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Abstract: Micro fiber Bragg grating (MFBG) is sensitive to temperature and refractive index at the same time, and has
excellent sensing performance. Scholars all over the world have carried out a lot of research on it. At present, for the preparation
of adiabatic MFBGs, micro fibers meeting adiabatic conditions are prepared by heating stretching method, and then fabricated by
mask method or etching method. In order to simplify the preparation process, based on chemical etching method, a simple and
easy technique for preparing adiabatic MFBG is proposed. In this technique, the FBG immersed in corrosion solution is gradually
lifted by stepping motor, which can form a transition region with decreasing diameter, so that the cone angle of the transition
region meets the adiabatic conditions, and then an adiabatic MFBG is formed. Several adiabatic MFBGs with different diameters
are actually fabricated. The results show that adiabatic MFBG has better spectral and wavelength stability than ordinary MFBG.
Finally, the refractive index and temperature sensing of the MFBGs are realized, the results showed that for MFBG with a
diameter of about 9 pum, its sensing sensitivity to refractive index and temperature are 5200 pm/RIU and 10.06 pm/°C, for MFBG

with a diameter of about 12 um, the sensing sensitivity are 1125 pm/RIU and 10.33 pm/°C.
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1. Introduction

Optical fiber has the advantages of anti-electromagnetic
interference, corrosion resistance, small size, low price [1],
and fiber Bragg gratings (FBGs) have not only these
advantages, but also the function of multiplexing, which are
widely used in temperature [2-5], humidity [6, 7], gas [8],
wind direction [9] and stress [10-12] sensing fields.
However, ordinary FBG is not sensitive to the change of
external refractive index, so people turn to the research of
MFBG, and successfully developed many kinds of sensors
with high sensitivity, such as refractive index sensor [13-16],
temperature sensor [17, 18], gas sensor [19, 20], biosensor
[21], PH sensor [22], stress sensor [23], humidity sensor [24]
and so on. MFBGs are mainly fabricated by chemical etching
[25], 3D printing [26], fused biconical taper first and further
processing (include focused ion beam milling [27, 28], laser
irradiation [29-31], UV irradiation [18, 24]. Compared with
the other two methods, the chemical etching method is easy

to operate, low cost and can be realized without special
equipment.

When wusing chemical etching method to prepare
microfiber, with the decreasing of fiber diameter, high-order
mode is gradually excited, which has great influence on the
transmission of light, and then affects the effective refractive
index of the fiber, causing the disturbance of the central
wavelength of FBG. Using adiabatic microfiber will make
the transmission energy more stable [32]. At present, the
adiabatic microfiber is mainly obtained by the heating
stretching method before further treatment. This method is
more complex and the equipment is too expensive, therefore,
we propose to fabricate adiabatic MFBGs by chemical
etching. By comparing with the MFBG obtained by direct
etching, which called ordinary MFBG, adiabatic MFBGs
have better optical properties.
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2. Principle
2.1. Sensing Principle

The MFBG is made of common FBG by hydrofluoric acid
etching, and then forms the MFBG-environment cylindrical
waveguide structure. According to the coupled-mode theory
[32], the reflection wavelength can be expressed as the
equation (1).

A = 2n,, N\ (1)

Where A, is the reflection center wavelength of MFBG,

n, is the effective refractive index of guided mode in
microfiber, A is the period of MFBG.

When the external environment changes, the MFBG will
extremely sensitive to it, and its central wavelength will shift
due to the change of the effective refractive index. It can be
seen from equation (1), A, is determined by the effective
refractive index and grating period, calculate the derivative
of equation (1) and the equation (2) is gotten.

AAg =2n, AN +2NAn,, 2)

When the ambient temperature is constant, the grating
period will not change, and the wavelength shift is caused by
the change of external refractive index. According to the
three-layer waveguide model, the wavelength shift caused by
the change of external environment can be obtained by
numerical calculation.

When the ambient temperature changes, the wavelength
shift can be simplified as:

A, = A, (a+)AT 3)

where @ is the thermal expansion coefficient of the optical
fiber, ¢ is the thermo optic coefficient of the fiber, AT is the
change of ambient temperature. It can be seen that its
temperature sensing is basically linear, which can be used for
temperature sensing.

2.2. Adiabatic Criterion

The MFBG is prepared by using the characteristics that
hydrofluoric acid can react with silica but not with coating.
For a certain concentration of hydrofluoric acid, the linear
relationship between reaction time and FBG diameter can be
determined by experiments. In this paper, the linear
coefficient is obtained by interval sampling, and then the
target diameter is obtained by reaction time. In the process of
corrosion, when the diameter is small, the reflection center
wavelength will decrease rapidly with the progress of
corrosion. The diameter of MFBG can be estimated by on-
line monitoring of reflection wavelength.

Using the adiabatic criterion:

0= a(ﬂ] _182)

27T

4)

where a is the radius of the fiber, B and B, is the

propagation constant of the two coupled modes (the
microfiber structure is symmetrically distributed, only HE,
and HE,, coupling are considered). According to different
diameters, the propagation constant of the two modes can be
calculated numerically, and then, the value of Q can be
gained accordingly [32].
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Figure 1. Variation of adiabatic criterion value with fiber radius.
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Figure 2. Fabrication system and products of MFBG. (a) Fabrication system
of MFBG. (b) Adiabatic MFBG. (c) Taper free MFBG. (d) Variation of
transition region radius of adiabatic MFBG with position. (e) Variation of
transition region radius of taper free MFBG with position.

As shown in Figure 1, Q1, Q2 are the change of adiabatic
criterion value with the radius of optical fiber when the
external environment is air and 25% mass concentration of
hydrofluoric acid respectively. The change rule of the two is
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basically the same, which first decreases with the decrease of
the radius of optical fiber and then increases, when the
diameter is about 12 pm, the minimum value is 2 x 107 As
long as the tangent value of the designed cone angle is
smaller than the criterion value corresponding to the designed
diameter, the microfiber can be adiabatic. Therefore, the
optimal criterion value can be selected according to different
diameters when designing the cone angle, and if the selected
value is less than 2 x 107, it will be adiabatic at any diameter.

3. Experimental Demonstrations
3.1. Experimental Setup and Products

The FBGs used in this paper is a commercial fiber Bragg
grating purchased from Beijing Tongwei Technology Co.
Ltd. in China. The numerical aperture at 1310 nm wavelength
is 0.14 and the effective refractive index is 1.4682 at 1550
nm.

Figure 2(a) shows the fabrication system of MFBG, one
pigtail of the FBG is fixed on the stepper motor (the accuracy
is 0.1 pm), then, connected to the grating demodulator
(accuracy is 1 pm); The other tail is cut off at the front of the
grating area, and the coating layer of the taper area and the
grating area is stripped off and cleaned with alcohol, and then
the corrosion area is placed under the liquid level of the
lower layer in the container after passing through the bracket,
the lower layer is hydrofluoric acid solution, and the upper
layer is isooctane, which is used to prevent hydrofluoric acid
volatilization; Computer 1 is used to give instructions to the
stepper motor controller through the control software, then
the controller controls the stepper motor to move to the left,
which drives the FBG to move, computer 2 is used to
monitor the reflection center wavelength during the corrosion
process. According to the analysis above, the corrosion is
carried out with hydrofluoric acid at 25°C, and the diameter
reduction rate is about 0.72 um/min, set the stepper motor
speed to 3 pm/s, the corresponding angle tangent is about 5 X
10'3, in line with the adiabatic condition, and the adiabatic
MFBG as shown in Figure 2(b) is obtained. The shape of the
cone region is relatively symmetrical, the length is about
28.96 mm, and the diameter of the uniform region is about
12.73 pm. The ordinary MFBG could be obtained by keep
the stepper motor stationary, as shown in Figure 2(c). Due to
the siphon effect, it has a very short irregular cone region,
whose length is about 48.3 pum, and the diameter of the
uniform region is about 12.33 pm. For the convenience of
observation, the photos of FBG in Figure 2(b), (c) are
magnified appropriately, and the diameter of the left end of
the fiber is 125 pum. Figure 2(d) and Figure 2 (e) are the
shape fitting curves of two types of FBG, respectively. It
could be seen that the shape diameter of adiabatic fiber
obtained is in good agreement with the expectation.

3.2. Optical Properties of Adiabatic MFBG

The experiments are carried out at a constant ambient
temperature, the container for water is an open beaker and

the water is placed in such an environment for 5 hours to
ensure sufficient heat exchange.

As shown in Figure 3(a), the black solid line and the red
dotted line are the spectra of air and water before the
corrosion of the adiabatic MFBG, meanwhile the blue line of
dashes and magenta dot line are the spectra of the ordinary
MFBG before corrosion in the air and water, it can be seen
that the spectrum of the same FBG in water has a purple shift
of about 15 pm compared with that in air. This is because the
ordinary FBG is not sensitive to the external refractive index,
and the temperature in water is about 1.5°C lower. From the
comparison of the four spectra, the change of the spectrum
before corrosion is very small, and the side mode inhibition
ratio is about 18 dB. The black solid line and red dotted line
in Figure 3(b) are the spectra of adiabatic MFBG in air and
water respectively, and the blue line of dashes and magenta
dot line are the spectra of ordinary MFBG in air and water
respectively. Obviously, the spectrum of adiabatic MFBG is
better than that of ordinary MFBG in both air and water.
However, both them have a red shift of about 120 pm after
immersed in water, this is because MFBGs can’t completely
confine the light in the fiber and is sensitive to the outside.
When the outside environment becomes water, the refractive
index increases and the effective refractive index increases,
which makes the reflection center wavelength red shift, the
increment of red shift is larger than that of purple shift caused
by the decrease of temperature. Compared with Figure 3(a)
and Figure 3(b), it is obvious that the spectrum of adiabatic
MFBG has little change, no obvious broadening, and the side
mode suppression ratio has little change, meanwhile, the
spectrum of ordinary MFBG has bigger broadening. We can
also find that the peak power of the two FBGs before
corrosion does not change in water and air, which indicating
that the change of environment will not cause large loss of
reflected energy. The peak power of adiabatic MFBG and
ordinary MFBG will decrease compared with that before
corrosion in air or water, but the latter decreased more, and
the former will changed very little. This is because the latter
will excite multiple modes because it does not meet the
adiabatic conditions, resulting in more energy loss of
transmitted light, while the former meets the adiabatic
conditions, resulting in less energy loss. After both are
immersed in water, the peak power increases, but the latter
increases more, this is because the external environment
changes and the refractive index increases, which increases
the constraint ability of microfiber to light energy. Because
the latter excites more high-order modes, the increase of
environmental refractive index makes more modes remain in
microfiber, while the former has less high-order modes and
less affected by the ambient refractive index.

Figure 4(a) and Figure 4(c) respectively show the
fluctuation of the reflection wavelength of the adiabatic
MFBG after standing in air and water for 1 hour, Figure 4(b)
and Figure 4(d) respectively show the same things of the
ordinary MFBG. In air, the fluctuation of adiabatic MFBG is
only 1 pm, while that of ordinary MFBG is 3 pm, and the
standard deviations are about 4 x 10 and 8 x 10™. In the
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water, the fluctuation of the former is 1 pm and that of the
latter is 1 pm, with the standard deviations of about 2 x 10™
and 4 x 10™. The standard deviation of adiabatic MFBG is
half of that of ordinary MFBG.

Figure 5(a) is the spectra of adiabatic MFBG with diameter
of 9.11 um and ordinary MFBG with diameter of 9.11 pm in
air and water before corrosion, while Figure 5(b) is after
corrosion. However, when the diameter is about 9 pm, the
peak power of ordinary MFBG decreased more obviously in
air and water, but the change of peak power of adiabatic

MFBG is still very small and still has stronger reflection power.

Figure 6(a) and Figure 6(c) respectively show the
fluctuation of the reflection wavelength of the adiabatic MFBG
after standing in air and water for 1 hour, Figure 6(b) and
Figure 6(d) respectively show the same things of the ordinary
MFBQG. In air, the fluctuation of adiabatic MFBG is only 1 pm,
while that of ordinary MFBG is 2 pm, and the standard
deviations are about 6.5 x 10* and 5.5 x 10™. In the water, the
fluctuation of the former is 1 pm and that of the latter is 1 pm,
with the standard deviations of about 2.5 x 10* and 4.3 x 10™.

The standard deviation of adiabatic MFBG in both
environments is also smaller than that of ordinary MFBG.
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shift with time.

Combined with the above analysis, the adiabatic MFBG
has better spectral performance and wavelength stability.
When MFBG is used for refractive index sensing, the smaller
the diameter, the higher the sensitivity, and at the same time,
the smaller the transmission power. If the reflective power is
too small, the demodulator will not be able to read the
information changes. Therefore, adiabatic MFBG will have
better sensing performance than ordinary MFBG.

3.3. Temperature Sensing Experiment

According to the method described in Section 3.1, 9.11
pm and 12.73 um adiabatic MFBGs are prepared, and the
refractive index sensing system as shown in Figure 7(a) is
built. The MFBG tail fiber is connected to the fiber
grating demodulator, and the grating area is immersed in
the liquid to be measured, and the computer used to read
the data of the fiber grating demodulator. In this paper,
under the condition of constant temperature, different
concentrations of sucrose solution are used as the liquid to
be measured, the refractive index is measured by Abbe
refractometer, and the data are read out from computer.
After changing the liquid, the MFBG is cleaned before
measurement, so as to prevent the large deviation of
measurement results due to the adhesion of sugar on it.
Results as shown in Figure 7(b), the circular mark is the
sensing data point of MFBG with a diameter of 9.11 um,
the black solid line is its simulation curve, the black star
mark is the sensing data point of MFBG with a diameter
of 12.73 pm, and the red line is its simulation curve. It can
be seen that the sensing results are in good agreement with
the simulation results, and the sensing results are
relatively smooth, which further indicates that the
performance of adiabatic MFBG is relatively stable. In the
refractive index range of 1.35 to 1.39, the sensitivities are
5200 pm/RIU and 1125 pm/RIU, respectively. Because the
local noise of the system is 1 pm, the resolutions are about
1.9 x 10 RIU and 8.9 x 10™* RIU.
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Figure 7. Refractive index sensing system and data processing.

3.4. Temperature Sensing Experiment

Figure 8(a) is the temperature sensing experimental
system. A beaker is placed in a water bath, the temperature
is monitored by a thermometer (the accuracy is 0.1°C).
The data of the demodulator can be read from the
computer, and the temperature of the water bath will be
changed for the experiment, each measurement should
wait until the thermometer is stable. According to the
above operation, the measurement results in Figure 8(b)
are obtained. The red circle mark is the MFBG
experimental data of 9.11 um, the black solid line is the
fitting curve of the experimental data, the linearity is
0.9999, and the sensing sensitivity is about 10.06 pm/°C.
The black star mark is the data of the 12.73 pum, the red
dotted line is the fitting curve, of which the linearity is
0.9997, and the sensing sensitivity is 10.33 pm/°C. The
precision of the demodulator is 1 pm, so the precision
resolution of the two is about 0.1°C.
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4. Conclusions

In this paper, a method for preparing adiabatic MFBG by
chemical etching is proposed, the preparation system is built,
and MFBGs with various diameters have been successfully
prepared. The physical pictures of the cone region of the
adiabatic and ordinary MFBG are shown. Through
comparison and analysis, it is proved that the adiabatic
MFBG has better spectral stability and reflection wavelength
stability under certain environmental conditions. The MFBGs
are used for refractive index and temperature sensing, it
shows that the sensing data are smooth and the effect is good.
The refractive index sensing sensitivities of 9.11 pum and
12.73 pm adiabatic MFBG are 5200 pm/RIU and 1125
pm/RIU  respectively, and the temperature sensing
sensitivities are 10.06 pm/°C and 10.33 pm/°C respectively.
Compared with other methods, this method is simple, low
cost and easy to realize, which provides a reference for the
further research of MFBG.
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