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The  small  dimensions  of  optical  fiber  sensors  are  of particular  interest  to  biological  applications,  given
the  ability  to  penetrate  relatively  inaccessible  regions.  However,  conventional  optical  fibers  are  larger
than  biological  material  such  as  cells,  and  thus  there  is  a need  to further  miniaturize  fiber  sensors.  Here
we  present  the  fabrication  of  ultra-small  Fabry-Perot  cavities  written  into  optical  micro-fibers  using
focused  ion  beam  milling.  We  have  fabricated  cavities  as  small  as 2.8  �m and  demonstrated  their  use for
vailable online 16 January 2017

eywords:
abry-Perot
ptical fiber sensor
ptical fiber tapers

sensing  of  both  bulk  refractive  index  and  thin-layer  coatings.  In  order  to achieve  sensitive  measurements
we  interrogate  at visible  wavelengths  with  a broadband  detection  system,  thereby  reducing  the  free
spectral  range  of the  interferometer  relative  to the measurement  bandwidth,  increasing  the  number  of
interference  fringes,  and  allowing  for the  implementation  of  the  Fourier  shift  method.

©  2017  Elsevier  B.V.  All  rights  reserved.

ocused ion beam

. Introduction

Optical fiber sensors are of increasing interest in biological
nd biomedical applications, particularly for in-vivo applications
here the fiber’s small cross section can serve as a minimally inva-

ive diagnostic instrument [1]. Physical sensing in biomedical and
iomechanics applications, such as measuring temperature, pres-
ure, and strain, is a relatively mature technology [2–4]. In order
o extend beyond physical parameters and measure biochemical
nalytes a number of transduction strategies have been developed,
hich are usually categorized into either label-based detection (e.g.
uorescent tagging) or label-free through resonant or interfero-
etric optical effects [5]. A commonly used label-free technique is

urface plasmon resonance (SPR), which can be achieved by coat-
ng an optical fiber with a thinly coated metal such as silver or gold.
uch devices are highly sensitive to the external environment, but it

s difficult to create a multiplexed device due to the resonance being
roadband and the high optical loss associated with metal coatings.
PR devices are also generally transmission devices, negating one

∗ Corresponding author at: School of Physical Sciences and Institute for Photonics
nd Advanced Sensing and ARC Centre of Excellence for Nanoscale BioPhotonics,
he University of Adelaide, South Australia, 5005, Australia.

E-mail address: stephen.warrensmith@adelaide.edu.au (S.C. Warren-Smith).

ttp://dx.doi.org/10.1016/j.snb.2017.01.081
925-4005/© 2017 Elsevier B.V. All rights reserved.
of the useful advantages of optical fiber sensors, which is the ability
to perform dip-sensing.

An alternative label-free transduction mechanism is to use
interferometry, whereby changes in the optical path length of the
interferometer, including the refractive index, are monitored [5,6].
Any of the traditional interferometric configurations can be imple-
mented into the optical fiber, such as: Fabry-Perot; Michelson;
Mach-Zehnder; and Sagnac interferometers [6]. While such sensors
have been widely used for physical sensing, for label free refractive
index sensing the challenge is to allow the propagating light to
interact with the surrounding environment. For this reason Fabry-
Perot interferometers are often used as either the cavity wall(s)
can be coated with, or the cavity filled with, the analyte of inter-
est [7–20]. Another advantage is the potential to perform either
simultaneous measurement of multiple parameters (such as tem-
perature and refractive index) [7–10,21] or multiplexed sensing
[20,22–24] via multiple cavities.

A number of different techniques have been proposed for the
fabrication of optical fiber Fabry-Perot sensors. Examples include
femtosecond laser micro-machining [17,25,26], ultraviolet laser
ablation [16], the use of wet  etching and fusion splicing of sin-

gle mode fibers [7,8], splicing etched single mode fiber to form a
micro-gap [15], and splicing single-mode fiber to either capillary
tubing [9,18], C-shaped fiber [19], or photonic crystal fiber [27]. A

dx.doi.org/10.1016/j.snb.2017.01.081
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.01.081&domain=pdf
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Fig. 1. Scanning electron microscope images of the Fabry-Perot optical micro-fiber

whispering gallery modes, it can equally be applied to any inter-
ferometric signal given the periodicity of the spectrum. The benefit
of this technique, particularly compared to peak tracking, can be
S.C. Warren-Smith et al. / Sensors 

echnique that can provide high surface quality and can be easily
ailored for different cavity geometries is to use a focused-ion beam

icroscope to mill micro-cavities [10–14,28–31]. Milling the entire
ber cross section is possible, but is a highly time consuming pro-
ess [10,29]. For this reason a number of different fiber geometries
ave been investigated in order to reduce the milling time such as:
ber tapers [11,13,31], polished fibers [12], etched fibers [14,28],
nd exposed-core microstructured optical fibers [30].

The focused ion beam milling technique is particularly suited
o applications requiring very small spatial scales. Two particular
xamples were demonstrated by Kou et al., who milled cavities
ith lengths of 3.5 �m [13] and 4.4 �m [31] for refractive index

nd temperature sensing, respectively. However, in this case the
avity served as a reflective element in order to form a multi-
ode interferometer within the optical fiber taper rather than as a

rue Fabry-Perot interferometer. One drawback from this scheme
s that the device is less sensitive for refractive index sensing
110 nm/RIU) compared with true Fabry-Perot cavities, which, as
xplained below, are necessarily longer if measured in the C-band
e.g., 1067 nm/RIU for a 100 �m cavity [8], 1130 nm/RIU for a 25 �m
avity [16], and 1163 nm/RIU for a 60 �m cavity [17]), where RIU is
efractive index units. Perhaps more significantly, the sensitivity of
he multi-mode fiber-taper interferometer device is not restricted
o only the cavity, but is sensitive along the entire tapered region
ith varying effect due to the evolution of the evanescent field

long the taper. Thus the spatial resolution of this device is rela-
ively large (millimeter scaled) and poorly defined.

A limitation in reducing the size of the cavity is that the free
pectral range (FSR), in the wavelength domain, of the interference
pectrum is inversely proportional to the cavity length (Eq. (1)),

SR� = �2

2nL
(1)

here � is the free space wavelength, L is the cavity length, and
n the following analysis we neglect the effect of dispersion and
hus n is the refractive index within the cavity. For example, a
avity with a length of 3.5 �m measured at infrared wavelengths
� = 1.55 �m)  will have a free spectral range of 340 nm,  which is not
ossible to measure with the bandwidth of a typical infrared C-band
rbium-based source. In order to measure clear Fabry-Perot fringes
or such cavity lengths it is necessary to reduce the measurement
avelength and/or increase the measurement bandwidth.

In this work we demonstrate the ability to fabricate and ana-
yze ultra-short Fabry-Perot cavities, down to 2.8 �m,  in optical

icro-fibers through the use of focused ion beam machining. By
easuring at visible wavelengths with a broadband detection sys-

em these short cavity lengths still provide sufficient interference
ringes to perform Fourier analysis. We  analyze the bulk refractive
ndex sensitivity at refractive indices relevant for sensing aque-
us samples, and the surface coating sensitivity and biochemical
ensing potential by depositing and measuring individual layers of
olyelectrolyte coatings.

. Methods

.1. Sensor fabrication

To fabricate the sensor, first a standard single mode fiber
SMF28) was tapered using a filament fiber processing unit (Vytran
PX-3400). The approximate taper dimensions were: down-

aper/waist/up-taper lengths of 10 mm each and a waist diameter
f 10 �m.  The taper was  cleaved in half to form two micro-fiber

ips, which were fixed at both ends onto an aluminum block using
onductive glue. To reduce charging effects the sample was  sputter
oated with a 50 nm tantalum coating. As the tantalum coating can
ntroduce loss through the evanescent field of the taper, a mask was
cavities. (a) 5.0 �m cavity. (b) 2.8 �m cavity. (c) The 2.8 �m cavity, showing a section
of the tapered micro-fiber including the angled tip to remove unwanted reflections.

used so that only the distal end of the taper, up to the point of the
cavity writing, was coated.

Two  different lengths of Fabry-Perot cavity were milled into the
two micro-fiber tips using a Tescan (Lyra XMU) FIB-SEM (focused
ion beam – scanning electron microscope). The cavities were milled
using a polishing milling pattern with a current of 600 pA, first
perpendicularly half-way into the taper, and then towards the left
and right surfaces of the cavity to form the reflecting surfaces.
The lengths of the two  cavities were 5.0 �m (Fig. 1(a)) and 2.8 �m
(Fig. 1(b)). The total milling time was less than 18 min for each
cavity. The final step was to cleave the micro-fiber tip using the
focused-ion beam at an angle of 45◦ in order to reduce unwanted
reflections (Fig. 1(c)).

2.2. Optical measurements and the Fourier shift technique

The reflection spectra of the two  cavities were measured using
the setup shown in Fig. 2, which consisted of a super-continuum
source (Fianium, WL-SC-400-2), a 25/75 fiber optic coupler (Thor-
labs, TW560R3A1), and an optical spectrum analyzer (ANDO,
AQ6315). The measured wavelength range was 460 nm–760 nm
with a resolution of 1.0 nm.  To obtain normalized reflection spec-
tra the recorded spectra were compared against the reflection of a
fiber optic retroreflector (Thorlabs).

For the sensing experiments each spectrum was  analyzed with
the Fourier shift method [32,33], whereby the phase of the inter-
ference pattern is extracted as the phase angle of the fast Fourier
transform (FFT) peak. Silverstone et al. have previously demon-
strated both experimentally and with numerical simulations that
this technique is more sensitive than identifying shifts in the peak
locations or curve fitting [33]. While this was  in the context of
Fig. 2. Schematic diagram of the optical measurement setup. SC refers to supercon-
tinuum, OSA refers to optical spectrum analyzer.
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Fig. 3. Reflection spectra of the 5.0 �m cavity (a) and the 2.8 �m cavity (b), with the
cavities containing either air (green) or water (purple). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of  this article.)

Fig. 4. (a) Fast Fourier transform (FFT) of the spectra in Fig. 2 when the cavities
contain water (n = 1.333). The peak of the FFT is shown with open symbols. The
phase angles associated with these points were used for sensing experiments. Note
018 S.C. Warren-Smith et al. / Sensors 

onceptually understood as resulting from making use of the full
pectrum compared to just a small segment.

It is important to note that the Fourier shift method requires
he fringe spacing (free spectral range) in the interference pattern
o be uniform so that a single peak is formed in the fast Fourier
ransform power spectrum. However, neglecting dispersion, when

easured relative to optical wavelength the free spectral range (Eq.
1)) is dependent on wavelength while the free spectral range mea-
ured relative to optical frequency is not (Eq. (2), c = speed of light
onstant).

SR� = c

2nL
(2)

Thus, for all sensing measurements the optical spectrum was
rst converted to optical frequency, using linear interpolation for
ven sampling, before applying the fast Fourier transform.

.3. Sensing of bulk refractive index

The refractive index sensitivity of the cavities was measured by
owering the fiber tapers into a series of low concentration solutions
f sodium chloride (NaCl). The solutions were prepared in steps
f 0.002 refractive index units from n = 1.333 (water) to n = 1.345
6.96 wt.% NaCl). The required concentrations were calculated by
nterpolating data in [34].

.4. Sensing of polyelectrolyte layers

Polyelectrolyte solutions of 2 mg/ml  poly(sodium styrene sul-
onate) (PSS, Sigma-Aldrich, Mw ≈ 70,000) and poly(allylamine
ydrochloride) (PAH, Sigma-Aldrich, Mw ≈ 17,500) in 1 M NaCl
ere prepared. Each cavity was then lowered alternatively into

he PAH and PSS solutions for five minutes each. Between each
tep the cavity was immersed into water for five minutes for both
insing and measurement of the optical reflection. Only measure-
ents in the water rinsing step were considered in order to ensure

hat the bulk refractive index within the cavity was consistent and
he resulting measurement was only from changes in the surface
inding.

. Results and discussion

.1. Characterization of the cavity spectra

Typical reflection spectra for the cavity in air (green) and filled
ith water (purple) are shown in Fig. 3(a) for the 5.0 �m cavity and

n Fig. 3(b) for the 2.8 �m cavity. As predicted by Eq. (1), there are a
reater number of fringes for the longer cavity, with approximately
1 for the water-filled 5.0 �m cavity and six for the water-filled
.8 �m cavity. Also observed overlapping the dominant spectrum

s a short wavelength “noise” with a contrast of 1–2 dB. This is a
esult of the cavity formed between the milled cavity and the tip
f the fiber, indicating that the 45◦ tip is not perfectly smooth. It is
ifficult to perform a polishing step on fiber tip using the focused

on beam microscope as the taper becomes free hanging when the
leave is made and vibrations due to the long length of the fiber
revent further machining to occur. In any case, an advantage of
he Fourier shift method is that such noise can be effectively filtered
nd only shifts in the dominant fringes are tracked.

.2. Sensing of bulk refractive index
As there is sufficient periodicity in the spectra shown in Fig. 3,
t is possible to observe a clear peak in the fast Fourier transform
ower spectrum, as shown in Fig. 4(a). The phase angle of the fast
ourier transform at the position of this peak can then be used to

that the x-axis of the spectra in Fig. 2 was first converted to optical frequency using
linear interpolation. (b) The refractive index sensitivity of the two cavities, in weak
solutions of NaCl in water (range: 0–7 wt.%). Error bars indicate the 3� variation over
60  consecutive measurements (approximately 1 h) when the cavities were filled
with water.
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Fig. 5. Interference phase shift measured from the Fabry-Perot cavities for sequen-
tial coatings of positively charged (PAH, filled symbols) and negatively charged (PSS,
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xtract sensitive information on shifts in the spectrum for sensing.
his technique was applied to bulk refractive index sensing, where
he phase shift in the interference spectrum relative to when the
avity is filled with water is shown in Fig. 4(b). The results show

 highly linear response to refractive index within the range mea-
ured (R2 > 0.997).

To understand the relative sensitivities of the two cavities, we
rst note that the Fabry-Perot cavity can be approximated as a two-
ave interferometer given the reflectivity at each interface is small

≈3.5%) and thus multiple reflections are negligible. The resulting
eflection spectrum, I(�), can then be represented as shown in Eq.
3),

 = I1 + I2 + 2
√

I1I2 cos
[

2�

�
(2nL)  + �

]
, (3)

here I1 and I2 are the reflected intensities from each cavity wall.
ifferentiating the cosine argument in Eq. (3) yields the sensitivity
f the interference spectrum phase, &x3D5;, to refractive index (Eq.
4)).

∂�

∂n
= 4�L

�
(4)

Taking the central wavelength of 610 nm, Eq. (4) gives an
stimated sensitivity of 103 rad/RIU for the 5.0 �m cavity and
7.7 rad/RIU for the 2.8 �m cavity, which is within 6% of the exper-

mental result. Measurements were also made to determine the
inimum detection limit by recording the standard deviations

ver 60 measurements (approximately 1 h) while the cavities were
mmersed in water and multiplying by three to obtain the 3� vari-
tion. This gives the 99.7% confidence level for a measurement on
he time scale of one hour, and was determined to be ±0.014 rad
or the 5.0 �m cavity and ±0.018 rad for the 2.8 �m cavity. This is

 more practical limit than comparing the sensor sensitivity and
ptical spectrum analyzer resolution, which is difficult to achieve
n practice due to noise. The measured 3� variation implies single
pectral scan detection limits of 2.9 × 10−4 RIU (5.0 �m cavity) and
.3 × 10−4 RIU (2.8 �m cavity). By linearly extrapolating the phase
ensitivity and noise for these two cavities it can be estimated that
he minimum cavity length with a detection limit better than 10−3

IU is 1.9 �m,  which can be considered a practical limit for the
articular conditions used here.

While the phase sensitivity and detection limit are the parame-
ers of primary interest when using the Fourier shift method, for
omparison Eq. (1) can be used to estimate a wavelength shift
ensitivity of 407 nm/RIU (5.0 �m cavity) and 427 nm/RIU (2.8 �m
avity). This is close to the theoretical value of 457 nm/RIU, with
he difference likely attributed to considering only the central
avelength (610 nm), rather than the full bandwidth used in the

xperiment.

.3. Sensing of polyelectrolyte layer deposition

To add biochemical functionality to optical fiber sensors, one
echnique is to electrostatically bind alternating layers of posi-
ively and negatively charged polyelectrolytes to the glass surface
18,35]. The final coating layer can then be chosen to have appro-
riate functional groups, such as amine or carboxylic acid groups,
or subsequent binding. As the electrostatic binding is a physical
rocess, rather than chemical, this procedure can be applied to
lass as well as other surfaces such as polymers [36] and metal
oatings [37]. Polyelectrolyte coatings have the dual benefit that
he coating procedure itself can be measured using interferomet-

ic techniques, including optical fiber Fabry-Perot interferometers
18]. The measured response can then be used as a calibration
urve for subsequent biological binding. Here we  have applied
his technique to the ultra-short Fabry-Perot cavities in order to
open symbols) polyelectrolyte layers.

demonstrate the ability to perform measurements on the surface
of the cavity walls.

The Fourier shift method was applied and the results are shown
in Fig. 5. It can be seen that there is a corresponding change in the
interference phase with each coating layer. The shift is negative due
to the polyelectrolyte coating, with a refractive index close to silica
glass, effectively shortening the optical cavity length.

To estimate the corresponding layer thickness we can use Eq.
(5), which is obtained by taking the derivative of the argument of
the cosine function in Eq. (3) with respect to cavity length.

∂�

∂L
= 4�n

�
(5)

We then make an approximation that the refractive index of
the polyelectrolyte coatings is the same as the silica glass, thus
the cavity is shortened by two  times the coating thickness. This
is not strictly accurate as the refractive index of polyelectrolyte
layers is known to be the order of n = 1.54 [13], but we  note that
the polymer-air interface (�n ≈ 0.21) is dominant over the glass-
polymer interface (�n ≈ 0.09) and thus the following calculations
can be considered an order of magnitude check. Detailed analysis of
the layer thickness could be achieved in future by including all four
reflections, such as by implementing the transfer matrix method.
Keeping this in mind, the average phase shift from the 5.0 �m cav-
ity was measured to be 0.076 rad for the PAH layers and 0.21 rad
for the PSS layers. This corresponds to thickness of 1.4 nm for the
PAH layers and 3.9 nm for the PSS layers. This compares to 2.5 nm
(PAH) and 4.5 nm (PSS) measured for a previously reported optical
fiber Fabry-Perot sensor [18]. The difference may  be attributed to
factors such as the lower concentration used here (factor of two),
the approximations made in the thickness calculation, differences
in the polyelectrolyte molecular weight, phase noise in the inter-
ferometer, and the partially restricted geometry of the focused-ion
beam milled cavity.

4. Discussion and conclusions

We have demonstrated the fabrication of ultra-small Fabry-
Perot cavities in optical micro-fibers using focused-ion beam
milling. The cavities fabricated were as short as 2.8 �m long,
in 10 �m diameter tapered fibers. By interrogating at visible

wavelengths with a broadband detection system the reflected
interference pattern contains sufficient periodicity to analyze the
changes in the optical path length of the cavity using the Fourier
shift method. We  have demonstrated these cavities for bulk refrac-
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ive index sensing, with detection limits the order of 10−4 RIU, and
or the detection of thin polymer coatings the order of 1 nm thick.

Future development of this sensor lies in adding biochemical
unctionality, such as via polyelectrolyte coatings. For example,
pecificity towards particular antigens can be achieved though the
ppropriate attachment of antibodies. There is also scope towards
educing the costs of, and miniaturizing, the detection system. The
ource and detector used in our work is based on optical com-
unications characterization equipment, but improvements could

e made by utilizing equipment designed for spectroscopy such
s CCD (charged coupled device) linear array spectrometers. Such
quipment is readily available, has high measurement speed, and
s designed to operate at visible wavelengths.

Ultimately we believe such sensors will provide useful tools for
he life sciences given these sensors can be made smaller than a
ell. Intracellular measurements based on, for example, fluores-
ence [38,39] or surface enhanced Raman spectroscopy [40,41],
ave previously been demonstrated with optical fiber tapers. We
nvisage that our sensor will allow for new measurements of local
hysical and biochemical parameters within cells such as an indi-
idual oocyte (approximately 100 �m in diameter) for improving
nderstanding in the process of fertilization, particularly in-vitro
ertilization.
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