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Abstract

Leaky mode resonance (L°MR) has been proven as a promising high-performance and effective tech-
nology for fiber-optic devices. Here, we propose and theoretically demonstrate an in-fiber comb-like
linear polarizer based on enhanced L°MR (eLL°MR) in tilted fiber grating (TFG) with indium tin oxide
(ITO) nanocoating. The ITO nanocoating induces the guidance of TE-polarized leaky modes, and
hence greatly enhances the mode coupling with the core guided mode, which leads to the excitation
of dense comb-like TE eL°MRs. By optimizing the ITO thickness and grating length, the results
show that the eL°MRs can be designed to realize a novel in-fiber comb-like linear polarizer with re-
markable polarization extinction ratio (PER) up to 57dB and ultra-narrow bandwidth (full width at
half maximum, FWHM) smaller than 0.5 nm, together with wavelength separation between adjacent
bands equal to 3.1nm, in a broad wavelength range. Moreover, the operating wavelength of the po-
larizer can be further tuned by tailoring the grating parameters, like the period and tilt angle of the
TFG. The designed polarizer will cover a wide range of applications including multi-wavelength fiber
lasers, dense wavelength-division-multiplexed (DWDM) systems, optical spectrometers, and fiber-optic
sensing systems.

Keywords: In-fiber linear polarizer, Leaky mode resonances, Tilted fiber grating, Metal oxide
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1. Introduction ization states of electromagnetic waves. Com-

Optical polarizers are of great importance for pared with conventional polarizers, inline optical

discrimination between orthogonal linear polar- fiber polarizers feature several advantages such as

small size, low insertion loss, good stability and
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cation systems [1]. One of the most widespread
techniques for realization of inline fiber polarizer
is to fabricate a hybrid structure that consists of
etched or polished optical fiber and nanocoatings
embedded into fiber surface [2|. In this struc-

ture, the polarizing mechanism is based on the

terial with gapless band dispersion, has become
a promising alternative material for realization of
optical polarizers with excellent tunable features
[13-15]. Depending on its dynamic conductivity,
graphene can be tuned to support the propagation

of TE or TM light in a wide frequency range and

polarization-dependent interaction between the evanekence a broadband TE-/TM-pass polarizer can

cent field of guided modes and the nanocoatings
[3]. Many kinds of thin-films have been used to
achieve fiber polarizers, such as metal film [4, 5],
graphene [6, 7], carbon nanotube [8], polymer 9,
10], liquid crystal [11], etc. Among them, the
metal film based fiber polarizers that depend on
the TM-polarized surface plasmon resonance (SPR)
are the most preferred ones for linear polariza-
tion selectivity. However, they have some dis-
advantages. The SPR can be excited only when
the phase matching condition (PMC) is satisfied,
which means that there is a very limited tunabil-
ity for the polarization selectivity. In addition,
the SPR generally exists at the wavelength that
is far away from the telecommunication band at
lowest loss (1530nm ~ 1565nm). It is worth
pointing out that the SPR can be also generated
by some other materials (not only noble metals)
like indium tin oxide (ITO), but at wavelengths
larger than 2 pm (middle infrared) where the op-
toelectronic equipment is more expensive and less
compatible with other standard instrumentations
[12].

Graphene, an ultra-thin two-dimensional ma-

be realized [6, 7, 16]. For instance, a graphene
based side-polished fiber polarizer has been re-
ported, demonstrating a polarization extinction
ratio (PER) up to 27dB at 1500 nm [7]. Of this

particular configuration, the light-graphene inter-

action is enhanced by integrating additional nanocoat-

ings like polyvinyl butyral (PVB) and polymethyl
methacrylate (PMMA) to further optimize the
polarizing performance [9, 10].

Other kinds of fiber polarizers have also been
reported, such as the configurations based on mi-
crostructured optical fibers (MOFs) and fiber grat-
ings [17, 18]. The MOFs have specially designed
air holes that can selectively be filled with several
materials to tune the propagation properties of
guided light. For example, the infiltration of ma-
terials like nano film and nano particles/wires into
air holes induces a strong polarization-dependent
absorbance of guided light, which leads to a tun-
able TE-/TM-pass polarizer [19, 20]. The disad-
vantage of the MOF polarizer lies in the fabrica-
tion process that requires very precise and expen-
sive equipment.

Fiber-optic gratings realized by laser irradia-



tion, micro-bends or twisting have also been pro-
posed as inline polarizer [21, 22]. In particular,
fiber-optic gratings inscribed by ultraviolet laser
irradiation provides a stable platform for in-fiber
polarizers without breaking the fiber structure or

modifying its geometry. Among them, tilted fiber

in-fiber polarizer with some advantages, such as
high PER, broadband response range, low inser-
tion loss and wavelength tunability [26-29]. On
the other hand, high performances can be attained
at 45° tilt angle only (other tilt angles result in

much lower PER), a not easy condition for the

gratings (TFGs) are characterized by a highly polarizagieting inscription compared to standard tilt an-

dependent mode coupling behavior due to its asym-
metric grating structure and index modulation.
[23, 24]. Depending on the mechanism of mode
coupling, the TFGs can be simply classified as
tilted fiber Bragg gratings (TFBGs), 45° TFGs
and excessively TFGs (Ex-TFGs). TFBGs pos-
sess dense counter-propagating cladding mode res-
onances in the transmission spectrum that have
been used to different applications, both in sens-
ing and in telecommunication. However, in the
latter case, the performances in terms of polariza-
tion extinction ratio (PER) cannot be considered
satisfactory (due to very small difference between
TE- and TM-polarized resonances in bare TF-
BGs), thus preventing them to be effectively used
alone as linear polarizers. When the tilt angle ap-
proaches the Brewster’s angle, the TFG is known
as 45° TFG that allows coupling the TE-polarized
core mode into radiation modes, while the resid-
ual TM light propagates along the fiber core with
a minimal loss, leading to a wide polarization-
dependent resonance band in the transmission spec-
trum that follows the Gaussian distribution [25].

In this sense, the 45° TFG represents an ideal

gles (6° ~ 30° in general). Furthermore, addi-
tional wavelength selection devices like FBGs are
necessary to select the desired wavelength since
the 45° TFG is characterized by a wide spec-
trum, and hence does not possess the inherent
capability of wavelength selection. In addition,
the use of adjacent wavelength components should
be taken into account when the 45° TFG with
a wide spectral range without discontinuities is
employed in wavelength-routing devices or multi-
wavelengths sources. Finally, when the tilt angle
increases further and becomes greater than 80°,
the TFGs are named excessively TFGs present-
ing a transmission spectrum similar to long pe-
riod fiber gratings, except for the generation of ad-
ditional polarization-dependent resonances corre-
sponding to the coupling with higher-order modes
that degenerate into two orthogonal polarization
states (TE and TM), showing the typical dual-
peak feature on the spectrum [30, 31]. Clearly,
Ex-TFGs exploit also peculiar polarization prop-
erty even if they are largely used in sensing due
to wider resonances, which do not make them an

ideal platform for in-fiber polarizers.



More recently, a new kind of electromagnetic
resonance, i.e. enhanced leaky mode resonance
(eL*MR) with improved response to surrounding
medium changes, was reported in the TFG with
different nanocoatings including graphene, metal
film and metal oxide [32-34]. It was found that
the eL°MR shows strong polarization dependence
on the dielectric properties of the thin film. For
instance, both TE- and TM-polarized leaky modes
can be excited to generate dense comb-like e[LMRs
by metal film while only the first few TE-polarized
eL*MRs are attained with graphene. In this sense,
the eL°MRs are preferable for either comb-like fil-
ters with no polarization dependence in a wide
wavelength range (for the case with metal film)
or linear polarizer at specific wavelengths (for the
case with graphene). Similar with the metal film,
the metal oxide with high refractive index can also
excite dense comb-like e.LMRs but with strong
polarization dependence, which makes it suitable
for in-fiber comb-like linear polarizer. However,
there are two critical issues that are not yet taken
into account: one is the excitation of strong dense
comb-like polarization-dependent eL*MRs in air
environment at which optical devices usually op-
erate, and the other is the optimization of polar-
izing performance indicated in terms of PER and
bandwidth.

In this work, we propose and investigate in
depth an in-fiber comb-like linear polarizer based

on a TFG with metal oxide nanocoating (indium

tin oxide, ITO). The ITO film with optimized
thickness leads to the guidance of TE-polarized
leaky modes, indicated by a greatly decreased loss.
This reduction allows strong coupling from the
forward propagating core mode into the backward
TE leaky modes, leading to strong dense comb-
like eL.°MRs with ultra-narrow bandwidth in a
broad wavelength range. Therefore, a high con-
trast between the TE- and TM-polarized reso-
nances is obtained, which can be used to real-
ize a comb-like linear polarizer. The polarizer
with the PER up to 57dB and the full width
at half maximum (FWHM) less than 0.5 nm, to-
gether with wavelength separation between ad-
jacent bands equal to 3.1nm, is demonstrated,
which is highly appealing and promising for all-
optical devices, such as dense wavelength-division-
multiplexed (DWDM) system, multi-wavelength

fiber lasers, and fiber-optic sensors.

Surface wave ITO
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Figure 1: Schematic of comb-like polarizer based on ITO

integrated TFG.

2. Design and Principle

The sketch of the polarizer consisting of the
TFG with ITO nanocoating is shown in Fig. 1.



A standard Corning SMF-28e+ single mode fiber
with core radius of 4.1 um and cladding radius
of 62.5 pum is considered. The refractive index
of fiber cladding n., made of fused silica, is es-
timated using the Sellmeier equation [35]. The
refractive index of the fiber core n., is then ob-
tained by increasing n. by 0.36% according to the
specifications from Corning Inc. The external en-
vironment is assumed to be air with surrounding
refractive index (SRI) of 1.0.

The ITO nanocoating is taken into account
to tune the mode characteristics and resonance
spectrum of the TFG. At the near infrared wave-
length where the TFG works, the [TO nanocoat-
ing is a high refractive index material with large
real part of the refractive index and a small imag-
inary part. Many precisely controlled deposition
techniques like magnetron sputtering and sol-gel
dip-coating have been reported to deposit uni-
form and smooth ITO nm-thick overlay on optical
fibers [36, 37]. In these cases, the theoretical op-
timizations agree very well with the experimental
results. In this work, the experimental data of
optical constants of the ITO nanocoating are ex-
trapolated from Ref. [36].

The PMC is an important tool to determine
the resonance modes interacting with the core mode

in the TFG, which is given by [23]:

, ~ A
Xi = Re (ngGy +nepp) A = Re (nghy +neyy) R

core mode, n},, the ERI of the ith fiber mode
including the cladding mode and leaky mode, A
the axial grating period, A, the normal period
of index perturbation plane, and 6 the tilt an-
gle. According to the PMC, the larger the tilt
angle 0, the smaller the ERI n};,, indicating that
high order modes can be excited at larger tilt an-
gle. When the TFG operates in air environment
with surrounding RI being about 1.0, the leaky
modes have the ERI smaller than 1.0. Therefore,
in order to excite the leaky modes correspond-
ing to higher order fiber modes and according to
the PMC given in Eq. (1), the index pertur-
bation plane is angled at 26.5° with respect to
the fiber axis. It is worth pointing out that this
value of tilt angle represents the optimized one
even if other values can excite leaky modes. In
fact, tilt angles larger than 26.5° would lead to
a shift of the resonances towards shorter wave-
lengths, while tilt angle smaller than 26.5° would
lead to a transmission spectrum consisting of both
leaky and cladding mode resonances with very
weak polarization selectivity. The tilted grating
can be inscribed in the fiber core using ultravio-
let laser irradiation that is a mature technology.
Another recent but very promising approach to
fabricate TFGs concerns the use of femtosecond

laser sources [38]. In the present analysis, axial

t>ing period A of 550 nm and index modulation

COsgmplitude of 6.0 x 10~* will be taken into account.

in which \; represents the resonance wavelength,

ngsp the effective refractive index (ERI) of the
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At the tilted grating region, the forward prop-



agating core mode couples with the backward prop-
agating fiber modes that satisfy the PMC, yield-

ing the transmission spectrum given by [23]:
T ~ 1 — tanh® (kL) (2)

where k is the coupling coefficient and L is the
grating length. The transmission spectrum can
be calculated using the classical full-vector cou-
pled mode theory that is detailed in Ref. [39]. As
highlighted in Eq. (2), the resonance amplitude
substantially depends on two factors including
and L. Generally for the guided modes, like the
core mode and cladding modes, there is an ex-
tremely small mode loss that is closely related to
the imaginary component of the ERI. This means
the guided modes can propagate along the waveg-
uide with negligible attenuation. In this case, full
interaction between guided modes is obtained and
hence the corresponding transmission can accu-
rately be simulated using these two factors: « and
L.

However, it is important to remark that the
mode loss plays a significant role in the mode
coupling when the leaky modes contribute to the
transmission spectrum. It has been demonstrated
that the leaky modes (both TE and TM cases)
have a larger coupling coefficient s than that of
cladding modes but they still present an extremely
weak resonance in bare TFG [32]. This is be-
cause they are highly lossy modes that show a
very large imaginary part of ERI and a real com-

ponent smaller than that of surrounding environ-

ment. Due to its high lossy property, the leaky
modes always radiate immediately out of the fiber
cladding, indicating that they cannot effectively
interact with the core mode. Consequently, an ex-
tremely weak resonance is obtained in bare TFG.
When the ITO nanocoating is considered, the lossy
property becomes highly polarization-dependent
due to the mode transition, especially for the leaky
modes. The increased difference in dispersion prop-
erty between TE and TM modes makes the reso-
nance spectrum being highly polarization-dependent
and increases the spectrum contrast, which greatly

benefits for the realization of linear polarizers.

3. Results and Discussion

3.1. Nanocoating Induced Polarization Property

The evolution of the ERI with the ITO thick-
ness at A = 1.55 um is depicted in Fig. 2. Here the
TE/TM,,, modes that always exist in pairs are
considered for illustration. The modes are num-
bered in sequence from m = 1 and some modes
are marked in this figure to get a clear compar-
ison. In this sense, the TE/T Mgy is the last
cladding mode and the T'E/TM;gs corresponds
to the first leaky mode (see Fig. 2(a)). There are
two kinds of leaky modes [40]: guided-like leaky
modes marked as G-leaky modes and radiation-
like leaky modes represented by R-leaky modes,
as shown in Fig. 2(a). Both of them have the
real component of ERI smaller than the SRI but

the R-leaky modes are more highly lossy as com-



pared with the G-leaky counterparts (evidenced
by a much larger imaginary part of ERI).

One of the most expressive signatures drawn
from Fig. 2(a) is the phenomenon of mode transi-
tion after integration of the ITO nanocoating. Of
this configuration, the mode transition of lower
order modes that are the cladding modes have
been widely reported for the generation of lossy
mode resonance (L°MR) [12]. On the other hand,
this work pays the attention on the higher order
modes corresponding to the leaky modes.

As illustrated in Fig. 2(a), the cladding modes
and G-leaky modes are characterized by the same
variation trend, presenting a progressive increase
of the real component of ERI with the ITO thick-
ness (combined with a periodic small fluctuation
between TE and TM modes). In contrast, the
R-leaky modes exhibit an opposite variation, i.e.,
the real part of ERI decreases slightly with the
ITO thickness. During the variation, two kinds of
mode transitions are clearly observed for the first
several leaky modes: one corresponds to the tran-
sition between the G-leaky modes and the R-leaky
modes, and the other is the process from the leaky
modes to the cladding modes. For instance, the
TMyss G-leaky (and T'Mjs7 R-leaky) mode be-
comes the T'My g7 R-leaky (and 7'My gs G-leaky)
mode at specific ITO thickness (~ 50nm) and
similar transition occurs again at thickness of ~
200mm. When the ITO thickness increases to

~ 300nm, the first leaky mode corresponding
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to TE/T Myss becomes the last cladding mode,
which is clearly evidenced by the increased real
part of ERI that becomes larger than the SRI. In
the meanwhile, the adjacent G-leaky mode takes
the place of original TE /T M,g; mode and be-
comes the first R-leaky mode. It is remarkable to
note that these two kinds of transition processes
occur quasi-periodically as the ITO thickness in-
creases continuously. This means that more G-
leaky modes gradually become these modes that
present larger ERI (real part) and are finally turned
into the cladding modes. Generally, these modes
with larger ERI (real part) are better confined in
the optical fiber, and hence exhibit smaller mode
loss. Meanwhile, the ERI (real part) of R-leaky
modes decreases with the ITO thickness allowing
these modes to become more lossy as compared
with the bare case.

The imaginary component of ERI depicted in

Fig. 2(b) gives a clear illustration on the polarization-

dependent property of the variation of mode char-
acteristics. The ERI of R-leaky modes (except for
the first few R-leaky modes) is much larger than
that of G-leaky counterparts and it is not shown in
this figure. A quasi-periodic property is observed
for both TE and TM G-leaky modes, but they
present considerably different variation trend. It
can also be observed that the ERI of TE modes
decreases firstly and then increases with the ITO
thickness changing from 0 nm to ~ 500 nm, which

approximately corresponds to a periodic variation

process. In the meanwhile, however, an oppo-
site variation is obtained in a period for the TM
modes. For instance at thickness of ~ 235nm,
the TE modes exhibit a minimum ERI (imagi-
nary part) but a maximum value is obtained for
the TM counterparts. It should be mentioned
that the higher order TM modes also present a
great reduction of ERI (compared with bare case),
which is shown in Fig. 3 below.

The ERI evolution of few modes is plotted
in Fig. 2(c) where the mode transition can be
obviously identified. Compared with Fig. 2(a),
the ERI (imaginary component) of the 85th R-
leaky mode decreases sharply to near 0 at the
transition point (~ 3007nm) and then varies with
the ITO thickness in the same manner as that of
the corresponding cladding modes. This clearly
demonstrates the transition from leaky modes to
cladding modes. When the I'TO thickness contin-
uously increases, the mode transition occurs for

the higher order leaky modes like the 94/96th G-

leaky modes at thickness of ~ 1000 nm.

3.2. Guidance of Leaky Modes

Figure 3 compares the variation of ERI by con-
sidering bare TFG and 235 nm-1TO coated TFG.
From the figure, it is clear that even TE and TM
modes of bare TFG present large difference in the
ERI (high polarization selectivity might be ob-
tained), but with a very large imaginary part of
the ERI for both modes (indicating that both of

them cannot be effectively guided in bare TFG),
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Figure 3: Variation of effective refractive index of bare

TFG and of 235 nm-ITO coated TFG.

which leads to extremely weak resonances in the
transmission spectrum. Therefore, it turns out
that bare TFGs can be barely used as comb-like
linear polarizer with high polarization extinction
ratio. After integrating the I'TO nanocoating, the
ERI (imaginary part) of both TE and TM modes
is greatly reduced, except for the first several TM
G-leaky modes. However, it is important to high-
light that the reduced ERI of higher order TM
modes is still even larger than that of the TE
modes of bare TFG, which clearly indicates that
the TM leaky modes are always highly lossy. This
can be verified by the confinement loss that is de-
fined as o = 8.686 x 2m/A X |Im (n.sr) | [41]. As
clearly shown in Fig. 4, the TE G-leaky modes
present a much smaller loss than that of the TM
counterparts. The smaller loss gives rise to a
longer propagation length, indicating that the TE
G-leaky modes become guided in the I'TO coated

TFG. Therefore, the guidance of TE leaky modes

will lead to a much stronger interaction with the

core mode, as compared with the bare TFG.
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of 235 nm-ITO coated TFG.

3.3. Polarized Leaky Mode Resonance

Figure 5 shows the polarized spectrum of the
TFG coated with the ITO nm-thick overlay with
different thicknesses. The grating length is 20 mm
and other parameters are indicated above. As
for the bare TFG, there are very weak resonance
bands corresponding to both cladding modes and
leaky modes in both TE and TM polarized spec-
tra. The resonance of TE leaky modes is some-
what stronger than that of TM modes. This is
because of that the TE leaky modes present a

smaller imaginary part of ERI (or mode loss).

The mode transition induced by the I'TO nanocoat-

ing leads to a significant variation of the TE L°MR,
resulting in eL°*MR. It can be clearly observed
that with the increase of the I'TO thickness, the

eL°MR is obtained in the TE polarized spectrum
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while the TM-related resonance shows negligible
change, and hence any eL°MR can be yielded for

this polarization. Apparently, the 235nm-1TO

nanocoating induces the strongest TE e.“MR, which

gives rise to the highest contrast between the TE
and TM spectra. The continuous increase of the
ITO thickness weakens the eL°*MR like the case of
350 nm. In this sense, the 235 nm-ITO nanocoat-
ing is considered in the following discussion. The
spectrum variation obtained in Fig. 5 agrees well
with the evolution of mode characteristics shown
in Fig. 2. Compared with the results obtained
above, it is obvious that the guidance of TE G-

leaky modes after integrating the I'TO nanocoat-

ing plays a key role in the generation of the eL°MR.
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For instance, the strongest TE eL°*MR occurs at
235nm-ITO nanocoating, the thickness at which
the smallest ERI (imaginary component) is also
obtained. In addition, the negligible change of the
TM spectrum can be attributed to the fact that
the TM G-leaky modes are highly lossy and hence
they cannot fully interact with the core mode.
Therefore, it is the difference in the dispersion
property of the involved materials that leads to
the polarization-dependent feature in the trans-
mission spectrum of the TFG with I'TO nanocoat-
ing.

Moreover, according to the PMC highlighted
in Eq. (1), the resonance dip in the spectrum is
generated at the wavelength where the mode cou-
pling occurs whereas the resonance peak exists at
the wavelength where the mode dissatisfies the
PMC (i.e., out of the PMC condition). Conse-
quently, the incident TE light at resonance dip is
coupled into the TE G-leaky modes that can prop-
agate backward along the I'TO coated TFG while
the light at resonance peak propagates forward
along this configuration. In the meanwhile, the
extremely weak TM L°MR means that the inci-
dent TM light can propagate directly through the
TFG since it cannot fully interact with the TM G-
leaky modes that are highly lossy. Therefore, the
incident unpolarized light can be separated into
two orthogonal linearly polarized components at
the resonance dip: one corresponds to the forward

propagating TM light and the other is the back-



ward propagating TE light that can be collected
using an optical circulator. In addition, in view
of the dense comb-like e[.L“MR excited by the ITO
nanocoating, it is obvious that the e.LMR can be

used to realize an in-fiber comb-like linear polar-

izer.
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length.

A simple approach can be used to further opti-
mize the polarizer performance, that is, increasing
the grating length. Indeed the resonance ampli-
tude depends on two factors including the cou-
pling coefficient x and grating length L, according
to Eq. (2). However, it is very difficult to increase
the factor x since it is strongly determined by the

refractive index modulation (a strong modulation

in the TFG should be inscribed). In Fig. 6, the
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spectrum is represented for four grating lengths
while maintaining the other parameters. It can
be clearly observed that the TE eL°MR is sig-
nificantly improved with the increase of grating
length while there is very small variation for the
TM L°MR. The improved e.L*MR. apparently of-
fers two advantages: (1) more power of the inci-
dent light is coupled into the backward light to in-
crease the spectrum contrast between TE and TM
polarization states, and (2) a narrower FWHM
can be obtained for the polarizer. In addition,
the improved eL“MR gives rise to the increase of
polarization dependent loss (PDL) that is defined
as [42]:

PDL(\) = ‘10 x log <%&;)‘

in which 7'(\) represents the two orthogonal po-

(3)

larization spectra. The evolution of the PDL with
the grating length is depicted in Fig. 7. It can be
seen that the L°MR presents a smooth PDL en-
velope for the 20 mm and 40 mm TFGs. This is
due to a relatively small spectral contrast between
the two orthogonal polarization states. Moreover,
the smooth envelope confirms that the TE eL°MR
and TM L°MR have the same resonance wave-
length with each other (the peaks/dips in the PDL
envelope correspond to the resonance dips/peaks
in the transmission spectrum in Fig. 6). The
cladding mode resonance shows a PDL with a
great number of perturbations. This is because

the TE and TM spectra differ in the resonance
wavelengths, especially for the higher order cladding



modes close to the cut-off wavelength. Here only

the PDL of L.°MR is analyzed for the polarizer.

In order to analyze the polarization perfor-

mance, the evolution of polarized transmission

When the grating length becomes longer than 40 mm, with the polarization angle of incident light is de-

a higher PDL is obtained but combined with peaks
close to the corresponding PDL dips. A closer
comparison with Fig. 6 reveals that these peaks
occur nearly at the same wavelengths of the reso-
nance peaks in the transmission spectrum where
the amplitude of the TE eL*MR equals approx-
imately to 0. We focus here on the variation of
the PDL envelope. It is interesting to see that the
maximum PDL envelope exists at around 1.55 um
and it changes from 11.6 dB for the 20 mm TFG
to 29.2dB for the 80 mm TFG, a great enhance-

ment for a polarizer.
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picted in Fig. 8 where 20mm and 80 mm TFGs
with 235 nm-ITO nanocoating are taken into ac-
count. It can be seen that the L°MR is char-
acterized by an obvious periodic variation in the
resonance amplitude with the polarization angle,
presenting a period of 90 degrees, while the res-
onance wavelength keeps constant. It is evident
that there are two identical symmetric sets of reso-
nances with the spectrum density centered at the
angles of 90° and 270°, respectively, where the
highest amplitude is obtained. In this case, the
light is tuned into one linear polarization state,
which is actually the TE state. However, these
resonances almost disappear at the angles of 0°,
180° and 360°, indicating another linear polariza-
tion case corresponding to the TM state is reached.
In addition, the 80 mm TFG presents a smaller
resonance area (along the horizontal axis; wave-
length) for each resonance band than that of 20 mm
TFG, which confirms the bandwidth can be nar-
rowed by increasing the grating length. It is also
clear that the eL°MR bands are separated each
other with the wavelength separation equal to 3.1 nm
and without crosstalk induced by adjacent bands
in a broad wavelength range.

A detailed comparison between the L°MR and
cladding mode resonance is provided in Fig. 8(c).

It is interesting to notice that the cladding modes



show an obvious periodic change both in the res-
onance amplitude and wavelength with the po-
larization angle, which is indicated by a periodic
evolution of the spectral density along the hor-
izontal and vertical axes. This is because there
is a relatively small spectrum contrast but with a
large difference in wavelength between the TE and
TM cladding mode resonances. As for the L°MR,
a much smaller resonance area is observed, while
the resonance wavelength remains constant.

As an example of the polarization property of
the designed polarizer, Fig. 9 accounts for the po-
larization response of three L°MRs around three
wavelengths for the 20mm and 80 mm TFGs. It
can be seen that the polarization response is ex-
pected to be characterized by a nearly perfect ‘8’
shape at all three wavelengths, but the 80 mm
TFG with improved eL°*MR presents a much larger
response range than the case of 20 mm TFG. The
‘8" shape behavior indicates the linear polariza-
tion property of the designed polarizer. At around
1.54 ym where the strongest eL.°MR exists, the
polarization response shows the highest contrast,
indicated by the amplitude changing from near
0dB at polarization angle 0° to 57dB at 90°,
which is a considerably large contrast. At other
wavelengths like 1.50 ym (or 1.60 um) the con-
trast is decreased to about 42 dB (or 22 dB) but it
is still much higher than the bare TFG. Compared
with Fig. 6, a high contrast more than 20 dB can

be obtained over a wavelength range of about
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140 nm (from ~ 1475nm to ~ 1615nm). More-
over, it is remarkable to highlight that the TFG
can be designed to work at other wavelengths by
readily tailoring its parameters like the grating
period and tilt angle. This means that the oper-
ating wavelength of the polarizer can be tuned in
a large range. For instance, a much wider spec-
trum can be attained by inscribing the TFG with
multiple tilt angles [43].
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Figure 9: Polarization response of (a) 20 mm TFG and (b)
80 mm TFG with 235 nm-ITO nanocoating.

3.4. Linear Comb-like Polarizer

The performance of the designed polarizer is

detailed in Fig. 10. The PER is defined as the
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difference between the minimum and maximum
Therefore, PER
has been calculated by PER (A) = Tn (A) —

resonance intensities [25, 28].

Tnax (A) with T, /Tinae representing the mini-
mum /maximum resonance amplitude, which ac-
tually corresponds to the resonance contrast in
Fig. 9. From Fig. 10 it is worth pointing out that
with this design the polarization performance can
significantly be improved. The bare TFG presents
a very small PER combined with a larger FWHM
due to the weak L°MR. After the integration of
the 235nm-ITO nanocoating, the mode transi-
tion leads to the TE eL°MR, and hence the PER
and the FWHM are improved greatly. A signifi-
cant enhancement can be obtained by simply in-
creasing the grating length. As far as the 80 mm
TFG is concerned, the improved eL*MR permits
to reach a PER up to 57dB and a FWHM smaller
than 0.5 nm, which is a considerable performance
improvement for fiber-optic polarizers.

The best performance could be maintained in
real applications that might suffer from the in-
sertion loss. Since the key component of the in-
fiber linear polarizer is the thin film coated TFG
that can be readily inscribed in standard single
mode fibers by mature technology based on ultra-
violet laser irradiation, the insertion loss mainly
comes from two aspects: splicing loss and scat-
tering loss. While the splicing loss between sin-
gle mode fibers (the TFG and fiber pigtails) can

be greatly decreased using a commercial fusion



splicer, the scattering loss depends on the unifor-
mity of the I'TO thin film deposited onto the fiber
surface. Many techniques like sol-gel-based dip-
coating and magnetron sputtering can be used to
deposit uniform, smooth and precisely-controlled
nanometric films, thus proving that the experi-
mental results agree with the theoretical predic-
tions [36, 37]. Therefore, it can reasonably assert
that the features of the in-fiber comb-like linear
polarizer attained with remarkable performance

can be also obtained experimentally.

4. Conclusion

In conclusion, we propose and theoretically in-
vestigate an in-fiber comb-like polarizer based on
the enhanced leaky mode resonance (eL°MR) in
tilted fiber grating (TFG) coated with indium tin
oxide (ITO) nm-thick overlay in this work. The
ITO film with a high refractive index induces a
quasi-periodic leaky mode transition encompass-
ing two processes: one is the transition from the
leaky modes to the cladding modes, and the other
corresponds to the transition between the guided-
like leaky (G-leaky) modes and the radiation-like
leaky (R-leaky) modes. The mode transition leads
to a significant polarization-dependent variation
of the leaky mode features, indicated by a great
change of the imaginary part of effective refrac-
tive index (ERI). The analysis shows that the
TE-polarized G-leaky modes that are highly lossy
in bare TFG present the smallest ERI (imagi-
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nary part) and mode loss at the ITO thickness
of about 235nm (much smaller than that of the
TM G-leaky modes). This indicates the TE G-
leaky modes become guided in the TFG with ITO
nanocoating. As a consequence, the guidance of
leaky modes gives rise to a full interaction with
the core mode, which leads to the generation of
the TE eL°MR. In contrast, the TM L°MR is
always extremely weak due to the highly lossy
property of the TM G-leaky modes, and hence
any eL.°MR can be yielded for this polarization.
Later on, the eL*MR can be designed to real-
ize an in-fiber comb-like polarizer with high polar-
ization extinction ratio (PER) and narrow band-
width at wide wavelength range. By simply in-
creasing the grating length, the eL°MR can be fur-
ther improved to increase the resonance contrast
between the TE and TM spectra. This permits to
significantly optimize the linear polarization per-
formance of the designed polarizer, with the re-
sults demonstrating that a PER up to 57dB and
a bandwidth smaller than 0.5 nm can be attained.
The high contrast between TE and TM el.L°MRs
offers the capability of linear polarization output
and the narrow bandwidth accompanied with a
considerable separation between adjacent bands
provides advantages of decreasing or even remov-
ing the crosstalk, which are highly appealing and
promising for all-optical devices like the DWDM
system and multi-wavelength fiber lasers without

additional wavelength selection devices. In addi-
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tion, by tailoring the parameters, like the grating
period and tilt angle of the TFG, it is possible to
tune the operating wavelength of the polarizer in
a wide window.

Moreover, considering that the ITO is a typi-
cal metal oxide having high refractive index com-
bined with a much smaller imaginary part, it is ex-
pected that the dense comb-like eL°*MR bands can
also be excited by other metal oxide nano-films
with similar dispersion property, such as titanium
dioxide (TiO;), indium oxide (InyO3), tin-dioxide
(SnO3), aluminum doped zinc oxide (AZO), zinc
oxide (Zn0O), aluminum oxide (AlyO3), and even
some polymers. This is a very interesting phe-
nomenon and some new tunable features could be
attained depending on the photo-electronic prop-
erties of these materials. This study is expected
to open up new opportunities for eL°MR-based
in-fiber devices and provide some guidelines for

future research in the field.
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