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Abstract: Focused ion beam technology is combined with chemical etching 
of specifically designed fibers to create Fabry-Perot interferometers. 
Hydrofluoric acid is used to etch special fibers and create microwires with 
diameters of 15 μm. These microwires are then milled with a focused ion 
beam to create two different structures: an indented Fabry-Perot structure 
and a cantilever Fabry-Perot structure that are characterized in terms of 
temperature. The cantilever structure is also sensitive to vibrations and is 
capable of measuring frequencies in the range 1 Hz – 40 kHz. 
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1. Introduction 

Focused Ion Beam (FIB) is a commercially available technology developed for, and mainly 
employed by, the semiconductor industry. FIB systems are very similar to Scanning Electron 
Microscopes (SEM), but instead of an electron beam they use an ion beam, generally of 
gallium ions (Ga+) [1]. They can be operated with small currents for imaging just like the 
SEM systems, or with higher currents for milling and sputtering. Modern systems include 
both an ion beam column and an electron beam column (dual-beam systems), which allow for 
a higher flexibility in imaging/milling the substrate [2]. 

In the last few years, FIB technology has been applied to optical fibers, leading to new 
and interesting ways of creating very small and short optical fiber devices. FIB has been 
combined with optical fiber technology to create structures ranging from long-period [3] and 
fiber Bragg gratings for refractive index [4] and temperature [5] sensing to more complex 
structures such as fiber-top cantilevers for very small displacement sensing [6]. Nanofiber 
cavities have been fabricated by milling two FBGs on a nanofiber with FIB [7]. FIB has also 
been used for the milling of channels in microstructured optical fibers, thus allowing for 
selective filling of these fibers [8]. Fabry-Perot (FP) cavities have also been fabricated using 
FIB. Most are created on tapered fiber tips in order to reduce the required FIB milling [9–11] 
to a minimum. One downside of FIB processing is the time it takes to mill large quantities of 
material. This is why, in the vast majority of the works involving FIB processing of optical 
fiber, another, faster technique is used to somehow reduce the amount of material to be 
milled. The most common method is tapering, either by creating nanofibers or tapered fiber 
tips. 

In our effort, another technique is used instead of tapering: hydrofluoric acid etching of 
specifically designed fibers [12]. This allows for the creation of microwires and thus reduces 
the FIB milling time necessary to create a structure. This paper reports about two different 
sensing FP structures milled with FIB. The FP structures were milled on 15 μm-diameter 
microwires. One of the structures is a simple FP cavity created by milling an indentation in 
the microwire. This structure was characterized as a high temperature sensor. The other 
structure is a microwire cantilever FP structure and was characterized as a temperature and 
vibration sensor. 

2. Fabrication 

The fabrication of the Fabry-Perot structures can be divided into two steps: the fabrication of 
the microwire by chemical etching micromachining, and the milling of a gap in the microwire 
with focused ion beam technology. This two-step process allows for the much faster 
fabrication of microstructures than using solely FIB on standard fiber. Accessing the light 
guiding region with FIB would take too long on a standard fiber, and the structures would be 
very poorly defined, due to the high aspect ratio necessary. 

2.1 Microwire fabrication with chemical etching 

This micromachining technique is based on the much higher etching rate of phosphorus 
pentoxide-doped silica when compared to pure silica. This way, structure forming fibers can 
be engineered with pure silica regions and P2O5-doped regions so that, after etching, only the 
pure silica regions remain, leaving just the desired microstructure [13,14]. This technique is 
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used to create microwires which are then further post-processed using FIB technology. After 
splicing the structure forming fibers (SFF) to a single-mode fiber (SMF), the SFF is cleaved 
to the desired length (see Figs. 1(a)–1(f)). To prevent etching from the top of the fiber, an 
additional short section of a coreless all-silica multimode fiber (cMMF) is spliced to the top 
of the SFF. The structure forming fiber was cleaved using an ultrasonic YORK FK 11 cleaver 
set at a tensile strength of 2 N. The splicing was performed by a filament fusion splicer 
(Vytran FFS 2000) that led to splices with losses below 0.2 dB [14]. 

The whole structure is then placed inside a HF solution with 40% concentration. Initially 
only pure silica is in contact with the solution and, consequently, the whole structure is etched 
uniformly, but when the outer silica shell is etched away and the acid comes into contact with 
the doped region, preferential etching of the P2O5-doped silica occurs. The P2O5 concentration 
of the SFF is about 8.5 mol % which means that the etching rate of the P2O5-doped region is 
about 30 times higher than the etching rate of pure silica. Etching in 40% HF at room 
temperature (~25°C), with no stirring leads to etching rates of 1 μm/min for pure silica and 31 
μm/min for the P2O5-doped region. The process was concluded by rinsing the structures in 
distilled water. The total etching times depend on the desired microwire diameter and the 
external temperature, and can range from 15 to 20 minutes. The structure that remains after 
chemical etching consists of a microwire with a diameter of 15 μm, aligned with the single-
mode lead-in fiber core and two side support beams that, due to the complete misalignment 
with the SMF core, do not guide light (see Fig. 1(f)). These side support beams give the 
microwire protection and help the whole structure retain its form. Even though the microwire, 
when in air, supports several modes after being etching, practically only one mode is 
launched by the SMF in the current configuration. This required special care in structure 
design as described in detail in [14]. The guiding losses for the microwires are below 0.4 dB 
for diameters of 15 μm. 

 

Fig. 1. Microwire fabrication process: (a) SMF-SFF fusion splicing; (b) cleaving to desired 
length; (c) SFF-cMMF fusion splicing; (d) cMMF cleaving (30-40 μm); (e) etching; (f) final 
structure; (g) SEM micrograph of etched microwire; (h) structure forming fiber cross-section. 

2.2 Cavity fabrication with focused ion beam 

After the microwire is created, a focused ion beam is used to mill the microwire and create 
two different Fabry-Perot structures. Before FIB milling, the microwires were sputter-coated 
with a thin tantalum film (ca. 50 nm). This is necessary to avoid charging during electron 
beam and ion beam operation of the fiber, as silica is non-conductive. The charging will 
affect the milling because it will cause the ion beam to drift from its intended spot position, 
effectively reducing the resolution and quality of the milled structures. In the milling of these 
structures an ion current of approximately 1 nA is used for a primary coarse milling of the 
cavities. After this, a polishing is performed using a much smaller current of 100-300 pA. The 
currents were adjusted so that the primary milling times did not exceed one hour and the 
secondary polishing times did not exceed 20 min to avoid charging and consequent drift 
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effects. The surface quality is rough after the primary milling due to the high current 
employed and also due to the redeposition of some of the milled material but, after the 
polishing, the surface roughness greatly decreases. Flat, parallel walls can be obtained 
because the aspect ratio of the milled structure is not high [2]. The first structure milled 
consists of an indentation in the microwire (see Fig. 2, top). The reflections at both silica-to-
air interfaces (signaled in Fig. 2 top) result in a low-finesse FP cavity. The cavity has a length 
of approximately 167 μm. 

The second structure is similar save that a whole section of the microwire is removed 
instead of just a half cylinder section (see Fig. 2 bottom). This results in a completely cleaved 
microwire that is suspended from the fiber-top side. The microwire stays in place due to the 
side support beams that still remain after the milling process. This structure also behaves as a 
FP cavity, being that the reflecting interfaces are the fiber top and the silica-to-air interface at 
the air gap signaled in Fig. 2 bottom. In this case, the cavity has a much greater length of 
approx. 1025 μm. 

 

Fig. 2. Indented Fabry-Perot cavity SEM micrographs and related optical reflection spectrum 
(top); cantilever FP structure micrograph and related optical reflection spectrum (bottom). 

3. Results 

3.1 Optical spectra 

The Fabry-Perot structures were analyzed in a simple reflection setup consisting of an 
optically amplified spontaneous emission (ASE) broadband source @ 1550 nm, an optical 
circulator, and an optical spectrum analyzer. The resulting optical spectra of both structures 
after focused ion beam milling show a channeled spectrum typical of a low finesse FP 
structure, but they have completely different fringe spacings, as the cavity lengths are 
different (see Fig. 2). Estimating the cavity length using the fringe spacing can provide a 
better understanding of where the reflections are taking place. The following expression can 
easily be derived from the resonance wavelength expression for a FP cavity, taking into 
account two consecutive resonant wavelengths λ1 and λ2: 
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Using values obtained from the reflection spectra one obtains lengths of approximately 
172 μm and 1026 μm for indented FP and cantilever FP structures, respectively. Comparing 
these lengths with the SEM micrographs one readily identifies that the fringes come from 
reflections at the fiber top and at the first interface of the milled section (both signaled in Fig. 
2). The lengths measured from the SEM micrographs for these two structures are 167 μm and 
1025 μm, which are in good accordance, given the uncertainty of measuring the SEM 
micrographs. 

3.2 Temperature 

For temperature characterization, the Fabry-Perot structures were placed inside a tubular 
oven, and the temperature was varied from 100 to 550 °C. An optical spectrum analyzer with 
a resolution of 1 pm was used to acquire the spectra. The wavelengths were tracked using 
MATLAB® to determine the spectral shift. For each temperature measurement, the system 
(oven + sensor) is stabilized at each temperature point for approximately 2 minutes to ensure 
a stable and uniform temperature in the oven. Both structures present a similar, slightly 
quadratic behavior, but two linear regimes can be defined (see Fig. 3). For low temperatures 
(100-300 °C), sensitivities of 11.5 pm/K and 12.3 pm/K were obtained for indented FP and 
cantilever FP, respectively. For higher temperatures (300-550 °C), 14.2 pm/K and 15.5 pm/K 
were obtained for indented FP cavity and cantilever, respectively. These results are in 
accordance with the only other paper that FP cavities in optical fiber milled with FIB [10]. 
Kou et al. milled a FP cavity on a tapered fiber tip and obtained a temperature response given 
by a third order polynomial with an average sensitivity of 17 pm/K, similar to the sensitivities 
obtained in this work [10]. When considering structures milled with femtosecond laser 
micromachining, sensitivities in a wide range have been obtained from nearly insensitive 
structures (0.074 pm/K [15]) to highly sensitive ones (51.5 pm/K [16]). Structures with a 
similar sensitivity (14.7 pm/K [17]) have been reported. 

 

Fig. 3. Temperature response of both Fabry-Perot structures: indented FP cavity (full dots, blue 
line) and FP cantilever structure (hollow dots, red line). 

3.3 Vibration 

In the cantilever Fabry-Perot structure, the microwire is solely suspended by one of its ends as 
opposed to the indented FP structure where both ends of the microwire are fixed. This 
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suspended microwire has freedom to move relative to the bulk input fiber, allowing for 
aligned and misaligned positions. Using this property, it is possible to apply this structure as a 
vibration sensor. The structure was attached to an acoustic vibrating system that produced a 
vibration frequency in the range from 1 Hz to 40 kHz. A tunable laser set at 1561 nm was 
used instead of the ASE source, and the optical spectrum analyzer was replaced by a 
photodiode so that the power at a specific wavelength could be monitored. This would make 
the cantilever effectively work as an intensity sensor, obtaining maximum intensity when the 
microwire is aligned and minimum intensity when it is misaligned. In Fig. 4, three different 
signals taken directly from the photodiode for three different frequencies applied (90 Hz, 1.2 
kHz and 14 kHz) are shown. Using these signals it is possible, by taking their Fast Fourier 
Transforms (FFTs), to determine the applied frequencies in each case. Using this simple 
setup, the peak corresponding to the applied frequency was identifiable in the whole range (1 
Hz – 40 kHz). Here the top limit of this range was limited by the maximum frequency 
generated by the vibration system and not by the FP structure itself. It is possible to estimate 
the first resonance frequency of the cantilever, that would ultimately limit the working range 
of the device, using the following equation derived from the equation of motion for a 
cylindrical beam [18]: 

 1 2 2

3.52 1.76

2 2

EI a E
f

Al lρ ρπ π
= =  (2) 

where E is Young’s modulus of elasticity, ρ is the mass density, I is the second moment of 
area, A is the cross-sectional area of the beam, l is the beam length and a it’s radius. Typical 
values for silica fibers are E = 7.2 × 1010 N/m2 and ρ = 2.2 kg/m3. For this cantilever one has: 
a = 7.5 μm and l = 1025 μm. This yields an estimated resonance frequency of 362 kHz, way 
above the working range tested in this work. Also present in the FFT spectra are the second 
and even third harmonics for some of the frequencies applied. 

 

Fig. 4. Fabry-Perot cantilever structure: time responses (left) and related fast Fourier 
transforms (right) when an external frequency is applied. 

4. Conclusions 

In this work, the combination of chemical etching and micromachining of specially designed 
and doped fibers with focused ion beam milling was proposed and demonstrated. To the 
authors’ knowledge, this is the first time that this has been attempted and achieved. Two 
different Fabry-Perot structures were generated by FIB milling of a microwire created by 
chemical etching. One consists of a milled indentation on the microwire while in the other, 
the microwire is totally cleaved and lies suspended on just one end, leaving it susceptible to 
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vibration. The initial fiber design allows for this because of the existence of side support 
beams that hold the microwire in place. This free-standing microwire is what allows this 
structure to work as a vibration sensor. Most fiber vibrations sensors are based on using two 
distinct fibers for input and output and an external system to hold them in place, using one 
fiber as a cantilever [18]. The sensor presented here has the advantage of being completely 
integrated in the fiber, with no need for external support structures. Temperature sensitivities 
from 11.5 to 15.5 pm/K were obtained for both the FIB milled FP structures when 
considering a temperature range from 100 to 550 °C. As for vibration, the cantilever system 
detects frequencies from 1 Hz to 40 kHz, and potentially as high as the first resonance 
frequency of 360 kHz. 

This work showed that a FIB can be used for processes such as selective cleaving and 
creating simple structures that could not be achieved otherwise with such high optical quality. 
FIB can also be combined with other post-processing techniques to create new and novel 
optical sensors and devices opening doors for miniaturized and fiber-integrated elements. 
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