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Abstract
This paper is concerned with micromachining of optical fibre Bragg gratings (FBGs) using a
femtosecond pulsed laser. The purpose of this work is to increase the sensitivity of FBGs for
simultaneous monitoring of the concentration of chemicals and biological liquids and their
temperature. A Ti : sapphire regenerative amplifier was utilized to inscribe micro-grooves with
widths of 16 and 22 µm in the cladding of the optical fibres. Due to the core-confined light
propagation characteristics of FBGs, their sensitivity to the changes in the index of refraction
of the surrounding medium is minimal. However, by creating micro-grooves in the cladding
layer, the index of refraction of the surrounding medium becomes effective in the coupling of
the propagating core modes. As the index of refraction of liquids depends on the composition
and concentration, the FBG with micromachined cladding can provide enough sensitivity to be
used in chemical sensing. The performance of the micromachined FBGs was investigated by
immersing them in different liquid solutions of polyvinyl butyral (PVB) in ethanol and
obtaining their thermal responses. Results showed that the optical response of the
micromachined FBGs (i.e. red shift in Bragg wavelength) is different by up to 10% in PVB
solutions in ethanol than in ethanol alone. The micromachined FBGs can be used to monitor
the concentration as well as the temperature of a solution.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Fibre Bragg gratings (FBGs) are sub-micrometre periodic
modulations of the index of refraction in single mode optical
fibres, widely used as sensing and filtering devices [1].
Compared with conventional electric and electromagnetic
sensing devices, FBGs are quite advantageous. They have
light weight, small size, long-term durability and long-range
linearity [2]. Although FBGs have been extensively used
for monitoring physical parameters such as stress, force,
displacement, strain and temperature [3–5], they have been
rarely used as chemical or biological sensors for the detection

of liquid concentration. This is due to the fact that FBGs are
made of single mode optical fibres with core-confined light
propagation modes. Since the cladding is typically quite thick
(of the order of 125 µm), they have little sensitivity to the
refractive index of the surrounding medium.

Recently, some methods have been proposed to etch
the cladding layer of FBGs to increase their sensitivity
to the refractive index of the surrounding medium [6–12].
These sensors can be used to measure the concentration of the
surrounding liquid via its refractive index. To perform the
etching, a specific length of the fibre with inscribed gratings
is placed in a solution of hydrofluoric acid (HF), which is
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a conventional etchant for silica and is quite hazardous, to
reduce the fibre diameter down to the diameter of the core.
Ultraviolet (UV) laser micromachining combined with wet
etching has also been proposed for striping the cladding of
FBGs for the measurement of the surrounding refractive index
[13]. Although this process increases the sensitivity of the FBG
to the refractive index of the surrounding liquid, the diameter
reduction reduces the mechanical strength of the fibre.

In this paper, we report the ultrashort pulsed laser
micromachining of FBGs to increase their sensitivity to the
concentration of the surrounding liquid. Compared with the
etch–erosion method, the laser micromachining method is
maskless, flexible, fast and less hazardous and does not cause
contamination of the fibre or the environment [14].

To the best knowledge of the authors, femtosecond laser
micromachining has not been proposed for selective removal
of the cladding of optical FBGs for the enhancement of
their sensitivity. The optical fibre is made of silica, which
is transparent to visible and near infrared (NIR) spectra of
electromagnetic radiation. However, ultrashort laser pulses
(e.g. tenth of picoseconds or femtosecond) at 800 nm enable
both bulk modification and surface micromachining of silica.

The interaction of femtosecond laser pulses with dielectric
materials, such as glass, has been a research topic during the
past decade [15–18]. Surface material ablation of dielectrics,
e.g. silica, associated with femtosecond laser radiation involves
some fundamental processes. When the material surface is
irradiated by a laser pulse, the electrons in the conduction band
are excited through multiphoton ionization. The density of
the electrons increases through avalanche ionization until the
frequency of the formed plasma reaches the frequency of the
laser radiation. The high density plasma is strongly absorbent
to the laser energy. This energy is transferred from the plasma
to the lattice after the laser pulse is gone. This transfer of
energy occurs in a time scale much smaller than the thermal
diffusion time, and can result in material ablation [15, 18, 19].

In addition to surface micromachining and material
removal, structural modifications such as the change in the
refractive index and stress induction can be accomplished due
to nonlinear phenomena such as photoionization that occur
during the interaction of femtosecond laser pulses with silica
[20–22]. Femtosecond lasers have been used for the induction
of birefringence in optical fibres by exposing the cladding
to the laser radiation [23] and for direct writing of Bragg
gratings in the core of optical fibres for sensing and fibre laser
applications [24–27]. Fabrication of intracore Bragg gratings
by the lateral illumination of the optical fibres using a phase
mask scanning technique is presented in [26]; to enhance the
sensing performance of FBGs, a femtosecond laser was used
for the inscription of high-temperature stable Bragg gratings
in polarization maintaining (PM) fibres. The photo-enhanced
birefringence caused by the femtosecond pulses resulted in
FBG sensors with dual-parameter sensing capability in a wide
range [27]. Bragg gratings have also been inscribed in the core
of the Yb-doped fibres used in fibre lasers [28].

In this work, micro-grooves are fabricated in the cladding
of FBGs by femtosecond laser ablation. To show the increased
sensitivity of the FBGs in sensing the index of refraction
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Figure 1. (a) Periodic modulations of the index of refraction in a
uniform FBG; (b) reflection spectrum of a uniform FBG.

and hence the concentration of a surrounding medium, the
fibres were immersed in different solutions such as ethanol
and polyvinyl butyral (PVB) solution in ethanol, and their
thermal responses were obtained. The results revealed that the
sensitivity of the micromachined FBGs to the concentration of
the surrounding liquid was increased. Having this enhanced
feature, the micromachined FBGs can be incorporated for
simultaneous measurement of concentration and temperature
in chemical and biological liquids using only one FBG sensor.

In the following section FBG theory is reviewed. Then
the experimental procedures and the process characterization
are explained. Finally, the experimental results indicating the
performance of the micromachined FBGs are presented and
discussed.

2. FBG theory

FBGs are permanent modulations of the index of refraction in
the core of single mode optical fibres (figure 1(a)) [1]. An
FBG, with sub-micrometre periodic modulations of the index
of refraction, functions as a filter. Wavelengths which are
coincident with the Bragg condition degenerate progressively
with weak reflections, whereas wavelengths close to the
resonance wavelength, determined by the Bragg condition,
undergo strong reflections. When a Bragg grating is exposed to
a broadband light spectrum, the guided light wave, propagating
along the optical fibre, is scattered by each grating plane.
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Figure 2. Reflectivity of a modified FBG with dual resonance
wavelengths (λB1 and λB2 ) and resonance wavelengths spacing of
� = λB2 − λB1 .

The coupling between the forward and backward propagating
modes results in a resonance condition [1]. Figure 1(b)
shows the spectral response of a uniform Bragg grating. The
resonance condition occurs at a specific wavelength called the
Bragg wavelength (λB) which is a function of the effective
mode index of refraction (neff ) and the grating pitch (�), as
follows [1, 2]:

λB = 2neff�. (1)

The effective mode index of refraction neff is a function of
the core and cladding indices of refraction as well as the fibre
cross section geometry. If the index of refraction at a specific
length of the FBG is changed, the Bragg reflection peak is
split into two reflection peaks at λB1 and λB2 (figure 2). This
can be performed by exposing the fibre to femtosecond laser
pulses, which are capable of changing the index of refraction of
transparent materials such as silica. The resonance wavelength
spacing (�) can be obtained by

� = λB2 − λB1 = 2�neff�, (2)

where �neff is the difference between the initial and the
modified FBG effective mode indices of refraction.

The effective mode index of refraction neff is obtained
from the solution of the light propagation PDE in optical fibres,
which is [29]

∇ × ∇ × E = ω2µεE, (3)

where E is the electric field, ω is the light frequency, ε is the
electric permittivity and µ is the magnetic permeability. The
electric permittivity ε is a function of the index of refraction
of the optical fibre (n) as follows [30]:

ε(x, y) = n2(x, y)ε0, (4)

where ε0 is the electric permittivity of the vacuum.
Considering the solution of the form E(x, y, z) =

E(x, y)e−iβz for (3), we have

∇2
t E(x, y) + (µε0ω

2n2 − β2)E(x, y) = 0. (5)

The xyz coordinate systems are shown in figure 1(a).
Equation (5) is an eigenvalue problem to be solved with
boundary conditions to obtain β, which is a function of the
indices of refraction of core, cladding and the surrounding
medium. For single mode FBGs, neff is obtained from the first
solution (β1) of the eigenvalue equation (5) as follows [29]:

neff = β1√
µε0ω

. (6)

As seen in (6), the effective mode index of refraction is a
function of the indices of refraction of core, cladding and
the surrounding medium. Any change in these values may
cause neff to modify. If an FBG which has had the cladding
selectively removed using the laser micromachining process is
moved from one medium to another with a different refractive
index, the effective mode index of refraction and as a result the
Bragg wavelength are changed. Since the refractive indices
of liquids depend on their concentrations, monitoring and
analysing the reflection spectra allow their concentrations to
be measured. In this regard, the modified FBGs can be
used effectively as chemical or biological sensors. Since the
FBGs are electrically isolated, the sensors may be suitable for
hazardous environments.

3. System setup and experimental procedures

For the experiments, two FBGs of length 10 mm were
micromachined using a femtosecond laser with different
process parameters (i.e. laser average powers) to achieve
different optical and geometrical characteristics. After the
micromachining process, the sensitivities of the FBGs to the
temperature and concentration of an ambient solution were
obtained by placing them in different liquid solutions and
obtaining their optical responses.

Figure 3 shows a schematic diagram of the femtosecond
laser setup and the position of the optical fibre relative to the
laser beam. The FBGs were installed on a high precision
three-dimensional motion system manufactured by Aerotech
Inc., and were moved across the laser beam to inscribe
periodic grooves along the fibre. A NIR integrated, diode-
pumped, ultrafast Ti : sapphire regenerative amplifier (Libra)
manufactured by Coherent Inc. was used for the experiments.
The laser produced light of 800 nm wavelength in 100 fs pulses
with a repetition rate of 1 kHz. The maximum pulse energy was
1 mJ which was attenuated to 20–40 µJ for the experiments.
A 15× lens (NA = 0.28) was used to focus the beam to
the processing zone. The laser spot diameter was ∼8 µm,
and the depth of focus (DOF) was ∼21 µm. The beam focal
point parameters are small relative to the cladding diameter
of the fibre (125 µm), but in the experiments the laser beam
was defocused on the fibre cladding surface to create larger
features. The circular shape of the fibre gave non-circular
intensity distribution at the process zone. In this case, the
beam diameter along the fibre axis (the z axis) was smaller
than that in the direction perpendicular to the fibre axis (the
x axis) [31].

FBGs with a Bragg wavelength of around 1550 nm were
used for the experiments. The optical fibres were coated
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Figure 3. (a) Schematic diagram of the femtosecond laser workstation setup; (b) groove inscription on the fibre using the laser beam.

with a protective polymeric layer to protect them during
shipping and handling. Since the layer could modify the
laser beam characteristics during the beam exposure, the layer
was removed by a chemical stripping process before the laser
micromachining. To do that, the FBGs were immersed in
acetone for 10–15 min to dissolve the polymer.

An FBG interrogation system (sm125 manufactured by
Micron Optics) was used to monitor the reflectivity of the
FBGs during and after the micromachining process. After
the micromachining process, solutions of PVB in ethanol
were prepared and the sensors were placed in the liquid
solutions. The temperatures of the solutions were changed
and the spectral responses of the FBGs were obtained.

4. Results and discussion

4.1. Micromachining results

For the experiments, the fibres were mounted on the
three-dimensional moving stage and irradiated by the laser
beam. The stage was programmed to move the fibres across
the laser beam to inscribe periodically corrugated structures.

Figure 4(a) shows the structures fabricated on a fibre with
a pitch of 50 µm. Figure 4(b) is the schematic diagram of the
fibre cross section before and after micromachining. The width
(w) and the depth (h) of the structures, obtained by white light

interferometry (WYKO NT1100 profiling system), are 22 µm
and 32 µm, corresponding to 220 pulses per spot on the centre
line at the laser speed of 100 µm.

The effects of the laser scanning speed on the surface
quality of the micromachined silica were investigated. Figure 5
shows micro-grooves inscribed on the surface of an optical
fibre at the laser average power of 41 mW and laser scanning
speeds of 100 and 500 µm s−1. For these two cases the number
of pulses per spot is 175 and 33 on the centre line, respectively.
As seen, lower scan speeds formed smoother groove edges as a
result of the larger number of pulses per spot and less separation
between those pulses.

Figure 6 shows the reflectivity of an FBG, in which
half of the length of the grating was micromachined with a
laser average power of 29 mW and laser scanning speed of
100 µm s−1. This resulted in 16 µm wide and 32 µm deep
grooves. Figure 7 shows the initial and after-micromachining
reflection spectra of an FBG in which half of the length of
the gratings (i.e. 5 mm) is micromachined with 22 µm wide
grooves. The laser average power and the laser scanning
speed were 40 mW and 100 µm s−1, respectively. As seen,
the initial peak at the Bragg wavelength is split into two
resonance peaks at two distinct wavelengths (λB1 and λB2).
The initial reflectivity of the sensor in figure 6 is noisier
than the one in figure 7. This is related to the FBG
customization and fabrication process. Since we use the
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Figure 4. (a) Corrugated structure fabricated on the fibre with laser average power of 40 mW (pulse energy of 40 µJ) and laser speed of
100 µm s−1; (b) schematic diagram of the fibre cross section before and after laser micromachining.

Figure 5. Effect of laser scanning speed on the surface quality of
the micromachined optical fibre.

resonance wavelengths, the noisy behaviour of the reflection
spectrum at other wavelengths does not have huge effects on
the experimental results

According to these figures, in addition to material removal,
the femtosecond laser changed the optical response of the
FBG after micromachining. This is attributed to the structural
changes in silica caused by the irradiation of femtosecond laser
pulses that can change the index of refraction of silica. After
laser micromachining, the effective mode index of refraction
of the fibre in those segments irradiated by the laser beam is
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Figure 6. The initial and after-micromachining reflection spectra of
the FBG, laser average power of 29 mW (pulse energy of 29 µJ) and
laser scanning speed of 100 µm s−1.

increased as a result of the laser induced change in the index
of refraction. This produces another resonance wavelength
associated with the modified index of refraction. According
to these figures, the initially inscribed Bragg gratings were
not damaged after the femtosecond laser micromachining.
Also, since the laser energy intensity used for the sample in
figure 6 was lower than that for the one in figure 7, the change
in the refractive index in figure 6 is less. As a result, the
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Figure 7. The initial and after-micromachining reflection spectra of
the FBG, laser average power of 40 mW (pulse energy of 40 µJ) and
laser scanning speed of 100 µm s−1.
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Figure 8. Reflection spectra of the micromachined FBG with single
resonance at different temperatures and concentrations.

resonance peak associated with this modified index is so close
to the initial peak that it cannot be easily detected.

4.2. Dual-parameter sensor

The performance of the micromachined FBG with single
resonance wavelength for the measurement of temperature
and concentration was examined by placing the sensor in
different liquid solutions. Figure 8 illustrates the changes in
the reflection spectrum of the sensor at different temperatures
in ethanol and 4.8% solution of PVB in ethanol. As
seen, increasing the liquid concentration shifts the Bragg
wavelength. Figure 9 shows the Bragg wavelength shift
against temperature for the FBG sample in different liquid
solutions. According to this figure, the average change in the
Bragg wavelength from ethanol to 2.6% and 4.8% solutions
of PVB in ethanol are 3% and 9%, respectively. As seen,
by increasing the temperature or concentration the Bragg
wavelength increases accordingly. According to these graphs,
the sensitivity of the FBG sensors to temperature is around
10 pm ◦C−1, which is comparable to the results presented in

∆λ
B
 (

pm
)

35 40 45 50 55 60 65 70
Temperature (ºC)

150

200

250

300

350

400

450

500 Ethanol

2.6%, PVB in Ethanol

4.8%, PVB in Ethanol

Figure 9. Bragg wavelength shift (�λB) against temperature for the
micromachined FBG with single resonance wavelength placed in
ethanol and PVB solutions in ethanol.
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Figure 10. Bragg wavelength shift (�λB) against temperature for
the unmachined FBG in ethanol and PVB solutions in ethanol.

[11]. To compare these results with those of an unmachined
FBG, the thermal responses of an unmachined FBG in ethanol
and 4.8% solution of PVB in ethanol are shown in figure 10.
As the graphs show, the sensitivity of the unmachined FBG
to the concentration of the surrounding liquid is very low;
however, the capabilities of the FBG for the measurement of the
concentration as well as the temperature have been increased
by micromachining. For each parameter (i.e. concentration or
temperature) the sensor can be calibrated separately.

4.3. Simultaneous parameters measurement

The micromachined fibre with double resonance wavelengths
was placed in liquid solutions of different concentrations,
and the optical responses were obtained. Figure 11 shows
the reflection spectra of the FBG at different temperatures
in ethanol and 2.6% solution of PVB in ethanol. As seen,
the thermal response of the micromachined FBG depends
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Figure 11. Reflection spectra of the micromachined FBG sample
with dual resonance wavelengths at different temperatures in ethanol
and PVB solution in ethanol.

on the surrounding liquid. Increasing the concentration
of the surrounding liquid increases the Bragg wavelength.
According to this figure, while the first resonance wavelength is
dependent on both concentration and temperature, the second
resonance wavelength is mainly a function of temperature
and its sensitivity to the concentration of the surrounding
liquid is much lower. Figure 12 shows the change in the
Bragg wavelengths (�λB1 and �λB2) as a result of temperature
increase when the sensor is immersed in ethanol and in the
PVB solution in ethanol. In this figure, the slope of the linear
trend in wavelength shift increases by 10% from ethanol to
PVB solution in ethanol. Table 1 lists the average Bragg
wavelengths spacing (�) and the corresponding values of
�neff for the same FBG in different liquid solutions at room
temperature. As shown, increasing the concentration and
hence the index of refraction of the surrounding medium causes
� and �neff to decrease accordingly. The Bragg wavelength
spacing in 2.6% solution of PVB in ethanol was 6.7% lower
than the Bragg wavelength spacing in pure ethanol. Also,
�neff changes from 3.360 × 10−4 in ethanol to 3.147 × 10−4

in 2.6% solution of PVB in ethanol.

4.4. Discussion

As seen in the experimental results, the sensitivity of the
micromachined FBGs to liquid concentration was increased
as a result of the fabrication of corrugated structures on the
cladding. This is attributed to the effects of the refractive
index of the surrounding liquid on the light propagation
in the optical fibre. As seen in (5) and (6) the effective
mode index of refraction (neff ) is affected by the indices of
refraction of all surrounding media. When the corrugated
structures are fabricated, the cladding effective thickness is
decreased and consequently the effects of the refractive index
of the surrounding liquid become more significant in the core-
confined propagation modes of the optical fibre. According
to equation (1), the Bragg condition is a function of neff . As
a result, a Bragg wavelength shift occurs when a corrugated
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Figure 12. Bragg wavelengths shifts (�λB1 and �λB2 ) against
temperature for micromachined FBG sample with dual resonance
wavelengths placed in (a) 2.6% PVB in ethanol and (b) ethanol.

Table 1. Average Bragg wavelengths spacing (�) for different
liquid concentrations in a micromachined FBG with dual resonance
wavelengths at room temperature.

Liquid solution � (pm) �neff

Ethanol 361.2 3.360 × 10−4

1% PVB in ethanol 358.1 3.331 × 10−4

2.6% PVB in ethanol 338.3 3.147 × 10−4

FBG is placed in a liquid with different refractive indices.
The effective parameter determining the refractive index of
liquids is concentration, which can be measured. In addition,
according to the experimental results, the FBGs are still
sensitive to temperature which means that in contrast to
previous FBG sensors reported in the literature (e.g. [11,12]),
a single sensor of the type developed here using selective laser
micromachining can be used to measure both the temperature
and concentration of liquids simultaneously.

5. Conclusions

In this paper, we reported the use of femtosecond lasers to
inscribe micro-grooves on FBGs to increase their sensing
performance for simultaneous monitoring of the temperature
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and concentration of chemical and biological solutions. Micro-
grooves were designed and fabricated on the cladding of FBGs
using a Ti : sapphire regenerative amplifier at 800 nm with
pulse width of 100 fs and repetition rate of 1 kHz. To show
the enhanced performance of the micromachined FBGs, they
were immersed in liquids with different concentrations and
refractive indices, and the optical responses of the FBGs were
captured. The achievements of this work are summarized as
follows:

• The femtosecond laser was characterized for microma-
chining of the non-planar surface of optical fibres for
the fabrication of periodically corrugated structures in the
cladding of FBGs. Laser average powers of 40 and 29 mW
and laser scanning speed of 100 mm s−1 were used for the
experiments. Grooves with widths of 22 and 16 µm and a
depth of 30 µm in the cladding of optical fibres could be
fabricated. It is worth noting that the femtosecond micro-
machining process did not damage the initially inscribed
Bragg gratings in the fibre.

• The sensitivity of FBGs to the concentration of the
surrounding liquid was increased by inscribing the
corrugated structures on the cladding.

• FBGs with increased sensitivity to the concentration
of the surrounding liquid were successfully used for
the simultaneous measurement of the concentration and
temperature of liquids.
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