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Spectral Response of Long-Period Fiber
Grating Based on Tapered Fiber With
Side-Contacted Metal Grating

Kuei-Chu Hsu, Nan-Kuang Chen, Cheng-Ling Lee, Yu-Syun Chih, Pei-Jhen Jhuang, Yinchieh Lai, and
Chinlon Lin

Abstract—A new long-period fiber grating structure based on
a tapered fiber side contacted with a metal grating is proposed
and demonstrated in this paper. The temperature/index tuning
sensitivity can be enhanced, and the unusual spectral response of
decreasing phase-matching wavelength with respect to increasing
grating period and temperature is observed.

Index Terms—Fiber optics component, fiber optics sensors, grat-
ings, optical fibers.

I. INTRODUCTION

ONG-PERIOD FIBER GRATINGS (LPFGs) with artifi-
L cial waveguiding structures or material constituents may
possess larger wavelength tunability for sensing applications,
and may have more functionalities than conventional LPFGs
[1]-[10]. Conventional LPFGs are made by introducing periodic
index changes in the fiber core to couple the core mode with
cladding modes at discrete wavelengths [11]-[13]. In sensing
applications, the conventional LPFGs have limited wavelength
sensitivity of temperature and refractive index due to the tight
mode-field confinement. Numerous kinds of LPFGs have been
proposed to enhance the sensitivity, including the use of short-
grating period [9], ultrathin cladding layer [10], asymmetric
CO, laser ablation [3]-[5], and surface-corrugated fibers [6].
Among them, the fiber constituents with high thermo-optic co-
efficients and the strong overlap among the core mode, cladding
modes, and the external medium are the most crucial factors to
the tuning efficiency of the LPFG resonance wavelengths.
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Since the conventional LPFGs have limited sensing ability
due to the tight mode-field confinement, to enhance the sen-
sitivity of the LPFGs, the tapered fiber is a good candidate
to cause the field of the high-order modes more extend into
the external medium. The strong interaction of the optical
evanescent field with the environment can produce highly
wavelength-dependent index sensing sensitivity between the
fundamental mode and high-order modes, which, in turn,
affects the phase-matching wavelengths and mode-coupling
characteristics. The device is thus more sensitive to the index
variation of the external medium. The slimmed down fiber
with cylindrical symmetric surface-corrugated LPFGs had
been proposed [6]. However, the dispersion-related sensing
capability as well as the tuning response of the LPFGs based
on slimmed down fibers have not been well investigated yet.
In our previous work, high-efficiency, wideband-tunable,
asymmetric laser-ablated long-period fiber gratings that use an
optical polymer overlay was demonstrated [5]. However, in the
viewpoint of using artificial waveguide structure to generate
evanescent wave, which can enhance the sensitivity with the
environmental change, tapered fibers can be further considered
to be applied in our previous asymmetric LPFG structure. This
is the motivation of this paper.

In this paper, we experimentally demonstrate a new LPFG
structure based on a tapered fiber with a side-contacted metal
grating to form a flexible and highly sensitive sensor. The pro-
posed LPFG is composed of a fiber taper with a uniform waist
and a side-contacted metal grating that provides an enhanced,
but opposite dip wavelength tuning tendency with respect to the
grating period and temperature change when compared to con-
ventional LPFGs. The unusual temperature and refractive index
tuning characteristics of the proposed LPFGs attribute to the
unique material and waveguide dispersion characteristics of the
proposed novel structure.

II. EXPERIMENT AND ANALYSIS

A. Mode Analysis of Tapered Fibers

Fig. 1(a) depicts the studied tapered fiber structure. The di-
ameter D of the uniform waist is a few tens of micrometers and
the length is approximately 1 cm, and the transition zone has an
exponential shape ranging from 125 ym to D with the transition
length around 1.75 cm. The evanescent waves spread out of the
fiber and reach the external environment when the single-mode
optical fiber is tapered down to a few tens of micrometers in di-
ameter. The pure-silica cladding now plays as a new waveguide,
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Fig. 1. (a) Diagram of the tapered optical fiber with a uniform waist. (b) Step
profile of three-layer fiber. (c) Diagram of the LPEG composed of a tapered
optical fiber with a uniform waist and a side-contacted metal grating.

and the optical fields are confined by the external medium as the
cladding.

The analysis of mode propagation in tapered fibers takes ac-
count of the refractive index profile over the whole cross section
and the taper geometry. Consider the fiber taper as a three-layer
structure, which is composed of a core embedded in a finite
cladding surrounded by an external medium. Since the cross
section of a fiber taper is varying along the axis, there is no
exact analytic solution of Maxwell’s equations generally. There
are several approaches to perform the analysis for such cases,
but the concept of local modes is the most intuitive and sim-
plest [14]. The concept of local modes assumes that the fiber
taper is slowly varying, and the modes in a fiber taper at any
point along the fiber axis are equal to the modes of a straight
fiber with the same core diameter. Hence, the modes of such a
straight fiber are approximations to the solutions of Maxwell’s
equations within local regions. In our devices, since the grating
is side contacted with the waist of fiber taper, only the modes in
the section of the uniform taper waist need to be calculated. An-
other assumption that we have made is that the ratio of the diam-
eters of cladding and core remains constant during tapering, so
that the tapered fiber structure can be determined. The step pro-
file of the three-layer fiber is depicted in Fig. 1(b). The variables
ro and 71 are the radius of the core and cladding at the waist
of the tapered fiber, respectively. The core with constitutive pa-
rameters [1o and g¢ is embedded in the cladding with y; and €1,
which is surrounded by the external medium with p2 and 2. The
field distributions and propagation constants of the modes can
be obtained by solving the appropriate boundary-value problem
of the wave-guiding equations. The wave-guiding equation for
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longitudinal components of the fields (£, and H) in the cylin-
drical polar coordinates (r, ¢, z) with the z axis along the axis

of the fiber is given by
10 0 1 0? o| [ E
i P s = 1
[rar<T8r>+ 82+k}{Hz 0 W

where k2 = w?ep — k2. Inside the core, solutions for E, and
H . are Bessel functions, which are given by

E. = Ay (ky,
H. = BJ(ky,

7) cos(meg)e'r= 2)
r) sin(mg)e*=* 3)

with k2 + k2, = w?eouo. In the cladding region, solutions for
E, and H, are

E. =CJ,, (k. 7)cos(my)ek=*

+ DY, (ky,7) cos(mep)e*=* “4)
H, = FJ,, (k,,7)sin(mgp)e’*=*
+ GY,yp, (Ky,7) sin(mep)et=* 5)

with k2 +k2, = w?e1 1. In the surrounding, the field associated
with the guiding wave is evanescent in the radial direction. By
letting k.1 = 4.2, the solutions in the surrounding are

E. =IHWYW (i, r) cos(me)e’™ > (6)
H. = JHV (i, r) sin(mg)e' > )

with k2 + k‘22 = w?es 9. In the aforementioned solutions, J,,,
and Y,,, are the Bessel functions of the first and second kind, re-
spectively, and H, 7(13 ) is the Hankel function. There are eight co-
efficients, A, B,C, D, F, G, I, and J, to be solved by boundary
conditions at interfaces between different dielectric media. The
following four equations at r = r( are obtained:
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and the other four are obtained from boundary conditions at r =
T1 as
CJm (krlﬁ) + DY, (krlrl) - IHm(iaT2T1> =0
FJ,, (kryr1) + GYo (kpym1) — JHp (i, 1) = 0
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Equations (8)—(15) resulted from the continuity of E,, H,,
and F, H, give rise to the guidance conditions for the wave-
guide modes. Since the eight equations are a set of homogeneous
linear equations, the determinant of the coefficient matrix has to
be zero in order to have nonzero solutions. This condition is the
final characteristic equation for determining the dispersion rela-
tion of the modes.

B. Phase-Matching Wavelength Analysis for LPFG With
Side-Contacted Metal Grating Structure

An LPFG based on a tapered fiber with a side-contacted
metal grating is shown in Fig. 1(c). A uniform taper waist
around 20-pum diameter is achieved by tapering down a stan-
dard single-mode fiber (Corning SMF-28). The details of
fabrication process have been addressed in our previous works
[15]-[17]. The length of the uniform waist is around 1 cm, and
the length of the taper transition region is approximately 1.75
cm. A 1-D thin-aluminum-layer grating of total length about
1 cm is side contacted with the taper fiber waist. The metal
grating is put on a thermoelectric cooler (TE cooler) to control
the temperature of the LPFG. The 20-pm-diameter waveguide
can support many propagation modes as the V value is around
100. As the light source is launched in, the fundamental mode
propagated along SMF-28 is adiabatically converted to the
fundamental mode that propagates along the fiber taper. Mode
coupling occurs in the metal grating contact region when the
phase-matching condition is satisfied. The coupled high-order
modes will escape totally after the second taper region, and
thus, the attenuation dips in the transmission spectrum are
produced.

The effective index of the fiber mode M,,,; is denoted as
Neffi—mi- Here, m denotes the angular order and [ denotes
the [th root of the modal characteristic equation solved from
(8)—(15). In this way, n.g—11 is the effective index of the
fundamental mode. Fig. 2(a)—(c) displays the effective index
difference (ner—11 — Nefi—mi) as functions of the wavelength
for D = 10, 20, and 30 pum, respectively. The fiber is assumed
to be surrounded by air. The index difference between the air
and the pure silica is so high that the mode field diameters of the
cladding mode shrink to be well confined in the fiber for large
D. For the same pair of coupled modes, the (neff—11 — Teff—mi)
increases with decreasing taper diameter. This is because high
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fraction of the fields for the higher order modes leak more in
the air for smaller D. To analyze the mode coupling effects in
the studied LPFGs, the refractive index difference between the
fundamental mode and seven high-order modes are solved and
plotted in Fig. 2(a)—(d). The phase-matching condition can be
expressed in terms of the intermodal dispersion function ®(\)
defined by

27T (Nefr,1 — Defr,2) 2T

(M) = ==
(Am) " A

(16)

where neg 1 and neg o are effective indexes of the two coupled
modes, \,, is the phase-matching wavelength to be determined,
and A is the grating period. The phase-matching wavelengths
can be determined graphically as the intersections of the in-
termodal dispersion function with the grating spatial frequency
27 /A. However, since the proposed asymmetric LPFG struc-
ture, as shown in Fig. 4, should somehow affect the symmetric
mode shapes of the taper fibers, the actual intermodal dispersion
may be slightly different for practical devices.

As aforementioned, the crossed points of the (neg_11 —
Neff—mi)/A curve and the constant 1/A curve denote the
phase-matching wavelengths at a specific grating period.
Fig. 2(d) shows the (neg—0 — Neff—m ) for D = 20 pm and the
fiber is now assumed to be surrounded by the optical liquids
(Cargille index-matching liquids with the index np = 1.43).
The mode fields now highly spread out of the optical fiber
waist when propagate in the taper surrounded by the optical
liquids due to the small index difference. This causes smaller
(Neff—11 — Meoff—mi) compared to that shown in Fig. 2(b). For the
grating period around 200-500 pm, the (nef—11 — Neff—mi)/A
is from 2.0 x 1073 t0 5.0 x 102 at A\ = 1.55 um. As can be
seen in Fig. 2(b), the waist diameter of D = 20 pm is suitable
for lower order mode coupling at the given metal grating
period (200-500 pm) in this paper. For illustration purposes,
to compare the influence of taper waist diameter on intermodal
coupling, Fig. 3(a) plots the intermodal dispersion of coupled
modes between M7, and M4 for different taper diameters. The
value of (nefr—11 — Neff—14)/A increases with decreasing waist
diameter, and the slope of intermodal dispersion of coupled
modes becomes steeper for smaller waist diameters. Figs. 2
and 3 show that the resonance wavelength should be highly
sensitive to the grating period change at a larger waist diameter
for lower order mode coupling.

Again, for illustration purposes, Fig. 3(b) plots the M11—Mj1
intermodal dispersion for the untapered SMF-28 fiber sur-
rounded by the air as well as for the tapered fibers with different
surrounding media. It has been known that there are two
types of LPFGs: one is the positive linear-dispersion grating
(dAm/dA > 0), and the other is the negative linear-disper-
sion grating (dA,,/dA < 0). The conventional LPFGs with
periodic index changes along the fiber core of the standard
single-mode fiber are positive linear-dispersion gratings, while
the proposed LPFGs shown in Fig. 2(a)-(d) are negative
linear-dispersion gratings. The SMF-28 has steeper slope of
(Neff—11 — Meffi—mi)/A than the tapered fiber does, as shown
in Fig. 3(b), indicating that the phase-matching wavelengths
of conventional LPFGs is less sensitive than that of proposed
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Fig. 2. (a)-(c) Simulation results of index difference for taper waist diameters
equal to 10, 20, and 30 pm and surrounded by air. (d) Simulation results of
index difference for taper waist diameter = 20 gm and surrounded by Cargille
liquid. D is waist diameter and A is grating period.

LPFGs. For the proposed LPFGs, fiber tapers with different sur-
rounding media have different values of (1er—11 — Teff—mi)/A

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 28, NO. 7, APRIL 1, 2010

(a)

3.5x107 +
3.0x10% +
i 10um
5 2.5x10 T ——D=10um
o 20x10” + ——D=20um
fam) _
S 1Lsx10° + —D=30um
4 I
1.0x107 + -
5.0x10° + 30 um
0.0 } t t
1250 1350 1450 1550 1650
Wavelength (nm)
2.6x10” 1
-3
24x10° 1 gu.28 (ai)
-3 i
22x10° 1 gMF-28 (air)
2.0x10° 1 Tapered fiber (air)
< L8x10° Tapered fiber (water)
g X Tapered fiber (optical liquid)
< e
5 1.6x10
1.4x10° Tapered fiber (optical liquid)
3 Tapered fiber (water)
1.2x10" 1 tapered fiber (air =
10x10° F——

1250 1300 1350 1400 1450 1500 1550 1600 1650
Wavelength (nm)

Fig. 3. (a) Simulation results of intermodal dispersion of coupled modes M
and M4 of different taper diameter. (b) Intermodal dispersion of coupled modes
M, and My, of the SMF-28 surrounded by air and the fiber taper with different
surrounding media with D = 20 pm.

15 4

18 4

Transmission loss(dB)

291 4
1250

1350 1450 1550

Wavelength (nm)

1650

Fig. 4. Experimental result of transmission spectra of the LPFGs in the air with
different periods with D = 20 pm.

and slightly different slope of intermodal dispersion. At the
same waist diameter and grating period, increasing the refrac-
tive index of surrounding media will increase the resonance
wavelength, as can be seen in Fig. 3(b). The negative slope
of the (Neff—11 — Neff—mi) With respect to wavelength due
to the tapered-fiber-induced dispersion engineering will lead
to interesting phenomena of the unusual wavelength tuning
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tendency with respect to the grating period and temperature.
These will be verified experimentally in the following section.

C. Measurement Results and Sensing Capability

Fig. 4 plots the experimental spectral responses of the pro-
posed LPFGs under different grating periods at D = 20 pm
in the air at room temperature. As the grating period increases,
the phase-matching wavelength decreases. Therefore, the pro-
posed LPFG structure possesses opposite dip wavelength tuning
tendency with respect to the period change when compared to
conventional LPFGs. This experimental observation agrees with
the theoretical analysis revealed in the previous section. How-
ever, the predicted phase-matching wavelengths (the cross point
of Aneg /A with 1/A) shown in Fig. 2(b) may be different from
the actual transmission dip wavelengths of the experimental data
shown in Fig. 4. This is because the proposed side-contacted
grating structure is different from the simulated symmetric ta-
pered fiber structure, and thus, the mode profiles and effective
indexes of modes may be slightly different from the solutions
of (8)—(15). However, the predicted tuning tendency should not
be affected by these uncertainties, as have been verified by the
experimental data.

Fig. 5 shows the experimental transmission spectra of the
LPFGs surrounded by the air with different separations from
the metal grating to the tapered fiber waist with D = 20 pym
and grating period = 346 pm at room temperature. The marked
lines labeled from Ay, 1 to Ay, 5, respectively, indicate the five
cases of different distance change from the metal grating to the
taper waist. The distance change is around 0.2 mm at each step,
as shown in Fig. 5 (inset). When the waist of the tapered fiber
moves closely to the metal grating, the phase-matching wave-
length will shift to long wavelengths and the dip depth changes
as well. The wavelength shift and dip depth change may be due
to the change of the effective indexes difference between the two
coupling modes, indicating that the effective indexes of the asso-
ciated modes are modified because larger portion of the evanes-
cent waves now interact with the metal grating when the tapered
fiber moves more closely to the metal grating.

The experimental transmission spectra of the LPFG device at
room temperature in the air with the metal grating pitch of 426
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Fig. 6. Experimental transmission spectra of the LPFG device at room temper-
ature in the air, water, and alcohol with the metal grating pitch of 426 pm.

pmis shown in Fig. 6. When the water and alcohol are applied to
cover the uniform waist section of the LPFGs, the two adjacent
transmission dips gradually grow up and shift to longer wave-
lengths, as also shown in Fig. 6. Note that with the refractive
index of the environmental material increases from water (n =
1.33) to alcohol (n = 1.36), the transmission dips apparently
shift to longer wavelengths. These experimental results again
are in good agreement with the theoretical analysis revealed in
the previous section. Compare to the LPFG devices with the
same surrounding medium reported in [4], our proposed LPFGs
not only have more superior index sensing characteristics, but
also have opposite wavelength shift tendency with respect to
the increasing refractive index of the surrounding medium. The
modes will spread more out of the taper region when the LPFGs
are surrounded by the optical liquids instead of the air. There-
fore, the overlap among the fundamental mode, higher order
modes, and the grating is improved when the LPFGs are sur-
rounded by the optical liquids. In this way, the transmission dip
depth is increased due to stronger coupling. The environmental
sensitivity of the phase-matching wavelengths is also enhanced
in these cases.

To investigate the spectral responses of the LPFG at different
heating temperatures, a metal grating with period of 217 pum
is employed with the tapered fiber diameter D = 20 pm. The
applied temperature 7 ranges from 25 °C to 75 °C, and the spec-
tral responses are shown in Fig. 7. The phase-matching wave-
length moves to the short wavelength side and the peak attenu-
ation gradually increased with increasing 7. The grating pitch
increases with increasing 7 for conventional LPFGs, and the
phase-matching wavelength is changed to longer wavelengths
at higher environmental temperature. In this conventional LPFG
case, the tuning efficiency substantially depends on the thermal
expansion coefficient of the fiber material. However, our pro-
posed LPFGs have decreasing resonance wavelength with re-
spect to the increasing temperature, and the average tempera-
ture tuning efficiency 7 is estimated to be about —0.24 nm/°C,
which is greatly improved when compared to that of conven-
tional LPFGs (+0.06 nm/°C [13]). The opposite temperature
tuning tendency of the attenuation dip wavelength of the pro-
posed LPFGs is due to the dispersion-engineered waveguiding
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index-matching liquids with the index 1, = 1.43 at room temperature.

structure that produces highly temperature-dependent disper-
sion characteristics between the coupling modes.

Besides observing the temperature tuning efficiency of
the proposed LPFGs in the air, an optical liquid (Cargille
index-matching liquids with the index np = 1.43 and the
thermo-optic coefficient dnp/dT = —3.74 x 107%/°C) has
also been applied to cover the uniform tapered section and the
metal grating to observe the temperature tuning efficiency with
the given surrounding media. Fig. 8 shows the wavelength shift
of the LPFG surrounded by the optical liquids with varying 7.
From 25 °C to 70 °C, the phase-matching wavelength moves
toward shorter wavelengths with increasing 7. The optical
liquid has a larger thermo-optic coefficient than the air and
aluminum. The decreasing external refractive index makes
Neff—mi decrease and (Nefr—11 — Neff—mi) increase at the
same time. Thus, when compared with Fig. 6, a even larger
wavelength shift shown in Fig. 8 is produced as a result of the
higher thermo-optic coefficient of the optical liquids.

According to Figs. 5-7, the proposed LPFG is apparently
sensitive to the applied tension, environmental index, and tem-
perature variation. Therefore, for sensing applications, environ-
mental fluctuations including tension, temperature, and index
change, all can cause the resonance wavelength shift. It will be
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TABLE I
COMPARISON OF INTERMODAL DISPERSION OF COUPLED MODES M71; AND
My, OF THE SMF-28 SURROUNDED BY AIR AND THE FIBER TAPER WITH
SIDE-CONTACTED METAL GRATING UNDER DIFFERENT SURROUNDING MEDIA.
A(l/A) = AgAXm

Fiber taper
SMF-28 Fiber taper Fiber taper (Optical
(Air) (AIR) (Water) liquids, np=
1.42)
Aﬂ =-0.0032 Aﬂ =0.0006 AI] =0.000548 Au =0.000463
TABLE II

COMPARISON OF SENSITIVITY WITH GRATING PERIOD
FOR VARIOUS KINDS OF LPFGS

CO, laser
Conventional exposed Proposed
LPFGs asymmetric LPFGs
LPFGs
Sensitivity ~40 ~201 ~ 640
(nm/R.I.U)

difficult to selectively distinguish the individual effect without
additional measurement. To prevent the selectivity problem, the
proposed fiber optic sensor should either be designed to work
under the change of only one environmental variable or some
compensation schemes have to be used for taking into account
the changes of other environmental variables.

To summarize the sensing characteristics, the comparison be-
tween conventional LPFGs and the proposed LPFG are pre-
sented in Tables I and II. Table I lists the comparison of the
intermodal dispersion coefficients for the coupled modes M,
and M of the untapered SMF-28 fiber surrounded by air and
the fiber taper with side-contacted metal grating under different
surrounding media. Equation (17) describes the change of the
phase-matching wavelength with respect to the grating period of
LPFGs, where Ay is the proportional coefficient listed in Table I.
A smaller Ay indicates larger sensitivity with respect to the pe-
riod change

A% = ApAN,,.
The conventional LPFGs are positive linear-dispersion grat-
ings, while the proposed LPFGs immersed in different media
are negative linear-dispersion gratings. The higher index of sur-
rounding material makes the coefficient Ay smaller, meaning
the more sensitive wavelength tuning capability with respect
to the grating period. Table II lists the refractive index sensi-
tivity comparison [in units of nanometers/refractive index unit
(R.ILU.)] of various kinds of LPFGs. Again, the sensitivity of
the proposed LPFGs can be much greater than that of the con-
ventional LPFGs.

a7

III. CONCLUSION

In conclusion, a new LPFG structure based on a tapered
fiber structure with a side-contacted metal grating to form a
flexible and high-sensitivity sensing device has been demon-
strated. In combination with the fiber tapering techniques,
the evanescent fields of the fiber modes can directly interact
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with the environment, which, in turn, directly affects the
mode-coupling characteristics. In particular, the unusual spec-
tral response of decreasing phase-matching wavelength with
respect to the increasing grating period and temperature has
been experimentally observed and theoretically analyzed. The
temperature/index tuning sensitivity can be enhanced by suit-
ably engineering the waveguide dispersion through tapering
and employing suitable external materials.
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