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We study the electro-optic (E-O) properties of a BaTiO3 thin layer placed in a stack of dielectric layers, including a
subwavelength diffraction grating with a two-dimensional periodicity, aiming to tune spectrally the position of
the resonant reflection peak that is used for narrowband optical filtering. BaTiO3 is chosen due to its strong E-O
properties. When an external electric field is applied to the E-O layer, it leads to a spectral shift of the
resonant peak. We study numerically different configurations with either weak or strong spectral tunability,
presenting some arguments to explain these different behaviors. Taking into account only the linear part of
the E-O effect (Pockels effect), the tuning of the peak that has 0.1 nm spectral width is approximately 33 nm
for a 1.5 × 107 V∕m applied field. The shift is multiplied by three (97 nm) when also taking into account the
quadratic E-O effect. © 2013 Optical Society of America

OCIS codes: 050.1950, 230.2090, 310.2790.

1. INTRODUCTION
Resonances in grating structures can be used for narrowband
filtering, especially when using subwavelength gratings to ex-
cite guided-mode resonances in dielectric layers [1]. For a par-
ticular angle, polarization, and wavelength of incidence, this
excitation can generate a resonance peak in the reflection and
transmission spectra of the structure. The coupling condition
writes

‖k⃗inc � K⃗‖≃ kg; (1)

where k⃗inc is the in-plane incident wave vector, K⃗ is a vector of
the reciprocal space of the grating, and kg is the propagation
constant of the mode. A condition on the incident polarization
is also required: the polarization of the incident field must not
be orthogonal to that of the eigenmode. Very narrowband
spectral filtering can be achieved with quite simple structures,
and reflection efficiency can reach up to 100% if nonabsorbing
dielectric materials are used [2,3]. Thus in the past decades,
guided-mode resonance gratings became important compo-
nents for many applications, such as optical narrowband fil-
tering and sensing [4,5]. For some filtering applications, for
example in telecommunications, the spectral tunability of the
filter is required. The center wavelength of the peak of guided-
mode resonant gratings can be controlled by modifying the
period of the grating, the angle of incidence, or the optical
index or the thickness of the layers. Only a few studies are
reported on guided-mode resonance filters including an
active layer [electro-optic (E-O), magneto-optic, etc.] [6–8].
They focus on the tunability performances in some configura-
tions without a detailed analysis aiming at improving the
tunability and other important properties, such as angular
tolerance and polarization independence.

In this paper, our aim is to study, by the use of numerical
modeling, a guided-mode resonance filter tuned spectrally by
applying an external electric field to a layer of BaTiO3, which
is known for its strong E-O properties. We use a code based on
the Fourier modal method [9] (also known as rigorous
coupled-wave analysis). To our knowledge, this is the first nu-
merical study of a 2D (periodic in two directions) guided-
mode resonance filter that includes an E-O layer taking into
account the anisotropy of the material. We first introduce the
E-O properties of BaTiO3 and the design of the structure un-
der consideration. As a second step, we compare the behavior
of different filter configurations and different orientations of
the E-O material. Our main concern is the tunability of the
filter structure, but we are also keeping in mind other impor-
tant properties, such as the angular and the polarization
sensitivity. Meanwhile, for our conclusions to be relevant,
practical considerations (absorption losses, fabrications
possibilities, etc.) are also discussed in the paper.

2. PRESENTATION OF THE STRUCTURE
A. Electro-Optic Properties of BaTiO3 and Choice of Its
Orientation
BaTiO3, used throughout the paper as the E-O material, has a
uniaxial anisotropy with extraordinary index ne � 2.43 and
ordinary index no � 2.36 at 1550 nm [10]. The components
of the permittivity tensor of E-O materials change when they
are subjected to an external electric field. BaTiO3 in tetrago-
nal state (below its Curie temperature 120°C) is characterized
by both linear and quadratic E-O effects [10]. The nonlinear
part is generally concealed by the linear effect. Hence, the
quadratic effect in the ferroelectric tetragonal state of BaTiO3

is usually neglected in applications, and even so, good com-
parisons between the simulations and the experimental
results are obtained [11,12]. Yet, in resonant gratings, the
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slightest variation in the index has to be multiplied by the per-
iod to obtain the variation on the resonant wavelength [see the
coupling Eq. (1)]. Moreover, the order of magnitude of the
quadratic coefficients [10] spur us on analyzing the influence
of the quadratic effect. Note that above 120°C, BaTiO3 exists
in a paraelectric cubic state (point group symmetry m3m).
This state is centro-symmetric, the Pockels effect is not pre-
sent, and the quadratic effect is more important than in the
tetragonal state.

Using the Voigt notation, the modifications of the index
ellipsoid due to the Pockels effect and the quadratic effect
in the tetragonal state of BaTiO3 can be written as [13]
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where ε is the original relative permittivity of the material,
expressed in its proper crystal axes �x1; x2; x3� and rik and
sip are the linear and the quadratic E-O coefficients, respec-
tively. Ek is the k component of the applied electric field with

index k going from 1 to 3, and E�2�
p � E2

p for p � 1, 2, or 3,

E�2�
4 � 2E2E3, E

�2�
5 � 2E1E3, and E�2�

6 � 2E1E2. In Eq. (2), i
goes from 1 to 6 and replaces the matrix indices ij, according
to the rule given in Table 1.

The nonzero linear E-O coefficients of BaTiO3 are
r33 � 28 pm∕V, r13 � r23 � 8 pm∕V, r51 � r42 � 1300 pm∕V.
The nonzero quadratic coefficients of BaTiO3 in the tetragonal
state are [13] s12 � s21, s22 � s11, s32 � s31, s23 � s13, s33,
s44 � s55, and s66. To our knowledge the values for two coef-
ficients only are reported in the literature [10], s12 �
−3.5 × 10−17 m2 · V2 and s32 � −8 × 10−17 m2 · V. Concerning
the other coefficients, their implication depends on the mutual
orientation between the crystal axes and the external electric
field, as discussed in the next sections.

In the following, we will consider two different orientations
of the BaTiO3 crystal. The first one takes advantage of the lar-
gest linear E-O coefficient r42, which is almost 50 times larger
than the second one r33. Thus, the axis x2 (or alternatively x1)
must be collinear with the axis z along which the electric field
is applied. We note it as the orientation 1. As we shall see in

the next section, both the linear and the nonlinear E-O effect
have a great influence on the tuning performance of the device
in this orientation, which is characterized by optical anisotro-
py in the plane of the grating (extraordinary axis is lying in the
Oyz plane).

In the second orientation, the extraordinary axis of the
crystal is parallel to the external electric field, so that the
system becomes isotropic within the grating plane. This
can help to obtain polarizationally independent response.
The two other linear E-O coefficients r13 and r33 are implied,
as well as the quadratic E-O coefficient s13 � s23, and s33.
We note this design as orientation 2, and it will be discussed
in Section 4.

B. Analysis of the Impact of Absorption Losses and
Design of the Stack
As the final aims concern the filtering properties in reflection,
this calls for a low sideband around the resonant peak; thus
the entire device should represent a stack that forms an anti-
reflection structure. Other important requirements that de-
pend mainly on the grating parameters are the spectral
bandwidth and the angular tolerances.

The principal layers of the structure are the E-O layer, the
2D grating, and the two ITO (indium-tin oxide) electrodes, ne-
cessary for applying the external voltage. Figure 1 shows
three different filter designs. These configurations consist of
several consecutive media, with two ITO layers, an HfO2 air
grating (reflective index of HfO2 equal to n � 1.9), a buffer
unetched HfO2 layer between the grating and the E-O layer,
a SiO2 buffer layer between the E-O layer and the lower elec-
trode (configurations 2 and 3), and a glass substrate. The main
difference between the three configurations under study lies
in introducing buffer layers between the electrodes and the
guiding E-O layer. In order to obtain the greatest E-O effect
with the lowest applied voltage, the first idea would be to
put the electrodes close to the BaTiO3 layer, as shown on
Fig. 1(a). Yet, in practice, all the materials we use are lossless
around 1550 nm, except for ITO [14,15]. In nonresonant de-
vices, the losses in the ITO layers can be neglected, because
the electrodes are optically quite thin. However, when reso-
nant effects are used, even small values of extinction coeffi-
cients can lead to large absorption, in particular if the
absorbing layers are put in the region of the device where
the electromagnetic field of the guided mode is strong (con-
figuration 1). In order to decrease the absorption, it is possible
to remove the electrodes away from the guiding layer. This
can be done by introducing a buffer layer between the

Table 1. Reduced Notation for the Permittivity

Tensor

i 1 2 3 4 5 6
ij 1,1 2,2 3,3 2,3 1,3 1,2

Fig. 1. Three different choices of the configuration: (a) configuration 1 with two ITO electrodes deposited directly on the E-O layer, (b) config-
uration 2 with a buffer layer of SiO2 below, and (c) configuration 3 with SiO2 buffer layer below and the grating structure acting as a buffer layer
above.
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electro-optical layer and the lower electrode (configuration 2).
The upper electrode can be deposited over the grating struc-
ture before it is etched. This configuration is sketched in
Fig. 1(c) and is addressed as configuration 3.

The grating structure has the same parameters for the three
configurations, designed to enlarge the angular tolerances of
the resonance, as explained further on. The BaTiO3 is oriented
with its extraordinary axis along y (first orientation).

The first study concerns the role of the losses of the elec-
trodes on the resonant response of the device in configuration
1. When the grating parameters are suitably chosen to phase
match the incident wave with one of the waveguide modes of
the structure as discussed in Section 1, a peak in the reflec-
tivity can be expected. And indeed, Fig. 2 shows that when the
absorption of ITO is neglected, a narrow resonant peak occurs
in the reflection spectrum and the maximum reaches 100% as
expected from the symmetry considerations. However, the
maximum is replaced by aminimumwhen the losses are taken
into account, because the electrodes are attached to the high-
index guiding layer of BaTiO3. We take a TE mode as an
example, but similar behavior is observed for TM modes or
modes having higher modal number. Table 2 presents the
spectral positions and the peak values of the resonant maxi-
mum due to the TE mode propagating in the x direction, for
several different values of the relative permittivity of the ITO
layers, and for the three different configurations. As can be
observed, similar to configuration 1, the resonant peak in con-
figuration 2 also disappeared when ITO absorption is taken
into account. However, in configuration 3 with real losses
[14,15], it is possible to obtain a maximum value of the reflec-
tivity reaching 99.1%. Even when the imaginary part of the op-
tical index is increased twice up to 0.02, the maximum value
still can reach 97.3%. In what follows, we chose this configura-
tion as the best filter structure. Another configuration for the
electrodes has been proposed and experimentally studied

[16], however, presenting larger spectral linewidths and work-
ing at shorter wavelengths.

This configuration is detailed in Fig. 3(a). The thickness of
each layer in the stack is chosen in order to form an antire-
flection coating outside the resonance. From top to bottom,
we have 40 nm (ITO-air grating), 343 nm (HfO2-air grating),
100 nm (HfO2), 300 nm (BaTiO3), 1000 nm (SiO2), and 40 nm
(ITO). The direction of the incident wave is defined using
the polar angle θ and the azimuthal angle φ [Fig. 3(a)]. We
choose the period in order to set the resonant peak of the
fundamental TE mode located around 1550 nm. Figure 3(b)
shows the top view of the grating pattern (one cell). The so
called 2D doubly periodic pattern cell [17,18] has the same
periodD � 762 nm in the x and y directions in order to ensure
simultaneous mode excitation in two orthogonal directions,
aiming to a polarization independence of the system response.
It contains four holes within each periodic cell with different
diameters: diameter D1 � 293 nm for both holes A and A0, dia-
meter D2 � 200 nm for hole B, and D3 � 310 nm for hole C.
The previous papers [5,19] have proved that this designed pat-
tern can increase the angular tolerances of the guided-mode
resonance filter. This is due to the increased direct mode
coupling between the modes excited in opposite directions.
The increased direct coupling is provided through the second
Fourier component of the grating profile, enhanced by the
pairs of almost (but not completely) identical holes along each
x- or y-direction.

The main difficulty in fabricating the devices we proposed
is the problem of crystal growth on an amorphous material.
Usually, BaTiO3 crystal can grow on a substrate of MgO
crystalline substrate, but this is not suitable for our purposes,
partially because MgO has high optical index but mainly due
to the necessity of introducing transparent electrodes (ITO,
for example) between the substrate and the E-O layer, which
completely neutralizes the structure similarity that enables
crystalline growth. Whereas epitaxial growth may partially
(but not fully) solve the manufacturing problem, a recent
study proposes another method to overcome this difficulty.
Bulk crystalline E-O material can be cut into a thin layer by
wafer bonding and an ion slicing process (producing a 680 nm
thin crystalline layer, in particular). This results in a material
that can have electrodes, amorphous buffers, and other layers
deposited on its surface [20]. This method has been applied to
LiNbO3; thus future works are required to study the possibility
to apply this method to BaTiO3.

3. TUNABILITY OF CONFIGURATION 3
FOR THE FIRST ORIENTATION OF BaTiO3

In this section, we present the tunability performances for
configuration 3, taking into account either only the linear

Table 2. Influence of the ITO Absorption

Configuration lndex Peak Position (nm) Line Width (nm) Efficiency (%)

1 1.62� 0.00i 1570.2 0.06 100
1.62� 0.01i 1570.2 — 0.7

2 1.62� 0.00i 1567.5 0.06 100
1.62� 0.01i 1567.6 0.1 1.7

3 1.62� 0.00i 1569.9 0.09 100
1.62� 0.01i 1569.9 0.09 99.1
1.62� 0.02i 1569.9 0.092 97.3
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Fig. 2. Resonant peak of the configuration 1 in two different
cases: dashed curve, ITO without absorption; straight line, ITO with
absorption.
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effect (case L) or both the combined linear and quadratic ef-
fects (case L� Q). We focus on the spectral shift of the reso-
nance peak position as a function of the external electric field.

For the first orientation, the extraordinary axis of BaTiO3

when no voltage is applied is oriented along the y direction,
e.g., along one of the directions of periodicity of the grating.
The permittivity tensor of the crystal with applied external
electric field takes the following form in the �x; y; z� basis:

~ε �
0
@ εxx 0 0

0 εyy εyz
0 εzy εzz

1
A: (3)

As we consider that the E-O material is lossless, the permit-
tivity tensor is Hermitian.

The external field modifies the coefficient εxx through the
quadratic effect only. The other coefficients are modified due
to both linear and quadratic effects. However, if the linear ef-
fect is not taken into account, the nondiagonal elements are
null. The change of the different components of the permittiv-
ity tensor with respect to the applied voltage, varied within a
range from −2 to 2 × 107 V∕m, is plotted in Fig. 4.

Figure 4(a) shows the effect of the linear E-O coefficients
only, and we see that when an external electric field is applied,
two off-diagonal tensor elements εyz and εzy appear, so that
the crystal becomes biaxial, with one axis of its index ellipsoid
along x. Along the diagonal, εxx remains unchanged and the
change of εyy, εzz have an approximately quadratic depen-
dence on the electric field intensity. These changes lead to

a modification of the waveguide mode frequencies and thus
to a shift of the resonant wavelength. The filter will be tuned
by the external electric field.

Figure 4(b) presents the variations of the elements of ~ε ver-
sus the applied field intensity, as it was done in Fig. 4(a), but
now taking into account both the linear and the quadratic
terms in Eq. (2). There are several important differences be-
tween the figures (a) and (b). First, in (b), εxx varies with the
applied field, contrary to the linear case. Second, the varia-
tions of the other elements are more than twice larger than
when considering only the linear effect, except for εzz, which
hardly changes when compared with the linear case. Third,
the variation of the off-diagonal term is no more linear.
However, the signs of the variations are the same as in linear
case, so that we can expect the same directions of the shifts of
the resonance wavelengths in the two cases.

A. Tunability Due to the Linear E-O Effect
We assume that the filter is illuminated by normally incident
waves with s or p linear polarization (the electric field, respec-
tively perpendicular or parallel to the plane of incidence). We
consider a spectral range where there exist TE and TM modes
propagating along the x or y direction (four modes). Because
of the anisotropy of the BaTiO3 in the xy plane, the TE modes
have different constants of propagation along x and along y.
The same is valid for the TM modes. Figure 5 illustrates the
calculated reflectivity spectra for the TE mode propagating
along x for different external electric field intensities in the

Fig. 3. (Color online) Description of the structure: (a) Stack of layers with indexes: HfO2-air grating n1 � 1.9, n0 � 1.0; ITO n2 � 1.62 at 1550 nm;
BaTiO3 no � 2.43, ne � 2.36 at 1550 nm; and SiO2 with n3 � 1.473. (b) Top view of the component (one cell).
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Fig. 4. (Color online) Variation of the permittivity tensor with the applied voltage taking into account either only the linear (a) or both the linear
and the quadratic effects (b). εxx, εyy, εzz correspond, respectively to blue dash, green square, and red circle marks in the upper figures. εyz, εzy are
presented as circles and stars in the lower figures.
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case of linear E-O effect only (case L). As expected, the reso-
nance peak shifts as the external field changes, which means
that the concept of tunable resonant grating works.

A summary of the simulation results in this case is pre-
sented in Table 3. The first five columns indicate the incident
polarization, the kind of mode excited in the structure (TE or
TM), the center wavelength of the peak without applied
voltage, and the full width at half-maximum (FWHM) of the
resonance peak. The next two columns show the angular tol-
erances with respect to the polar incidence angle θ (see Fig. 3)
when the incident wavevector lies in the xz plane and yz
plane, respectively. In the last two columns, we give the shift
of the peak center when the applied electric field changes
from 0 to 1.5 × 107 V∕m, and the maximum value of the reflec-
tion efficiency.

Concerning the angular tolerances, we observe in the table
that they are quite different depending on whether the plane of
incidence and the direction of excitation of the mode are mu-
tually parallel or perpendicular. In the first case, the in-plane
incident wavevector is collinear with the grating vector of the
resonant order, so that the modulus of their vectorial sum in
Eq. (1) varies more rapidly than if the two vectors are perpen-
dicular to each other, as it happens when the plane of inci-
dence is perpendicular to the direction of the mode. This
explains the weaker angular tolerances in the collinear case
as compared to the perpendicular one.

Concerning the shift of the peaks, let us first consider the
TE mode excited along the x direction (in fact, as all the other
cases under normal incidence, it consists of a standing
wave constituted of two modes propagating in �x and −x
direction). When the external field changes from 0 to
1.5 × 107 V∕m, the peak shifts within 33 nm in the direction
of the longer wavelength. The FWHM of the resonant peak
remains almost constant close to 0.1 nm, which is an extre-
mely narrow bandwidth. Meanwhile, the peak keeps low side-
band levels (Fig. 5), which is very important for applications.
The highest electric field intensity is lower than the dielectric
breakdown for BaTiO3, which roughly equals to 108 V∕m [21],

so even greater wavelength shift could be obtained by using
higher static electric field. From this table we can also find
that the TE mode along the x direction shows the strongest
tunability, but the same mode along the y direction barely
shifts under the same condition. On the other hand, the shift
of the TM mode excited along x is 24.65 nm toward a shorter
wavelength, while the shift of TM mode propagating along y is
only 4.23 nm.

B. Explanation of the Shift Direction and Amplitude
From general principles, we can expect that the mode beha-
vior is mainly influenced by the change of the elements of the
permittivity tensor. In Fig. 6(a), we have plotted the shift of
the resonant peaks for the modes listed in the Table 3 as a
function of the applied field. The quasi-null shift of the peak
of the TE mode along y (mode 2) can easily be understood
since its electric field lies mainly along x, and εxx does not
change when a static voltage is applied. To understand the
evolution versus the applied voltage for the other modes,
we have calculated the propagation constants of the modes
of the equivalent planar structure, which consists of the same
stack as the filter but with the last layer (grating) replaced by
an homogeneous layer, with a permittivity in the �x; y� plane
equal to the arithmetic mean of that of the grating, and the
harmonic mean along z. Figure 6(b) presents the effective in-
dex of the modes of the equivalent planar structure as a func-
tion of the applied voltage, for the modes propagating in the x
direction and y direction. Modes a, b, c, and d correspond to
modes 1, 2, 3, and 4 of the grating structure (however, they are
not exactly the same, as the modes of the grating structure 1–4
represent standing rather than propagating waves). We ob-
serve quite the same variations as in Fig. 6(a), which means
that the peaks shift are mainly due to a modification of the
modes propagation constant, rather than to a grating-induced
effect. It has to be noted that the two less affected modes (2-b
and 3-c) correspond to modes that remain purely TE and
purely TM when the voltage increases, because εxy, εyx, εxz
and εzx are null.

For the two other modes (1-a and 4-d) there is a mixing be-
tween the TE component and TM component because εyz and
εzy are nonzero. As the electric intensity increases, the crystal
becomes a biaxial anisotropic material, with one axis of its
index ellipsoid along x, and the directions of the other axes
varying in the Oyz plane. The components of the permittivity
tensor of the crystal in its proper axis stand as an upper limit
of the effective index of the modes that can propagate in this
medium. Its components in the xy plane are the eigenvalues of
the permittivity tensor (Eq. 3) and are given by

ε2;2∕3;3 �
εyy � εzz

2
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Fig. 5. (Color online) Simulated reflection spectra of TE mode along
x direction versus the applied voltages due to the linear E-O effect.

Table 3. Numerical Results for Configuration 3 in Case L

Incident
Polarization Mode

Peak
Center (nm)

FWHM
(nm)

Angular
Tolerance (xz) (°)

Angular
Tolerance (yz) (°)

Peak Shift
(nm)

Efficiency
(%)

1 s TE-x 1531.28 0.12 0.15 2.33 33.1 97.34
2 p TE-y 1570.97 0.11 2.16 0.14 −0.08 97.31
3 s TM-y 1456.76 0.40 4.08 0.35 4.23 61.02
4 p TM-x 1461.40 0.41 0.34 3.88 −24.65 77.60
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The variation of
�������
ε2;2

p
and

�������
ε3;3

p
with the applied voltage is

plotted in Fig. 6(b), too. In the absence of external field,
ε2;2 � εyy � n2

e . As far as the a-mode is due to the excitation
of a quasi-TE mode along x, with electric field lying predomi-
nantly along y, it follows the variations of ε2;2. The d-mode
follows that of ε3;3, because its electric field lies in the xz plane
(quasi-TM mode excited along x) and is thus influenced by ε3;3
and εx;x, the latter not changing. Equation (4) also explains the
quadratic behavior of the shift versus the applied voltage (as
well as the invariance with respect to its sign), since εyz, which
is the only term linearly proportional to Ez, participates
quadratically.

C. Tunability Due to Both Linear and Quadratic Effects
The influence of the quadratic E-O effect on the tunability of
the device having the same configuration as in the previous
subsection can be observed in Fig. 7, comparing it with the
influence of the linear effect only. It presents the shift of the
resonant peaks corresponding to the different modes listed in
Table 3 as a function of the external electric filed intensity,
separately for the linear effect and the combined linear and
quadratic E-O terms. The coefficients implied are s12 �
−3.5 × 10−17 m2 V−2, s32 � −8 × 10−17 m2 V−2, and s22. We have
considered that s22 � 0; yet we have checked that if s22 has the
same order of magnitude as s12 and s32, it does not lead to a
significant modification of the propagation constant of
the modes.

We see that the quadratic effect significantly increases the
tuning range for some of the modes:

• for the mode 1, the shift is 97.30 nm in case L� Q, and
33.1 nm in case L,

• for the mode 2, the shift is 32.86 nm in case L� Q, and
−0.08 nm in case L,

• for the mode 3, the shift is 13.51 nm in case L� Q, and
4.23 nm in case L,

• for the mode 4, the shift is −11.46 nm in case L� Q, and
−24.65 nm in case L.

Contrary to the linear case, we observe a significant shift of
the peak of the TE mode that propagates in the y direction,
because of the variation of εxx. For the other modes, that in-
volve the three coefficients εyy, εzz, and εyz, their behavior can
be explained by the variation of the elements ε22 and ε33 of the
permittivity tensor in the proper axes of the index ellipsoid, as
it was done in the previous subsection. We have found that ε33
decreases less rapidly in the L� Q case than in the L case,
which explains the smaller shift of the quasi-TM-x mode. The
most interesting case from a practical point of view is the
stronger shift of the quasi-TE-x mode, which is related to
the faster increase of ε22 in the L� Q case. For this mode,
the shift of the peak reaches 97.6 nm for 1.5 × 107 V∕m applied
external field (from 1531.3 to 1628.6 nm) without a visible
change of its width which remains close to 0.1 nm. The spec-
tral dependence of the reflectivity for different applied
voltages, given in Fig. 8, confirms the magnitude of the spec-
tral shift and the invariance of the form and width of the peak
with respect to the applied voltage. It also confirms the almost
quadratic dependence of the peak position, that directly
follows from the results given in Fig. 7(a).
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4. TUNABILITY OF CONFIGURATION 3
FOR THE SECOND ORIENTATION OF THE
BaTiO3

The first orientation of the BaTiO3 crystal layer that has been
chosen in the previous section uses the strongest linear E-O
coefficient r42 � 1300 pm∕V together with the second (in ab-
solute value) quadratic coefficient s12 � −3.5 × 10−17 m2 V−2.
Therefore, it was necessary to orient the extraordinary axis
(x3) of the crystal in the xy plane so that the static electric
field acts along the ordinary axis. While this choice leads
to a strong tuning effect (almost 100 nm), the price to be paid
is the anisotropy in the xy plane, which makes it impossible to

make a polarization-independent device. While the strong de-
pendence of the response versus the incident polarization is
not a handicap in applications where the narrowband reflec-
tion filters act as mirrors for tuning of the lasing wavelength
of lasers, devices used in spectroscopy (e.g., space-born
environmental monitoring) or in telecommunication (wave-
length demultiplexing) require low polarization dependent
losses.

Such polarization independence can be achieved by using
the orientation 2, as already defined, in which the extraordin-
ary axis is oriented in the vertical (z) direction. By applying the
external electric field in the same direction, the configuration
will impose the use of the linear and nonlinear E-O coefficient
having 3 as a second index. These are r13 � r23 � 8 pm∕V,
r33 � 28 pm∕V, s13 � s23 � −8 × 10−17 m2 V−2, and finally s33,
which is unknown. We follow the hypothesis made in [10]
[Eq. (12)] that s13 � s31. Concerning s33, in what follows, we
have tried three different values, with the same order of mag-
nitude as the other coefficients.

The values of the linear coefficients are much lower than in
orientation 1; however, the nonlinear coefficient s13 involved
in orientation 2 is more than twice greater than s12, participat-
ing in orientation 1. The variation of the elements of the per-
mittivity tensor with the external electric field in orientation 2
can be observed in Fig. 9. The strongest variation concerns the
diagonal elements εxx � εyy, variations that are comparable
with those of εyy in Fig. 4(b), so that we can expect similar
tuning range of the TE-mode, for which the electric field lies
in the grating plane and is affected mostly by the changes in
εxx and/or εyy. In addition, their equality will ensure the polar-
ization independence of the device, because in this orienta-
tion, due to the isotropy in the xy plane, the modes excited
in different directions have the same constants of propagation
and are linearly polarized. In particular, if we excite a TE
mode in direction of the x axis with an incident wave polar-
ized along the y axis, an incident polarization along the x axis
can excite the same TE mode in y direction under the same
conditions, i.e., the resonance anomaly will appear at the
same wavelength, at least in normal incidence.

A. Tunability
The spectral dependence of the resonance peak due to the TE
mode is shown in Fig. 10 for two different values of the tuning
electric field, and taking into account the losses in the ITO
electrodes. Both s and p polarized incident waves have the
same spectral response (as a direct consequence of the

1.54 1.56 1.58 1.6 1.62
0

0.2

0.4

0.6

0.8

1

 Wavelength (µm) 

 R
ef

le
ct

an
ce

 E
ffi

ci
en

cy
 

0E
0.3E
0.6E
0.9E
1.2E
1.5E

Fig. 8. (Color online) Simulated reflection spectra of TE mode along
x direction versus the applied voltages due to the linear and quadratic
E-O effect.

−2 −1 0 1 2
5.5

6

6.5

7

7.5

Electric field intensity (107 V/m) 

P
er

m
itt

iv
ity

 o
f  

B
aT

iO
3

ε
xx

ε
yy

ε
zz

, s
33

=0

ε
zz

, s
33

=−1

ε
zz

, s
33

=−3

Fig. 9. (Color online) Permittivity tensor elements of BaTiO3 in the
case of second orientation with three different values of the quadratic
coefficient s33.

1.57 1.5705 1.571 1.5715 1.572
0

0.2

0.4

0.6

0.8

1

E
ffi

ci
en

cy
 o

f t
he

 r
ef

le
ct

an
ce

(a)

1.6485 1.649 1.6495 1.65 1.6505
0

0.2

0.4

0.6

0.8

1

Incident wavelength (µm)

(b)

Fig. 10. Resonant peak for the second orientation with ITO layer absorption taken into account. The maximum of reflective efficiency reaches
97.3%. (a) Without external electric field and (b) with 1.5 × 107 V∕m electric field.

Shu et al. Vol. 30, No. 3 / March 2013 / J. Opt. Soc. Am. B 565



isotropy in the xy-plane), with spectral width of the maxima
practically independent of the tuning electric field.

Table 4 summarizes the E-O effects’ influence on the reso-
nant peak characteristics in orientation 2. The first two lines
take into account the linear part only. As can be observed, the
tuning is much less pronounced than in orientation 1, because
the linear coefficients that participate now are almost 50 times
smaller than in orientation 1. The isotropy in the xy plane
skips the necessity to separately treat the mode exited in x
or y direction. The next lines of the table present the results
of both the linear and quadratic E-O effect. As s33 is unknown
to us experimentally, we have tried two different values, 0 and
−1 × 10−17 m2 V−2, with the corresponding variations of εzz
plotted in Fig. 9. As these variations are relatively small, the
influence of s33 within the chosen range of uncertainty is neg-
ligible for the TE mode (that has no electric field along z), as
observed in Table 4. On the contrary, the tuning of the TM
mode is strongly dependent on the choice of s33. However,
from a practical point of view the TEmode is more interesting,
because of its larger tuning range. It is about 20% smaller than
the maximum tuning range in orientation 1, but there is a com-
pensation obtained in the form of polarization independence.
The shift toward greater wavelength can be explained by the
fact that in this configuration, the index ellipsoid does not
rotate when an electric field is applied; its diagonal elements
increase (see Fig. 9), which leads to an increase of the effec-
tive index of the guided modes, thus to an increase of the
resonance wavelength.

B. Angular Dependence
Finally, Fig. 11 represents the angular dependence of the same
resonance due to the TE mode excitation, when the incident
angle is varied within the xz plane. For one of the incident
polarizations, the mode excitation is made in one direction,
while for the other, the grating excites the mode in a direction

perpendicular to the first mode direction; thus the angular
conditions of excitation as provided by Eq. (1) are quite
different.

For a mode excited in a direction perpendicular to the
plane of variation of the incident angle, the modulus of the
sum of the horizontal component of the incident wavevector
with the grating vector varies less rapidly than if the two
vectors are collinear, which determines the different angular
responses with respect to the incident polarization. Given the
variation of the incident angle in the other plan (yz), the an-
gular dependencies are interchanged. Thus, strictly speaking,
when going out of normal incidence (or working with diver-
gent or convergent beams), the device is not completely po-
larization independent. However, this is also valid for the
filters based on resonant gratings with no possible tuning.
Moreover, as seen in Fig. 11(b), the angular tolerances are
only slightly worsen due to the tuning. Without external
field the angular widths at half-maximum are Δθs � 2.16°,
Δθp � 0.13°, values that decrease slightly under 1.5 ×
107 V∕m external field: Δθs � 2.09°, Δθp � 0.12°.

5. CONCLUSION
We have studied numerically a guided mode resonance filter
containing an E-O BaTiO3 layer, and compared the tunability
of resonances based on the excitation of different kinds of
guided modes with different polarizations, for two orienta-
tions of the crystal. Whatever the configuration, we have ob-
served that the shift of the resonance peaks corresponds to
the variation of the effective index of the guided mode of
the equivalent planar structure (without grating).

In the first orientation the crystal is anisotropic in the plane
of the grating and the index ellipsoid rotates when an electric
field is applied, and we have obtained strong or weak varia-
tions, toward greater or smaller wavelengths. We have shown
that a strong tunability occurs when the modes become hybrid

Table 4. Numerically Computed Results of the Second Orientation in Three Cases

Case (×1017) Mode
Peak Position

(nm) for 0 V · m−1
FWHM (nm)
for 0 V · m−1

FWHM (nm)
for 1.5 × 107 V · m−1

Peak Shift
(nm) −0.48

Efficiency
(%)

L TE 1570.97 0.11 0.11 97.41
L TM 1441.03 0.40 0.39 −0.94 59.45
L� Q s33 � 0 TE 1570.97 0.11 0.10 78.66 97.55
L� Q s33 � 0 TM 1441.03 0.40 0.41 7.5 60.12
L� Q s33 � −1 TE 1570.97 0.11 0.10 78.78 97.54
L� Q s33 � −1 TM 1441.03 0.40 0.42 12 60.02
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Fig. 11. (Color online) Angular tolerance of the second orientation under the condition of no external electric field and with 1.5 × 107 V∕m
intensity. The incident plane wave varies in the xz plane.
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(neither pure TE nor pure TM) with the increase of the applied
voltage. In fact, the propagation constants of the hybrid modes
vary, with respect to the applied voltage, in a similar manner
as the indexes of the biaxial anisotropic material in its proper
axes. These indexes can either decrease or increase, leading
to a shift of the resonance peak toward greater or smaller
wavelengths. The same conclusions stand when taking into
account the linear (Pockels) effect only, or both linear and
quadratic effects. We obtain almost 98 nm tunability (33 nm
if the quadratic effect is neglected) for a peak with Q factor
of 15,000 with maximum applied field intensity 1.5 × 107 V∕m
that is below the BaTiO3 breakdown. The anisotropy of the
structure leads, as expected, to a dependence of the peak with
respect to the polarization of the incident wave. All these
points show the importance of taking into account the
anisotropy of BaTiO3 in the simulations.

For the second orientation (with the crystal isotropic in the
plane of the grating whatever the applied voltage), the peaks
shift toward greater wavelengths following the variation of the
permittivity tensor elements. The maximum tunability ob-
tained is almost 79 nm for a peak with Q factor of 15,000 with
the same maximum applied field intensity of 1.5 × 107 V∕m.
This is smaller than the tunability obtained for the first orien-
tation of the crystal, but the advantage is that the peak is
polarization independent in this configuration.

We believe that this detailed study of BaTiO3 based guided-
mode resonance filter paves the way to further studies, includ-
ing experimental studies, particularly as we have shown that
the deterioration of the spectral selectivity and efficiency
caused by the absorption losses of ITO can be reduced by
choosing a suitable design.
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