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A post chemical etching process to a tapered seven 
core fiber (TSCF) is proposed and experimentally 
demonstrated to effectively adjust the mode profiles of 
high-order supermodes, aimed to improve the figure of 
merit (FOM). The experimental results show that the FOM 
of an etched TSCF (ETSCF) is as high as 1431.36 1/RIU, a 
7.32 times enhancement compared to that of TSCF 
without etching, provided the TSCF has the same taper 
waist diameter of 19.20 µm. The proposed method opens 
a new method for optimizing optical fiber sensor 
performance. 

 

Optical fiber sensors (OFSs) offer a number of advantages 
compared to the traditional electronic sensors, such as high 
sensitivity, small size, immunity to electromagnetic interference, 
remote detection, and resistance against corrosive media [1-3]. 
OFSs have been extensively applied in the fields of chemistry [4], 
biomedicine [5] and environmental science [6, 7]. A number of 
different OFS structures have been proposed, including fiber 
gratings [8, 9], tapered fibers [10-12], D-etching [13, 14], dislocation 
fusing [15, 16]. Recently, multicore fiber based supermode fiber 
interferometer (SFI) has attracted more and more attentions in 
many sensing applications [17-20]. Several methods have been 
employed to fabricate the SFI, such as tapering the weakly coupled 
multicore fiber (the cores are well separated without evanescent 
field coupling) [21, 22], customizing multicore fiber [23], utilizing 
home-made multicore fiber [24]. Among these methods, tapering 
the weakly coupling multicore fiber is the cost-effective method, 
which could use the commercial multicore fiber as base to 
customize the SFI structure. After tapering the weakly coupling 
multicore fiber into smaller diameter, the modes in different cores 
no longer propagate independently, which will interference with 
each other and form supermodes[18, 20].  In principle, high-order 
supermodes would have higher sensitivity if they had a stronger 

evanescent field interacting with the surrounding medium. To 
improve the sensitivity, the general method is to reduce the 
diameter of the tapered fiber to excite strong evanescent field [20, 
25]. However, for traditional tapered multicore fiber, the whole 
geometry of the tapered cross-section shrinks proportionally with 
that of non-tapered fiber, where the ratio between the gap of 
multicores and the taper waist diameter is not controllable. When 
the gap of multicores and fiber taper waist diameter decreased to a 
certain value, the fundamental mode coincides with the higher-
order mode, and the multicore fiber degenerates into a single-core 
fiber. This limits the flexible design of OFS structure to improve 
sensing performance. Chemical etching can reduce the fiber 
cladding size[26-29], meanwhile maintain the diameter of the fiber 
core and the gap of multicores  [19, 30-32], which makes the design 
of OFS structure more flexible compared to that of direct tapered 
sensor. The combination of chemical etching and tapering enables 
flexible design and improve performance of multicore-based OFS. 

In this paper, the performance enhancement of post chemical 
etching of the tapered seven-core fiber (TSCF) is numerical 
simulated and experimentally studied. The modal profiles of the 
supermodes for the TSCF can be adjusted by controlling etching 
thickness of the cladding, and thus the coupling efficiency between 
the input field and supermodes and the evanescent interaction with 
the surrounding medium can also be adjusted. As a result, the figure 
of merit (FOM) can be improved, along with enhanced extinction 
ratio (ER) of the transmission dips and refractive index (RI) 
sensitivity of the sensor. Moreover, the temperature cross 
sensitivity is kept at the level as low as ~4.56×10-6 RIU/°C, showing 
low cross-sensitivity to the temperature. 

The seven-core fiber (SCF) used is the commercially available 
product SM-7C1500 (Fibercore Company), whose cross-section 
photograph taken by 1000X CCD is shown in Fig. 1(a). As shown in 
Fig. 1(a), the SCF has a central core (core 4) and six satellite cores 
(core 1-3, 5-7), where all the cores have identical diameter d of 6.1 
μm and core distance r of 35 μm. The SCF is firstly adiabatically 
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tapered using a commercial combiner manufacturing system (3SAE 
Technologies, Inc), where the D1 and L1 are the diameter and length 
of the tapered section, and L2 is the length of the transition zone, as 
shown in Fig. 1(b). Here, D1 is chosen as 40 μm, 30 μm, and 25 μm, 
L1 and L2 are chosen as 10 mm and 8 mm, respectively. For the 
TSCFs of this size  have good initial supermode interference [20, 21]. 
One end of the tapered SCF (TSCF) is spliced with a single mode 
fiber (SMF), where the central core 4 is acted as the input of the 
TSCF, and the other end of the TSCF is spliced with a seven-core 
fiber fanout (fibercore, FAN-7C) as the output of each core. Then the 
TSCF is immersed in etching solution of 70 °C in a polypropylene 
(PP) container. During the etching, a super luminescence diode is 
connected to the input SMF as the launching source, and an optical 
spectral analyzer (OSA) is applied for recording the transmission 
spectrum, as shown in Fig. 1(c). The enlarged cross-section of the 
ETSCF is schematically presented in Fig. 1(d), where D1 and D2 are 
the diameter before and after etching, respectively. And the gray 
ring with a thickness Δ is the removed layer by chemical etching. It 
is noted that the length L1 is mainly controlled by the first step of 
fiber tapering process due to the fact that the diameter of both taper 
transition (L2) and taper waist (L1) will be reduced synchronously 
during the etching process. 
 

 
Fig. 1.   (a) The photograph of cross-section the seven-core fiber cross-
section, (b) schematic diagram of the TSCF, (c) experimental set-up for 
chemical etching, (d) schematic cross-section of the ETSCF. 
 

When the input light is launched into the central core 4, only the 
symmetric supermodes are excited, and the interference of the 
TSCF can be treated as the interference result of the fundamental 
mode and second-order supermode [33, 34]. With the finite element 
method (FEM), the simulated mode profiles of the fundamental 
mode and second-order supermode of the TSCF are shown in Figs. 
2(a) (1) - (8) when the initial diameter of the TSCF D1 is chosen as 
40 μm with different etching thickness Δ. The ERI of each 
supermode is presented in the bracket above the mode profile. 

From Fig. 2 (a), it can be seen that the mode profiles of the 
fundamental mode and second order supermode can be adjusted 
by controlling the etching thickness Δ of the TSCF, while the change 
of the second-order supermode profile is more obvious than that of 
the fundamental mode. As D2 decreases, the hot spots are expanded 
from the satellite core and become connected with each other when 
D2 is smaller than 35 μm. On the other side, when D2 approaches the 
outside interfaces of the satellite cores the satellite cores are 
“neglected” in the beam field, as shown in Figs. 2(a) (8), the mode 
profiles become similar to the cladding mode of an SMF. Because the 
mode field area of the second-order mode is larger than that of the 
fundamental mode, and its evanescent field is stronger, it will be 
more significantly affected by reduction of refractive index due to 
structural and environmental changes. So its ERI will drop faster 
than that of the fundamental mode as D2 changes. The ERI vs. D2 
calculated by the FEM is shown in Fig. 2(b). It can be seen that the 
ERI of the second-order supermode decreases faster (~1.29×10-3 
totally reduced) than that of the fundamental one (~4.47×10-4 

totally reduced) during the etching process, where the Δneff 
increases about 2.89 times for the TSCF with D2 of 25 μm compared 
to that with D2 of 40 μm. 

 

 
Fig. 2. The mode profiles of the fundamental mode and second-order 
supermode of the TSCF for (a)(1) - (2) D2 of 40 μm, (3) - (4) D2 of 35 μm, 
(5) - (6) D2 of 30 μm, and (7) - (8) D2 of 25 μm, the yellow dotted lines 
are the fiber outline diagram; (b) The ERI change with D2 (The change 
of ERI for each supermode with D2); (c) Simulated transmission spectra 
for the TSCF before and after etching, with D2 of 23 μm. 
 

The simulated transmission spectra of the TSCF before (D2=40 
μm) and after etching (D2=23 μm) are shown in Fig. 2(c) by the 
beam propagation method (BPM). The FSR of the transmission is 
reduced after etching, along with the ER enhancement. The reason 
may be considered as following. The FSR of the TSCF interferometer 
can be described as  

2

FSR
effL n


=


           (1) 

where L is the length of the coupling section, λ is the free space 
wavelength, and Δneff is the ERI difference between the fundamental 
mode and second-order supermode. As the D2 decreases from 40 
μm to 23 μm, Δneff increases more than 2.89 times, which induces the 
reduction of the FSR. The ER enhancement may be due to the 
change of excitation efficiencies of fundamental and second-order 
supermodes, when the magnitude ratio of the two modes reaches 
an optimum value, the ER will be maximum.  
 

  

Fig. 3. (a) Transmission spectra of the TSCF with the initial diameter of 40 
μm at different etching times, and (b) the relationships between the ER, FSR 
and the etching time. 

 
The transmission spectra of the TSCF during etching process is 

shown in Fig. 3(a), and the change of FSR and ER is shown in Fig.3 
(b). In the experiment, the L1 of the TSCF is 10 mm, and D1 is 40 μm. 
The result shows that as etching time increases, the FSR decreases 
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and in some time slot, the ER has significant enhancement which 
agrees well with the simulation results.  It can be seen from Fig. 3(a) 
that before etching, the FSR of the interference pattern is 94.66 nm, 
and the maximum ER is 14.4 dB in the wavelength range of 1450 to 
1650 nm. After etching, the ER of the interference spectra reaches 
the maximum value of 23.5 dB for the etching time of 6 min, as 
shown in Fig. 3(b). The reason of the change is shown in the 
previous paragraph. However, when etching time is longer than 6 
min, the ER decreased significantly. The main reason for the 
decreasing of ER may be attributed to the non-balanced power 
distribution between the fundamental mode and the second-order 
supermode as the satellite cores are exposed to the outer interface.  

          

     

       
    Fig.4. The measured transmission spectra of the TSCF (a) with the 
maximum ER in the etching process for TSCF with different D1; (b) etched 
with D1 of 30 μm and D2 of 19.22 μm; (c) with D1 of 19.89 μm without etching. 
 

The evolution of ER and FSR was found to be similar for TSCFS 
with different initial diameters D1 during etching. The optimized 
transmission spectra of the TSCF with D1 of 25, 30, and 40 μm are 
shown in Fig. 4(a), The maximum ER of 35.962 dB and 
corresponding FWHM 0.32 nm is achieved for the TSCF with D1 of 
30 μm, and the optimized D2 is 19.22 μm, in this case, the cladding 
thickness left is theoretically 1 micron. To investigate the difference 
of transmission spectrum between central core mode and side core 
mode, transmission spectra lead from the central core and the other 
six satellite cores of the etched TSCF are recorded using a fan-out. 
Fig. 4(b) shows the measured transmission spectra of an ETSCF 
with D1 of 30 μm and D2 of 19.22 μm (set as sample A) respectively. 
For comparison, the transmission spectra of another TSCF which is 
directly tapered to be with D1 of 19.89 μm without etching is 
presented in Fig. 4. (c). From Fig. 4 (b) and (c), it can be seen that the 
central core mode  (red solid line) and the side core modes (dashed 
lines) can be oscillated periodically with a phase difference of π/2, 
which agrees with the results of other coupled-seven core fiber 
proved by theory [34] and simulation  [35].  It is noted that the 
magnitude of the center core mode of the etched fiber is slightly 
higher than that of the side core mode, while in fiber tapered only, 
the magnitude of the center core mode is significantly larger than 
that of the side core mode. This is because the etched fiber has 
relatively larger core diameters (for all seven cores) than that of 
tapered fiber, which has higher capability to confine light within the 
side fiber core, resulting in higher magnitude as observed in Fig. 4(b) 
compared to that of Fig. 4(c). 

The RI sensing performances of the ETSCF are also studied. In 
the experiment, a TSCF with D1 of 30 μm is chosen, the TSCF was 

etched to D2 of 25.6 μm and then to 19.24 μm (set as sample B). For 
RI sensing, the TSCF is placed in a PP cell with a dimension of 
65×45×15 mm through a pair of pinholes on both sides of the cell 
for the fiber to pass through. A mixture of glycerol and distilled 
water in different proportions was used for the test, and the RI of 
the mixture is calibrated by an Abbe refractometer (NAR-3T 
ATAGO). 

 

             

         
Fig. 5. The transmission curves of the ETSCF with D1 of 30 μm and D2 of 
19.24 μm when the RI of the solutions varies near the range of (a) 1.33; The 
RI sensitivity of the TSCF with D1 of 30 μm at different D2 near the RI range 
of (b) 1.33, (c) 1.37, and (d) 1.40. Black, red, and blue curves are the linear 
fit of dip wavelength shift for the D2 of 30, 25.6, and 19.24 μm, respectively. 

 
Three different RI ranges are chosen for testing. The 

transmission spectra of the TSCF with D1 of 30 μm and D2 of 19.24 
μm are shown in Figs. 5(a). The transmission curves experience 
red-shift with the increase of RI for all cases. The mean RI 
sensitivity is estimated to be 726.5, 1238.8, and 3756.3 nm/RIU in 
the RI ranges of 1.33, 1.37, and 1.40 respectively, shown as the blue 
linear fit curve in Fig. 5(b)-(d). It can be seen that higher sensitivity 
can be obtained when the surrounding RI increases, which is due 
to the increased amount of the evanescent wave exposed to the 
surrounding medium in higher SRI [20].  

The effect of D2 due to the chemical etching on RI sensitivity was 
also studied, as shown in Fig. 5(b)-(d), by choosing the TSCF with 
initial taper waist diameter D1 of 30 μm. As can be seen, the RI 
sensitivity was improved dramatically with the decrease of D2. The 
sensitivity enhancement of ETSCF with D2 about 19.2 μm is 
estimated to be 333.4%, 273.7% and 472.7% compared to that 
without etching, at the RI range of 1.33, 1.37 and 1.40 respectively. 
The reason is that when the diameter decreases, the increase of the 
evanescent field in the second-order supermode will be larger 
than that in the fundamental mode.  The RI sensitivity of SCFs 
directly tapered to 19.89 μm was also investigated experimentally. 
The transmission spectra of the TSCF with D1 of 19.89 μm and L1 
of 10 mm are shown in Fig. 6 (a) and Fig.6 (b). Its mean RI 
sensitivity is 657.2 nm/RIU, slightly less than that (726.5 nm/RIU) 
of the ETSCF with D2 of 19.20 μm. 

FOM is an important parameter of a sensor, indicated as [36]  

FOM
S

FWHM
=                      (2) 

where FWHM is the full width at half-maximum of the spectrum 
dip, and S indicates sensitivity. The FOM of the TSCF with D1 of 
19.89 μm (without etching, shown as Fig.6 (a)) is 195.57 1/RIU , 
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and  the FOM of the ETSCF with D2 of 19.24 μm (etched from 30 
μm to 19.24 μm, shown as in Fig.5 (a)) is 1431.36  1/RIU 
respectively. The result shows that the FOM of the ETSCF is 7.32 
times enhancement than that without etching. This is possibly 
because that during the etching process, the diameter of fiber 
sensor decreases gradually, and the modes within the SCF change 
accordingly. When the magnitude ratio of supermodes and 
fundamental mode reaches an optimum value, the FWHM can be 
minimum, which can be monitored in real time.  

 

     
Fig. 6. (a)The transmission curves of the TSCF with D1 of 19.89 μm; (b) The 
RI sensitivity near the RI range of 1.33. 

 
The temperature response of the ETSCF is also studied using 

another ETSCF (set as sample C) with D1 of 30 μm and D2 of 25.2 
μm, as shown in Fig. 7. It is shown that a temperature sensitivity of 
17.13 pm/ °C has been achieved. The coefficient of determination 
R2 of linear fitting is about 0.98672, indicating that the wavelength 
shift having good linearity. The temperature cross sensitivity for 
the RI measurement around index RI range of 1.40 is estimated to 
be as low as 4.56×10-6 RIU/0C, which is small enough to allow the 
ETSCF to operate in a very stable manner. 

 

 
Fig. 7. Position of transmission dip with relationship of temperature 

 
In summary, the effect of post chemical etching of a TSCF is 

studied. It is found that the post etching is effective for adjusting the 
mode profiles and the corresponding ERIs of supermodes, 
especially for higher order supermodes. As a result, the relative 
strength between different supermodes can be controlled by 
properly choosing the etching condition to optimize FWHM and 
thus measurement accuracy. With the almost same taper waist 
diameter of 19.89 µm, the FOM of the ETSCF (D1=30 µm) is 7.32 
times than that of TSCF without etching. The post etching method is 
a simple and effective technique for adjustment and optimization of 
the spectral characteristics of a tapered optical fiber interferometer 
(no core, multi-core, or multimode), which has potential application 
in the design of tapered optical fiber sensors and communication 
devices. 
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