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Highly sensitive optical response of optical fiber long period gratings
to nanometer-thick ionic self-assembled multilayers
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Ionic self-assembled multilayers deposited on long period fiber gratingssLPGsd yield dramatic
resonant-wavelength shifts, even with nanometer-thick films. Fine control of the refractive index
and the thickness of these films was achieved by altering the relative fraction of the anionic and
cationic materials combined with layer-by-layer deposition. We demonstrate the feasibility of this
highly controllable deposition technique for fine-tuning grating properties. In addition a variety of
biological and chemical sensing agents can easily be incorporated into these films, which makes this
an attractive platform for realization of high-performance LPG-based sensors. ©2005 American

Institute of Physics. fDOI: 10.1063/1.1940735g
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Long period fiber gratingssLPGsd couple light betwee
copropagating modes of an optical fiber. They have b
used as spectral shapers,1,2 and mode converters3 in optical
fiber communication systems. In addition, LPGs that co
the fundamental mode of a single-mode fiber to one o
cladding modes are ultrasensitive to the refractive inde
the material surrounding the fiber, and this high sensit
and high resolution have led to extensive investigation
LPGs for use as chemical,4 biological sensors, and oth
index-modulating fiber devices.5,6

Normally, the index sensitivity is attributed to the ind
of the bulk medium surrounding the fiber, and features
subwavelength sizes are not expected to modulate the
nance of LPGs. However, Tiefenthaler and Lukosz dem
strated that switching and sensing devices could be ach
by using adsorption or desorption of a monolayer of w
molecules on the surface of a short period relief grating
pler fabricated on planar waveguides.7 More recently Ree
and co-workers8 have reported resonant shifts in LPGs w
films of subwavelength thickness, using Langmuir–Blod
sLBd films. The observed optical response was relati
small with maximal shifts of 10 nm in wavelength with 4
nm of deposited film. Moreover, LB films are not amena
to practical device construction. This is because the LB t
nique has demanding requirements of expensive sp
equipment to precisely control the pressure on the liquid
face and is relatively slow. More significantly, films dep
ited by the LB technique show poor mechanical and the
stability because the van Der Waals interaction is the prim
binding mechanism.

Ionic self-assembled multilayerssISAMd, on the othe
hand, are formed by a layer-by-layer deposition techn
and exhibit enhanced reliability, stability, and film quality
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comparison to LB films.9,10 The ISAM fabrication metho
provides a highly controllable means to build precise,
nometersnmd-thick films on the surfaces of fiberssindeed
they can be incorporated on any surface with a minim
charge density, such as metals, glass, or silicond. Moreover
they can be tailored to incorporate a diverse array of
ticles, such as clay platelets, proteins, virus particles,
Thus compared with the LB technique, the ISAM techni
shows more flexibility on choices of substrate or temp
and thin-film overlay materials for devices. Hence, ISA
on LPGs provide several advantages:sad ability to fine tune
grating resonances in a simple manner,sbd construction o
efficient index sensors or index-modulating fiber devi
and scd application to biosensing.

In this letter, we report ISAM films of nm thickness
that are deposited on LPGs. Record shifts in the reso
wavelengths40 nmd were observed for film thicknesses
only 25 nm. Fine control of the refractive index and
thickness of the ISAM film was achieved by altering
relative fraction of the anionic and cationic materials c
bined with layer-by-layer deposition. We demonstrate
feasibility of this highly controllable deposition technique
fine-tuning grating properties. These demonstrations,
bined with the fact that ISAMs can incorporate a variety
chemical and biological sensing elements, provides for
bust platform for building sensors.

The ISAM deposition process involves the immersio
a charged substrate into aqueous solutions of polyanion
polycations in alternating sequence. The nanos
multilayer thin film is built by consecutive adsorption
polyanions and polycations onto a solid substrate drive
electrostatic forces. The resulting macroscopic properti
the thin film are determined by the properties of individ
molecules as well as the dipping sequence of the thin fi

The process is schematically shown in Fig. 1sad. First, a
clean, negatively charged substrate is dipped into the

cation solution. Due to the strong coulombic attraction be-
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tween the negatively charged substrate and the posi
charged polycation, a layer of polycation molecules is de
ited on the substrate. A reversal to positive surface ch
results, which limits further polycation adsorption. Then
polycation-coated substrate is removed from the solution
rinsed with de-ionized water to remove excess polyca
molecules that are not ionically bound. The substrate is
immersed into the polyanion solution to adsorb a laye
polyanion molecules onto the substrate. Finally, these
are repeated to obtain a multilayered thin-film with ansABdn

architecture until the desired film thickness is reached.
combination of one layer of polycation and polyanion
gether is denoted a bilayer. Figure 1sbd is a scanning-electro
micrograph of the surface of a fiber coated with an IS
film, showing characteristic thicknesses achieved by
technique.

In our study, we first investigated the dependence o
properties of ISAM films on the variation of thepH of the
polyanion and polycation solutions by using variable a
spectral ellipsometry. Standard microscope glass slides
used as substrates. Polysallylamine hydrochlorided sPAHd at
10 mM concentration was used as polycation, and polyh1-f4-
s3-carboxy-4-hydroxy-phenylazod benzenesulfonamidog-1,2-
ethanediyl, sodium saltj sPCBSd at 10 mM concentration wa
used as polyanion. The slides were prepared by the R
Corporation of America cleaning process.11 Several sample
were fabricated with PAH and PCBS solutions of differ
pH levels. ThepH of the PAH solutions ranged from 6 to

FIG. 1. sad Schematic of ISAM film deposition process and illustration
film architecture of the first two layerssone bilayerd. sbd Scanning electro
microscopy image of ISAM film on an optical fiber.
and that of the PCBS solutions ranged from 6 to 8, respec
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tively. All samples were prepared by depositing 20 bila
of PAH/PCBS on the slides.

Figure 2 shows the values of total thicknessdtot and
refractive indexn as a function ofpH of the polyanion/catio
solutions. When thepH of the PCBS solution is fixed,dtot
increases whilen decreases as thepH of the PAH of the
PCBS solution increases. In contrast, when thepH of the
PAH solution is fixed, bothdtot andn decrease as thepH of
the PCBS solution increases. The reason for this is that
PAH and PCBS are weak electrolytes such that variatio
pH will change the charge density of the adsorb
polymer.12,13 This behavior is understood as follows—b
solutions are fully charged at neutralpH. As thepH is low-
ered from neutral, the charge density of PCBS decre
since its acid groups become protonated. While, as thepH of
the PAH solution is increased, its ammonium groups bec
deprotonated, and the charge density of PAH will decre
As charge density decreases, less repulsion between
boring charges allows more polymer chains to be adso
on the substrate with loops and tails to induce thicker la
Furthermore, since PCBS has a higher refractive index
PAH, a higher percentage of PCBS results in a higher c
posite index of the ISAM film while a higher percentage
PAH results in lower composite index. Therefore, the th
ness and refractive index of ISAM films can be fine tune
adjusting thepH values of the polyelectrolyte solutions.

Note that the thickness of the films described in the
vious section is of the order of several nm, and their “b
refractive indices are significantly higher than that of sil
Normally, this regime would not be very interesting for L
tuning applications, since LPGs are most responsive to
bient index changes for bulk refractive index values slig
lower than silica. To test the influence of ISAM films
LPGs, differentpH values for the PAH and PCBS solutio
were utilized in fabricating films. As noted earlier, this fi
deposition process is agnostic to substrate topology or g
etry, and thus obtaining cylindrically symmetric ISAM film

FIG. 2. Thickness and refractive index of 20 bilayer PAH/PCBS IS
films on glass slides measured by ellipsometry.sad Thickness vspH value of
PAH. sbd Refractive index vspH value of PAH.
-on fibers requires no additional setup. ThepH of the PAH
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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solutions for this experiment varied from 7.5 to 9, while
pH of PCBS solutions ranged between 6 and 8. The L
were UV-induced on TrueWave™ RS fibers with a gra
period of 116µm and a length of 5 cm. This yielded gratin
that couple the fundamental mode to theLP0,12 cladding
mode at a resonant wavelength of 1420 nm. The transmi
spectra were measured by an optical spectrum analyze
deposition of every five PAH/PCBS bilayers.

The experimental results of the ISAM-coated LPG
shown in Fig. 3. Figure 3sad shows an example of the shift
the LPG resonance as the number of bilayers of the IS
film sand, hence, its thicknessd is increased. Note that th
shift in the resonance is reminiscent of shifts attribute
increasingly higher ambient index values for an LPG in s
fiber, with the ambient index value remaining lower than
of silica. This is further illustrated in Fig. 3sbd, which shows
the change in resonant wavelength as a function of the
thickness for a variety ofpH combinations of PAH an
PCBS solutions. A record steep resonant wavelength sh
1.6 nm/nm is obtained for the case where thepH of PAH is
7.5 and that of PCBS is 6.

According to the LPG resonant condition equation

lres= sncore− ncladdL, s1d

wherelres is the resonant wavelength,ncore is the effective
index of the fundamental core mode,nclad is the effective
index of the coupled cladding mode, andL is the grating
period. Since it is the effective index of the coupled cladd
mode that is significant, it is possible to observe shifts oflres
when thin films with index larger than that of the cladd
are deposited on the cladding exterior. This is in contra
the case in which the fiber is immersed in a bulk medium
higher index. In the latter case, there is diminished coup
which cannot be spectrally tuned. This is because the h
ambient index medium frustrates total internal reflec
sTIRd at the glass-cladding surface, a condition necessa

FIG. 3. Experimental results of ISAM film coatings on a LPG.sad LPG
transmission spectra with 0, 5, 10, 15, and 20 bilayers of PAH/PCBS I
film for PAH solutionpH of 9 and PCBS solutionpH of 8. sbd Dlresof LPG
as functions of thickness of ISAM film with differentpH combinations o
PAH and PCBSfs7.5,6d, s7.5,8d, s9,6d s9,8dg which offer corresponding re
fractive indexn f1.7107, 1.6912, 1.6887, 1.6715g, respectively.
the existence of well-guided cladding modes. In such cases,
Downloaded 27 May 2005 to 128.173.176.136. Redistribution subject to AI
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substantially weak resonance is obtained. Moreover, cha
in the index of the ambient would not cause spectral sh
This is because a leaky mode is not guided due to TIR
exists because ofsweakd Fresnel reflections at the gla
ISAM boundary, and such reflections have no spectral p
dependence. The data of Fig. 3 show, for example, thalres
shifts due to changes in index as well as thickness o
ISAM films. The changes in ISAM deposition conditio
sleading to changes in their indicesd clearly produce spectr
shifts of strong resonances for index values larger than
of the cladding. This may be understood by considering
mechanism of coupling in ISAM coated LPGs.

The evanescent tail of the cladding-mode field norm
extends by 100–200 nm into the ambient medium. Sinc
the ISAM films we investigated are thinner than this va
the cladding mode interrogates both the ISAM as well a
surrounding air. The effective indexneff of a guided mod
can be approximated by14

neff
2 ,E E n2srd · uEsrdu2 ·dA, s2d

whereE(r) is the mode field distribution,n(r) is the refrac
tive index profile of the fiber, andeedA signifies an integra
tion across the cross-sectional area of the fiber. Equatios2d
shows that the effective index of a mode is approxima
proportional to the average refractive index of the regio
which light exists, weighted by the local intensity profi
Since a typical cladding modesamplesboth the high inde
ISAM as well as the surroundingslow indexd air, the averag
index of an ambient comprising 10–50-nm-thick ISAM fil
and air is that of an equivalent bulk medium with ind
lower than silica. Moreover, this average index value
depend on the film thickness in addition to the index of
film, with thicker films leading to a larger ISAM contributio
to the average index, as is evident from Eq.s2d.

In summary, we have demonstrated deposition of
thick ISAM films on LPGs, which yields properties use
both as LPG tuning mechanisms as well as platforms
sensing devices. Fine control of the refractive index and
thickness of the ISAM film was achieved by altering
relative fraction of the anionic and cationic materials de
ited layer-by-layer. This highly controllable deposition te
nique facilitates fine-tuning grating properties. ISAM fil
with subwavelength thicknesses cause dramatic res
wavelength shifts of LPGs, which enables their use as
sors of target compounds.
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