
A review of focused ion beam applications in optical
fibers

Karen Sloyan,1,2 Henrik Melkonyan,3 Harry Apostoleris,1,2

Marcus S. Dahlem,4 Matteo Chiesa,1,2,5 and Amal Al
Ghaferi1,2

1Department of Mechanical and Materials Engineering, Khalifa University, SAN
Campus, Abu Dhabi 127788, UAE
2Laboratory for Energy and Nano Science (LENS), Khalifa University, SAN
Campus, Abu Dhabi 127788, UAE
3Department of Physics, Yerevan State University, Yerevan 0025, Armenia
4Interuniversity Microelectronics Center (IMEC), Leuven 3001, Belgium
5Department of Physics and Technology, UiT The Arctic University of Norway,
Tromsø 9010, Norway

E-mail: karen.sloyan@ku.ac.ae

May 2021

Abstract. Focused ion beam (FIB) technology has become a promising
technique in micro- and nano-prototyping due to several advantages over its
counterparts such as direct (maskless) processing, sub-10nm feature size, and
high reproducibility. Moreover, FIB machining can be effectively implemented on
both conventional planar substrates and unconventional curved surfaces such as
optical fibers, which are popular as an effective medium for telecommunications.
Optical fibers have also been widely used as intrinsically light-coupled substrates
to create a wide variety of compact fiber-optic devices by FIB milling diverse
micro- and nanostructures onto the fiber surface (endfacet or outer cladding).
In this paper, the broad applications of the FIB technology in optical fibers
are reviewed. After an introduction to the technology, incorporating the FIB
system and its basic operating modes, a brief overview of the lab-on-fiber (LOF)
technology is presented. Furthermore, the typical and most recent applications
of the FIB machining in optical fibers for various applications are summarized.
Finally, the reviewed work is concluded by suggesting the possible future directions
for improving the micro- and nanomachining capabilities of the FIB technology
in optical fibers.

Keywords: focused ion beam (FIB) machining, optical fiber, nanostructures, lab-on-
fiber (LOF) technology, nanofabrication
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1. Introduction

Miniaturization of devices used in a variety of modern
applications is accompanied by the development of
advanced nanofabrication techniques, which can be
classified into two categories: ”bottom-up” and ”top-
down”. The bottom-up approach is an additive
manufacturing process, which uses atoms or molecules
as the building blocks of nanostructures, while the
top-down approach is a subtractive process, where
the material is removed gradually to create features
of a desired size and shape. The most widely used
bottom-up methods include self-assembly (SA) [1, 2],
photopolymerization [3, 4], chemical and physical
vapor depositions (CVD and PVD) [5, 6], and atomic
layer deposition (ALD) [7, 8], while the typical
examples of top-down nanofabrication approaches are
photolithography [9, 10], electron-beam lithography
(EBL) [11, 12], focused ion beam (FIB) milling [13–
15], nanoimprinting [16, 17], interference lithography
[18, 19], and femtosecond laser ablation [20, 21].

Among the advanced top-down techniques, EBL
and FIB machining are the two that ensure precise
control over the entire patterning process, and enable
direct (maskless) writing of sub-10nm features. EBL
uses a focused beam of electrons to write 2D geome-
tries in soft e-beam resists that are subsequently trans-
ferred onto the substrate by etching. This technique
practically outperforms the conventional optical lithog-
raphy (diffraction limited optical resolution), exploit-
ing the ultra-short wavelength of the electrons. EBL
nanopatterning has been effectively implemented for
fabricating various nanostructures on traditional large
and planar substrates [22–25]. The scenario substan-
tially changes when dealing with unconventional sub-
strates such as optical fibers. In particular, the use
of EBL for patterning optical fibers becomes less ef-
fective since the traditional spin coating to produce a
thin and uniform resist layer, and the etching for trans-
ferring the desired pattern onto the substrate become
more challenging due to the curved surfaces, micro-
scopic cross-section, large aspect ratio, and fragility of
the fiber (especially glass optical fibers). This is where
the FIB machining comes into play. Being a resistless
fabrication technique, it ablates the material directly
from the substrate, thus providing ease of patterning
structures with an impressive spatial resolution on any
irregular substrate. In contrast to EBL, heavy ions
used in FIB machining also enable direct patterning
on hard materials, including semiconductors, metals
and ceramics. Moreover, the FIB milling technique is
able to produce high-quality 2D and 3D micro- and
nanostructures by precisely controlling their geometry
[14, 15, 26–28]. The serial writing of this technique re-
sults in low throughput, which practically prevents its
use for mass production (for this, photolithography is

the most widely used technique). The FIB machining
also suffers from some intrinsic drawbacks such as ma-
terial redeposition and unintentional ion doping of the
substrate. However, the FIB technology can still be
effectively used for rapid prototyping high-resolution
micro- and nano-structures on optical fiber substrates.

This review article mainly focuses on the FIB
technology and its broad applications in optical fibers
within last few decades. In Section 2, we briefly
review the FIB system and the four basic principles of
the FIB technology: milling, deposition, implantation,
and imaging. The optical fiber properties and lab-on-
fiber technology will then be discussed in Section 3.
Section 4 overviews the most typical and interesting
applications of the FIB machining in optical fibers for
creating ultra-compact fiber-optic devices for various
applications. In Section 5, the manuscript concludes
with a discussion of possible future directions for
enhancing the micro- and nanomachining capabilities
of the FIB technology.

2. FIB technology

Developed since the early 1980s, the FIB technology
was initially aimed at the semiconductor industry,
where it has been extensively employed for failure
analysis, circuit debugging, device modification, and
lithographic mask repair [29–33]. However, since the
1990s the FIB instrument has also become a popular
machining tool in other fields such as materials science
and biochemistry. In particular, the FIB machining
has been broadly used for preparing transmission
electron microscopy (TEM) ultra-thin specimens [34–
37], since it provides better control and reproducibility
compared to the conventional electro-polishing and
chemical polishing techniques [38–40], as well as
allowing the preparation of specimens from a specific
area in the substrate. Due to its versatility and nano-
scale resolution, FIB machining has also been broadly
used for rapid prototyping micro- and nanostructures
for various applications in optics, optoelectronics,
mechanics, atomic force microscopy etc. [32, 41–47]

2.1. FIB system

The basic parts of typical FIB systems are ion source,
ion optics column, vacuum chamber and gas injection
system (GIS). Conventional FIB instruments use high-
brightness liquid-metal ion sources (LMIS) that can
produce a beam spot on the order of 10 nm. The
currently available ion sources include Au, Si, Ga, Al,
As, Cu, Ge, Fe, In, Pt, and Pd. Among these, Ga is
the most preferable ion source for FIB systems due
to its low volatility, low melting point, heavy mass
and electrical properties. It is worth noting that some
other liquid metal alloy ion sources with lower melting
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point such as PdAs, PdAsB, AuSi, AuSiB, NiB, and
NiAs, have also been studied recently [48, 49]. On
top of metal ion sources, plasma sources, which are
still in a developing stage, have also been used in
FIB instruments to boost the material sputtering rate
with the respect to a conventional Ga+ FIB using
higher beam currents (µA) [50–52]. However, high
currents result in large spot sizes, and thus lower
spatial resolution. Therefore, plasma sources should
be used in applications where the sputtering rate has
more importance with respect to the milling resolution.
Furthermore, gaseous ion sources such as He+ gas field
source have also been integrated into a FIB system
for fabricating structures with higher spatial resolution
over an LMIS FIB [53–55]. A He+ ion source can
provide ∼0.25 nm resolution and minimum feature size
less than 5 nm [54, 55]. Nevertheless, in the case of a
He+ FIB, the bulk milling is quite slow due to the
substantial low mass of helium ions. So, the trade-off
between the milling rate and spatial resolution makes
Ga+ FIB systems most suitable for bulk milling. It
is worth mentioning that He+ FIB systems have great
potential to replace Ga+ FIB instruments in the near
future, due to their smaller probe size and lower surface
damage caused by the ion beam.

The application of a strong electric field acceler-
ates the positively charged Ga+ ions of a LMIS towards
the target. They travel through the ion column com-
posed of several beam-limiting apertures and condenser
lenses. The latter are responsible for the beam forma-
tion, while the apertures define the beam current and
spot size. The ion beam is ultimately focused on the
specimen surface via objective lenses. When the beam
hits the substrate surface, they lose energy to both
the electrons and nuclei of the target atoms. Depend-
ing on the gained energy of the surface atoms, various
interactions can occur between the incident ions and
surface atoms, including milling, implantation, deposi-
tion, backscattering, amorphization, and nuclear reac-
tion (Fig. 1) [54, 56].

2.2. FIB operating modes

In this section, the basic FIB operating modes such
as milling, material deposition, ion implantation, and
imaging resulting from ion-target elastic and inelastic
collisions will be explained in more detail (Fig. 2).

2.2.1. FIB milling The ion-target elastic interactions
result in FIB milling that incorporates physical
sputtering, amorphization, and material redeposition
(Fig. 2(a)). Physical sputtering occurs when the
energy of surface atoms delivered by incident ions
exceeds the surface binding energy. The sputtering
yield, which is the number of atoms ejected from the
sample surface per incident ion, mostly depends on

Figure 1: Schematic diagram of ion-target interactions.

factors such as masses of incident ions and specimen
surface atoms, ion beam energy, and the incident
angle of ions with respect to the target surface. In
particular, the sputtering yield increases with the angle
of incidence reaching its maximum near 80o, and then
abruptly decreases as the incident angle approaches 90o

[57, 58]. The sputtered atoms ejected from the sample
surface into the gas phase are not totally removed from
the vacuum chamber and are not at thermodynamic
equilibrium, thus they tend to condense back into solid
phase, and redeposit on the initially sputtered region.
This practically lowers the effective sputtering rate,
which can be boosted by introducing a gas inside the
chamber during FIB milling. This process is called
gas-assisted etching (GAE) [59, 60]. The redeposition
effect can be reduced by optimizing various ion beam
and processing parameters such as beam energy, ion
current, dwell time, and incident angle. In the case
of ion energies lower than the surface binding energy,
amorphization may occur in the bombarded region of a
crystalline substrate, when the incident ions are mainly
buried in the substrate and may also displace the target
atoms from their lattice positions.

2.2.2. Ion implantation On top of FIB milling,
ion-matter interactions are also accompanied by ion
implantation, which becomes dominant for high beam
energies (Fig. 2(c)). In this case, the ions can easily
penetrate deep into the substrate locally changing the
material properties. The implantation depth strongly
depends on the substrate material, ion beam energy,
and probe current. Typical ion implantation depth
can range from a few nanometers to a few tens of
nanometers [61]. In particular, the depth of implanted
ions at 30 keV for the glass optical fibers reviewed
in this article, is ∼20 nm [62]. This implantation
approach has been effectively used in microelectronics
to introduce dopants into the semiconductors, as well
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Figure 2: Basic functions of FIB technology.

as in the field of materials surface modification due to
its control of distribution and concentration of dopants.

2.2.3. Material deposition FIB also allows deposition
of various types of materials, including metals and
insulators, in a very small region. The deposition
process is performed by a gas injection system (GIS)
(Fig. 2(b)). The gas is injected through a nozzle
inserted very close to the sample surface in the vacuum
chamber. After gas injection, the molecules adsorb
on the surface of a target, and are decomposed into
non-volatile products where the ion beam strikes, and
volatile products far from the beam scanning area.
The non-volatile species remain on the sample surface
forming a deposition layer, while the volatile products
are desorbed from the surface. FIB deposition can
be controlled by few parameters, including scanning
area, nozzle position, gas heating temperature, beam
current, and dwell time. FIB metal (Au, Al, W,
and Pt) deposition has been widely used in the
semiconductor industry for making and repairing metal
interconnects in lithographic masks [29, 30].

2.2.4. Imaging In contrast to elastic interactions,
inelastic ion-target collisions transfer a part of the

energy of the incident ions to the surface atoms.
This leads to the emission of secondary electrons (SE)
and secondary ions (SI) (Fig. 2(d)). The generated
SEs can be collected for SEM imaging, while SIs for
secondary ion mass spectroscopy (SIMS) to analyze the
atomic composition of the target [63, 64]. It is worth
mentioning that in comparison to SEs, due to their
large size and positive charge, the SIs enable relatively
lower resolution but higher contrast imaging. On the
other hand, the high mass of ions inevitably damages
the sample surface while imaging. For this reason,
FIB/SEM dual-beam systems have been developed
combining the FIB milling and non-destructive SEM
imaging capabilities. The contemporary FIB/SEM
dual-beam instrument is a vertical electron column
with a tilted ion column, usually angled at 52o

(Fig. 3). This configuration practically allows real-
time monitoring of the FIB machining process to assure
the desired outcome. The dual-beam systems are
usually used in the semiconductor industry for failure
analysis of integrated circuits without damaging the
nano-features [32].
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Figure 3: FIB/SEM dual-beam instrument.

3. LOF technology

An optical fiber is essentially a dielectric waveguiding
structure most commonly made of high purity glass.
It is composed of a cylindrical core, through which
the light propagates, embedded in a slightly lower
refractive index cladding to prevent the light from
leaking (Fig. 4). Typical cladding diameter is
125 µm, while the core diameter mostly depends
on the operational wavelength of the fiber, as well
as the number of propagating modes the fiber can
support (single- or multimode). The refractive index
difference between the core and cladding confines the
light signal in the core area of the fiber through
total internal reflection (TIR), making it an optical
waveguide. The purity of the glass material is the
key to low-loss transmission of the signal. Even
though glass is considered a fragile material, the
outer jacket and strength member in addition to the
polymer coating around the fiber successfully protects
it from breaking and enables application in harsh
environments (Fig. 4). The glass optical fiber is
extensively used in telecommunication by enabling
low-loss, high bandwidth and low cost transmission
of information over long distance. In parallel to
the development and advancements of fiber-optic
communications, optical fibers have also managed to
successfully replace bulk optical elements paving the
way for the development of the lab-on-fiber (LOF)
technology [65, 66].

In contrast to well-known lab-on-a-chip technol-
ogy implemented on conventional planar substrates
[67, 68], the LOF technology is a relatively new re-
search area, aiming to integrate advanced functional
materials and structures within unconventional fiber

substrates using advanced nanofabrication techniques.
This leads to a new light-coupled platform enabling
the development of all-in-fiber multifunctional devices
at the micro- and nanoscale. In general, the LOF plat-
forms can be subdivided into three main categories
(Fig. 5):

• lab-on-tip: the advanced materials and struc-
tures are integrated onto the fiber endfacet

• lab-around-fiber: the advanced materials and
structural modifications are integrated onto the
outer cylindrical curved surface of optical fibers

• lab-in-fiber: the functional materials are infil-
trated within the holey structure of microstruc-
tured optical fibers (MOFs)

Figure 4: Schematic illustration of an optical fiber.

These non-conventional LOF platforms have been
effectively used for fabricating a variety of compact
fiber devices for diverse applications in lasing [69,
70], sensing [71, 72], and imaging [73]. In general,
these devices have been fabricated using two different
approaches. The first is a hybrid approach, comprised
of the fabrication of functional materials and/or
structures on planar substrates using well-developed
nanofabrication techniques, and their consecutive
integration onto an optical fiber via soft lithography,
nanoskyving, and nanomanipulation techniques [74].
It is worth mentioning that the transferring step of
the pre-fabricated structure or material, including
detaching and bonding, is challenging and also has
direct influence on the fabrication yield, and thus
the performance of the created device. On the
contrary, the second approach is based on the direct
deposition and/or patterning of the advanced materials
and/or structures on an optical fiber using “top-
down” or “bottom-up” nanofabrication techniques
such as CVD/PVD processing, sol–gel processing,
self-assembly (SA), photopolymerization, chemical
etching, EBL, interference lithography, femtosecond
laser writing, nanoimprinting lithography, two-photon
lithography, and FIB milling [74, 75].
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Figure 5: The lab-on-fiber paradigm.

In this paper, we review the applications of
the FIB machining in the LOF technology. It
is worth noting that the FIB technique was first
applied on optical fibers in 1997 to create a near-field
scanning optical microscopy (NSOM) fiber probe [76].
Thereafter, the FIB technology has been continuously
developed and effectively used for fabricating diverse
miniaturized lab-on-tip, lab-around-fiber, and lab-in-
fber devices. This is evidenced by the bar chart
illustrated in Fig. 6, showing the popularity and the
trend of FIB applications in optical fibers within last
few decades. In particular, FIB machining has been
applied on the fiber tip to create NSOM probes [76–
87], to pattern plasmonic nano-arrays [88–101] and
beam shaping structures (lenses, zone and phase plates,
holograms etc.) [102–121], as well as to fabricate
microcantilevers [122–130]. It has also been effectively
used to cleave and polish the fiber endfacet [131–
137]. In addition, FIB machining has been employed
for fabricating lab-around-fiber and lab-in-fiber devices
such as microgratings [138–150], microcavities [151–
160], as well as access holes and channels [161–
169]. It is worth mentioning that the beam shaping
structures fabricated on the fiber tip predominate in
FIB applications in optical fibers (Fig. 7).

Figure 6: The trend of FIB applications in optical fibers
within time.

It is also important to note that typical optical
fibers being non-conductive materials are far from
ideal substrates for FIB machining. Therefore, proper
sample preparation is required to ensure high-quality
fabrication. In particular, the fiber surface must be
coated with a thin metal layer prior to FIB machining
process in order to dissipate the charges built up on
the surface during the process, since these accumulated
charges can practically lead to deviation of the ions
from the focused beam resulting in broadening of the
spot, thus lowering the milling resolution.

Figure 7: FIB applications in optical fibers.

4. FIB applications in optical fibers

In this section, we overview the most typical
applications of the FIB technology in optical fibers
for fabricating compact fiber-optic devices for a variety
of applications. NSOM fiber probes, plasmonic nano-
arrays, beam shaping structures, and microcantilevers
are discussed first. Next, fiber cleaving by FIB
is presented. The section will conclude with FIB-
fabricated microgratings, microcavities, and access
holes and channels.

4.1. NSOM fiber probes

The optical fiber probes used in near-field scanning
optical microscopy (NSOM) can provide ultra-high
resolution beyond the diffraction limit of conventional
optical microscopes. The probe is generally a metal-
coated (usually gold or aluminium) tapered optical
fiber, where the tapering can be implemented either
by heating-pulling or chemical etching methods [170–
173]. In contrast to the widely used angled evaporation
technique to create a subwavelength aperture at the
apex of a tapered fiber [80], the FIB technology allows
to mill an aperture of a desired shape and size directly
on the very tip. The broadly used FIB drilling and
FIB slicing techniques were first reported by Muranishi
et al. in 1997 [76]. Later, these techniques were
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extensively used to create apertures of different sizes
and shapes (Fig. 8(a-b)) [77–81].

In parallel to the development and widespread use
of the FIB machining, more complex near-field fiber
probes were manufactured. In particular, Spajer et
al. used FIB to fabricate a trihedral tip for NSOM by
milling the three facets of the fiber tip (Fig. 8(c)) [82].
Afterwards, a more complex C-aperture was carved on
the endfacet of a 45o straw-shaped fiber probe for near-
field applications [83]. Moreover, bowtie nano-aperture
antennas were created on the tip of fiber probes by FIB
direct milling for nanoimaging, nanolithography, and
biosensing applications (Fig. 8(d)) [84, 85].

In 2016, a new “tip-on-aperture” (TOA) fiber
probe was experimentally demonstrated by Kim and
Chang, to enhance the optical resolution compared
to conventional NSOM probes [86]. FIB milling was
first used to create an aperture on the fiber tip, and
then fabricate a triangular tip beside the aperture
(Fig. 8(e)). To assess the resolution enhancement effect
achieved by the fabricated TOA probe, a photoresist
layer was raster scanned by the probe resulting in a
pattern line of 50 nm (Fig. 8(f)). This was actually
smaller than the size of the tip aperture (200 nm) due
to the light confinement effects caused by the triangular
shape tip.

Furthermore, a new in-situ FIB fabrication
procedure was recently reported both to taper the
fiber and drill an aperture on the very tip [87]. The
fabrication of the fiber probe was carried out by few
steps, where the ion beam current changed from one
step to another, while the acceleration voltage was
fixed at 30 kV during entire milling process. The
tapering step was implemented using a beam current
of 0.79 nA. Fig. 8(g) shows the FIB-fabricated probe
after drilling an aperture. A detailed view of the probe
is shown in Fig. 8(h), indicating an aperture of about
110 nm. Besides drilling an aperture of the desired
diameter, this technique also enables the control of
the cone apex angle for better optical throughput, as
well as the length of the tapered region for improved
mechanical robustness.

The dimensions and the FIB process parameters
used for the fabrication of the aforementioned NSOM
fiber probes are summarized in Table 1.

4.2. Plasmonic nano-arrays

Nano-arrays of subwavelength structures patterned in
optically thick metallic films have become increasingly
attractive due to the extraordinary light transmission
through the nanostructures [174–176]. This is associ-
ated with the surface plasmons excited on the sur-
face of arrays of nanostructures with a size smaller
than the incident wavelength. Besides conventional
planar substrates, these plasmonic nano-arrays have

also been integrated onto the cleaved tips of opti-
cal fibers for various applications, including sensing
[89, 91, 94] and surface-enhanced resonance Raman
scattering (SERRS) [88, 95]. In contrast to planar
substrates, this integration simplifies the optical align-
ment since the structures are defined directly on top of
the fiber core. The easy identification of the core by
wet etching enables the nanostructures to be precisely
patterned on the core area improving the light trans-
mission through the structures. The peaks of local-
ized surface plasmon resonances (LSPR) can be tuned
by varying the optical properties of the surrounding
medium, as well as by controlling the size, the shape
and the periodicity of the subwavelength nanostruc-
tures. The latter can be precisely controlled by us-
ing FIB. In this section, we present various plasmonic
nano-arrays FIB-fabricated on the tips of optical fibers
for diverse applications [88–101].

Nguyen et al. used FIB machining to fabricate an
array of cross-shaped apertures on the tip of a single-
mode fiber for refractive index sensing [94]. The fiber
endfacet was first coated with a Au layer of 140 nm.
30 keV energy ions and 30 pA probe current were
used to mill the nanoapertures. A high-magnification
SEM image of an array of the cross-shaped apertures
perforated in a gold film is shown in Fig. 9(a), where
the arm-length, the arm-width and the periodicity of
the cross-apertures were 300 nm, 20 nm, and 400 nm,
respectively.

Andrade et al. experimentally demonstrated
circular and bowtie-shaped nanohole arrays milled
in gold films deposited on the tips of single-mode
optical fibers for SERRS measurements [95]. Both
arrays were patterned in a 100 nm-thick gold film
using a beam current of 100 pA at 30 kV. The
circular nanohole array was composed of 30 × 30 holes,
while the array of bowties was a 40 × 40 matrix.
The magnified views of both arrays are illustrated
in Fig. 9(b-c). The diameter of circular nanoholes
was 200 nm, while the array periodicity was 480 nm
(Fig. 9(b)). For the bowtie structures, the long sides
of the triangles, the distance between long sides of
the triangles, and the separation between the triangles
were measured as 200 nm, 420 nm, and 95 nm,
respectively (Fig. 9(c)). The experimental results show
that the SERRS enhancement efficiency of the bowtie-
shaped nanostructures is higher than that of the
patterned circular holes. Furthermore, a similar array
of 80 nm-diameter circular holes patterned in a gold-
coated fiber tip was also employed as a photoacoustic
ultrasound generator for ultrasonic applications [96].

FIB machining was also used for the integration of
metasurfaces on the fiber tips. In particular, Xomalis
et al. reported an all-fiber switching metadevice
[98]. The plasmonic metamaterial was composed of
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(c) (d)

(f)

(h)(g)

(e)

(b)

(a)

Figure 8: NSOM fiber probes fabricated using FIB machining. (a) FIB image of a fiber probe with an aperture diameter
of 35 nm [78]; (b) SEM image of a probe with a 110 nm aperture on the very tip (the scale bar is 500 nm) [81]; (c) FIB
image of a trihedral tip [82]; (d) SEM image of a bowtie nanoaperture milled in the fiber endfacet (the scale bar is 200
nm) [85]; SEM images of (e) a TOA probe with a triangular pyramid tip and (f) the line pattern fabricated using the
probe [86]; SEM images of (g) a tapered fiber probe and (h) an aperture of 110 nm drilled on the probe tip [87].

an array of asymmetrically split ring apertures milled
in a 70 nm-thick gold film. The nanostructures were
patterned by FIB milling on a 25 µm x 25 µm area
covering the core of a polarization-maintaining single-
mode fiber (Fig. 9(d)). Furthermore, a phase-gradient
plasmonic metasurface was patterned on the endfacet
of a single-mode optical fiber that allows steering of
the light beam impinging from the fiber core in desired

directions [97]. A 50 pA beam current at 30 kV was
used to mill the desired pattern of rectangular holes
in a 50 nm gold layer covering the fiber core region
(Fig. 9(e)). FIB was also used to fabricate a metalens
on the gold-coated endfacet of a photonic crystal fiber
(PCF), which allows to focus the circularly polarized
incident beam [101]. An acceleration voltage of 30 kV
and a beam current of 1.5 pA were used for fabricating
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Table 1: Summary of FIB-fabricated NSOM fiber probes (d - aperture diameter, l - length)

Aperture Size FIB process parameters Applications Ref.
Circular - Ga, 30 kV, 20 pA NSOM 76
Elliptical 100 nm x 300 nm Ga, 30 kV, 12 - 70 pA, 10 - 20 sec NSOM 79
Circular d1 = 100 nm, d2 = 300 nm Ga, 30 kV NSOM 77
Circular d1 = 200 nm, d2 = 35 nm Ga, 30 kV, 11 pA NSOM 78
Trihedral tip - - NSOM 82
C-shape 300 nm x 200 nm - NSOM 83
Bowtie - - NSOM 84
Circular d = 200 nm Ga, 40 kV, 10 pA Sensing 80
Circular d1 = 110 nm, d2 = 45 nm - NSOM 81
Bowtie l = 300 nm, gap between arms = 50 nm - Nanoimaging 85
Triangular pyramid tip curvature at the tip end = 50 nm Ga NSOM 86
Circular d1 = 250 nm, d2 = 110 nm Ga, 30 kV, 0.79 nA NSOM 87

the metalens (Fig. 9(f)).
Kim et al. proposed a fiber-optic LSPR sensor by

patterning a nanodisk array in a gold film deposited
on the tip of a multimode optical fiber [99]. In order
to avoid the larger area FIB-fabrication on the 50 µm
diameter fiber core, and hence to reduce fabrication
time, a lift-off technique was used to remove the gold
layer left on the core using an Al sacrificial layer. A
100 nm-thick Al film was first deposited on the fiber
tip. A 20 µm x 20 µm region of Al layer at the center
of the tip was subsequently milled away by FIB. After
plasma cleaning and deposition of an adhesion layer,
the fiber tip was coated with a 30 nm of Au film. Next,
a 66 × 66 array of nanodisks with a 70 nm diameter
and a 200 nm gap was patterned by FIB machining
followed by the Al layer removing through the lift-off
method (Fig. 9(g)). FIB machining was also applied
on the fiber tips for patterning arrays of nanorods,
nanopillars, and nanogratings [88–93].

The dimensions and the FIB process parameters
used for the fabrication of the aforementioned
plasmonic nano-arrays are summarized in Table 2.

4.3. Beam shaping structures

Beam shaping structures fabricated on the fiber tip
through FIB machining dominate FIB applications in
optical fibers (Fig. 7) [102–121]. The role of these
structures are to shape the light beam exiting the
optical fiber. They have been mostly targeted for two
main applications: optical tweezing [103, 104, 106–
109, 111, 112, 116, 117, 121] and fiber-to-chip light
coupling [102, 113–115, 120].

4.3.1. Beam shaping structures for optical tweezing
Optical tweezers (OTs) are powerful tools widely used
in physics, biology, chemistry, and force spectroscopy
[177]. Focusing the laser beam, OTs can manipulate
and trap micrometer-sized particles by exploiting
the forces exerted by the focused beam. Optical
manipulation was first proposed by Ashkin et al.
in 1970 [178]. Within last few decades, the OTs

have been successfully integrated on the tip of optical
fibers (OFT) creating miniaturized and compact fiber
devices for a variety of applications [103, 104, 106–
109, 111, 112, 116, 117, 121].

The rapid divergence of the Gaussian beam used
in conventional OTs limits the active trapping region,
and thus lowers the efficiency of the tool. Cabrini et
al. fabricated a microaxicon on the tip of a Ge-doped
SiO2 fiber by using FIB machining to convert the
guided Gaussian mode of the fiber core into a Bessel-
like beam with an extended depth of focus, resulting in
an enlarged trapping region [103]. A 30 kV accelerating
voltage and a 0.5 nA beam current were used to create
an axicon structure with a base diameter of 10 µm
and a height of 5 µm at the center of the fiber core
(Fig. 10(a)). The total milling took 3 hours.

A Bessel-like profile for optical micro-manipulation
was also achieved by a plasmonic lens composed of
a subwavelength slit-metallic groove structure, FIB-
milled in the gold-coated tip of a coreless silica fiber
[106]. A similar plasmonic structure consisting of dou-
ble parallel slits combined with graded groove arrays
was also fabricated on the metal-coated fiber tip for
generating Airy beams for potential applications in op-
tical trapping (Fig. 10(b)) [108].

Plasmonic structures defined on the fiber tip were
also used for 3D trapping. In particular, Berthelot
et al. demonstrated 3D optical manipulation of sub-
100 nm dielectric objects with a near-field nanotweezer
[109]. The latter was fabricated by milling a bowtie
nanoaperture in the tapered metal-coated fiber tip
(Fig. 10(c)). In addition, 3D trapping of subwavelength
particles was experimentally demonstrated by using a
surface plasmon (SP) fiber lens [107]. The SP lens was
composed of concentric subwavelength slits FIB-milled
in the gold-coated fiber tip (Fig. 10(d)). The variation
of the slit width here ensures the phase difference of
the SP modes for far-field superfocusing, which allows
trapping about 6 wavelengths away in contrast to near-
field optical tweezers.

Later, various beam shaping structures, including
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Figure 9: SEM images of plasmonic nano-arrays fabricated on the fiber tips by FIB machining. (a) an array of cross-
apertures [94]; (b) circular and (c) bowtie-shaped hole arrays [95]; (d) an array of asymmetrically split ring apertures (the
scale bar is 1 µm) [98]; (e) a phase-gradient metasurface composed of an array of rectangular holes [97]; (f) a photonic
crystal fiber metalens [101]; (g) a gold nanodisk array [99].

Fresnel zone/phase plates (Fig. 10(e-f)) [116, 117]
and spiral zone/phase plates (Fig. 10(g-h)) [111, 112,
121] were patterned on the fiber tip by FIB as
promising candidates for particle manipulation and
optical trapping.

The dimensions and the FIB process parameters
used for the fabrication of fiber-top beam shaping
structures for optical tweezing are summarized in
Table 3.

4.3.2. Beam shaping structures for fiber-to-chip light
coupling Optical fibers have also been extensively
used to couple laser beams into silicon photonic
chips due to the difficulties in creating efficient light
source on silicon (indirect bandgap). The mode size
mismatch between a silicon waveguide and a single-
mode optical fiber results in coupling losses that need
to be addressed for efficient fiber-to-chip light coupling.
One of the promising approaches to lowering the
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Table 2: Summary of plasmonic nano-arrays FIB-patterned in the metal-coated endfacet of optical fibers
(s - array area, d - hole diameter, l - feature length, w - feature width, t - metal thickness, Λx - horizontal
periodicity, Λy - vertical periodicity)

Feature Dimensions FIB process parameters Applications Ref.

Rod
s = 62.5 µm x 62.5 µm, t = 35 nm,

Ga Sensing, SERS 88w = 80 nm, l = 165 nm,
Λx = 160 nm, Λy = 195 nm

Circular hole
s = 24 x 24, t = 180 nm,

Ga, 40 kV, 10 pA Sensing 89
Λx = Λy = 600 nm, d = 200 nm

1. Circular pillar 1. s = 4 x 4, t = 200 nm
Ga, 40 kV Sensing 90

2. Square pillar 2. s = 8 x 8, t = 50 nm

Grating
s = 12 µm x 12 µm, t = 80 nm,

Ga, 30 kV Sensing 93
Λx = 200 nm, w = 100 nm

1. Circular hole 1. s= 30 x 30, d = 200 nm
Ga, 30 kV, 100 pA SERRS 95

2. Bowtie hole 2. s= 40 x 40, t = 100 nm

Cross aperture
s = 30 x 30, w = 20 nm, l = 300 nm,

Ga, 30 kV, 30 pA Sensing 94
t = 140 nm, Λx = Λy = 400 nm

Circular hole
d = 80 nm, t = 60 nm,

Ga, 30 kV Ultrasonic 96
Λx = Λy = 200 nm

Rect. hole t = 50 nm 30 kV, 50 pA Imaging, Sensing 97

Disk
s = 66 x 66, t = 30 nm, d = 70 nm,

Ga, 30 pA Sensing 99
Λx = Λy = 270 nm

Asymmet. split ring aperture s = 25µm x 25 µm, t = 70 nm - Switching 98
Rect. hole t = 40 nm Ga, 30 kV, 10 pA Imaging, Sensing 101
Crystal cavity t = 60 nm - Sensing 100

Table 3: Summary of beam shaping structures FIB-fabricated on the endfacet of optical fibers for optical
tweezing (s - area, d - diameter, w - width, l - length, h - height, t - metal thickness, R - ring radius, Ns

- number of slits, Ng - number of grooves, wg - groove width, Λ - groove period, hg - groove depth)

Structure Dimensions FIB process parameters Applications Ref.
Axicon d = 10 µm, h = 10 µm Ga, 30 kV, 0.5 nA, 3 hours Optical tweezing 103
Trapezium hole s = 150µm2, h = 10µm 20 nA Optical tweezing 104

Slit-metallic groove
w = wg = 50 nm, l = 10µm, Ns = 1,

- Optical tweezing 106Ng = 150, hg = 80 nm, Λ = 800 nm,
t = 240 nm

Concentric ring slit t = 100 nm - Optical tweezing 107

Slits-metallic grooves
ws = 130 nm, wg = 260 nm,

- Optical trapping 108
t = 200 nm, hg = ∼70 nm, N = 70

Bowtie t = 100 nm, gap between arms = 85nm - 3D trapping 109
Spiral phase plate d = 10 µm, h = 1.26 µm Ga, 30 kV, 0.3 nA Optical trapping 111
Spiral phase plate d = 8 µm, h = 1.6µm 0.1 nA, 29 min Optical trapping 112
1. FZP

1. t = 20 nm
1. Ga, 0.3 nA, 41 sec

Optical trapping 116
2. FPP 2. Ga, 0.1 nA, 15 min

Metallic FZP

Rin1 = 3.33 µm, Rout1 = 4.72µm

- Optical trapping, Sensing 117

Rin2 = 5.8 µm, Rout2 = 6.72 µm
Rin3 = 7.54 µm, Rout3 = 8.29µm
Rin4 = 8.98 µm, Rout4 = 9.64µm
Rin5 = 10.25 µm, Rout5 = 10.84µm
Rin6 = 11.41 µm, Rout6 = 11.95µm
t = 100 nm

Spiral d = 62.5 µm, h = 1.577µm 30 kV, 7 nA Particle manipulation 121

fiber-to-waveguide coupling losses is the use of beam
shaping structures to focus the mode-field diameter
exiting the optical fiber into a smaller spot. As an
alternative to commercial tapered lensed fibers [179],
various fiber-top lenses fabricated by FIB machining
were presented for efficient fiber-to-chip light coupling
[102, 113–115, 120].

In particular, a diffractive spherical lens composed
of 10 circular crowns with different diameter and
thickness was fabricated on the tip of a single-mode

optical fiber by FIB technique for fiber-to-LiNbO3

waveguide light coupling (Fig. 11(a)) [102]. The lens
with a diameter of 15 µm allowed the fiber mode
size to be reduced from 10.5 µm to around 5.2 µm,
which enabled significant coupling improvement to be
achieved over direct coupling.

Another diffractive optical element in the form
of a phase photon sieve was reported by Janeiro et
al. for light coupling to silicon photonics waveguides
(Fig. 11(b)) [113]. An acceleration voltage of 30 kV
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Figure 10: SEM images of beam shaping structures FIB-milled in the fiber tips for optical manipulation and trapping.
(a) a 5 µm-high axicon [103]; (b) double parallel slits and graded grooves arrays [108]; (c) an 85 nm-gap bowtie aperture
[109]; (d) a surface plasmon lens composed of four concentric rings [107]; Fresnel (e) zone and (f) phase plates [116]; spiral
(g) phase and (h) zone plates (the scale bar is 10 µm) [112, 121].

and a beam current of 0.5 nA were used for fabricating
the photon sieve. The total milling took 20 min. The
photon sieve defined on the fiber tip enabled higher
alignment tolerance and improved coupling efficiency.

Fiber-to-chip light coupling was also demon-
strated by using a gradient-index fiber lens (Fig. 11(c))
[114]. The first two rings of the lens were milled us-
ing a beam current of 10 pA at 30 kV, while 49 pA
current was used for the remaining rings. It is worth

noting that the different aspect ratios of the concentric
rings resulted in different depth and shape profiles of
the milled trenches (Fig. 11(d)). The fabricated lens
allowed to reduce the mode-field diameter exiting the
fiber into smaller spot sizes, which in turn ensured a
coupling efficiency comparable to a commercial lensed
fiber.

Furthermore, a similar axicon structure demon-
strated for optical trapping [103] was also reported for
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fiber-to-waveguide edge coupling [115]. 30 kV acceler-
ation voltage and 0.5 nA beam current were used for
fabricating a 5 µm-high fiber axicon lens. An SEM im-
age of the fabricated axicon lens is shown in Fig. 11(e).
This lens offers relatively large longitudinal alignment
tolerance due to the extended depth of focus of the
Bessel-type beam. Later, a FIB-patterned parabolic
lens embedded below the endfacet of a single-mode
fiber was experimentally demonstrated [120]. Using
a 0.23 nA probe current, the lens with a diameter of
15 µm and a height of 5 µm was milled 6.5 µm below
the fiber tip, where the depth corresponded to the focal
length of the lens (Fig. 11(f)). This simplifies the longi-
tudinal and angular alignments for fiber-to-waveguide
light coupling.

The dimensions and the FIB process parameters
used for the fabrication of fiber-top beam shaping
structures for fiber-to-chip light coupling are summa-
rized in Table 4.

4.4. Microcantilevers

Free hanging cantilevers have found broad applications
in a variety of research fields such as position
sensing, topography measurements, and biochemical
manipulations [122, 180, 181]. FIB machining has been
effectively employed to integrate the cantilevers onto
the tip of an optical fiber for creating miniaturized
fiber sensors [122–130]. The fiber-top cantilever is
usually positioned to cover the core area of an optical
fiber, and therefore the laser light coupled to the
core is partially reflected back into the fiber by the
cantilever. The reflected light can be further enhanced
by coating the top of the cantilever with a metal. It
is also important to note that the monolithic fiber-top
cantilevers overcome the alignment difficulties making
them attractive for diverse applications.

Iannuzzi et al. used FIB to fabricate a fiber-top
cantilever composed of a 3.7 µm-thick, 14 µm-wide and
112 µm-long rectangular beam free-hanging at one end
of the fiber endfacet (Fig. 12(a)) [122]. Later, they
added a pyramidal tip on the top of its free hanging
end making an AFM probe (Fig. 12(b)) [123]. An ion
beam current of 21 nA at 30 kV was used to mill the
cantilever followed by the fine milling of the pyramidal
tip using a lower 100 pA beam current. The total
milling took less than 4 hours. The fabricated fiber-top
AFM in contact mode shows performance comparable
to commercially available AFM systems. The same
group also reported a micro-cantilever fixed at both
ends at the fiber tip creating a fiber-top refractometer
(Fig. 12(c)) [126].

Furthermore, Li et al. fabricated various micro-
cantilevers onto the top of an optical fiber as
temperature [128] and pH [129] sensors. In this case, a
picosecond (ps) pulsed laser was first used to remove

large volumes of material, and thus to reduce the
total FIB fabrication time. The FIB machining
was subsequently involved to thin the cantilever, and
thus improve the sensitivity (Fig. 12(d)). The FIB
milling also allows much lower surface roughness to
be achieved. In addition to fiber-top cantilevers, FIB
machining was also used for fabricating a cantilever
onto the side of an optical fiber for acceleration
measurement [130].

FIB technology was also employed to fabricate mi-
crocantilevers sensitive to temperature and vibration
[127]. The specially designed and doped optical fibers
were first etched by hydrofluoric (HF) acid resulting
in microwires with a diameter of 15 µm. Two differ-
ent cavity structures were subsequently milled in the
microwires: a 167 µm-long indentation as a tempera-
ture sensor, and a totally cleaved (suspended on one
end) microwire cantilever with a length of ∼1025 µm
for temperature and vibration sensing (Fig. 12(e)).

The dimensions and the FIB process parameters
used for the fabrication of fiber microcantilevers are
summarized in Table 5.

4.5. Cleaving

Maintaining a smooth and clean tip surface of an
optical fiber is essential for high quality patterning,
as well as low-loss butt-coupling between two fibers.
Most of the commercial fiber cleaving tools are
mechanical using a sharp blade made of various
materials, including diamond and sapphire. While
they are considered for rapid cleaving, the mechanical
process usually results in some micro-cracking on the
fiber endfacet and rough edges on the fiber cladding
[132, 133]. Exceptionally smooth and clean fiber cross-
sections can be achieved by FIB machining due to its
high resolution and precise submicron control.

FIB milling was first employed for cleaving
tapered fiber tips in 1999 [131]. By cleaving at different
points along the fiber axis, the mode evolution in
single-mode fibers was studied. Afterwards, Gibson
et al. used a FIB/SEM dual-beam system to cleave
and characterize the hole-array structure in tapered
photonic crystal fibers (PCF) (Fig. 13(a)) [132]. The
same technique was also used by Li et al. to cleave
a PCF without damaging the microstructured air-hole
structure in silica [133]. The entire milling process was
performed in few steps: first, the incident angle of
Ga ions was adjusted with respect to the fiber axis;
second, rough milling was performed using a beam
current of 6.4 nA (Fig. 13(b)). A lower current of
0.25 nA was subsequently used to polish the cleaved
facet (Fig. 13(c)). The total milling took around 8
hours. The resulting smooth endfacet allowed a low-
loss splice between the PCF and a conventional step-
index optical fiber for further measurements of low gas
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Figure 11: SEM images of beam shaping structures FIB-milled in the fiber tips for fiber-to-chip light coupling. (a) a
diffractive spherical lens with a diameter of 15µm [102]; (b) a phase photon sieve (the scale bar is 5 µm) [113]; a gradient-
index lens composed of five concentric rings: (c) top and (d) cross-section view of the fabricated lens [114]; (e) a 5µm-high
axicon lens [115]; (f) a 5 µm-high embedded parabolic lens [120].

Table 4: Summary of beam shaping structures FIB-fabricated on the endfacet of optical fibers for fiber-
to-chip light coupling (d - diameter, h - height, Λ - ring period)

Structure Dimensions FIB process parameters Applications Ref.
Spherical lens d = 16 µm, h = 1µm Ga, 30 kV Light coupling 102
Phase photon sieve d = 16.5 µm, h = 1.73 µm Ga, 30 kV, 0.5 nA, 20 min Light coupling 113
Concentric rings d = 10 µm, h = 1.25 µm, Λ = 1µm Ga, 30 kV, 49 pA Light coupling 114
Axicon d = 15 µm, h = 5µm Ga, 30 kV, 0.5 nA Light coupling 115
Parabolic lens d = 15µm, h = 5µm Ga, 30 kV, 0.23 nA, 2 hours Light coupling 120

concentrations. The same research group later used
the FIB technology for PCF angle cleaving [134]. The
fiber tip was cut at 45o to minimize the interference
of reflections (Fig. 13(d)). Moreover, Wang et al.
demonstrated transmission-enhanced glass fiber tips
cleaved at angles of 30o, 40o and 45o [135].

In contrast to widely used glass optical fibers,
the cleaving of polymer optical fibers via conventional
mechanical tools is more challenging since the fibers
can easily get damaged and deformed. In this case, the
high-precision FIB milling technique can be effectively

employed for making smooth cuts of polymer fibers.
Comparing various cleaving techniques for single-mode
polymer optical fibers, Abdi et al. showed the
effectiveness of FIB machining in spite of the time
required for fiber cleaving [136]. The FIB cleaving was
also experimentally demonstrated for polymer porous
fibers [137]. An acceleration energy of 30 keV and a
probe current of 21 nA were used to cleave spider-web
(Fig. 13(e)) and rectangular (Fig. 13(f)) porous fibers
resulting in smooth cross-sections of the fiber endfacet.
The cleaving process for a porous fiber with a diameter
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Figure 12: FIB-fabricated fiber microcantilevers. (a) SEM image of a 12 µm-long, 14µm-wide, and 3.7µm-thick fiber-top
cantilever [122]; (b) SEM image of a fiber-top AFM probe [123]; (c) FIB image of a 2.5 µm-thick cantilever fixed at both
ends at the fiber tip [126]; (d) SEM image of a microcantilever [129]; (e) SEM images of a 167 µm-long indented cavity
(top) and a suspended microwire cantilever with a length of 1025 µm (bottom) [127].

of 400 µm took around 17.5 hours.
The fiber diameter and the FIB process parame-

ters used for fiber cleaving are summarized in Table 6.

4.6. Microgratings

A fiber micrograting is a diffraction grating with a
periodic change of refractive index in the core and/or
cladding of an optical fiber. Fiber gratings have been

extensively used in optical communication [182–184],
as well as in sensing applications for measuring various
parameters such as temperature, strain and refractive
index [185–190]. Based on the period of the refractive
index modulation, fiber gratings can be classified as
short period with a sub-micrometer modulation period
or long period (LPFG) having a period of a few
hundreds of micrometers (Fig. 14). The most common
example of a short period fiber grating is the fiber
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Table 5: Summary of FIB-fabricated fiber microcantilevers (w - cantilever width, l - cantilever length, t -
cantilever thickness, g - fiber to cantilever gap)

Structure Dimensions FIB process parameters Applications Ref.

Fiber-top cantilever
w = 14 µm, l = 112µm,

- Position sensing 122
t = 3.7 µm

Fiber-top cantilever - - Contact mode AFM 123
Fiber-top cantilever - Ga, 30 kV, 21 nA, 4 hours Position sensing 124
Fiber-top cantilever t = 2.5 µm, g = 8µm - Refractive index sensing 126
Fiber-top cantilever l1 = 167 µm l2 = 1025 µm Ga, 1 nA Temperature and vibration sensing 127
Fiber-top cantilever w = 2µm, l = 110µm Ga, 30 kV, 15 nA, ∼20 min Temperature sensing 128

Fiber-top cantilever
w = 18 µm, l = 100µm,

30 kV, 30 nA/7 nA, ∼20 min pH sensing 129
t = 1.5 µm

Fiber-side cantilever
w = 35 µm, l = 1 mm,

- Acceleration measurement 130
t = 6 µm

(a) (b)

(d)(c)

(f)
(e)

Figure 13: High-quality FIB cleaving of glass and polymer optical fibers at different angles. (a) SEM image of a cleaved
PCF with a diameter of 3.5 µm [132]; SEM images of PCF endfacets cleaved by FIB (b) rough and (c) fine milling [133];
(d) SEM image of a PCF cleaved at 45o [134]; SEM images of the cleaved endfacets of (e) spider-web and (f) rectangular
polymer porous fibers [137].

Bragg grating (FBG) (Fig. 14).
The FBG is a periodic perturbation of the core

refractive index along the fiber axis, where the optical
fiber is either single-mode or multimode. Due to its
periodic nature, the FBG behaves as a selective mirror
that reflects the light for specific wavelengths, while

transmitting the remaining wavelengths. The reflected
light is centered at the Bragg wavelength, which can
be expressed as λB = 2 ∗ neff ∗ Λ, where neff is
the effective refractive index of the propagating mode
in the fiber core, and Λ is the grating period. The
patterning of such a FBG in a GeO2 doped optical
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Table 6: Summary of FIB-cleaved optical fibers

Fiber material Fiber diameter FIB process parameters Applications Ref.
Silica d = 33 µm 10 nA Low-loss butt-coupling 131
Silica d = 3.5 µm Ga, 30 kV, 280 pA Microfluidics, Biophotonics 132
Silica d = 115 µm Ga, 25 kV, 6.4 nA/0.25 nA, 8 hours Gas sensing 134

Silica
d1 = 8.5 µm cleaved at 30o

50 pA - 5 nA Biological and chemical sensing 135d2 = 3.5 µm cleaved at 45o

d3 = 1 µm cleaved at 40o

Polymer d = 110µm 30 kV, 20 nA/7 nA/5 nA Low-loss butt-coupling 136
Polymer d = 400µm Ga, 30 kV, 21 nA, 17.5 hours Low-loss butt-coupling 137

fiber was first reported by Hill et al. in 1978 using an
Argon-ion laser radiation [191]. Since then, FBGs have
also been fabricated using a CO2 laser [192], a phase
mask in combination with either UV lithography [193]
or a femtosecond laser [194, 195].

In general, the gratings inscribed in conventional
optical fibers have weak index modulation, and thus a
grating length of few millimeters is necessary to ensure
strong modulation of the refractive index. Moreover,
standard fibers are quite large compared to the needs
of modern applications at the nanoscale. For this
purpose, various micro- and nanofiber geometries,
including fiber tapers, tip-polished fibers, side-polished
fibers, and D-shaped fibers have been used to fabricate
gratings in the core [196–201]. These fibers provide
more compactness and mechanical robustness, and
have stronger near-field interaction with surrounding
medium, which allows relatively shorter gratings to be
inscribed. The grating length can be further reduced
by using FIB machining, to mill periodic nano-grooves
by precisely controlling the size and the shape of each
notch. The FIB milling technique has usually been
applied on one of the aforementioned fiber geometries
in order to get easy access to the fiber core and
significantly reduce the milling time. In this section, we
present a couple of applications of the FIB technology
for fabricating fiber gratings.

By and large, FBGs have been fabricated on both
tapered fiber tips [138–142] and the waist of biconical
tapers [143–146]. In particular, a ∼12 µm-long Bragg
grating was milled in a single-mode fiber tip with a
diameter of 5.4 µm for temperature sensing (Fig. 15(a))
[141]. The FBG sensor was composed of 11 ∼1.6 µm-
deep and ∼0.6 µm-long notches with a period of 1.1 µm.

Furthermore, Kou et al. experimentally demon-
strated a 36.6 µm-long FBG carved on a 6.5 µm-
diameter fiber taper for temperature sensing [139].
Fig. 15(b) shows an SEM image of the fabricated FBG
composed of 61-period and 200 nm-deep grooves, where
the grating period is 600 nm. In contrast, Ding et al.
reported a ∼10 µm-long FBG milled in a ∼1.34 µm-
diameter biconical tapered single-mode fiber for sens-
ing applications (Fig. 15(c)) [145]. 30 kV accelerat-
ing voltage and 93 pA probe current were used to
carve 20-biconcave notches with a period of ∼506 nm.

The same research group also presented a phase-shifted
FBG for 3D light confinement [144]. Recently, a grat-
ing structure consisting of 30 µm-long and 20 µm-deep
20 grooves, was also patterned on a graded-index multi-
mode fiber for refractive index sensing [146]. Fig. 15(d)
shows an SEM image of the milled structure, where the
grating period is 1050 nm.

FIB machining was also used to integrate Bragg
gratings within high Q-factor cavities [147–149]. Nayak
et al. milled a grating mirror in a 560 nm-diameter
silica fiber probe using a 10 pA beam current at 30 kV
[147]. Each groove depth and width were measured
as ∼100 nm and ∼150 nm, respectively, while the
grating period was 360 nm (Fig. 16(a)). Later, a
similar FIB-milled FBG was reported by Schell et al.,
where the groove depth was 45 nm and the pitch was
300 nm (Fig. 16(b)) [148]. More recently, ultra-high
resolution (∼1 nm) He ion beam was used to mill a
Bragg grating with a much higher Q-factor [149]. The
patterned grating was composed of 640-grooves with a
depth of 30 nm, and a pitch of 320 nm (Fig. 16(c)).

On top of fiber tapers, gratings have also been
carved on D-shaped fibers using FIB milling. In
particular, Yan et al. used FIB to pattern a metallic
grating on the side surface of a D-shaped fiber
(Fig. 17(a)) [150]. The polished surface, which was
∼6 µm away from the core, was first coated with an Au
layer of 20 nm. A 38 µm-long grating was subsequently
milled in the metal using a 100 pA beam current. The
grating period was 485 nm, while the duty cycle was
50%. An SEM image of the fabricated metallic grating
is illustrated in Fig. 17(b). It is worth mentioning that
besides FIB milling, FIB implantation was also used to
create fiber gratings [143].

The dimensions and the FIB process parameters
used for the fabrication of the aforementioned fiber
microgratings are summarized in Table 7.

4.7. Microcavities

Typical fiber-integrated Fabry–Perot resonators (FPR)
are usually fabricated by cut air-slots penetrating the
fiber core, thus enabling the formation of standing
waves inside the cavity. Due to their simple structure,
versatility, high sensitivity and linear response, fiber-
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Figure 14: Schematic illustration of FBG and LPFG.

(a)

(b)

(d)

(c)

Figure 15: Fiber microgratings FIB-milled in tapered fiber tips and biconical fiber tapers. (a) SEM image of a 12 µm-long
FBG composed of 11 notches [141]; (b) FIB image of a 36.6 µm-long FBG with a grating period of 600 nm [139]; (c) SEM
image of a FBG milled in a biconical tapered fiber (partly embedded in the polymer) [145]; (d) SEM image of a fiber
grating with a period of 1050 nm [146].

optic FPRs have been widely used in a variety of
sensing applications for the measurement of various
parameters such as pressure, strain, temperature,
water salinity and refractive index [168, 202–209].
The free spectral range (FSR) of a FPR is inversely
proportional to the cavity length: FSRλ = λ2/(2 ∗
n ∗ L), where λ is the free space wavelength, n is
the refractive index within the cavity, and L is the
cavity length. Therefore, FPRs with small cavities
become attractive due to their compactness, large
FSR and high sensitivity. Very short cavities or
micro-cavities can be fabricated using femtosecond

(fs) laser micromachining and FIB milling. The
former technique usually does not provide desirable
smoothness of reflective surfaces inside the cavity
resulting in poor reflectivity and fringe contrasts.
Moreover, the fs laser machined cavity lengths are
still in the order of tens of micrometers. In contrast,
FIB milling allows the creation of ultra-short micro-
cavities with high-quality surfaces. Here, we review
several applications of the FIB milling technique for
fabricating fiber microcavities.

In 2014, Wieduwilt et al. used FIB technology
to fabricate a compact fiber refractive index sensor
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(a) (b)
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Figure 16: Scanning ion microscopy images of optical cavities integrated with FBGs using Ga and He FIB machining: (a)
the groove depth, the groove width and the grating period are ∼100 nm, ∼150 nm, and 360 nm, respectively [147]; (b)
the groove depth and the pitch are 45 nm and 300 nm, respectively [148]; (c) the groove depth and the pitch are 30 nm
and 320 nm, respectively [149]. The scale bar is 1 µm.

(a)

(b)

Figure 17: Metallic grating carved on a D-shaped fiber using FIB machining. (a) Schematic illustration and (b) SEM
image of a 38.8 µm-long grating [150].

[151]. A beam current of 10 nA was used to mill a
24.85 µm-long cavity (Fig. 18(a-b)). The resonator
walls were additionally coated with a hafnium oxide
(HfO2) layer of 190 nm to boost the reflectivity. FIB
milling also enabled to create ultra-small FP cavities in
tapered fibers for sensing applications. In particular,
two different 5 µm-long and 2.8 µm-long cavities were
milled in 10 µm-diameter fiber tapers using a beam
current of 600 pA (Fig. 18(c)) [152]. The total milling
time for each cavity was about 18 min. After the milling
process, the fiber tip was cleaved by FIB at an angle
of 45o to reduce undesired reflections. Similar cavity
structures of different lengths defined on fiber tapers
were also presented in [153–158].

Furthermore, a side aligned optical fiber interfer-
ometer was experimentally demonstrated by Sun et al.
using FIB milling [159]. A high beam current of 50 nA
at 30 kV was used to remove huge volume of the fiber
material to create a high aspect-ratio (∼20:1) cavity

for sensing. Next, a 3 nA ion beam current was used
to carve a 10 µm × 10 µm reflective mirror with a 45o

inclined angle to the fiber core at the center of the fiber
tip to direct the core guided mode to the side of the
fiber (Fig. 18(d)). The beam dwell time was fixed at
255 µs. FIB machining was also used to fabricate op-
tical bottle microresonators (BMRs) to excite selected
whispering gallery modes (Fig. 18(e)) [160].

It is worth noting that in most cases, the
fabrication of cavity structures is a two-step process:
a high beam current is first used for rough milling,
and then a lower current is used to polish the sidewalls
of the drilled cavity. This enables to reduce the total
milling time and produce smoother reflecting surfaces.

The dimensions and the FIB process parameters
used for the fabrication of the aforementioned fiber
micrcavities are summarized in Table 8.
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Table 7: Summary of FIB-fabricated fiber microgratings (w - notch width, l - notch length, h - notch depth,
Λ - grating period, Lg - grating length, n - number of periods)

Structure Dimensions FIB process parameters Applications Ref.

Grating
Lg = 31 µm, Λ = 1µm, w = 0.5 µm,

Ga, 30 kV, 300 pA, 30 min Sensing 143
l = 10 µm, h = 3µm

Metal-dielectric-
Lg = 10 µm, Λ = 578 nm, n = 17 Ga, 30 kV, 58 pA Refractive index sensing 138

hybrid grating

FBG
Lg = 36.6 µm, Λ = 600 nm,

Ga Temperature sensing 139
n = 61, h = 200 nm

FBG
Lg = 518 µm, Λ = 576 nm,

Ga, 30 kV, 70 pA Refractive index sensing 140
n = 61, h = 100 nm

FBG
Λ = 467 nm, n = 20, w = 156.2 nm,

Ga, 30 kV, 93 pA Sensing 144
l = 718.7 nm

FBG
Lg = 9.4 µm, Λ = 506 nm, n = 20,

Ga, 30 kV, 93 pA Sensing 145
w = 287.5 nm, l = 850 nm

FBG
Lg = 12 µm, Λ = 1.1 µm, n = 11,

Ga Temperature sensing 141
w = 0.6 µm, h = 1.6µm

FBG Λ = 360 nm, w = 150 nm, h = 100 nm Ga, 30 kV, 10 pA
Quantum information

147
technology

Metallic grating
Lg = 38.8 µm, Λ = 485 nm, w = 0.5µm,

Ga, 30 kV, 100 pA Refractive index sensing 150
l = 10 µm, h = 3µm

FBG
Lg = 27 µm, Λ = 540 nm, n = 50,

115 pA, 50 min Temperature sensing 142
w = 270 nm

FBG Λ = 300 nm, n = 160, h = 45 nm Ga, 30 kV, 93 pA Single photon sources 148

FBG Λ = 320 nm, n = 160, h = 30 nm He, 1 pA
Quantum information

149
devices

FBG
Lg = 30 µm, Λ = 1050 nm, n = 20,

Ga Refractive index sensing 146
h = 20 µm

Table 8: Summary of FIB-fabricated fiber microcavities (w - cavity width, l - cavity length, h - cavity
depth)

Structure Dimensions FIB process parameters Applications Ref.
FP cavity l = 4.4 µm, h = 5µm Ga, 30 kV, 291 pA Temp. sensing 153
FP cavity l = 3.5 µm, h = 2.94 µm Ga, 30 kV, 288 pA Refractive index sensing 154
FP cavity l = 74µm 30 kV, 11.5 nA Temp. and water salinity sensing 156
FP cavity w = 10µm, l = 25µm, h = 32µm Ga, 20 nA, 20 min Refractive index sensing 155
FP cavity w = 5µm, l = 50µm, h = 6µm Ga, 30 kV, 2.8 nA Exciting whispering gallery modes 160
FP cavity w = 20µm, l = 100µm, h = 450µm 30 kV, 50 nA Sensing 159
FP cavities l1 = 167 µm, l2 = 1025 µm 1 nA, 80 min Temp. and vibration sensing 158
FP cavity l = 24.85 µm, h = 18µm 10 nA Refractive index sensing 151
FP cavities l1 = 53 µm, l2 = 55 µm Ga, 30 kV, 1-3 nA Temp. and refractive index sensing 158
FP cavity l = 100µm, h = 80 µm Ga, 25 kV, 6.4 nA, 70 hours Refractive index sensing 157
FP cavities l1 = 5 µm, l2 = 2.8 µm, h = 5.1µm 0.6 nA, 18 min Refractive index sensing 152

4.8. Access holes and channels

Microstructured optical fibers (MOFs) are another
type of fiber composed of a matrix of air-holes
structured along the entire fiber length. In contrast to
conventional optical fibers, where the refractive indices
of the core and cladding are slight different, MOFs
are made of one material. The air-holes in MOFs
are usually arranged periodically forming a subgroup
of MOFs known as photonic crystal fibers (PCFs).
The unique microstructure and long interaction length
between the guided light and the inserted sample (gas,
liquid or polymer) enable the effective use of PCFs in
sensing applications. The sample is usually filled into
the fiber holes through one of tips, which complicates
the further use of the fiber tip for light in- and out-
coupling. Alternatively, the sample can be inserted

through an access channel created in the fiber cladding,
leaving the fiber endfacets free for optical access. FIB
machining, which enables precise control of the depth
and shape of an opening, has been effectively used to
mill channels for lateral access to the longitudinal fiber
air-holes without interfering with the fiber endfacet
[161–169].

In particular, Cordeiro et al. used a FIB system to
define side holes of different shapes for lateral access to
the PCF air-holes [161]. The 28 µm-thick silica jacket
of a 120 µm-diameter suspended-core PCF was initially
etched by hydrofluoric (HF) acid to reduce the FIB
milling time from 9 min to 130 sec for a 20 µm x 5 µm
hole. After the process parameter optimization, a 30
kV accelerating voltage and a 20 nA beam current
were used to mill rectangular and circular holes without
disturbing the fiber core (Fig. 19(a-b)). Similar types
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(a)

(c)

(b)

(d)

(e)

Figure 18: SEM images of microcavities carved in optical fibers using FIB machining. (a-b) a milled and refined
microcavity [151]; (c) FP cavities of different lengths [152]; (d) a fiber-side interferometer [159]; (e) bottle microresonators:
(left) the horizontal groove is 5 µm-wide, 50µm-long and 6 µm-deep; (right) the width, length, and depth for the left and
right grooves are 5µm, 109µm, 6µm and 5.5 µm, 27.5µm, 6µm, respectively [160].

of side holes were also experimentally demonstrated by
Martelli et al. for a four-ring solid-core PCF and for a
six-hole step-index fiber [162].

Furthermore, FIB was employed to create an
access hole directly into the core of a fiber. In
particular, Warren-Smith et al. used an exposed-
core MOF for fabricating two different types of
cavity structures for chemical and biological sensing
applications [166]. The exposed-core MOF was first
made by drilling three holes into the center of a
fused silica glass rod. The core was subsequently
exposed by cutting a slot into one of the holes using
a diamond blade (Fig. 19(c)). The exposed-core MOF
was then spliced to a single-mode fiber. One of the
milled cavities with a length of 34.6 µm, cut through
the core penetrating into the fiber holes (Fig. 19(d)),
while the other 28.9 µm-long cavity structure was a

shallow rectangle milled into the center of the core
(Fig. 19(e)). The total milling took around 3 hours
and 12 min for the long (deep) cavity and the short
(shallow) cavity, respectively.

FIB micromachining was also used to mill micro-
channels in the facet of a fiber. A beam current of 20 nA
at 30 kV was used to precisely mill two 43 µm x 30 µm
channels 50 µm-deep into the cladding of a hollow-core
fiber (Fig. 19(f-g)) [169]. This enables direct access
for a sample (gas or liquid) to the hollow core even
though the fiber is spliced to a solid-core fiber. Similar
channels were carved on the endfacet of a solid-core
PCF for selective infiltration (Fig. 19(h-i)) [163]. After
the milling of the channels, the PCF was spliced to a
standard single-mode fiber. In this case, the PCF holes
connected to the channels would be filled if the spliced
fiber was immersed into a fluid. Furthermore, Gomes
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(d)(c)

(e)

(g)

(b)(a)

(f)

(h) (i)

Figure 19: SEM images of FIB-milled channels and holes for lateral access to the longitudinal fiber air-holes. (a-b)
rectangular and circular holes milled in the PCF cladding [161]; (c) an exposed-core fiber (ECF), (d) a FP cavity that
cut through the ECF core penetrating into the fiber holes and (e) a shallow FP cavity [166]; (f) side view and (g) top
view of two channels of 43 µm x 30µm milled in a hollow-core fiber [169]; (h-i) 5µm-deep and 5µm-wide channels milled
in a solid-core PCF [163].

et al. reported a sensor composed of a caterpillar-
like MOF spliced to a single-mode optical fiber, where
the spliced endfacet contains FIB-milled transversal
microfluidic channels [165].

The dimensions and the FIB process parameters
used for the fabrication of the aforementioned access
holes and channels are summarized in Table 9.
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Table 9: Summary of FIB-milled access holes and channels (w - channel width, l - channel length, h -
channel depth, d - hole diameter)

Structure Dimensions FIB process parameters Applications Ref.
Rectangular hole w = 5µm, l = 20µm

Ga, 30 kV, 20 nA, 2.2 min Sensing 161
Circular hole d = 8µm

Circular holes
d = 12 µm, h = 68µm

Ga, 20 nA Sensing 162
d = 15 µm, h = 7µm

Rectangular channel w = 5µm, h = 5µm Ga, 30 kV, 20 nA Sensing 163
Square hole w = l = 28µm, h = 125 µm Ga, 30 kV, 50 nA Sensing 164
Channel - - Sensing 165
1. Deep cavity 1. l = 34.6 µm 1. 2 nA, 3 hours

Sensing 166
2. Shallow cavity 2. w = 2.5 µm, l = 28.9 µm 2. 0.63 nA, 12 min
Rectangular hole h = 37.5µm Ga, 30 kV, 20 nA Sensing 167
Square channel w = l = 15 µm 30 kV, 65 nA, 8 min Sensing 168
Rectangular channel w = 30µm, l = 43µm, h = 50µm Ga, 30 kV, 2 nA, 30 min Sensing 169

5. Conclusions

FIB machining plays a vital role in nano-manufacturing
due to its sub-10nm resolution, flexibility, and high-
precision fabrication of sub-micrometer devices. In
contrast to other conventional processing methods, this
powerful and versatile technique offers valuable advan-
tages such as the capability of direct patterning on both
conventional planar substrates and irregular (curved)
surfaces, as well as the ability to precisely realize any
geometry on any type of material. On the other hand,
the FIB technology also has obvious drawbacks, includ-
ing high manufacturing cost, high vacuum conditions,
and low throughput, which practically limit its appli-
cation in mass production of nanostructures. However,
this technique can still be effectively utilized for rapid
prototyping of various structures.

In this paper, we have presented a general
overview of the FIB technology and its typical
applications in manufacturing of fiber-optic devices
for diverse applications. First, the overview of a
FIB system and its fundamental functions, including
milling, deposition, implantation, and imaging, are
discussed. Subsequently, the capabilities of FIB
machining for the fabrication of various NSOM fiber
probes, fiber cantilevers, beam-shaping structures,
plasmonic nano-arrays, access holes and channels,
microgratings, and microcavities are demonstrated.
Moreover, the FIB milling for fiber tip smooth cleaving
is presented.

In general, a spot size as small as 5 nm can be
achieved by Ga FIB systems at very low ion beam
currents (∼1 pA). However, the currently developing
He gas ion sources could practically enable further
reduction of the beam diameter leading to substantial
enhancement of the spatial resolution. Therefore, He
FIB systems would pave the way for FIB technology
to produce ultra-small features.

The further automation of the FIB systems to
enable better control of the hardware and software, as
well as faster alignments of an optical fiber with respect

to the ion column would substantially increase the
processing throughput simplifying the incorporation
with other fabrication techniques.

Currently, the precursor gases in commercial FIB
systems are usually limited to Pt, W, Al and Au.
Introducing more precursor gases for depositing diverse
metals and significantly reducing the content of Carbon
in the deposited metals would also facilitate the
manufacturing of various devices, as well as improve
the performances of the fabricated devices.

Since FIB technology can practically utilized for
both top-down and bottom-up manufacturing, it has a
great potential to be effectively used for the chemical
growth of functional materials on the fiber surfaces
similar to widely used self-assembly and chemical vapor
deposition techniques.
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Quant. Spectrosc. Radiat. Transfer 218 131–150

[178] Ashkin A 1970 Phys. Rev. Lett. 24(4) 156–159

[179] URL https://www.ozoptics.com/ALLNEWPDF/DTS0080.pdf

[180] Binnig G, Quate C F and Gerber C 1986 Phys.
Rev. Lett. 56(9) 930–933

[181] Lehenkari P P, Charras G T, Nykänen A and
Horton M A 2000 Ultramicroscopy 82 289–295

[182] Ramachandran S, Mikkelsen B, Cowsar L C,
Yan M F, Raybon G, Boivin L, Fishteyn M,
Reed W A, Wisk P, Brownlow D, Huff R G and
Gruner-Nielsen L 2001 IEEE Photonics Technol.
Lett. 13 632–634

[183] Ramachandran S, Ghalmi S, Chandrasekhar S,
Ryazansky I, Yan M F, Dimarcello F V, Reed
W A and Wisk P 2003 IEEE Photonics Technol.
Lett. 15 727–729

[184] Sumetsky M and Eggleton B J 2005 J. Opt. Fiber
Commun. Rep. 2 256–278

[185] Qi L, Zhao C L, Yuan J, Ye M, Wang J, Zhang Z
and Jin S 2014 Sens. Actuators, B 193 185–189

[186] Li Q S, Zhang X L, Shi J G, Xiang D, Zheng L,
Yang Y, Yang J H, Feng D and Dong W F 2016
Sensors 16 1–9

[187] Hsiao T C, Hsieh T S, Chen Y C, Huang S C and
Chiang C C 2016 Optik 127 10740–10745

[188] Jin X, Sun C, Duan S, Liu W, Li G, Zhang S,
Chen X, Zhao L, Lu C, Yang X, Geng T, Sun W
and Yuan L 2019 IEEE Photonics J. 11 1–8

[189] Peng J, Jia S, Jin Y, Xu S and Xu Z 2019 Sens.
Actuators, A 285 437–447

[190] Zhong X, Wang Y, Qu J, Liao C, Liu S, Tang
J, Wang Q, Zhao J, Yang K and Li Z 2014 Opt.
Lett. 39 5463–5466

[191] Hill K O, Fujii Y, Johnson D C and Kawasaki
B S 1978 Appl. Phys. Lett. 32 647–649

[192] Xuan H, Jin W and Zhang M 2009 Opt. Express
17 21882–21890

[193] Hill K O, Malo B, Bilodeau F, Johnson D C and
Albert J 1993 Appl. Phys. Lett. 62 1035–1037

[194] Mihailov S J, Smelser C W, Lu P, Walker R B,
Grobnic D, Ding H, Henderson G and Unruh J
2003 Opt. Lett. 28 995–997

[195] Slattery S A, Nikogosyan D N and Brambilla G
2005 J. Opt. Soc. Am. B 22 354–361

[196] Zhang W, Huang L, Gao F, Bo F, Zhang G and
Xu J 2013 Opt. Commun. 292 46–48
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