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Abstract: A method for monitoring the etching process of Hi-Bi fiber is proposed and
demonstrated. The birefringence of the etching fiber is accurately calculated by tracking the
shift of the interference spectrum in a high-birefringence fiber loop mirror interferometer.
Then, the degree of etching can be inferred by the relationship between the etching-fiber
birefringence and the fiber structure. A section of PANDA fiber is used as an example to
experimentally demonstrate the proposed method. The results show that the calculated bire-
fringence is consistent with the theoretical simulation. Furthermore, four different structural
states, which reflected in four different rate of change, are presented in the whole etching
process of PANDA fiber. This method has the advantages of easy realization, high precision,
and repeatability, and it can be used in the preparation of Hi-Bi microfiber photonic devices.

Index Terms: Etching process, Hi-Bi fiber, birefringence, fiber loop mirror.

1. Introduction
Microfiber photonic devices have attracted numerous research interests recently since they can
serve strong coupling of propagating optical evanescent fields. Optical sensors based on these
devices have special advantages including faster response, higher sensitivity, low power consump-
tion, light weight and outstanding mechanical flexibilities. A series of related studies were reported,
including optical near-field image [1], [2], biochemistry [3], [4], biomedicine [5], [6] and environ-
ment monitoring [7], [8] et al. The manufacturing method of these devices is important for further
practical applications. Some micromachining methods, such as heat-pulling [9]– [11], laser ablation
[12], [13], requires expensive equipment and complicated manipulation. In comparison, chemical
etching methods [14]–[17] are used more widely because of the low cost and simple operation.
For example, Simon Pevec et al. proposed a nWG FPI production from a method used for an
in-line evanescent field access device production based on chemical etching [17], and some other
interesting work based on chemical etching methods [18], [19]; Tarun Kumar Gangopadhyay et al.
developed an evanescent field access block (EAB) sensor with an etched single mode fiber used
to detection of chemicals [4].

In chemical etching applications, it is necessary to accurately monitor the etching process for
excellent microfiber structure. In the traditional methods, controlling the etching concentration and
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Fig. 1. Structure of Hi-Bi FLM and experimental setup of etch fiber. Where PC is polarization controller
and OSA is optical spectrum analyzer.

the etching time are usually used in order to obtain different fiber diameter [15]– [17], but it is easy to
be influenced by surrounding temperature and etching solution density. Recently, several methods
were presented for monitoring the fiber etching process real time. Tao miaomiao et al. monitored
the process of fabricating optical fiber probe nanotips by combining a fiber optic spectrometer with
chemical etching [20]. O. Frazão structured optical fiber loop mirror used for monitoring the fiber
diameter through the analysis of wavelength spacing changing of the fringe minima [14].

In this paper, a method for monitoring optical fiber etching process by tracking the shift of the in-
terference spectrum in a high birefringence fiber loop mirror (Hi-Bi FLM) interferometer is presented
and experimentally demonstrated. The relationship between the spectral change and the etching-
fiber birefringence, which can reflect the characteristics of etching-fiber structure, is proposed. In
experiment, the calculated birefringence is consistent with the theoretical simulation, when etching
the PANDA fiber cladding. Furthermore, four different structural states are presented, when con-
tinue to etching the PANDA fiber. Compared with traditional methods, this method can eliminate the
impact of surrounding temperature and etching solution density. It can increase its potential for the
preparation of high precision fiber optic evanescent field structure.

2. Theoretical Analysis
Fig. 1 shows the traditional structure of Hi-Bi FLM. The incident light is split into c1ockwise and
counterclockwise beams by the 3 dB coupler, and the two beams pass through the Hi-Bi fiber from
opposite directions to produce phase difference. When the two beams are transmitted for one cycle,
the interference occurs in the coupling region of the 3 dB coupler. The polarization controller is used
to adjusted polarization states of light. The expression for transmissivity is given by [21]

T = 1
2

(
1 + cos

2πBL
λ

)
(1)

Where B, L are birefringence and length of Hi-Bi fiber, respectively, λ is wavelength of optical
source. As shown in Fig. 1, a section of Hi-Bi fiber will be etched, assuming that the length is Le,
the birefringence variation of the etching-fiber is �B . Thus (1) can be rewritten as

T = 1
2

(
1 + cos

2π (BL − �BL e)
λ

)
(2)

Fig. 2 shows the simulation results from (1) and (2), the interference spectra will move to the left
or right during etching. Assuming one spectral dip λk of the order of interference k moves to λ′

k ,
while the adjacent dip moves from λk − 1 to λ′

k − 1. According to (1) and (2), we can deduce a set of
equations: ⎧⎪⎪⎨

⎪⎪⎩

2πBL
λk

= (2k + 1) π

2π(BL −�BL e)
λ′

k
= (2k + 1) π

2π(BL −�BL e)
λ′

k − 1
= (2k − 1) π

(3)
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Fig. 2. Spectral response of the Hi-Bi FLM before and during etching.

Fig. 3. Illustration of PANDA fiber etching process.

The relationship between �B and wavelength of spectral dips can be written as:

�B= λ′
k − 1

L e

λk − λ′
k

λ′
k − 1 − λ′

k
(4)

When interference spectrum moves one cycle, the λ’
k−1 is equal to λk , (4) can be simplified as

follows:

�B 1= λk

L e
(5)

The change of the etching-fiber birefringence is a constant value. We can choose and mark one
spectral dip of initial transmission spectrum as a reference wavelength, then tracking the shift of
the interference spectrum in etching. So the etching-fiber birefringence can be calculated from the
following equation:

B e = B − N �B 1 − �B (6)

where N is the difference of the order of interference through the reference wavelength during
the etching process. Equation (6) shows that we can monitor the etching-fiber birefringence in
real time by recording the spectral shift. Since the birefringence is closely related to the structure
of the etching fiber, we can use the method to monitor the optical fiber etching process. In the
following, a section of PANDA fiber is employed as an example to analyze the regularity between
the etching-fiber structure and the birefringence changes in etching process.

As shown in Fig. 3(a), the PANDA fiber is composed of cladding, stress applying parts (SPAs)
and core. The circular B-doped SPAs are symmetrically distributed on both sides of the fiber core.
In the etching process, the etch rate will vary depending on the material. In general, it will be divided
into four stages, as shown in Fig. 3.

Stage I corresponds to Fig. 3(a) and (b), only the fiber cladding is etched. The fiber at this stage
can still be seen as stress-induced fiber because the SAPs are still there. The birefringence of the
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fiber can be given [20]

B = 2CE �α�T
1 − ν

(
R
d

)2
[

1 − 3
(

d
b

)4
]

(7)

Where E, C, ν are the Young’s modulus, the stress-optic coefficient and the Poisson ratio of
the optical fiber, respectively, �α is the difference of the thermal expansion coefficients between
the cladding and the SAPs, �T is the temperature difference between the room temperature and
softening temperature of the pure silica glass. Moreover, R, b, d respectively is the radius of SAP,
the radius of cladding, the distance from the center of SAP to the core.

When the fiber is etching, the radius of cladding is gradually reduced, assuming that the initial
value is b0, the reduction rate is a1, so b = b0 − a1 × t. Let a0 = 2CE �α�T

1−ν
, the etching-fiber birefrin-

gence can be written as,

B e = a0

(
R
d

)2
[

1 − 3
(

d
b0 − a1t

)4
]

(8)

Stage II corresponds to Fig. 3(b) and (c). Due to the influence of B-doped materials in SAPs,
which could break the silicate network structure [23], it causes an obviously difference in etch rate
between the SAPs and pure silica in some etching solutions such as hydrofluoric acid (HF) at this
stage. Similar techniques are often used to manufacture microstructure fiber sensors [24], [25].
Therefore, we can obtain the special structure with no-SAPs as shown in Fig. 3(c). It can be seen
that the stress in this fiber is completely released. The birefringence of the fiber should be only
caused by the geometry and surrounding refractive index difference.

Stage III corresponds to Fig. 3(c) and (d). In this process, both X and Y direction are pure silica
cladding, the etching-fiber is getting thinner with similar geometric shape, and the evanescent field
in the X direction will be higher than the Y direction. This kind of structure still has a significant
birefringence.

Stage IV is the last stage corresponds to Fig. 3(d) and (e), the X direction has been etched to
the germanium doped core, which etched at a higher rate than the pure silica in HF. This is a key
stage to obtain high precision fiber optic evanescent field structure, because the optical evanescent
field in X direction is getting stronger and stronger in etching process. Furthermore, we can still
monitor the optical fiber etching process in this stage by measuring the change of etching-fiber
birefringence.

In general, during the etching process, the structure of the etching-PANDA-fiber will be changed
continuously and present four different structural states, meanwhile, the etching-fiber birefringence,
which can be calculated by tracking the shift of the interference spectrum in a Hi-Bi FLM interfer-
ometer, will also change with the structure. That means if we can track the shift of the interference
spectrum, we can monitor the optical fiber etching process. This method could eliminate the impact
of surrounding temperature and etching solution density, and could be applied to other types of
Hi-Bi fibers.

3. Experiment and Results
Fig. 1 illustrates the experimental setup that consists of an amplified spontaneous emission source
(ASE-CL, 1526-1602 nm), an optical spectrum analyzer (OSA, AQ6370C, YOKOGAWA) with a
maximum resolution of 20 pm, a Hi-Bi FLM and a container with etchant. A section of PANDA fiber
(PM15-1-2, CETC-46) is inserted into the fiber loop to form a Hi-Bi FLM.

Firstly, the relationship between the etching-fiber birefringence and the theoretical values derived
from (8) in stage I in the etching process is studied. The cross section of the PANDA fiber is shown
in Fig. 4. The initial radius of fiber b0 = 62.5 μm, the radius of stress region R = 16.5 μm, and the
distance between stress region and fiber center d = 25.5 μm.

In order to calibrate the etch rate a1 in (8), Several samples of the PANDA fibers are placed in
container with etchant (40%HF:H2O = 1:3) and taking them out at predetermined time intervals
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Fig. 4. The cross section of the PANDA fiber.

Fig. 5. The diameter of the PANDA fiber at different etching time.

Fig. 6. Radius of the fiber dropped as a function of the time.

(50 min) in room temperature. Then the diameter of the PANDA fiber during the etching is measured
as in Fig. 5. We can obtained the etch ratea1 = 0.119 μm/ min, as shown in Fig. 6

Then, a section of the same type of PANDA fiber is inserted into the fiber loop, as shown in Fig. 1.
The length of the whole Hi-Bi fiber L = 18.8 cm, where the length of the etching-fiber L e = 5.7 cm.
Fig. 7 shows the spectral response of the Hi-Bi FLM before and during etching. It can be seen that
the spectrum has moved and the wavelength spacing has changed in the etching process. The initial
birefringence of the PANDA fiber can be calculated by the initial spectrum as B 0 = 6.2655E − 4.
According to (7), the factor a0 = 0.00167. Then, the shifts of the spectrum in the etching process
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Fig. 7. Interference spectra of the refractometer before and during chemical etching.

Fig. 8. Experimental and theoretical comparison of the birefringence of the optical fiber and the etching
time.

are recorded which can calculate the etching-fiber birefringence by (6). The relationship between
the etching-fiber birefringence in experiment and the simulation of (8) is shown in Fig. 8.

Fig. 8 corresponds to the stage I in above analysis. The experimental results are in good agree-
ment with the theoretical simulation, which means that it is possible to reflect the structural charac-
teristics of the etching-fiber by monitoring the birefringence during the etching process.

We continue to etch this fiber in order to verify the other stages of the etching process. The result is
shown in curve 1 of Fig. 9. It can be seen that, during the whole etching process, the rate of change
of the birefringence shows four obviously states which are slow-fast-slow-fast, corresponding to
the four stages in the theoretical analysis. In stage I and III, the structure of etching-fiber changes
slowly because only pure silica was etched, so the birefringence changes slowly. Correspondingly,
in stage II and IV, due to the doped materials, the etch rate in some directions is faster, the structure
of etching-fiber changes faster, resulting in a faster change of birefringence. The fiber cross section
on the right side in Fig. 9 shows that the above analysis is correct.
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Fig. 9. Left: the relationship between the birefringence and the etching time in the different concentration
etchant; right: Microscope images of cross section of the etching fiber.

In order to get more relationships between the birefringence and the structural characteristics
of the etching-fiber, we use different etchant concentration to complete the above experiment. The
results are shown in Fig. 9, curve 2 and curve 3 correspond to different etch densities, respectively. It
can be seen that the etching process is significantly faster, but there are still exist the four obviously
states, and more importantly, the etching-fiber birefringence at each critical point of the change in
etch rate are equal to the results of curve 1. Furthermore, through the observation of the fiber cross
section, they are the same too.

From the experimental analysis, the etching-fiber birefringence is closely related to its structural
change during the etching process. Although studies have shown that temperature may also in-
fluences the etching-fiber birefringence [26], but it should be very small when compared with the
birefringence changes cause by etching. In particular, when the B-doped SPAs are etched, the
influence of temperature can be negligible. Therefore, it can be considered that during the etch-
ing process, the etching-fiber birefringence is in a one-to-one relationship with its structure. This
method effectively solves various uncertainties in the traditional etching methods by controlling the
etching concentration and the etching time and provides a feasible solution for obtain high precision
fiber optic evanescent field structure.

4. Conclusion
We proposed a method for monitoring optical fiber etching process by tracking the shift of the inter-
ference spectrum in a Hi-Bi FLM. A section of PANDA fiber is used as an example to experimentally
demonstrate the method. During the etching process, four different structural states by monitoring
the etching-fiber birefringence were presented. This method only needs to obtain the interference
spectrum formed by the phase difference between the fast axis and the slow axis of Hi-Bi fiber.
So it can be applied to other types of Hi-Bi fibers, such as Bow-Tie fiber, elliptical-core fiber, etc.
and some other loop configurations with output port probe [27], which is considered to be more
valuable in sensing applications [28], [29]. This method has the advantages of easy realization,
high precision and repeatability, increasing its potential for the preparation of high precision fiber
optic evanescent field structure.
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