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Fiber Bragg gratings (FBGs) are ubiquitous as sensors for a range of parame-
ters and also as optical components in telecommunications systems. However,
their temperature dependence of around +10 pm °C~' is a limiting factor, mak-
ing it challenging for sensors to discriminate strain from temperature, while
telecommunications components require additional thermal stabilization. The
temperature-dependent properties of optical fiber are micro-engineered by

possible to use an athermal mechanical
package design for FBG components,!®]
such packages are unsuitable for sensors
since the FBG is isolated from the sur-
rounding environment, so alternative ap-
proaches are needed.

An important issue that has con-

creating microchannels within the cladding using femtosecond laser-assisted
etching. These channels are filled with low-loss refractive index liquids which
have thermo-optic coefficients that are around 50 times greater magnitude
than silica and the opposite sign. Low-loss FBGs are microfabricated

in standard single-mode fiber, with wide control over their temperature
coefficient between +10 and —55 pm °C~. A temperature-insensitive FBG

is also fabricated which is stable to +12.5 pm over a 17-45 °C range, which

is an order of magnitude reduction in sensitivity. It has only +3.5% reflectivity
variation from the mean over this range and only 1.29 dB insertion loss.

1. Introduction

Fiber Bragg gratings (FBGs) are periodic or quasi-periodic struc-
tures written along an optical fiber that reflect light at wave-
lengths determined by their periodicity. They have been univer-
sally adopted as sensors for providing measurements of strain,
temperature, pressure, and many other physical parameters in
remote and inhospitable environments.[!l They are key compo-
nents in telecommunications systems for dispersion compen-
sation, filtering, and multiplexing. They are also used as reflec-
tors for semiconductor and fiber lasers as well as for pulse com-
pression and stretching, along with many other applications.
However, a fundamental issue ever since their inception in 1977
has been their intrinsic temperature dependence.?! While it is
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cerned the sensing community is the
cross-sensitivity ~between strain and
temperature.l”) The thermal change in the
wavelength of reflected light is due to both
thermal expansion and the dependence of
the refractive index on temperature, while
the strain response arises from both the
physical extension and the photoelastic
effect.*] For a typical silica FBG sensor
at 1550 nm, the temperature sensitivity is
around 10-12 pm °C~! and the strain sen-
sitivity is ~1.2 pm pe~ 1.5l As a result, it is
not possible to monitor either temperature
or strain with a single measurement of an FBG. Discrimination
between temperature and strain has attracted widespread atten-
tion and continuous attempts have been made over the last four
and half decades.

Approaches such as using two wavelengths or using two po-
larization modes give only small changes in sensitivity.”8 A
number of indirect approaches are known by combining an
FBG with other types of optical fiber sensors. These include de-
vices with multimode fibers,®) using four-wave mixing, 1%l with a
Fabry-Pérot cavity,'!l with long-period gratings,['? with a few-
mode fiber,3] with a no-core fiber,'*l with an erbium-doped
fiber amplifier,/’®! with a micro-structured fiber and with fiber
polarization-rocking filters,['*'’ and many more. The magnitude
of reflectivity can also provide information to solve the prob-
lem, such as analysis of sidelobe power and spectral analysis
by machine learning."®°] However, intensity-based measure-
ments are vulnerable to noise and bending losses. Alternative ap-
proaches include modification of the thermal or strain response
of FBG sensors, which can then be compared with a conven-
tional FBG sensor. Such modifications include strain compen-
sation with a glass tube,?%! and altering the strain response with
fibers of different diameters.[?!-?2] Fiber Bragg gratings have been
written in tapered optical fiber to give a strain-induced band-
width change,?’] but tapering the fiber compromises its me-
chanical strength. The temperature sensitivity of an FBG can be
significantly enhanced by applying a coating with a high coef-
ficient of thermal expansion to the FBG.[**l However, these de-
vices rely on the thermal expansion of the coating to convert the
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temperature change into a strain change of the fiber, hence they
are not suitable for measuring other parameters such as strain.
An FBG within a composite laminate was used to infer strain
and temperature via induced birefringence,[? but the additional
materials make the fiber incompatible for embedding within
infrastructure.

To directly change the temperature sensitivity of a waveguide,
liquids, and polymers with negative temperature coefficients
have been used. Silicon-on-insulator (SOI) waveguides have been
made temperature-insensitive and highly temperature-sensitive
by using polymer overlayers.[?-2] However, SOI waveguides
have a very different material system with a high index contrast
between the core and cladding, so the work does not translate
to optical fibers that are weakly guiding. Bragg gratings within
5 um diameter microfiber and fibers etched to within 0.3 ym of
the core have been made temperature-insensitive by immersion
in liquid.**3% The liquid has a large negative thermo-optic coeffi-
cient dn/dT to counter the positive coefficient of the silica. How-
ever, these devices are not suitable for sensing as the very thin
fiber is not mechanically strong and it is impractical to have the
fiber immersed in a liquid. They also appear to be multimoded.

There have been a number of reports of microstructured fiber
with an array of holes in the cross-section that have been filled
with a similar high negative dn/dT liquid. For example, Naeem
et al. were able to achieve a modest change in temperature sen-
sitivity using methanol-filled holes.?!] Alternatively, Huy et al.
showed plots with flattened temperature response over a lim-
ited temperature range but did not show spectra for the filled
fibers.32] There is no information on loss and their best fiber
appears to have a normalized frequency, V > 2.4 indicating it
may be multi-moded. Recently, a fiber with a 2 pm hollow core
was filled with a liquid to give a temperature sensitivity of —301
pm °C~LI33] However, the filled fiber appears to be lossy,** and
the small mode field diameter would result in large splice losses
to transmission fiber. It also appeared to show poor spectral per-
formance and likely polarization dependence. Loss and spectral
performance are critical parameters for FBG systems, particu-
larly as multiple FBGs are often concatenated.

There have been theoretical papers proposing filled
microstructured fibers for low - and high temperature
sensitivity,®>’] but these designs have not been realized
experimentally. In this paper, we present a design framework
for micro-engineering the temperature coefficients of FBGs over
specified temperature ranges, while maintaining low loss and
good spectral properties. We demonstrate this process by micro-
fabrication of an FBG with a very large magnitude temperature
coefficient and another that is temperature-insensitive.

2. Results

2.1. Analysis and Design

An FBG of uniform pitch reflects light predominantly at a wave-
length known as the Bragg wavelength, A, given by:1*]

mi = 2ngA (1)
where m is an integer representing the grating order, n,, is the

effective refractive index of the fiber and A is the pitch of the pe-
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riodic structure. When there is a temperature or strain variation,
both n,;, and A will vary accordingly. The shift in Bragg wave-
length due to a change in temperature and strain is given by:[*

2
% = (1 - <n7ﬁ> [Py, —v (P + Pn)]> e+ (a+&AT (2)

where AA, is the shift in Bragg wavelength due to the
strain € and temperature change AT, P, are the Pockel’s
coeflicients of the stress-optic tensor, v is Poisson’s ratio,
a is the linear thermal expansion coefficient and ¢ is the
thermal response of the fiber. The thermal response, &, is
given by:

L dneﬁ
Mo dT

€]

&= G)

. dng . .
In a conventional FBG, — is approximately equal to the

thermo-optic coefficient of the fiber material (nominally j—? =
7.97 x 107°°C! for silica).l*] The Bragg wavelength shift due
to an increase in temperature is positive across all tem-
perature ranges. In order to design a device with a differ-
ent thermal response, we need a material with a different
thermo-optic coefficient. Refractive index liquids from Cargille
Labs were selected for a much higher magnitude thermo-
optic coefficient of £ = —395 x 107°°C~! with low loss.l*) Lig-
uids with refractive indices between 1.420 to 1.460 at 1550
nm in 0.002 increments are available to be close to that of
silica (1.444).140]

The proposed FBG device configuration has microchannels
filled with refractive index liquid in the cladding adjacent to the
core as shown in Figure 1a. The dimensions of the microchan-
nels and their proximity to the core vary according to the de-
sign. There is a Bragg grating within the fiber core. The four mi-
crochannels run along the length of the fiber in proximity to the
core where the grating is located. There are advantages to having
microchannels in the cladding as it allows a weaker interaction
with the optical mode, thereby allowing greater design flexibility
and lower loss. The channels are brought out to the side of the
fiber so that capillary filling of the liquid is possible. As the tem-
perature increases, the refractive index of the core, n,, and the
cladding material, n, both increase, while the refractive index of
the liquid, ny;,, decreases.

By engineering the waveguide design appropriately, we can ad-
just the temperature sensitivity and the operating temperature.
In this work, we use two independent parameters to achieve this:
i) The refractive index liquid proportion in the cladding (weighted
to the overlap of the optical mode) and ii) the liquid refractive in-
dex at room temperature.

To analyze the device, we initially use the approximation that
the microchannels around the core can be represented as a con-
tinuous band of material forming an inner cladding, as shown in
Figure 1b. The amount of interaction with the optical mode and
liquid region can be adjusted by varying the radius of the inner
cladding. This approximation allows us to use the solution for a
depressed cladding waveguide.[!*2] Although this solution was
for waveguides where the inner cladding has a lower refractive
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Figure 1. a) Device configuration (not to scale). b) Model of the fiber as a double cladding waveguide. c) Model of the fiber as a four-sector waveguide.
The core has radius a and the inner cladding has radius b, and n.,, ny, nj, and nj,,,, are the refractive indices of the core, cladding, liquid, and inner
cladding, respectively. d) Cross-section of the fabricated high-temperature sensitivity FBG. e) Cross-section of the fabricated temperature-insensitive

FBG.

index than the outer material, it also holds true for cases where
the inner cladding has a higher refractive index. The propagation
constant # of a single-mode double-clad waveguide can be found
from the following equation:(*?!
[7]0 (ka) I; (ya) + xJ; (ka) I, (7“)]

X [8K, (rb) K; (6b) = v K, (rb) Ky (6D)]

+ [r)o (ka) K, (ya) — k], (xa) K, (va)

X [61, (yb) K; (8b) + 71, (vb) K, (5b)] = 0 (4)
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where K, ], and I, are the modified Hankel, Bessel, and modi-
fied Bessel functions of order ¢, a is the radius of the core and b is
the radius of the inner cladding. The outer cladding is assumed
to have an infinite radius. The terms in Equation 4 are defined
for our case in Figure 1D as:

K =/ni(l+ Ak - p2 (5)

y=\/F —n(1+ )k ©)
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Figure 2. Modeling of the Bragg wavelength shifts with temperature. a) The analytic calculation for the model in Figure 1b where lines a to i are for

different values of b and nj,,,,,,

and line j is for n;,,,, = n,4, equivalent to a standard FBG. b) Analytic calculation (—) and simulation (*) for the model

of Figure 1b with b = 12 um and ny,,,,,, = 1.42 (line a) to 1.44 (line f) in equal steps along the arrow. c) Analytic calculation (=) and simulation (*) for the
model of Figure 1b with n;,,,,, = 1.436 and b = 4.1 (line a) to 10 um (line f) in equal steps along the arrow. d) Simulation for the model of Figure 1c with
¢ =0 (line a) to 90° (line f) in equal steps along the arrow. See Supporting Information for the underlying data.

§=/p? - n2k? (7)

A= (nco - ncl) /ncl (8)
A= (nco - nirmer) /ncl (9)
where n_, n,,,.. and n, are refractive indices of the fiber core,

inner cladding, and outer cladding, respectively, § is the propa-
gation constant and k is the wavenumber. We solved Equation 4
numerically to obtain the effective refractive index, ng, using n,

= %. The Bragg wavelength can then be estimated using Equa-
tion 1, since the pitch of the grating is known. We analyzed the
full parameter space, with different inner cladding radii and re-
fractive indices.

Figure 2a shows analytic calculations of the shift in Bragg
wavelength for different values of liquid refractive index and in-
ner cladding diameter. It shows how different temperature sensi-
tivities and operating wavelengths can be obtained by varying the
design parameters. A general trend is that at lower temperatures
the temperature sensitivity is negative which becomes positive at
higher temperatures. We can quantitatively analyze the effects of
the two independent parameters on the Bragg wavelength. Vary-
ing the liquid refractive index causes a horizontal translation of
the plot and can be used to control the working temperature of
the device. In contrast, varying the inner cladding radius (propor-
tion of the liquid) causes a tilting of the plot, thus determining the
thermal sensitivity. This analysis provides useful information for

Adv. Optical Mater. 2025, 13, 2402726 2402726 (4 Of9)

designing a device with the desired temperature sensitivity and
working temperature range.

The strategy of designing such a device is important and here
we demonstrate a general method as follows. A liquid proportion
is selected first to meet the required temperature sensitivity. Gen-
erally, alower liquid proportion results in a more positive thermal
response, and a larger liquid proportion results in a more nega-
tive thermal response. Then the refractive index of the liquid is
tuned to set the operating temperature. In order to achieve op-
timized parameters for specific designs we performed numeri-
cal simulations of the fiber, which allowed arbitrary shaped mi-
crochannels. In addition to simulating the model in Figure 1b,
we also simulated the structure in Figure 1c, which has 4 mi-
crochannels with cross-sections in the shape of individual sectors
of a circle (excluding the core and a small margin around it). This
enables the liquid proportion to be varied by varying the sector an-
gles. We employed the FIMMWAVE (Photon Design Ltd.) mode
solver software. The fiber used in the simulation was SMF28e+
with a core diameter of 8.2 ym and a cladding diameter of 125
pm.[*] A convergence test was undertaken to determine the opti-
mum cladding boundary to be 50 um to speed up the simulation.
The core index, n,, and the cladding index, n,, of the fiber are
1.451 and 1.445, respectively.**] The axial length of the FBG and
the microchannels were 6 mm. The pitches were slightly tuned
so that all Bragg wavelengths were not far from 1550 nm.

Figure 2b shows simulation results and analytic calculations
for the double cladding waveguide of Figure 1b with an inner
cladding radius 12 um and the liquid refractive index varying
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Figure 3. a) The experimentally measured reflection spectra at different temperatures from 4 to 30 °C in steps of 2 °C for a high-temperature sensitivity

FBG device with a cross-section as per Figure 1d. b) Experimentally measured Bragg wavelength A5 and peak reflectivity R

max against temperature for

a high thermal sensitivity FBG device and a normal FBG for comparison. Also shown is the simulated change in Bragg wavelength. See Supporting

Information for the underlying data.

between 1.42 and 1.44. Figure 2c shows simulation results
and analytic calculations for the double cladding waveguide of
Figure 1b with a liquid refractive index of 1.436 and the inner
cladding radius varying between 4.1 and 10 ym. All the plots
in Figure 2a—c show excellent consistency between the analyti-
cal calculations and the simulations. Figure 2d shows simulation
results only for the four-sector waveguide of Figure 1c, where
the sector angle ® varies between 0° and 90°. Comparison of
Figure 2c,d confirm that the thermal response of the FBG can
be tuned in a similar way by either varying the inner cladding
radius or varying the sector angle.

A general trend is that as the temperature increases, the ther-
mal response of the Bragg wavelength increases (becomes more
positive). This is because when ny, is further away from n,, the
impact of the liquid cladding is less significant than that of silica
cladding. Eventually, at a higher temperature, the devices have a
positive thermal response since the silica cladding dominates in
the cladding region. In contrast, at a lower temperature where the
liquid refractive index is higher, the liquid cladding dominates
and the thermal response is therefore negative. A similar trend
is seen from the liquid refractive index as shown in Figure 2b
where the thermal response is more negative with a higher lig-
uid refractive index (closer to the core index) and more positive
with a lower liquid refractive index (further away from the core in-
dex). A different liquid proportion not only shifts the thermal re-
sponse but also changes the range of the operating temperature.
One extreme case is when the liquid proportion equals 100%
where the device has a cladding made of liquid with the corre-
sponding refractive index. In this case, the variation in thermal
response due to temperature is high and can be approximated
by a quadratic function. When the liquid proportion is zero, the
device is a conventional FBG with a constant thermal response.
Therefore, by varying the liquid proportion between the two ex-
treme cases, we can set the required thermal sensitivity. Then by
appropriate choice of liquid refractive index, we can shift the op-
erating temperature window to match the required application.

Adv. Optical Mater. 2025, 13, 2402726 2402726 (5 0f9)

2.2. A High-Temperature Sensitivity FBG

One motivation for this work is to fabricate a high-temperature
sensitivity FBG device with low loss that could be used for tem-
perature and strain discrimination. The highest sensitivity is ob-
tained with the cladding formed entirely of liquid. However, a
core surrounded entirely by fluid is mechanically unstable. So,
some connections are left in between the liquid-filled channels
as shown in Figure 1d. Each of the four channels is &7 um x
10 ym in cross-section, arranged symmetrically leaving approxi-
mately a 0.5 pm gap between one another and close contact with
the core. A relatively high liquid refractive index was chosen to
be 1.440 at 1550 nm so that the operating temperature is at room
temperature.

A tunable laser (Aglient 8164A) was used to measure the re-
flection spectra using an optical circulator and the built-in power
meter. The high coherence source did result in a small amount
of Fabry—Pérot ripple on the plots which was filtered out for clar-
ity, while the raw data is provided in the Supporting Information.
The measurement results are shown in Figure 3. The measured
spectra of this device are plotted in Figure 3a over the working
range of 4-30 °C. Figure 3b shows the peak Bragg wavelength and
the peak reflectivity against temperature over a wider range of 4—
40 °C. The bandwidth at different temperatures is approximately
constant at 0.5 nm. The temperature sensitivity is the change in
Bragg wavelength with temperature. The maximum temperature
sensitivity is as large as —55 pm °C~'. Over a temperature range
of 4-20 °C, the average temperature sensitivity is —42 pm °C™.
However, as the temperature increases, the sensitivity tends to re-
duce in magnitude and move to the positive side. Over the tem-
perature range of 4-30 °C, the average temperature sensitivity
within this range is —33pm °C~!. Also plotted in Figure 3b are
simulation results using the exact model of Figure 1d. The exper-
imental results follow these simulation results closely.

The peak reflectivity, R,,,, is given by R,,,, = tanh?(x L,) where
x is the coupling coefficient and L, is the length of Bragg

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Experimental measurements on the temperature-insensitive FBG with a cross-section as per Figure Te. a) Experimentally measured reflection
spectra at different temperatures from 17 to 45 °C in steps of 2 °C. b) Experimentally measured Bragg wavelength Ag and peak reflectivity R,,,, against
temperature for the temperature-insensitive FBG, with a normal FBG for comparison. Also shown is the simulated change in Bragg wavelength. See

Supporting Information for the underlying data.

grating. Although there are a few anomalous points at high tem-
peratures, generally the reflectivity is lower at both high and low
temperatures. At a lower temperature, the liquid refractive index
is closer to the core index. The mode has expanded to the lig-
uid region; thus, the coupling coefficient is lower. As a result, we
expect a high-temperature sensitivity but a low peak reflectivity.
This could be mitigated by writing the grating lines through a
greater proportion of the core cross-section. As the temperature
increases, the coupling coefficient gradually decreases, thus the
temperature sensitivity decreases while the peak reflectivity in-
creases. When the temperature increases further, the device will
experience loss due to a mismatch in the cladding refractive in-
dex, resulting in coupling to radiative modes.

2.3. A Temperature-Insensitive FBG

An FBG with a compensated thermal response has also been
designed and fabricated. The Bragg wavelength versus tempera-
ture response has a turning point. By operating near this turning
point, the change in the Bragg wavelength with temperature can
be minimized. In order to keep a low temperature-sensitivity near
the turning point we reduced the liquid proportion in the evanes-
cent field by moving the micro-channels further away from the
core, as shown in Figure le.

The four channels are circular in shape with a diameter of ~7
um, leaving a larger gap of 1 um away from the core to allow for
some over-etch. The microchannels are fabricated with a high
pulse energy of 0.290 puJ when the focal position is further away
from the center, in order to overcome the aberration caused by
the cylindrical fiber top surface. The liquid refractive index was
chosen to be 1.432 at 1550 nm so that the device operates at room
temperature with zero sensitivity centered at ~30 °C.

Figure 4 shows measurements for the temperature-insensitive
device. Figure 4a shows the reflectivity spectra for the FBG over a
temperature range of 17—45 °C. These spectra show the device to
be extremely temperature stable with only +12.5 pm wavelength
variation over this range, which is an 11-fold improvement over a
conventional device. Furthermore, there is only +3.5% reflectiv-
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ity variation from the mean. These measurements show the de-
vice is very insensitive to temperature in terms of both reflectivity
and wavelength. The bandwidth is also very constant at ~0.5 nm.
This is better than the high-sensitivity device since the modes
are more confined within the core. The Bragg wavelength and
peak reflectivity are shown in Figure 4b over a wider temperature
range of 549 °C. This shows the device to be useable over a very
wide temperature range, with only +61.5 pm variation. We de-
termined that there had been some over-etch, whereby the KOH
removed some of the pristine silica. Also shown in Figure 4b are
simulation results for the structure in Figure le, with a hole di-
ameter of 8.16 um instead of 7 um to take into account this over-
etch. These results show exceptional agreement between the sim-
ulation results and the experimental results.

Figure 5 shows the transmission spectrum and a microscope
image of the temperature-insensitive device. To measure the in-
sertion loss of the device, FC/APC pigtails were spliced to each
end of the FBG, and the transmission spectrum was recorded,
shown in Figure 5a at an input power of 0.71 mW. This gives a
connector-to-connector insertion loss of 1.29 dB, meaning that
the likely loss of the device is ~1 dB. The FBG had a reflectivity
of #10%. The polarization dependence of the Bragg wavelength
was determined by varying the input polarization to find the max-
imum and minimum Bragg wavelengths at each temperature
over the operating range. The largest difference in Bragg wave-
length between the two orthogonal polarizations was found to be
17.4pm.

3. Discussion

It is clear from the plots in Figures 3,4 that we have tuned the
temperature sensitivity to be either very high or very low, in a
temperature range around room temperature. It is notable that
a design with any desired temperature-sensitivity in between can
also be fabricated. While a large temperature coefficient gives bet-
ter sensitivity, it also requires more bandwidth for a given oper-
ating temperature range, thus reducing the number of sensors
that may be multiplexed. Hence having the ability to adjust the
sensitivity is a useful design parameter. Meanwhile, the spectra
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Figure 5. a) The transmission spectrum at room temperature for the temperature-insensitive FBG. The input power was measured to be 0.71 mW. See
Supporting Information for the underlying data. b). A microscope image of the temperature-insensitive FBG device near one end of the microchannels.

remain single-mode with only one peak present. The loss was
measured to be —1.29 dB so the devices are suitable for many
practical applications. The main source for the losses is defects
during the laser fabrication and etching processes which could
potentially be improved with better manufacturing. As the device
is made of standard fibers there should be no additional splic-
ing and mode-mismatch losses between dissimilar fiber types. In
principle, a custom fiber could be manufactured as an alternative
to etching. In this case, the fiber with the FBG may be spliced to
conventional fiber to minimize losses. The reflectivity is relatively
stable for the high-sensitivity device and extremely stable for the
temperature-insensitive device over their working temperatures.
We initially used glycerol for the injected liquid, but we found
that the loss at 1550 nm was high and there was a large varia-
tion in reflectivity with temperature. We have included this work
in the Supporting Information since it may be of value, particu-
larly for use at other wavelengths. Potentially, rather than room
temperatures, the device could also be designed to have high or
low temperature-sensitivity for elevated temperatures such as for
monitoring lithium-ion batteries.

The applications for the high temperature-sensitivity device in-
volve simultaneous strain and temperature measurements by us-
ing it in conjunction with a conventional FBG. Each measure-
ment gives two comparable Bragg wavelengths 4, and A, from
each of the two sensors. Therefore, temperature and strain dis-
crimination can be achieved by solving the matrix:

(&)~ G ()
Al Ko Ky ) \AT

where K;; are the sensitivities for strain e and temperature change
AT for the two FBGs. The high-sensitivity FBG device could also
potentially be used in thermally tunable devices such as filters
and add-drop multiplexers, where the reflected wavelength is de-
termined by temperature.

The temperature-insensitive device, on the other hand, could
be used for strain sensing with low temperature-cross-sensitivity,
using only a single sensor per measurement. As a result, there
is no reduction in multiplexing as the bandwidth per measure-
ment is less than two sensors. Also, there are no additional com-
plicated schemes required and the device can be simply a re-
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placement for existing sensors. Another application is for passive
temperature-stabilized components, such as optical filters, FBG
stabilized lasers, and fiber lasers. Our temperature-insensitive
FBG would further improve the wavelength tolerance of such de-
vices. The temperature-insensitive devices would also find appli-
cation wherever a stable reference is required, such as for spec-
troscopy, instrumentation, and optical fiber sensor interrogators.

The process is compatible with all step-index fibers, such as
fiber for 980 nm pump lasers. Although we used uncoated fiber,
itis also possible to use coated fiber. Potentially it may be possible
to write the main structures through the coating and only breach
the coating for access channels, or alternatively, the stripped coat-
ing may be re-coated. If the fiber has a coating then the thermal
expansion of the coating may need to be considered in addition,
thus transforming Equation (2) into:[*]

AL
TB =(1-P)+[(1-P)a +& AT (11)
B
where «, is the thermal expansion coefficient of the fiber
coating and P, is the photo elastic coefficient given by P, =

2
(%ﬁ) [P,, — v(Py; + Py,)]- In this case (1 — P,)a, may dominate
over £. However, the temperature dependence can be compen-
sated if the fiber can be modified such that ¢ is made approxi-
mately equal to —(1 — P,).

The manufacturing process allows the shapes of the mi-
crochannels to be arbitrary in three dimensions. It therefore al-
lows tapering of the transition between the fiber with the mi-
crochannels to minimize mode loss. The technique is not limited
to the material used in these examples. For a commercial device,
the entry and exit holes would need to be sealed, which could
potentially be achieved by selective laser melting with a focused
high-power laser. Rather than use the refractive index oils, UV-
curable polymer resins used, which would avoid the need to seal
in the liquid. Potentially, a similar process can be used to fabricate
fiber devices with active materials such as liquid crystal materi-
als. There is also the possibility of having further microchannels
within the fiber for incorporating electrodes to form electrically
tunable devices. A preliminary account of the experimental re-
sults was presented at the Optical Fiber Sensors Conference.[“?]
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4. Conclusion

To conclude, we have demonstrated FBG devices with micro-
engineered temperature sensitivities. The devices were fabri-
cated by laser inscription followed by chemical etching to allow
refractive index liquid to be inserted into the cladding of commer-
cial optical fibers. A device with a large temperature-sensitivity
has been fabricated and measured to have a near second-order
response of up to —55 pm °C~! near 4 °C. It has an average tem-
perature sensitivity of —33 pm °C~! over the range of 4-30 °C,
with low variation in reflectivity. The device could be used to pro-
duce a large thermal sensitivity compared with a conventional
silica FBG sensor to achieve strain and temperature discrimina-
tion. Another device has shown an exceptionally low-temperature
variation of +12.5 pm over a temperature range of 17-45 °C.
The device has only 1.29 dB loss and the reflectivity variation
with temperature is only +3.5% from the mean. This tempera-
ture sensitivity is over an order of magnitude less than conven-
tional FBGs over this range. This device will potentially provide
a large improvement in FBG laser stabilization. It may become
an enabling technology for strain sensing with low temperature-
cross-sensitivity using existing sensor interrogation systems. It
also has applications where tightly controlled wavelength refer-
ences are required.

The flexible design process allows the temperature sensitivity
to be adjusted between +10 and —55 pm °C™! and the center of
the temperature range to be adjusted within the limits of the infil-
trated material. This enables the needs of a wide range of optical
devices and optical fiber sensing applications to be met. Further-
more, there is the potential for new classes of tunable optical de-
vices using this fabrication platform.

5. Experimental Section

The microchannels in this work were formed by laser writing in the fiber
followed by a selective etch to remove the material in the exposed regions.
A regenerative femtosecond laser system (Light Conversion Pharos SP-
06-1000-PP) was used at a second harmonic generation wavelength of
515 nm and a pulse duration of 170 fs. A half-waveplate in conjunction
with a polarizer was used to control the pulse energy between 10 and 300
n). A spatial light modulator (SLM) (Hamamatsu X10468) was used to
compensate for the aberration generated in the optical path of the whole
system. The fiber was taped onto a microscope slide and placed on a mo-
tion stage (x, y: Aerotech ABL10100L and z: ANT95-3-V). The positional
accuracy of the stage was <10 nm for x, y, and z. The objective used had
a x20 magnification and numerical aperture of 0.5. A second-order FBG
was written in standard single-mode fused silica fiber (SMF28e+ equiva-
lent, Leader Optec Ltd.) by scanning the laser focus along the center of
the fiber core. The FBG was written with a pulse energy of 0.15 pJ and a
repetition rate of 100 Hz, controlled by a pulse picker. The writing speed
was 0.1071 mm~'s~1 so after the strain induced by the fiber mounting was
relieved, the Bragg wavelength was ~1550 nm. The errors in the fabricated
gratings were +0.01 um.

The microchannels were written in the fiber with a pulse energy of be-
tween 0.26 and 0.29 ) at a repetition rate of 250 kHz and a speed of
0.1mm~'s™", with the polarization perpendicular to the writing direction.
These microchannels were written alongside the core, with access points
to the fiber surface to enable filling. The devices were fabricated without
immersion oil, thus aberration correction for the fiber surface in the air
was required.[*’l The Bragg gratings were 3 mm long and the channels
were also 3 mm long with each having three access points, one at each
end and one in the middle. The fiber was then placed in 8 mol L~! KOH
solution and etched for ~#13-17 h at 60 °C on a hotplate in a water bath, to
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preferentially remove the laser-exposed microchannel regions. The selec-
tivity of etching is up to 300 and the error in microchannel diameter is +
0.2 um. Finally, the etched microchannels were filled with refractive index
liquid by capillary action. The top view of a micro-fabricated FBG device is
shown in Figure 5b. Anumber of devices were fabricated during the course
of this work and experimental results from these are summarized in the
Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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