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The paper presents highly refractive index sensitive operation of long-period gratings enhanced by wet etching
of the fiber cladding. Long-period gratings with period of 283 pm were induced in Corning SMF28 optical fibre using
electric arc technique. Then etching in hydrofluoric (HF) acid solution has been applied to improve operation of the
sensor. Sensitivity improvement effect induced by fiber cladding reduction has been numerically simulated. The
developed numerical model enables quick estimation of cladding thickness reduction essential to achieve dispersion
turning point. At this point long-period gratings reaches maximum sensitivity to external medium refractive index.
Simulation showed that dispersion turning point for this long-period grating is achieved by cladding thickness
reduction of 1.7 um. We obtained good simulation match with experimental results, where approximately the
same thickness was etched. The refractive index sensitivity of the long-period grating-based sensor has been
improved by factor of 5. Since long-period grating period is limited when using electric arc fabrication method,
this physical limitation makes difficult achievement of dispersion turning point and reaching maximum sensitivity
of the long-period grating. We show that sensitivity of electric arc induced long-period grating can be significantly
improved by post processing techniques such as wet etching.
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1. Introduction

There is a great demand of biological and chemical
sensors in diagnostics of traces of bio-material in lig-
uids. One of the methods used to characterize such a
mixture is measurement of its refractive index (RI). It
is known that RI is one of fundamental physical proper-
ties of a substance and its measurement has a great po-
tential in the field of biochemistry, pharmaceutics, and
biology. Considering these facts sensing device should
provide high sensitivity to external medium RI and im-
mediate response. Optical fibre based sensors can eas-
ily meet these requirements [1]. Sensors based on long-
-period gratings (LPGs) are considered a very promising
platform for RI sensing. LPGs were reported for the
first time by Vensarkar et al. [2]. The device is based on
periodical modulation of refractive index of fibres’ core.
Typical period (A) of LPG is 140-700 pm, which is much
longer than for the Bragg gratings [3]. This periodic fibre
structure causes coupling of guided core mode to series of
cladding modes. As a result of the coupling in transmis-
sion spectrum of the LPG appear power losses at specific
wavelengths A™ described by Eq. (1), where nS% is core
effective refractive index, ng}%m is effective index of m-th
order of cladding mode and A is grating period
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RI sensing mechanism is based on the change of né}{",
when external RI changes. In consequence of the in-
crease of RI the resonant peaks shift towards shorter
wavelengths. Dynamics of the shift in observed spec-
tral range depends on cladding mode order, which in
turn is determined by proper selection of grating period.
Short grating period (typically down to 140 pm) causes
higher order cladding mode coupling in wavelength range
of about A = 1550 nm [4]. Maximum available sensitiv-
ity can be obtained when resonant wavelength is near
dispersion turning point (DTP). At this point there are
two resonant peaks observed for single cladding mode.
Shortly before achieving DTP resonance peaks shift RI
change is the highest. Wavelength of DTP is dependent
on properties of the fiber and period of LPG [4]. It was
proven that DTP is at about A = 1550 nm, when A is
about 200 pm [4]. Such short period can be achieved
mainly by one of the fabrication methods, which is UV
irradiation of the photosensitive fiber.

LPG can be also manufactured using a number of other
methods, i.e., COz [5] or femtosecond [6] laser irradia-
tion, electric arc discharge [7], periodic etching of the
cladding [8], or mechanical stress [9]. The method based
on electric arc allows for induction of LPGs in various op-
tical fibres at relatively low cost of the equipment. The
main advantage of this process is thermal stability of the
gratings [7]. On the other hand, limitation of this method
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is grating fabrication with a short period (depending on
a fiber, below 220 pm [10]). As mentioned above, it is
necessary to make gratings with short period in order to
reach the DTP and obtain the highest sensitivity.

In this work we discuss possibility of improving sensi-
tivity of arc-induced LPGs by thinning cladding of the
fiber. Up to date in literature there are works on etch-
ing of UV induced LPG to tune resonant wavelength to
specific point [11]. Authors of this work have shown that
it is possible to post-process LPG to shift resonant peak
to specific wavelength by etching cladding of the fiber.
In this work we apply the method to improve RI sen-
sitivity of arc-induced LPGs and reaching DTP. In the
paper we compare numerical simulations and experiment
results for thinning fibre cladding and its influence on RI
sensitivity of the LPG.

2. Experimental details
2.1. LPG manufacturing

Single mode fibre Corning SMF28 and electric arc dis-
charge technique based on Fittel S182K Fusion Splicer
were used to manufacture the LPGs [10]. Optical fibre
was kept at constant tension during LPG fabrication us-
ing 2 g weight [12]. LPGs were written with 282 pym
period and 57 mm length. This is shortest period avail-
able for achieving good quality LPGs in SMF28 fibre.

2.2. Simulations

In order to determine influence of diameter reduction
of LPGs on its sensing properties numerical simulations
were performed. We used LPG model developed for
Optigrating by Optiwave software, which is specially de-
signed for evaluation of LPG performance. The soft-
ware allows to define fibre as well as grating parame-
ters. The following parameters of the fibre can be de-
termined: core and cladding radii (peore and peraq), core,
cladding and external medium refractive indices (ncore,
Nelad and ney). Grating parameters can be specified
by period (A), length (L), core refractive index modula-
tion (An), and grating shape (sine, rectangle). Cladding
refractive index and LPG shape were constant for all sim-
ulations and set to nc.q = 1.44402 (refractive index of
SiOg at 1550 nm) and LPG shape was assumed to be
sinusoid.

2.3. Wet etching

Reduction of cladding was performed by wet etching
of the fused silica cladding. One of many etchants used
in microelectronics technology is HF. In this experiment
HF buffer (HF:NH4F 1:40) was used. Chemical reaction
between silica glass and HF etchant is described by for-
mula

Firstly etch speed was estimated using thermally oxi-

dized silicon wafers. Ellipsometric measurement has been
performed before and after 1 min long etching process.

Cladding removal was performed by immersing LPG in
etching solution for 60 s. Then fibre was rinsed in deion-
ized water. After that, observation of transmission spec-
trum was performed to investigate resonance peak shift.
Just before achieving DTP, etching was performed in 30 s
intervals for precise resonant wavelength position control.

2.4. RI sensitivity measurements

Set of liquids with RI in range from 1.328 to 1.4032
was prepared by mixing water with glycerin in different
proportions. Refractive index (np) was measured using
Reichert AR200 automatic refractometer. LPG was in-
stalled in custom made U-type holder for maintaining
constant tension during immersion in liquid. Transmis-
sion spectrum was measured in wavelength range from
1100 nm to 1650 nm. Then LPG was rinsed in deion-
ized water and dried in air. This process was repeated
for each RI, before and after fibre etching. Sensitivity
was calculated as resonance wavelength shift induced by
variation of RI. Sensitivity is defined as ratio of resonance
wavelength shift to refractive index unit (RIU):

A [nm]

SRr1 = m (3)

3. Results and discussion
3.1. Simulations of the LPG cladding radius reduction

Before cladding reduction model of the LPG was
adapted to measured spectrum. Some of LPG parame-
ters were known from fabrication process. Parameters of
the fabricated LPG and fitted model are shown in Table.
Match of the resonant wavelength at 1370 nm is shown
in Fig. 1. The biggest difference in parameters may be
observed for LPG length and period. Length of LPG in-
fluences only resonance wavelength attenuation, which is
not a critical parameter for this work. The electric-arc
fabrication method may be responsible for mismatch of
LPG period. During fibre processing, equipment works
at its limits, which probably causes period disagreement.
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Fig. 1. Transmission spectrum of fabricated LPG and

generated using numerical model.
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TABLE

Parameters of fabricated LPG and fitted model.
Unknown values marked with “7”.

Parameter Fabricated LPG Model
Peore [pm] 4.5 4
Peladd [pm] < b8 54.15
TNcore ? 1.44935
Nelad 1.44402 1.44402
period [pm] 283 225
length [mm)] 57 18.5
RI modulation ? 0.00014
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Fig. 2. Simulation results for thinning of the LPG,
where (a) shows results for conditions far from DTP and
(b) close to DTP. Upper and lower graphs show simu-
lated transmission spectrum and resonant wavelength
shift in function of pciaa reduction, respectively.

Simulation results of reduction in fiber cladding radius
show that far from DTP thinning the fibres’ cladding
causes 1 nm resonance wavelength shift on 1 nm cladding
radius reduction of 0.076 nm /nm (Fig. 2). Closer to DTP
this shift is 2.8 times higher (0.216 nm/nm). It is nec-
essary to precisely control the cladding reduction near
to DTP. Too long etching process will cause complete
annihilation of the resonance peaks.

Numerical simulations have shown that for the investi-
gated grating the cladding radius reduction should reach
1.7 pm. Comparing the result with estimated by ellip-
sometric measurements SiOs etching rate in HF buffer
(100 nm/min), the DTP should be reached in 17 min
long etching process. In the experiment etching was in-
terrupted several times in order to control resonance peak
position. Amount of etching solution was as little as
about 5 ml. Both of these aspects caused extension of
etching process up to 18 min in order to etch compara-
bly to simulated value amount of the cladding material.
Comparison of simulated characteristics and etched LPG
spectrum is shown in Fig. 3.
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Fig. 3. Transmission spectrum simulation for 1.7 yum

cladding radius reduction compared to LPG etched in
18 min long process.

3.2. RI sensitivity measurements

Measurements of RI sensitivity were performed before
and after cladding radius reduction. Sensitivity was cal-
culated from linear fit as described in Sect. 2.4. Ob-
tained RI sensitivity for non-etched LPG reaches SRI =
—190 nm/RIU. When the etching process was over, the
measurements were performed again and sensitivity was
over 5 times higher (SRI = —971 nm/RIU) (Fig. 4).
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Fig. 4. Refractive index sensitivity, where (a) shows
results before cladding radius reduction and (b) after
etching-based post-processing procedure. Upper and
lower graphs show transmission spectrum and resonant
peak shift with change of RI, respectively.

4. Conclusions

In this work we successfully developed LPG sensor
model using software package Optigrating by Optiwave.
This model allows to quickly estimate location of DTP,
as well as required conditions to achieve DTP. Simula-
tion results show that cladding radius reduction enables
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achievement of maximum grating sensitivity. Thermally
stable LPGs are fabricated with electric-arc technique,
but physical limitations of this method does not allow
periods shorter than =~ 250 pym. Our experimental pro-
cedure shows that it is possible to apply post-fabrication
etching to tune arc induced LPG to its maximum sensi-
tivity point. LPG with period A = 283 pum was etched
in HF buffer for ~ 18 min which resulted in ~ 1.7 ym
reduction of fibre cladding radius. This post-fabrication
technique was successfully used to improve of RI sensi-
tivity of LPG by a factor of 5.
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