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1. Introduction

We live in an era of technological revolutions that continue to impact our lives and constantly
redefine the breath of our social interactions. The past century has witnessed many techno‐
logical breakthroughs, one of which is fibre optics. Due to the advantages of non-electromag‐
netic, light weight, flexibility, low-loss and high temperature tolerance, optical fibre gratings
have been become one of the most important components in optical communications and
optical sensing [1-7].

Fibre gratings are broadly classified into fibre Bragg gratings (FBGs) and long-period gratings
(LPGs). The period of an FBG is approximately half a micrometer whereas the period of an
LPG is typically several hundred micrometers. From the conventional coupled-mode theory,
in an FBG the guided mode will be coupled to the corresponding backward mode [2, 3].
Contrary to the contradirectional coupling in FBGs, LPGs induce codirectional coupling in an
optical fibre where the guided mode will be coupled to the cladding modes when the difference
of their propagation constants is equal to the corresponding spatial frequency. FBGs have been
demonstrated to measure a wide range of physical parameters including temperature, strain,
pressure, loading, bending and vibration [6, 7]. LPGs, as core to cladding modes forward-
coupling devices, have been used as band-rejection filters, Erbium-doped fibre amplifier
(EDFA) gain flatteners and as optical sensors to monitor strain, temperature, bending and
surrounding-medium refractive index (SRI). Radiation-mode out coupling from tilted fibre
gratings (TFGs) has also been demonstrated for applications in wavelength-division-multi‐
plexing (WDM) channel monitoring, gain flattening of EDFAs, polarisation discrimination,
and optical sensor interrogation [8].

In recent years, with the advancement in UV-inscription technology and the drive from the
various new fibres, a variety of in-fibre gratings have been investigated and developed,
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generating many smart device functionalities for applications in chemical detection, biosens‐
ing, bioengineering, environmental monitoring, medical science and health care.

This chapter is constructed as follows. In section 2, we give an overview of the optical fibre
grating theories, including the mode coupling mechanism and phase matching condition. In
Section 3, we present the fibre grating fabrication techniques. In section 4, we demonstrate
several grating based optical fibre sensors for chemical and biosensing. Finally, a conclusion
ends this chapter.

2. Theory of the optical fibre gratings

2.1. Coupled-mode theory

The coupled-mode theory is a basic theory for obtaining quantitative information about the
diffraction efficiency and spectral dependence of optical fibre gratings. The derivation of the
coupled-mode theory will not be provided, as it was detailed by Yariv and Kogelnik [1, 9].
Here the coupled-mode theory is briefly discussed following the work by Erdogan [3, 10].

The transverse component of the electric field in the ideal-mode approximation to coupled-
mode theory can be written as a superposition of the ideal modes where the modes are in an
ideal waveguide with no grating perturbation

( , , ) ( )exp( ) ( )exp( ) ( , )t j j j j jt
j

E x y z A z i z B z i z e x yb bé ù= + - ×ë ûå
v v

(1)

where the coefficients Aj(z) and Bj(z) are the slowly varying amplitudes of the jth mode
traveling in the +z and -z directions, respectively. e⇀ jt(x, y)is the transverse mode field, which
might describe a bound-core, cladding or radiation mode. The propagation constant β is simply

2
effnpb

l
= (2)

Where neff is effective index of jth mode. The presence of a dielectric perturbation will cause
the coupling between the modes. The amplitudes Aj(z) and Bj(z) of the jth mode then evolve
along the z direction according to
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The transverse coupling coefficient between j and k modes in the above equations is

*( ) ( , , ) ( , ) ( , )
4

t t t
kj k jK z x y z e x y e x y dxdyw e

¥

é ù= D ×ë ûòò
v v

(5)

The longitudinal coefficient Kkj
z(z) is analogous to Kkj

t (z), but for fibre modes Kkj
z(z) is usually

neglected since Kkj
z(z) < < Kkj

t (z). In (5), Δε(x, y, z) is the permittivity perturbation, for δneff <
<neff, which is approximately

( , , ) 2 ( , , )eff effx y z n n x y ze dD = (6)

In an ideal waveguide situation where no perturbation exists (Δε=0), the coupling coefficient
Kkj

t (z)=0, then the transverse modes are orthogonal and do not exchange energy.

Exposing photosensitive fibre to a spatially varying pattern of UV-light produces the refractive
index change δneff(z)

2( ) ( ) 1 cos ( )effeffn z n z z zpd d u j
é ùæ ö

= + +ê úç ÷Lè øë û
(7)

where υ is the fringe visibility of the index change, Λ is the grating period, Φ(z) describes the
grating chirp, and δn̄eff (z) is the “dc” index change spatially averaged over a grating period,
or the slowly varying envelope of the grating.

In most fibre gratings the UV-induced index change δneff(x, y, z) is approximately uniform
across the core and nonexistent outside the core. Thus the core index change can be described
by an expression similar to (7) with δn̄eff (z) replaced by δn̄co(z).

Thus, with (6) and (7), the general coupling coefficient (5) may now be written

2( ) ( ) 2 ( )cos ( )t
kj kj kjK z z z z zps k jé ù

= + +ê úLë û
(8)

where δ is defined as a “dc” coupling coefficient and κ is an “ac” coupling coefficient
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( ) ( )
2kj kjz zuk s= (10)

2.1.1. Backward mode coupling

For  the  backward  mode  coupling,  the  dominant  interaction  is  near  the  wavelength  for
which reflection occurs from a mode of amplitude A(z) to an identical counter-propagat‐
ing mode of amplitude B(z).  Under such conditions (3) and (4) can be simplified to the
following equations [3]

ˆ ( ) ( )dR i R z i S z
dz

s k= + (11)

*ˆ ( ) ( )dS i S z i R z
dz

s k= - - (12)

where the amplitudes R and S  are
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è ø

(14)

In equations (11) and (12), κ is the “ac” coupling coefficient and σ̂ is the general “dc” self-
coupling coefficient defined as

1 ( )ˆ
2

d z
dz
js d s= + - (15)

with δ being the detuning, which is independent of z and is defined to be

1 12d eff
d

npd b b b p
l l
é ù

= - = - = -ê ú
L ê úë û

(16)

here λd =2neff Λ is the “design wavelength” for Bragg scattering by an infinitesimally weak
grating ( δneff →0).
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For a single-mode Bragg grating, there are the following simplified relations

2
effnps d

l
= (17)

*
effnpk k ud

l
= = (18)

If the grating is uniform along z direction, then δn̄eff  is constant and dφ(z) / dz =0 which means
no grating chirp. Thus κ, σ, and σ̂ are constants. This simplifies (11) and (12) into coupled first-
order ordinary differential equations with constant coefficients. The closed-form solutions may
be found when appropriate boundary conditions are specified.

2.1.2. Forward mode coupling

For the forward mode coupling, close to the wavelength for which a forward- propagating
mode of amplitude A1(z) is strongly coupled into a co-propagating mode with amplitude
A2(z), (3) and (4) may be modified by retaining the terms that involve the amplitudes of these
two modes and making the usual synchronous approximation

ˆ ( ) ( )dR i R z i S z
dz

s k= + (19)

*ˆ ( ) ( )dS i S z i R z
dz

s k= - + (20)

where the new amplitudes R and S  are
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(22)

In above equations, σ11 and σ22 are “dc” coupling coefficients defined in (9), κ =κ21 =κ12
*  is the

“ac” cross-coupling coefficient from (10) and σ̂ is a general “dc” self-coupling coefficient now
defined as
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When the detuning δ is assumed to be constant along the z axis, it becomes

1 2
1 1 1( )
2 eff

d
npd b b p
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é ù

= - - = D -ê ú
L ê úë û

(24)

where again λd =Δneff Λ is the “design wavelength” for a grating approaching zero index
modulation. In the case of Bragg gratings, δ =0, or λ =λd =Δneff Λ, corresponds to the grating
condition.

For a uniform forward-coupled grating, σ̂ and κ are constants. In contrast to the single-mode
Bragg grating, here the coupling coefficient κ generally may not be written simply as in (18)
and must be evaluated numerically. As the case of the FBG, the forward-coupled grating
equations (19) and (20) are coupled first-order ordinary differential equations with constant
coefficients. Thus when the appropriate boundary conditions are given, the closed form
solutions can be found.

2.2. Phase-matching condition

If the perturbation exists in the fibre, the bound-wave can be coupled to the counter-propa‐
gating or co-propagating modes. Based on the direction of the mode coupling, fibre gratings
may be classified in two types. One type is a backward-coupled grating which couples light
to opposite directions. FBGs of normal and small-tilt uniform and chirped structures belong
to this type. The other category is a forward-coupled grating, represented by LPGs and FBGs
with largely tilted structures, where coupling occurs between the same directional modes.

For the coupled modes, the phase mismatch factor Δβ is referred as a detuning

2 cosi d
g

Npb b b qD = ± -
L (25)

where βI and βd are the propagation constants for the incident and diffracted modes, respec‐
tively, Λg is the period of the grating, θ is the grating tilt angle and N represents an integer
number. It is noteworthy that the “ ± ” sign describes the case wherein the mode propagates
in the ∓ z direction.

When the phase-matching condition satisfied ∆β=0, (25) becomes
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2 cosi d
g

pb b q± =
L (26)

If both βI and βd have identical signs, then the phase will be matched for counter- propagating
modes; if they have opposite signs, then the interaction is between co-propagating modes. In
most cases, first-order diffraction is dominant, hence N is assumed to be unity [1].

The resonant wavelength should be satisfied

( )
cos

geff eff
i dn nl

q

L
= ± (27)

2.2.1. Fibre Bragg gratings

In the case of backward-coupling (Fig. 1), represented by normal FBG (θ=0o), the Bragg
wavelength of the core mode is given by

2B effnl = L (28)

where neff  is the effective index of the core.

Figure 1. Schematic of a contradirectional mode coupling for FBG.

2.2.2. Long-period gratings

In the case of forward-coupling, represented by LPG (Fig. 2), the resonant wavelength for
coupling between the core and cladding modes satisfy

,( )eff eff
res co cl mn nl = - ×L (29)

where nco
eff  and ncl ,m

eff  are the effective indices of the core and the mth cladding mode, respec‐
tively.

The differences between core and cladding mode effective indices are much smaller than unity,
hence the grating period for a forward-coupled grating at a given wavelength is much larger
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than that of a backward-coupled grating. Typically, LPG periods are hundreds of microns,
whereas the period of FBG is less than a micron [11, 12].

Figure 2. Schematic of a codirectional mode coupling for an LPG.

2.2.3. Tilted fibre gratings

In the case of tilted gratings, as shown in Fig. 3, the mode coupling becomes more complex.
The resonant wavelengths are [8, 13]

,( )
cos

geff eff
co cl co cl mn nl

q-

L
= ± × (30)

where nco
eff  and ncl ,m

eff , respectively, are the effective indices of core and the mth cladding mode.

The grating period along the fibre axis is simply

cos
g

q

L
L = (31)

Figure 3. Schematic diagram of tilted grating in fibre core.

In equation (30), the sign of “+” and “-” describe the case wherein the mode propagates in -z
or +z direction, relating to the grating tilt angle θ and then the backward- and forward- coupled
TFG, respectively.

Mode coupling in a TFG can be understood by analysis of the phase-matching conditions as
shown in Fig. 4(a). The strongest coupling takes place at the phase-matching condition

R co GK K K= +
v v v

(32)
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where K
⇀

R, K
⇀

co and K
⇀

G are wave vectors of the radiated light, core mode and grating itself,
respectively. Because the refractive indices of the core and the cladding are very close, in
general we may neglect the amplitude difference between K

⇀
Rand K

⇀
co.

Figure 4. (a) Phase-matching conditions. (b) Mode coupling regimes for TFGs with tilt angles θ <, =, and >45°.

The direction of the coupled light depends on the tilt angle of the grating structure. As shown
in Fig. 4(b), if the grating’s tilt angle θ <45° (i.e. the radiation angle δ is an obtuse angle), the
core mode will be coupled to the backward-propagating direction; if the grating angle θ>45°
(δ is an acute angle), the core light can be coupled to the forward-propagating direction; if the
θ=45° (δ=90°), all the phase matched light will be completely radiated out of the fibre. However,
due to the total internal reflection effect at the cladding boundary, the coupled light by the
TFG will exist in two different ranges: in one case the light radiated out of the core will be
confined and propagates in the cladding; in the other case the light will not be bound by the
cladding and will be tapped out from the side of the fibre. The range for radiation mode
coupling depends on the critical angle, which is defined as

1

2
arcsinc

n
n

a = (33)

where n1 and n2 are refractive indices of the surrounding-medium and cladding, respectively.
If the fibre is surrounded by air (n1~1.0), the critical angle αc=43.8°. If the surrounding-medium
changes to the water (n1~1.33), the critical angle αc=67.0°.

If we define the incident angle as φ, shown in Fig. 4(a), for the light phase matched and radiated
out of the core to the cladding /surrounding-medium boundary, φ is related to the grating tilt
angle θ by φ=|2θ-π/2|. If φ <αc, the radiation mode coupling range will be given by θ1c <θ
<θ2c can be calculated as

θ1c =
1
2 ( π

2 −αc) θ2c =
1
2 ( π

2 + αc) (34)
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We have calculated this range to be 23.1°~66.9° in air and 11.5°~78.5° in water surrounding-
medium. Within this range, the light will not be confined by the cladding and will radiate from
the fibre. Below or beyond this range, the light will be coupled to the backward- or forward-
propagating cladding modes, respectively, and be bound within the fibre.

3. Grating fabrication techniques

The fibre grating fabrication techniques may be classified to three main categories: two-beam
holographic, phase mask and point-by-point techniques. Each technique has its merits and
limitations and will be employed according to the specification requirement of the gratings to
be fabricated.

3.1. Two-beam holographic technique

Fig. 5 shows the two-beam holographic UV-inscription system. The UV-beam is split into two
with equivalent power when it passes through a 50:50 beam splitter. The two beams are then
reflected by highly reflective mirrors M1 and M2 to meet on to the same section of the photo‐
sensitive fibre to produce the interfering fringes. A beam expanding telescope system consist‐
ing of two cylindrical lenses (C and D), where df=CD-(fc+fd)=0, is inserted into the optical path
to expand the width of UV Gaussian beam, and thus the length of the two-beam interference
pattern on the forthcoming meet at point O. Two cylindrical lenses (F1 and F2) are employed
to focus the beams to the fibre core with enhanced power intensity.

 

Figure 5. Two-beam holographic FBG inscription system.

The major advantage of the two-beam holographic method is the ability to write gratings with
arbitrarily selected wavelengths simply by adjusting the angle (2α) between the two beams
[14]. Limited by the range of the optical spectrum analyser (OSA) and the light source, the
gratings fabricated are normally in the range of 750nm to 2000nm.
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3.2. Phase-mask technique

The phase-mask technique, based on near-contact UV-beam scanning a phase mask, is one of
the most effective techniques for reproducible FBG inscription.

The grating written by phase mask technique has a period of

2sin 2
UV PM

m

l
q

L
L = = (35)

where ΛPM is the period of the phase mask. The Bragg wavelength is then given by [3]

2B eff eff PMn nl = L = L (36)

The phase mask is a corrugated grating etched in a silica substrate produced by high resolution
lithography. Important features in a phase mask are the period of the etched grooves and the
etch depth. With normal incidence, the UV-radiation is diffracted into several orders, m=0, ±1,
±2… The commercial phase masks have been optimized to achieve 0-order suppression of <5%
and ~40% transmission in each of the ±1 diffracted orders. The superposition of ±1 diffraction
orders, in the proximity of the surface of the phase mask, produces an interference pattern that
can be used for writing FBGs.

Figure 6. Fibre grating inscription by UV-beam scanning across a phase mask.

As shown in Fig. 6, a cylindrical lens with a focal length f1 is added before phase mask and
focuses the UV-irradiation to the fibre core with increased intensity in one dimension in the
beam-fibre plane. Very uniform index modulation can be achieved by the phase mask method.
Fig. 7(a) shows the image of the fringe structure inscribed in the fibre core using the phase
mask method. The image was examined and measured by use of the Axioskop2 mot plus
microscope (Carl Zeiss) in conjunction with Axio vision Cameras &Framegrabbers system with
high magnification. Fig. 7(b) shows the typical transmission spectra for a uniform FBG
fabricated by the phase mask technique. The grating is 5mm long and is designed to reflect
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with a Bragg wavelength of 1550nm. The multiple resonances with smaller amplitude on the
short wavelength side of the main Bragg resonance are due to the radiated mode being
reflected at the cladding-air interface and re-entering the core, creating a cylindrical Fabry-
Perot effect.

Besides the distinctive advantage of reproducible grating inscription, a further advantage of
the phase-mask technique is the ability to make high quality, complex grating structures,
including grating arrays, chirped [15-17], apodised [18, 19], phase-shifted [20, 21], Moire [22,
23], sampled [24], and long-length gratings [25]. Of particular relevance to the work presented
in this chapter, the phase-mask method has also been employed to fabricate TFGs with tilted
structures ranging from 0° to 84°. In the phase mask fabrication system, TFGs can be realised
simply by rotating the phase mask with respect to the fibre. Chirped gratings can also been
readily fabricated using a chirped phase mask in this system.

 

(a) (b) 

Figure 7. (a) Image of an FBG written by phase mask method (b) The typical transmission profiles of an FBG.

A disadvantage of the phase mask method is the limit to variation of Bragg wavelength, as it
needs a separate phase mask for different wavelength required. The strain-fibre method has
been incorporated into the system to give a 2nm-tuning range to the Bragg wavelength for
each mask.

3.3. Point-by-point technique

The third main grating fabrication technique is the point-by-point technique. Because the
grating is written a point at a time, it is a flexible method to alter the grating parameters, such
as length, periodicity and strength. Limited by the focused spot size of UV-beam, it is difficult
to control translation stage movement accurately enough to write FBG structures which in
general have typical periods of ~0.5µm at 1550nm. Thus, the point-by-point technique is mainly
used to fabricate long-period gratings with periods ranging from 10µm to 600µm.

As shown in Fig. 8(a), the point-by-point inscription system, two cylindrical lenses are added
to focus the writing beam on the fibre to an approximate spot size of 20µm×20µm in z- and y-
dimension and a shutter is computer- programmed to switch on/off with a 50:50 duty cycle to
realise period-by-period print. The system has a great flexibility in fabricating LPGs with
different periods, lengths and strengths. Fig. 8(b) shows the typical transmission spectrum of
an LPG in SMF-28 with a length of 40mm and a periodicity of 380µm made by the point-by-
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point method. The four broad attenuation resonances within 1200~1700nm wavelength range
correspond to coupling to the different cladding modes. The bandwidth of resonances of an
LPG is typically >10nm, much broader than that of an FBG. LPGs are transmission loss type
devices and have been employed for a range of applications in optical communications and
sensing.

3.4. Inscription of tilted fibre gratings

FBGs with tilted structures have their unique device functionalities. This section will present
the fabrication and spectral characterisation of TFGs.

3.4.1. Design principle of TFGs

As illustrated in Fig. 9 the tilted structures can be achieved either (a) by tilting the phase mask
with respect to the fibre in the phase mask inscription system, or (b) by rotation of the fibre
about the axis normal to the plane defined by the two interfering UV beams in the holographic
system.

Figure 9. (a) Phase mask and (b) two-beam holographic techniques for TFG fabrication.

Owing to the cylindrical geometry of the optical fibre, the internal grating angle θint is not the
same as the external phase-mask angle or fibre rotated angle θext. For the phase-mask fabrica‐
tion, the internalgrating angle θint is related to the external phase mask tilt angle θext(the angle
between the mask and the fibre) by the following relationship [26]

 

(a)                      (b) 

Figure 8. (a) Schematic of LPG fabrication using point-by-point technique. (b) The typical transmission spectrum of an
LPG in SMF-28 fibre.
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In the case of holographic fabrication, θint can be expressed as [8]

int
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(38)

where α is the half angle between the two interfering beams, θext is the fibre tilt angle.

The comparative study on TFG inscribed by phase mask and holographic method has been
reported in [27], here we main focus on the phase mask fabrication of TFGs. The relationship
of external and internal tilt angles for TFGs written by phase mask method has been depicted
in Fig. 10.

Figure 10. The relationship of the internal angle θint against the external angle θext for TFG.

3.4.2. Unique spectral characteristics of TFGs

One of the unique characteristics of TFGs is the strong polarisation dependent loss (PDL) effect
when the tilt angle becomes large. This property has been implemented as an in-line polar‐
imeter [28] and a PDL equaliser [29, 30]. In addition, a near-ideal in-fibre polariser based on
45°-TFG has been reported by [31, 32], exhibiting a polarisation-extinction ratio higher than
33dB over 100nm range and an achievement of 99.5% degree of polarisation for the unpolarised
light.

It is well known that there are two components of the electric field vector in the plane of
polarisation. The components of the electric field parallel and perpendicular to the incidence
plane are termed p-like and s-like. Light with a p-like electric field is defined to be p-polarised
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whereas light with an s-like electric field is s-polarised. Fig. 11(a) shows the simulated
transmission profiles of both the s- and p- polarised modes after they pass through a TFG. It
is clear that both of two polarised modes show similarly evolving trends although the change
in amplitude for p-polarised mode is more noticeable. The maximum transmission losses for
different tilt angles for s- and p- modes have been simulated and plotted in Fig. 11(b). The
transmission loss reaches minimum when the tilt angle is at 45°. At this critical angle, the loss
of p-mode is eliminated completely and s-mode loss is still noticeably high [32], ie. p-mode is
transmitted and s-mode is completely attenuated.

(a)                     (b)

Figure 12. Image of 10°ext-TFG in B/Ge fibre (a) and transmission spectra (b).

As an example, a photo-induced tilted index modulation is shown in Fig. 12(a). This is θext=10°
tilted grating, the measured internal angle θint is 14.93° which is in a good agreement with the
theoretical result (θint=14.9°) from Equation (37). Fig. 12(b) plots its transmission spectra where
the dense resonances covering 1375-1550nm are caused by the core-cladding coupling and by
the reflection at the cladding-air boundary. The multiple resonances can be removed by
immersing the grating in index-matching gel to simulate an infinite cladding, where the light

Figure 11. (a) The simulated transmission spectra of p- (dashed line) and s-polarised mode (solid line) travelling in the
TFGs with various tilting angles; (b) Transmission losses of s- and p-polarised mode versus tilting angles. (After: [32])
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is coupled from the core to radiation modes, thus the dense resonances evolve to a smooth
transmission loss profile.

 

 



(a)                      (b) 

Figure 13. Image of 45°-TFG (a) and its PDL profile (b).

An 45°-TFG was fabricated in Ge-doped photosensitive fibre using the scanning phase mask
technique and 244-nm cw UV laser source. A phase mask with 1.8µm period was used to ensure
the 45°-TFG spectral response fell into near 1550nm region, the phase mask was rotated by
33.3° to induce slanted fringes at 45° within the fibre core. The 45° tilted fringes, shown in Fig.
13(a), were verified by examination with an oil-immersion high-magnification microscope.
Fig. 13(b) shows the PDL of a 25mm-length 45°-TFG, the entire PDL profile is near-Gaussian-
like distribution over ~300nm with the maximum PDL of 26dB at 1520nm [33].

 

(a)                      (b) 

                      (c) 

Figure 14. Image of the 81°-TFG (a) and it transmission spectra (b-c).

We fabricated a 10mm long 81°-TFBG in SMF-28 with UV laser scanning the phase mask (with
period of 6.6µm) method. Fig. 14. (a) shows the image of the tilted fringes with a measured
internal angle of 81.98°.

Since the angle 81° >θ2c (=66.9° in the air), the light was coupled to forward-propagating
cladding modes corresponding a series of the resonances with a noticeable paired-peak feature
on the spectra, Fig. 14(b), it may be expected that the highly tilted structures will increase the
birefringence of the fibre, thus resulting in the light coupled to two sets of modes of different
polarisation states. It can be noticed that the strengths of the paired-peaks in Fig. 14(b) are
around 3dB, which suggests that the light may be coupled equally into two sets of birefringence
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modes corresponding to the two orthogonal polarisation states. To confirm this, a polariser
and a polarisation controller were inserted in the measurement system to measure the
transmission spectrum. By varying the polarisation state of the probe light, the strengths of
the paired-peaks varied accordingly with the polarisation of the light. Fig. 14(c) shows the
transmission spectra of one of the paired-peak around 1550nm for random and two orthogo‐
nally polarised states. With random polarisation, both peaks exhibit a ~3dB loss as the light is
coupled equally to the birefringence modes. When the light is switched to either polarisation
state, one resonance grows into its full strength ~7.3dB whereas the other almost disappears.
The polarisation effect induced spectral separation between the paired-peaks is about 6.3nm,
giving an estimated birefringence of ~10-4.

4. Optical fibre grating based chemical and bio- sensors

A key characteristic of optical chemical and bio- sensor design is the sensitivity to, or the change
rate of optical signal as a function of, surrounding chemical and bio- analyte. There has also
been an increasing activity aimed at implementing optical biosensors by exploring the fibre
grating’s response to the change of surrounding-medium refractive index (SRI) [34, 35,
36-38].SRI-sensitive devices have been recently developed by UV-inscribing normal Bragg,
tilted, and long-period structures in standard single, multimode, and D-fibres[39-43]. Appro‐
priate choice of fibre type can provide intrinsic or enhanced SRI sensitivity to grating structures
and allow, in some instances, the realisation of multifunctionality. The fibre grating based RI
sensors can be coated with bioactive materials to interact with certain type of biological agents,
thus become true biosensors with high sensitivity and selectivity [44, 45].

4.1. Refractive index sensing principle of in-fibre gratings

As a core-to-core mode coupling, the light in an FBG is well screened by the cladding,
effectively precluding strong interaction with the surrounding medium. Thus it is intrinsically
insensitive to SRI. Several techniques have been demonstrated to sensitise FBGs, including
polishing and chemical etching the fibres to expose the core to surrounding medium.

In contrast to FBGs, LPGs, as core-cladding mode coupling devices, are intrinsically sensitive
to SRI. Any variation in the core-cladding guiding properties will affect the transmission
characteristics of LPGs, providing an optical signal encoded with the information of external
parameters. LPGs have been used to monitor the physical parameters such as strain, temper‐
ature, load, curvature and with a variety structures for SRI sensing [35, 38].

4.2. Chemical etching technique for sensitisation

The chemical etching technique has been extensively employed to remove the claddings of the
FBG structures, enabling the interaction of the core mode with the surrounding medium
[46-48]. Although LPGs are intrinsically sensitive to SRI, modifying the cladding properties
can further enhance their SRI sensitivity greatly. Chiang et al. reported the enhancement of the
external refractive index sensitivity of an LPG resulting from a small reduction in the cladding
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radius via an HF-etching process [49, 50]. We also employed the HF etching technique to reduce
the thickness of the cladding of LPG devices and have demonstrated effective enhancement
of the SRI sensitivity to these LPG structures.

In order to effectively control the thickness of the fibre gratings, an etching procedure was first
established and the etching rates were investigated for different type fibres using HF acids of
different concentrations. The HF etching technique inevitably suffers from mechanical
reliability since any micro-crack of fibre will be very vulnerable to the HF acid, thus it will
degrade the fibre tensile strength by orders of magnitude [51]. To effectively control the
cladding size of fibre, the etching rate was first evaluated for virgin fibre samples including
standard SMF and D-fibre using HF at 10% concentration. Twenty samples of each type fibre
were immersed in the HF bath and were withdrawn in turn every 10min. The samples with
differently etched claddings were then examined and measured by microscope with high
magnification.

a) 

c) 

d) 

b) 

Figure 15. (a) Etching rates of SMF and D-fibre. (symbol × and ο: round-side radii of SMF and D-fibre; symbol +: D-
shaped cladding thickness of flat-side); The cross-section images of etched D-fibre: (b) etched-40min, (c) etch‐
ed-90min, (c) etched-170min.

Fig. 15 plots the etched cladding thickness against etching time for the two types of fibre. The
natural silica claddings of SMF and D-fibre show nearly isotropic etching processes with a
similar etching rate of ~0.068µm/min. The cross-sectional images of the D-fibre samples that
had been etched for 40min, 90min and 170min are shown in Fig. 15(b-d), respectively. It was
estimated that at ~85min, the side of the inner elliptical fluorine-doped cladding on the flat
side of the D-fibre was completely etched off, and the total inner cladding was almost removed
after ~167min. After~170min, the core was almost etched off, as can be seen in Fig. 15(d), and
the residual D-fibre cladding layer on the round-side was about 50.7µm.

Calibration of RI and sugar concentration

Since the chemical sensing mechanism of the in-fibre gratings is based on the resonances
response to the change of SRI and the most devices discussed in this chapter have been
evaluated for their SRI sensitivity by measuring the concentrations of sugar solution, the
calibrated correlation between the concentration of sugar solution and the refractive index (RI)
is necessary to be discussed first. Table 1 lists the conversion relationship between the
percentage sugar concentration and the refractive index, which is from the data reported in
reference [52].
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Table 1. Calibration of refractive index against concentration of sugar solution ( C12H22O11).

4.3. Chemical sensor based on FBGs in D-fibre

In-fibre optical chemical sensor based on FBG in D-fibre and sensitised by HF etching treatment
has been implemented and characterised.

The FBG structures were UV-inscribed in D-fibres using the standard phase mask fabrication
method. The D-fibre FBG samples were then sensitised by removing the cladding layer on the
flat side by employing etching process using HF acid of 10% concentration. In order to control
the etching depth, the transmission spectra were monitored in-situ using an EDFA source and
an optical spectrum analyser. Fig. 16 shows the spectral evolution of etched FBG samples the
wavelength shift and strength of the transmission loss peak against etching time. There are
three stages can be seen from the etching process: (i) 0~140min, (ii) 140~168min, and (iii)
168~173min. For the first stage, the spectrum of FBG remained intact, signifying the core mode
was still well bounded by the cladding layer. With further etching (140~168min), the thickness
of the flat-side claddingwas reduced to just a few microns, thereby allowing the evanescent
field to penetrate to surrounding-medium (HF acid). In this stage, the Bragg resonance shifted
noticeably towards the shorter wavelength side, indicating that the device has entered the SRI
sensitive regime. For the final etching period from 168 to 173min, a fractional layer of the core
was been etched off. As it can be seen from Fig. 16(b), the transmission loss drops dramatically
due to the combined effects of the reduction of the effective core mode index and the degra‐
dation of the light confinement.

(a)             (b) 

Figure 16. (a) Spectral evolution of the D-fibre FBG under etching period from 140~168min. (b) Bragg wavelength
shift and transmission loss over the entire etching process. Inset, schematic images of D-fibre corresponding the differ‐
ent etching stage.

The SRI sensing characteristics of one un-etched and two etched D-fibre FBG devices (labeled
as G1 and G2) were comparatively investigated. G1 and G2 were etched for 159min and 169min
respectively. Sugar solutions with concentration ranging from 0% to 60% were prepared for
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refractive index measurement. The three grating devices were immersed in turn into each
sugar solution and their Bragg wavelengths were measured and are shown in Fig. 17 It is
clearfrom this figure that the un-etched grating is totally insensitive to SRI whereas the Bragg
wavelengths of G1 and G2 red-shift at different rates with increasing SRI. The deeper etched
grating G2 exhibits a much higher SRI sensitivity than the less etched G1.

Figure 17. SRI sensitivity for un-etched, shallowly (G1) and deeply (G2) etched FBG in D-fibre.

If the SRI sensitivity is defined as the wavelength shift induced by 1% RI change, the maximum
sensitivities exhibited by G1 and G2 are 0.03nm/% and 0.11nm/%, respectively. The latter is
almost four times that of the former. Using the calibration of RI against sugar concentration,
the SRI sensitivity can be converted to the sugar concentration sensitivity. For practical
applications, up to 5% concentration change in sugar concentration can be easily detected by
G2 using a standard optical interrogation system with an optical resolution of ~0.1nm and 0.5%
change with a resolution of 0.01nm.

4.4. Dual-peak LPG for Haemoglobin sensing

In this section, an implementation of optical biosensor based on etched dual-peak LPG will be
discussed. This device has been used to detect concentration of Haemoglobin (Hgb) protein
in sugar solution, showing an ultrahigh sensitivity.

Due to the parabolic characteristic of the group index of the high-order cladding modes [34,
35], there exists a set of dispersion-turning-points on the LPG phase curves, where
dλ / dΛ →∞. The nature of the coupled cladding modes close to the dispersion-turning-point
makes the dual-peak LPGs ultrasensitive to cladding property, allowing fine tailoring the
mode dispersion and index sensitivity by light-cladding-etching method using HF acid. It has
been reported that the responses of such LPGs can be modified by reducing the cladding size
via chemical etching [39, 41, 49, 50].
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Based on the mode coupling theory, the phase curves have been simulated for an LPG of 160µm
period in SMF-28 fibre with cladding radius reducing from 62.5µm to 51.5µm, as shown in
Fig. 18(a). The dispersion-turning-point feature is apparentthat the slope direction of the phase
curve changes from negative ( dλ / dΛ <0) to positive ( dλ / dΛ >0). For a given radius as dotted
line in Fig. 18(a), two cladding modes, one in the positive and the other in negative dispersion
region, could satisfy simultaneously the same phase match condition, resulting in dual-peak
resonances.

Figure 18. (a) Simulated phase curves of a dual-peak LPG of 160µm period for reduced cladding radius from 62.5µm
to 51.5µm. (b) Spectral evolution of dual-peak LPG (c) Wavelength shift of LPG resonances against fibre cladding radi‐
us.

A dual-peak LPG with a period of 159µm was subjected to the etching experiment using an
HF solution with 12% concentration. As the first trace shown in Fig. 18(b), this grating has four
coupled cladding modes identified as LP010, LP011, LP012 and LP’

012in the wavelength range from
900nm to 1700nm, two of which are the dual-peak modes located at 1214.9nm and 1634.4nm.
Under etching, it can be seen clearly that a transition of generation, coalescing and annihilation
of the dual-peak resonances from higher order modes to lower ones. Firstly, LP012 and LP’

012

are moving towards each other and eventually coalesced and annihilate, and a new pair of
dual-peak modes (LP011 and LP’

011) are generated in conjunction with the red-shifting of LP010;
then this transition is repeated leading to the appearance of paired LP010 and LP’

010, and LP09

modes.

Fig. 18(c) plots the resonance shifts of dual-peak LPG against cladding radius, the shift speed
increases when they are close to the dispersion-turning-point. It was also noticed that the
movements of the same order dual peaks are not linear and symmetric: the loss peak with
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longer wavelength in dλ / dΛ <0 region moves faster than its counterpart at shorter wavelength
in dλ / dΛ >0 region.

When the dual-peak cladding modes are close to the dispersion-turning-point, it is possible to
fine tuning the sensitivity by light etching the cladding. A light-etching experiment was
performed using HF acid of only 1% concentration. A 20mm-long LPG with a 147µm period
was subjected to etching for 96.5min, removing cladding thickness by only 1.1µm (from
62.5µm to 61.4µm). The spectral evolution was monitored for the etching process and plotted
in Fig. 19(a). The dual peaks were originally at M and M’ spaced by 493.6nm and finally moved
to N and N’ separated by only 98.1nm, indicating they are now much closer to the dispersion-
turning-point and should be significantly more sensitive to SRI change.

Figure 19. (a) Dual peak wavelengths against etching time (towards dispersion-tuning-point); (b) SRI induced spectral
separation of the dual peaks for etched (N, N’) and unetched (M, M’) gratings (note: the curves have been offset).

The SRI sensitivity of the lightly etched dual-peak LPG was compared with that of an unetched
device of the same grating parameters. The two gratings were immersed in the air and a set of
index gels with refractive indices ranging from 1 to 1.44 and the separation of the dual peaks
was measured for each SRI value, as plotted in Fig. 19(b). The separation increases nonlinearly
with increasing SRI, however, that is far larger for the lightly-etched device than for the non-
etched one. For SRI varying from 1 to 1.44, the total separation between N and N’ is 373.9nm,
whereas that between M and M’ is 185.4nm, only half of the former. This indicates that the SRI
sensitivity of the finely-etched LPG has more or less doubled that of the unetched one.

The lightly-etched dual-peak LPG was then used to measure the concentration of Hgb in sugar
solution. Firstly, a set of Hgb solutions with concentrations from 0.0% to 1.0% (step 0.2%) was
prepared by adding Hgbto water. Then 5ml each of these solutions was added into six beakers,
each beaker had 30g of 60% aqueous sugar solution. LPG sensor was submerged in these
solutions in turn and the shifts of ‘N’ peak were measured. Fig. 20(a) shows the spectral
evolution the N-peak under different solutions and Fig. 20(b) plots its central wavelength shift
against Hgb concentration. When the Hgb concentration changing from 0.0% to 1.0%, the peak
red-shifts by 19.8nm. Defining the concentration sensitivity as the shift induced by 1% Hgb,
we have a device sensitivity of ~20nm/1%. Thus, using a standard interrogation system with
a resolution of 0.1nm, this finely tailored device could detect the Hgb concentration change as
small as 0.005%.
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4.5. LPG based biosensor for DNA hybridisation detection

The development of biosensors is motivated by their potential applications in biochemical,
biomedical, and environmental areas. In the past decade, the immobilisation techniques have
been developed to enable the functionalisation of silica support and several DNA biosensors
have been presented based on the hybridisation of target sequence to the bound DNA at the
surface of modified electrode, surface plasmon resonance, microchips, ring-resonator, planar
waveguide and optical fibre [53-55]. Chryssiset al. recently reported a detection of hybridisa‐
tion of DNA by highly sensitive etched core FBG sensors [44, 45, 56-58]. Fibre grating based
biochemical and biomedical sensors could be the alternative to and even the replacement for
conventional biosensors with advantages, such as highly-sensitive, label-free, fast and real-
time detection, dynamic analysis, etc. With the robustness and low-cost fabrication, the sensitised
dual-peak LPGs could be another desirable candidate for advanced optical biosensors.

Here, we implement an optical biosensor based on LPG for detecting DNA interactions at a
silica-liquid interface. The probe DNA is covalently immobilised onto the functionalised
surface of the fibre grating region. Since LPG couples the light from core to cladding, it is
intrinsically sensitive to changes in the refractive index at the sensor surface, thereby allowing
the interaction between bound probe DNA and target DNA in ambient solution to be moni‐
tored in situ. This novel biosensor presents many advantages, such as detection of DNA
hybridisation in low concentrations, real-time monitoring, high sensitivity and reusability.

Generation scheme of biosensor based on LPG:Fig. 21 displays the procedure of the in-fibre
grating biosensor for silanisation, covalent activation, immobilisation and DNA hybridisation.
All the biochemical experiments were performed in a fume cupboard. To minimise the bend
cross-sensitivity, the LPG sensors were placed straight in a V-groove container on a Teflon
plate and all the chemicals and solvents were added and withdrawn from the container by
carefully pipetting.

Silanisation of LPG Surface: Prior to silanisation, LPGs were cleaned by immersion in 5M
hydrochloric acid (HCl) for 30min at room temperature followed by rinsing in deionized (DI)
water three times and drying in the air. Silanisation of glass surface was implemented by
immersion in fresh 10% 3-Aminopropyl-triethoxysilane (APTS) (Sigma-Aldrich Company

Figure 20. (a) Spectral evolution of N-peak of the lightly-etched dual-peak LPG with different Hgb concentrations; (b)
N-peak wavelength shifts against Hgb concentration.
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Ltd.) for 30min at room temperature [57]. In this work, a 30mm-long LPG with a period of
161µm has been used and the peak at 1590.5nm has been selected for biosensing experiment.

LPG Surface Activation: To immobilise biomolecules covalently to the glass surface, a
chemical bond has to be formed between a functional group of biomolecule and the amino-
group of the linker [54]. As it well known in bioconjugate chemistry, Dimethyl suberimidate
(DMS, the molecular structure shown in Fig. 22(a)) is water soluble, membrane permeable and
is one of the best crosslinking agents to convert the amino-groups into reactive imidoester
cross-linkers. The imidoester functional group is one of the most specific acylating groups
available for the modification of primary amines and has minimal cross reactivity toward other
nucleophilic groups in proteins [59, 60]. In addition, DMS does not alter the overall charge of
the protein, potentially retaining the native conformation and activity of the protein. For
activation of glass surface, the silanised LPGs were immersed in 25mM DMS in phosphate
buffered saline solution (PBS) for 35min at room temperature. Then the activated LPGs were
rinsed by DI water three times and dried in the air.

Figure 22. (a) Activation of the silanised glass surface using DMS. (b) The image of GFP fluorescence on the fibre sur‐
face;

GFP Immobilisation and Fluorescent Test: In order to provide a simple method to determine
whether biomolecules are able to be successfully immobilised on the fibre glass surface, Green
Fluorescent Protein (GFP), which is an intrinsically fluorescent protein that has been used
extensively as a tool in biology to enable imaging, was employed to detect the attachment of
protein onto the fibre surface. A DMS activated fibre, as described above, was incubated in
1mg/ml GFP in PBS for 16hrs at room temperature. The GFP-deposited fibre surface was
observed under optical microscope with UV light source using appropriate filters for GFP
fluorescence detection and the image was captured and shown in Fig. 22(b), exhibiting
successful protein immobilisation.

Figure 21. Basic scheme of the functionalisation of LPG for the generation of biosensor.
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Immobilisation of Probe DNA: The immobilisation process was carried out by incubation of
an activated LPG in 1µM probe DNA (as shown in Table 2) in PBS for 16hrs at room temper‐
ature. The spectra of LPG as shown in Fig. 23(a) were measured at the beginning and end of
the immobilisation process, respectively, by OSA with a resolution of 0.1nm. The grating
wavelength was defined by the centroid calculation method. After 16hrs deposition, a blue-
shift in wavelength of 254pm was observed, showing the fibre surface has been modified
successfully.

Table 2. Sequences and modifications of the Probe and Target Oligonucleotides.

Hybridisation of Target DNA: Hybridisation was executed with target DNA. After cleaning
with DI water, the grating sensor was rinsed in 6xSSPE (0.9M NaCl, 0.06M NaH2PO4, and
0.006M EDTA) then immersed in fresh 1µM target DNA in 6xSSPE buffer for 60min at room
temperature. The grating wavelength shift, as shown in Fig. 23(b), was monitored in situ
through whole hybridisation process. An increase of 715pm was observed in wavelength from
the start of hybridisation process until the end and most of the change takes place in the first
20min showing that hybridisation takes place very quickly. Hybridisation of target DNA has
been monitored successfully in real-time by this grating sensor.

 (a) 

(c) (d) 

(b) 

Figure 23. (a) Spectra of biosensor before and after probe DNA immobilisation; (b) Wavelength evolution of biosen‐
sor against time during the hybridisation of target DNA; (c) Spectra of biosensor before and after the stripping proce‐
dure; (d) Wavelength shift against time during the re-hybridisation process.
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Stripping Procedure and Reusability: For re-use, grating sensor was incubated in a freshly
prepared stripping buffer of 5mM Na2HPO4 and 0.1%(w/v) Sodium dodecyl sulfate (SDS) at
95°C for 30s, three times, then was washed with DI water and dried for the re-hybridisation.
The grating spectra, as shown in Fig. 23(c), were measured in DI water before and after the
stripping procedure. A blue-shift of 1257pm has been observed, which is caused by the
stripping procedure. After stripping, the sensor was re-hybridised by immersion in 2µM target
DNA in 6xSSPE buffer for 60min at room temperature. A 1165pm wavelength increase has
been measured, as shown in Fig. 23(d), demonstrating the re-usability of the LPG biosensor.

A novel optical biosensor based on LPG has been demonstrated and used for detection of DNA
hybridisation. A change of wavelength of 1165pm was observed in the 60min hybridisation of
target DNA, showing a significantly higher sensitivity than the reported biosensor based on
core-etched FBG [57].

5. Conclusions

In-fibre grating technology has developed very rapidly in recent years and the range of its
applications will continue to grow, such as biomedical, biosensing, environmental monitoring
and health care. This chapter, we have reviewed the theory, the fabrication techniques and the
types of fibre gratings. In addition we have demonstrated the success of grating based devices
for chemical and bio- sensing. It may be possible to further enhance the sensitivity by selecting
the special fibre such as D-fibre, by refining the etching process, or by designing integrated
microfluidic channels [61] or by developing the novel grating structures [62]. We are also
interested in developing the new biosensor for selective bio-sensing, such as protein-protein,
protein-DNA and protein-substrate interaction.
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