is the cavity length, and OPD is the optical path difference between the two 
reflecting interfaces. The resulting reflection spectra, expressed in optical frequency, are 
shown in Figs. 5(a) and 5(b) for the penetrating and the shallow cavities, respectively. A 
subset of the full measured spectrum is shown, corresponding to a wavelength range from 
1200 nm to 1300 nm, in order to display the narrow fringes associated with the cavity formed 
between the splice and cavity. 

Two dominant fringes are present in the reflection spectra. For the first cavity [Fig. 5(a)], 
a fringe is present with a relatively large free spectral range (4.7 THz) corresponding to the 
milled cavity, and another with a smaller free spectral range (0.24 THz) corresponding to the 
cavity formed between the splice and the FIB milled cavity. There was no measured reflection 
from the far end of the ECF as the 30 mm long tantalum coating beyond the cavity strongly 
attenuated the optical signal, which also prevented transmission measurements. In addition, to 
ensure the far end did not contribute ambiguous signals to the reflected measurements it was 
sealed (melted) using an arc splicer. While the reflection from the splice might be considered 
a hindrance in this measurement, it is possible to de-multiplex the different cavities making it 
possible to simultaneously measure another physical parameter such as temperature or strain. 
De-multiplexing using fast Fourier transform techniques is discussed below. 

 

Fig. 5. Reflection of the Fabry-Perot cavity shown in (a) Fig. 3 and (b) Fig. 4. The reflectivity 
was normalized to the reflection of a cleaved single-mode fiber. That is, approximately 3.3% 
on the graph (just above the top) corresponds to reflection from a single glass-air interface. The 
reflection is shown for the case where the 50 nm tantalum coating is present (red) and after it 
was removed using the focused ion beam (black). 

The peak reflectivity for the shallow cavity [Fig. 5(b)] is weaker by a factor of 
approximately five compared to the first cavity, due to a smaller overlap factor with the 
propagating optical modes. This is not surprising given the cavity depth is 2.0 µm compared 
to a core diameter of 6.8 µm. The shallow cavity differs significantly before and after the 
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tantalum coating was removed, the red and black curves respectively in Fig. 5(b). Given the 
cavity does not penetrate deeply into the core, propagating higher order modes with greater 
energy at the surface, predominantly contribute to the reflectivity seen in Fig. 5(b) while also 
experiencing greater loss when a metal coating is present. Thus, the removal of metal coatings 
is particularly important if considering surface-based structures using focused ion beam 
milling techniques and use of FIB milling to remove the coating is a viable option. 

The reflectivity at each interface is relatively weak, limited to ≤3.35%, as they are 
generated from either a full or partial glass-air interface respectively for the penetrating cavity 
and the shallow cavity, as well as the SMF-ECF splices. Thus, multiple reflections can be 
considered negligible and the cavity considered to be a two-wave interferometer with a 
sinusoidal dependence. Performing a fast Fourier transform (FFT) on the reflection spectra 
thus leads to a single peak for each pair of reflections: (1) reflection from the two cavity walls 
(2) reflection at the splice and the first cavity wall (M1), and (3) reflection at the splice and 
the second cavity wall (M2). To this effect, the FFT of the reflected spectra of the two cavities 
was performed and is shown in Fig. 6. 

 

Fig. 6. Fast Fourier transform (FFT) of the spectra measured from the cavities in (a) Fig. 3 and 
(b) Fig. 4. The x-axis is displayed as optical path difference (OPD) using Eq. (2). 

Table 1. Cavity Length: Comparison of Optical Measurements with SEM Measurementsa 

Cavity Reflection interfaces lair (µm)b lglass (µm)c lSEM (µm) 
Penetrating M1 and M2 32.7 22.6 34.6 
(Fig. 3) Splice and M1 647 448 434 
 Splice and M2 680 471 469 
Shallow M1 and M2 44.9 31.1 28.9 
(Fig. 4) Splice and M1 765 529 524 
 Splice and M2 810 560 553 
a Values that are expected to match well are indicated in bold. 
b Measurements from Fig. 6, with values divided by 2n to give cavity length assuming n 
= 1.000. 
c Measurements from Fig. 6, with values divided by 2n to give cavity length assuming n 
= 1.445 (the mean refractive index of F300 silica glass over the range λ = 1200 nm to λ 
= 1700 nm). 

The position of the three main peaks can be used to measure the optical path difference of 
each reflecting pair, achieved by converting the x-axis of the FFT using Eq. (2). Table 1 
presents each peak position, where the optical path difference has been divided by 2n in order 
to represent the cavity length for the cases of air (n = 1.000) or silica glass (n = 1.445). It can 
be seen that for both of the fabricated cavities the cavity length associated with the splice and 
the first reflecting surface (M1) matches the SEM measurement when the glass refractive 
index is used. This is expected as the fundamental mode of the ECF should have an effective 
index close to the refractive index of glass given the fiber is relatively multimode with a large 
numerical aperture. When considering the milled cavity (reflections at M1 and M2), the 
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penetrating cavity measurements agree well when the cavity index is assumed to be that of 
air. In contrast, the shallow cavity is found to have a refractive index of glass, indicating that 
the modes associated with this cavity are still predominantly guided within the glass core of 
the fiber. 

The close agreement between the SEM measured and the optical reflection measured 
values demonstrate that we have indeed milled optically functioning structures into the core of 
the exposed-core microstructured optical fiber. These results also demonstrate that the 
different cavities can be readily de-multiplexed, allowing for simultaneous measurement of 
different parameters (e.g. refractive index, temperature, and strain). In principle, additional 
cavities could be written along a single ECF to increase the number of parameters that can be 
measured. This can be with great flexibility in spatial separation given the low loss guidance 
of the ECF (e.g. relative to a taper), provided the metal coating can be appropriately deposited 
and/or removed. 

5. Conclusions 

We have employed focused ion beam milling to fabricate optical structures directly onto the 
core of a microstructured optical fiber. In order to gain access to the core we have used an 
exposed-core microstructured optical fiber, which has a portion of the cladding removed 
during the fabrication process. We have written two different types of Fabry-Perot cavities, 
which serve effectively as two-wave interferometers. The versatility and resolution of focused 
ion beam milling allows for control of the type of cavity, and here we utilize this to 
demonstrate both a cavity that cuts entirely across the fiber core into the holes of the MOF 
and a shallow cavity on the surface of the MOF core. Both cavities were characterized 
optically and the resulting interference spectra match well with the SEM measured cavity 
lengths, thus confirming their optical function. We have also demonstrated that focused ion 
beam milling can be used for removing the metal coating, which was initially deposited to 
reduce charging effects in the FIB/SEM microscope. 

While focused ion beam systems are a mature commercial technology, they are expensive 
instruments and milling times can be considerable. The total milling times used in our 
experiments were approximately three hours for the larger (penetrating) cavity and 12 minutes 
for the smaller (non-penetrating) cavity. Thus, we anticipate our technique will be of use 
primarily for prototyping, or producing specialized devices that specifically require precise 
micro/nano-structuring along the optical axis in combination with control of the cross 
sectional geometry (e.g. dispersion) and standard fiber connectorization. 
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