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Abstract Based on the coupled-mode theory, the mode transition and transmittance of LP
modes in an LPFG with double-layer coatings are studied theoretically. As a refractive index
sensor, this LPFG structure is designed for high sensitivity by selecting a suitable thickness
and refractive index of the double-layer coatings. Date simulation indicates that the effective
index of the LP cladding mode increases in steps with the first coating thickness, thus LP
mode is guided to the overlay and the mode transition takes place, where the LP modes can
be easily affected by the ambient. Thereby, the coated LPFG sensor should be designed to
operate at the transition region. In addition, the effective refractive index of LP cladding
modes also increases in steps with the refractive index of the second overlay. For the higher
order LP modes, the transition regions are broaden and the dynamic responses are greater than
the lower LP modes, which means the higher order LP modes can be used for lower index
overlay sensing. Further, the transmittance spectrum, sensitivity and measurable dynamic
range of this LPFG are analyzed. The sensitivity of the LPFG sensor is available to 10°
with suitable overlay thickness and measurable dynamic range of the sensitive film refractive
index is available to 1072. So the presented LPFG sensor enhances the design flexibility and
enlarges the scope of application, which will likely be developed for high sensitivity LPFG
Sensors.
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1 Introduction

The coupling of the long-period fiber gratings (LPFGs) happens between the forward-
propagating core mode and the cladding modes. The effective index of the cladding modes
of LPFGs is very sensitive to change of ambient refractive index (RI), so LPFGs have been
wildly applied in fields of chemical and biological sensors (Saurabh et al. 2012; Pilla et al.
2009; Corres et al. 2008). The behavior of an LPFG with Langmuir-Blodgett thin-film over-
lays was firstly investigated (Rees et al. 2002). It was found that the response of the LPFG
with high refractive index overlays was sensitive to refractive indices higher than that of the
cladding. Then a ethanol vapors sensor was prepared based on an LPFG coated a higher
refractive index SnO; film (Gu et al. 2006). In addition, the cladding mode transition and
transmission spectrum of a coated LPFG were studied based on the coupled-mode theory
(Del Villar et al. 2005). It is implied that a suitable overlay thickness can make some of the
cladding modes transit into the overlay, and interact with the measurand, which might be a
better approach to design high sensitivity sensor.

For a chemical LPFG sensor, a special sensitive film is essential, whose optical parameters
could vary with the surrounding gas, moisture, pH and so forth. The film refractive index
may be higher or lower than that of the cladding. To resolve the response restriction of LPFG
sensor with single-layer coating mentioned above, a novel LPFG with double-layer coatings
is presented. It can be also acted as a refractive index sensor, and be tailored with structure
design to satisfy the requirements of practical applications.

In this paper, the presented LPFG sensor is studied based on the coupled-mode theory
(Anemogiannis et al. 2003). The transition of LP cladding modes is presented and the trans-
mittance of this kind of LPFG is discussed. Data simulation shows that the resonant wave-
length shifts with the minor variation of the sensitive film refractive index as the LPFG is
located at the mode transition region. Further, the sensitivity and measurable dynamic range
is observed. By selecting suitable optical parameters of double-layer coatings, high sensi-
tivity and large measurable dynamic range of this LPFG sensor can be obtained. Compared
with conventional LPFG sensor, the presented LPFG with double-layer coatings enhances
the design flexibility, and will have more expansive applications.

2 Analysis of LP mode field in coated LPFG
2.1 Coupled-mode theory for LP modes

Figure 1a shows the structural diagram of an LPFG with double-layer coatings. The out-
most layer is a chemical sensing film. In Fig. 1b, the refractive index profile of this LPFG is
given. The refractive indices of the core, cladding, and double-layer coatings are ny, ns, n3
and ng4, respectively; ap, az, a3 and a4 are the radii of the core, cladding and double-
layer coatings. The refractive index modulation o of the core is the order of magnitude
1074,

LPy; modes are calculated based on the coupled-mode theory and transfer-matrix for-
mulation (Anemogiannis et al. 2003). The transverse electric-field component propagating
along the z-axis is given by

Uoji (r, ¢, 2) = exp (= jBojz) [Aoj.ido (rvojii) + BojiYo (rvoja)]. BY > nikZ,

2k2

(1)
Uoji (r. @, 2) = exp (—jBojz) [Aojilo (ryej.i) + BojiKo (rvoj.i)] ﬂ(?j <niky,
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Fig. 1 An LPFG coated with double-layer coatings a structural diagram; b refractive index profile

where i = 1, 2, 3 and 4 stands for the core, cladding and double-layer coatings, respectively;
A; and B; are arbitrary field expansion coefficients in ith layer; Jo(rp;,;) and Yo (r Y0/, i) are
the Bessel functions of the first and second kind of order 0, while /o (ry0;,;) and Ko (ry0;,i)
are the modified Bessel functions of order 0. By; is the propagation constant of the LP ¢;

mode, ypj,; = /kéni2 - ,33 ; is the magnitude of the transverse wave vector. According to

the boundary conditions of electromagnetic fields and the method of transmission matrix, we
can set up a transfer matrix equation. For the transfer matrix equation having a solution, the
dispersion equation can be given as

myy ™ (Boj) =0 ®)

After resolving Eq. (2), the effective indexes neg (or Bo; = negko) of the LPg; modes can be
calculated.

Supposing that the input field amplitude Ag;(0) = 1, based on the coupled-mode theory,
we can obtain the transmittance 77 prg of the gratings with length L (Del Villar et al. 2005)

Trprc (L) = 10 x logjg[Re (Ao (L))* + Im (g1 (1))*] 3

where A1 (L) is the field amplitude at the end of the LPFG.

The obtained results present appreciable variations that are related to the values calculated
with coupled-mode equations. However, if the modified first-order Bragg condition is applied,
errors are lower than 0.1 % (Anemogiannis et al. 2003)

2
Po1 + soor,01 (1) — [Boj + s050j.0; (W] = Tn @

where Bo1 and By; are the propagation constants of the core and the jth cladding mode,
respectively; o1,01 and £o;,0; are the self-coupling coefficients of the core and the cladding
modes; sp is the coefficient of the first Fourier component of the grating function.

The sensitivity S of the refractive index sensor is defined as

0TLPFG

on ©)

s=|

where n is the refractive index of the sensitive film of the outmost layer.

2.2 Mode transition regions of coated LPFG

Figure 2 shows the effective refractive index of LP cladding modes versus the refractive
index of the coating for an LPFG with a 1.2 pm single-layer coating. It is found that the
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Fig. 2 The effective refractive index of LP cladding modes versus the refractive index of the coating for a
single-layer coated LPFG

effective refractive index nzl of LP cladding modes is almost unchanged while the coating
refractive index is lower than that of the cladding. While the coating refractive index increases
to the vicinity of 1.4447 (cladding index), the cladding effective refractive index shows
obvious changes. The cladding effective refractive index of lower order mode will be larger
than 1.4447. According to the theory of optical transfer, the mode effective refractive index in
the cladding can not be larger than the cladding index (1.4447). So this mode no longer belongs
to cladding mode, and propagates in the coating. On the other hand, the effective refractive
index of the higher order cladding mode will be equal to that of proximate lower cladding
mode, namely the previous higher mode is converted to present lower mode. Therefore, with
the increment of the coating refractive index, the lower order modes are transferred to the
coating, and the higher order modes replace the lower oreder modes order by order and
continue to propagate in the cladding. This phenomenon is called mode transition.

3 Design structure of coated LPFG sensor

As mode transition take places, the mode in cladding will be transferred to the coating and
this mode will be so easily affected by the surrounding measurand. So we can design the
structure by selecting suitable coating optical parameters, make the coated LPFG locate in
mode transition, and obtain a high sensitivity LPFG sensor.

From Fig. 2, the mode transition would not take place as the refractive index is lower than
that of the cladding for an LPFG with single-layer coating. So we can’t helping to know if
the refractive index of a sensitive film is lower, how to come true high sensitivity sensing
based on mode transition. In fact we can coat double-layer coatings on the cladding of an
LPFG to resolve this solution.

3.1 First coating with higher refractive index
While the sensitive film index is lower than the cladding index, a coating with higher refractive

index should be firstly coated on the cladding. Figure 3 shows the effective refractive index
of LP cladding modes versus the first overlay thickness, where the first overlay index is
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Fig.3 The effective refractive index of LP cladding modes versus the first overlay thickness for a double-layer
coated LPFG
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Fig. 4 The transmittance change of an double-layer coated LPFG with the outmost sensitive film index

1.52, and the second overlay (outmost sensitive overlay) thickness and index are 0.5 pm,
1.32 respectively. As the thickness of the first overlay increases to 0.5 wm, the LPgp> mode
is guided to the overlay, the effective refractive index is higher than 1.4447 as shown in Fig.
3. In addition, the cladding LPy3 mode will become LP,, and LPy4 will become LP3, and
so forth. The phenomenon repeatedly emerges as the thickness increases to 2.0 pm, more
modes are guided to the overlay and new re-organizations of the cladding modes take place.
The modes transit into the overlay, and they are more easily affected by the ambient. Thus a
high sensitivity LPFG sensor can be designed by optimizing the overlay thickness.

The thickness of the first coating located at the mode transition region can be observed
in Fig. 3. Figure 4 shows the transmittance change of LPFG with the sensitive film index, in
which the first coating thickness is selected to be 0.5 wm according to Fig. 3. It is clear that
the resonant wavelength shift obviously as a sensitive film index changes.
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Fig. 5 The effective refractive index of LP cladding modes versus the refractive index of the second overlay
for a double-layer coated LPFG

Figure 5 shows the effective refractive index of LP cladding modes versus the refractive
index of the second overlay, where the first overlay thickness is 0.5 pm. It can be seen
that due to introduction of the first overlay with higher refractive index LPp2> mode in the
cladding can be transferred to the overlay while the outmost sensitive overlay index decreases
to 1.32. Further, the change of the effective refractive index of LPy 1o happens only while
the outmost sensitive overlay index is about 1.11. This means that for the higher order LP
modes the transition regions are broadened and the dynamic responses are greater than the
lower LP modes. So the higher order LP modes can be used for lower index overlay sensing.

3.2 First coating with lower refractive index

For a higher index sensitive film, an LPFG can be also applied for a refractive index sensor
by coating the first overlay with lower index than that of the cladding. Figure 6 shows the
effective refractive index of LP cladding modes versus the index of the second overlay for
two different thicknesses 50 and 600 nm of the first overlay, where the first overlay index
is 1.42, and the second overlay thickness is 500 nm. It is found that with the increase of
the first overlay thickness, the mode transition happens from lower refractive index region to
higher refractive index region, and the index interval of the mode transition is broaden, which
means this LPFG can operate at high sensitivity in a widely index range (showed between
two dashed lines) of the outmost sensitive overlay. In other words, the measurable dynamic
range of this LPFG can be enlarged by controlling the overlay thickness.

For the sake of clarity, Fig. 7 shows the dependence of transmittance on wavelength for the
refractive index of outmost sensitive film with 1 pwm thickness as the first overlay thickness
and index are 250 nm and 1.32, respectively. Figure 8 shows the maximum sensitivity and
measurable dynamic range for the sensitive film refractive index. For two observed wave-
length 1627.5 and 1599.5 nm, the sensitivity are 3.2 x 103 and 9.3 x 102, while the measurable
dynamic range of overlay index are 4.7 x 1073 and 1.0 x 1073 (corresponding sensitivity is
not lower than 20 % of maximum sensitivity).

Further, we can analysis the transmission characteristics for the refractive index of outmost
sensitive film under two different thicknesses 50 and 600 nm of the first overlay, and obtained
the maximum sensitivity and measurable dynamic range. It can be concluded that with the
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Fig. 6 The effective refractive index of LP cladding modes versus the index of the second overlay for two
different thicknesses 50 and 600 nm of the first overlay
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Fig. 7 The dependence of transmittance on wavelength for the refractive index of the outmost sensitive film
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Fig. 8 The maximum sensitivity and measurable dynamic range for the sensitive film refractive index
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increase of the first overlay thickness, the maximum sensitivity and measurable dynamic
range for the sensitive film refractive index of this LPFG show obvious changes due to the
change of mode transition interval. The maximum sensitivity increases from 1.4 x 10% to
4.6 x 103, and the measurable dynamic range for the sensitive film refractive index decreases
from 1072 t0 2.0 x 107*.

4 Conclusion

An LPFG with double-layer coatings is presented and its sensing property and structure
design are studied based on the coupled-mode theory. As the first coating thickness or the
second coating refractive index increases, the mode transition happens periodically. The
resonant wavelength is very sensitive to the change of the refractive index of the second
coating while this LPFG is located at the mode transition region. For the higher order LP
modes, the transition regions are broaden and the dynamic responses are greater than the lower
LP modes, so the higher order LP modes can be used for lower index overlay sensing. By
selecting a suitable thickness of the first coating, the sensitivity of LPFG sensor is available to
103, and the measurable dynamic range of the sensitive coating refractive index is available
to 10~2. This novel LPEG sensor with double-layer coatings overcomes the limitation of
traditional coated LPFG in which the refractive index of sensitive coating must be higher
than that of the cladding, and enlarges its scope of application, which allows it to be used far
more widely.
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