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Tuning of photonic bandgap in lithium niobate photonic crystal slab structures for
wavelength filtering
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In this paper, photonic bandgap of Lithium Niobate (LiNbO3) based photonic crystal slab with triangular lattice is
presented and the tuning of bandgap is discussed as a function of slab’s temperature. A micro-heater with plates parallel to
the structure has been assumed for creating localized uniform heating and the corresponding refractive indices and dielectric
constants were calculated using thermo-optic effect. MIT photonic bands software is used for the simulations. Tuning of
band gap is performed at two wavelengths 632 nm and 1550 nm. It has been observed that the band gap is changing
with temperature. The proposed structures can have the applications in wavelength filters, optical interconnectors and

optical routers.
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1 Introduction

Photonic crystals (PC) are gaining the attention
of both scientific and commercial fraternities due to
their extensive light controlling and modulating
applications’. These are the structures formed by
periodic arrangement of refractive index® (RI), for
achieving specific applications like transmission or
reflection of band of frequencies, the slowdown of
light, parametric amplification, optical switching and
non-linear effects™*°. The periodic arrangement
of the RI is achieved by various methods, including
creating air holes or cylindrical rods in a slab of
semiconductor material, and arranging micro-spheres
with different dielectric constants®®™.  These
structures exhibit photonic bandgap (PBG) which
determines the frequency of operation. The band
gap of a PC depends on the geometry of the structure
and the RI of the material from which it is
fabricated®™®. Most common method of tuning
the band gap and dispersion features of a PC is
tailoring its geometry™®*®. Therefore, once the PC is
fabricated, one cannot alter its PBG or the frequency
of operation.

Tuning of the PBG and modes are becoming
popular in the recent years for achieving specific
applications. Careful designing of a line-defect
based PC with various geometrical widths provides
tiny but strong tunability®®. PBG can be tunable in
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semiconductor based PC if the free-carrier density is
high'®. In this method, temperature of the slab and
impurity concentration plays an important role®.
Infiltration of liquid crystals into the silicon matrix
provides the tunable PBG structures for the
interconnectors®®#, Insertion of KTaOs crystal in the
PC lattice provides the high tunability due to strong
temperature? dependence of the KTaOs. Electric field
based tuning of the PBG is presented in GaAs based
PC’ and in a one-dimensional PC consisting of two
Bragg mirrors®. These structures are finding precise
and interesting applications like wavelength filters,
optical interconnectors, dispersion compensation, and
optical routers.

In the present work, tuning of PBG is presented for
wavelength filtering applications. The RI of the
slab material is considered as varying by adopting
thermo-optic effect®. This can be realized by creating
localized heating of PC by a micro-heater. Here,
Lithium Niobate (LiNbOs) based PC with air holes,
arranged in a triangular lattice are considered as the
base structure®. Initially, the bandgap of the structure
is calculated at room temperature. Later, by
implementing thermo-optic effect® 2%, the RI of the
slab and its dielectric constant values are calculated
at two wavelengths 632 nm and 1550 nm at
temperatures ranging from 20 °C to 75 °C. Here, 632
nm is chosen because of the extensive availability of
He-Ne laser source and 1550 nm is selected because
of its importance in the optical fiber communication.
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However, the designs can be extended to any
wavelength depending on the geometrical parameters
such as lattice constant of the structure and radius of
the holes. These calculated dielectric constant values
are used during the simulation, performed in open
source software MIT photonic bands (MPB)®. The
results reveal that the band gap is increasing with
temperature.

2 Schematic of the Device

A triangular lattice based PC with air holes is used
as the basic slab structure?. Air holes with radius of
0.3 times of lattice constant were assumed in the
LiNbO; slab for creating the structure. This slab can
be used directly in on-chip fabrication of photonic
circuits or can be connected with a polymer fiber to
fix in the optical network. A set of parallel plates, on
both the sides of the PC is assumed to create localized
heating and to act as a micro-heater. These plates are
connected to an electric driving circuit for controlling
the temperature of the slab. The schematic of the
proposed device is shown in the Fig. 1.

The driving circuit keeps the slab at desired
temperature and alters the RI of the slab via
thermo-optic effect, leading to the tuning of band gap.
These variations are useful for wavelength selection
and filtering.

3 Theory and Methods

3.1 Modes in the PC

In order to calculate the eigen frequencies of the
structure, one needs to consider the Maxwell’s
equations with suitable boundary conditions. The
modes of the crystal can be solved by utilizing plane
wave expansion method. The modes in the triangular
lattice are indexed byk_, k, and n. These directions of

the modes are shown in the Fig. 2.

The air columns are having a radius 7’ and are
separated with lattice constant ‘a’. The dielectric
constant of the columns is 1. The periodicity exists in
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Fig. 1 — Schematic of the proposed device.

X, and y directions. On the other side, the refractive
index is constant in the z direction. To adopt the
Bloch’s theorem, a periodic function () must be

defined and is considered as U(ﬁ)za(p.,_ ﬁ) for all

lattice vectorsR. The existing Bloch states' in the
structure can be written as:

H(n,kz,gl)(r):eXp[ile -p]exp[ikzz]ﬁ(nykz’@l)(/3)

where, p is the projection of 7’ in the xy-plane;
nk,, IZ” are the modes existing in the crystal. ~ This
equation after solving, results with the eigen states
existing in the structure. In the present case, MPB is

used on the Ubuntu platform for performing the
simulations to obtain the eigen states of the structure.

3.2 Tuning of RI

Thermo-optic effect suggests that the RI of a
material varies as a function of temperature®.
According to Hobden and Warner®, the RI of the
O-ray of pure LiNbO; at visible and near infrared
regions is given by:

1.173x10° +1.65x107°T?
27 —(2.12x10° +2.7x10°T?)

n? = 4.9130+ ——2.78x10°° 42

and for the E-ray

0.970x10° +2.70x107%T?
A% =(2.01x10° +5.4x10°°T?)

n? = 4.5567 +2.605x107T? + ~—2.24x10° 2?

where, T corresponds to the temperature of the sample
and A corresponds to the operating wavelength. The
refractive index of the material is calculated at the
temperature range 20 °C to 75 °C and at two
wavelengths 632 nm and 1550 nm. From these RI
values, corresponding dielectric constants are
calculated. These values are used in the simulation for
calculating the eigen frequencies and band structure
of the PC. From the obtained output, band structure
and the PBG are calculated. The data is used for
further analysis.

Fig. 2 — Triangular lattice formed by air columns in LiNbO3 slab.
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4 Results and Discussion

Initially the structure’s frequency bands are
calculated using the MPB software. These frequencies
are plotted against the ‘k’ vectors of the structure.
From the band structures, the PBG of the proposed
structure with LiNbO; slab is calculated at two
different wavelengths 632 nm and 1550 nm. The
obtained band diagrams are shown in the Fig. 3.

From the band structure, it is clear that the PBG
exists between band 7 and band 8. As these graphs are
plotted against the normalized frequency, the lattice
constant must be introduced to find the frequency of
operation. Here, finding the position of band 7 and
band 8 is sufficient enough to calculate the PBG and
its shift with temperature. To tune the PBG with
temperature, thermo-optic effect is introduced in the
simulation process by adopting Eqg. 1. For this, the
calculated dielectric constants at 632 nm and 1550 nm
at temperature range 20 °C to 75 °C are used in the

0.5

input of the program and the corresponding frequency
bands are calculated. From this data position of
band 7, band 8 and the bandgap of the PC at every
temperature interval is calculated. These are discussed
in the subsequent sections.

The simulated results are analysed for
understanding the band shift and tuning of PBG
with temperature. For this, the positions of band 7
and band 8 at the wavelength range of 632 nm and
1550 nm are plotted against the temperature and are
shown in the Fig. 4.

From the plots, one can conclude that the bands are
shifting with temperature. As the increase in
temperature introduces thermal expansion in the
system, the effect of expansion is included in the
simulation process, using the coefficient of thermal
expansion of LiNbO; which takes the values
1.44x10° K for X-cut crystal, and 159x10° K for

Y-cut crystal®’. The increase in the radius of air holes
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Fig. 3 — Band diagrams of the proposed structure (a) TM-modes at 632 nm and (b) TE-modes at 1550 nm.
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Fig. 4 — Change in position of bands with temperature. First row represents the TE and TM bands shift at 632 nm and second row

represents the TE and TM bands shift at 1550 nm.
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Fig. 5 — Shift in the eigen wavelength of PC with temperature. First row represents the TE and TM modes at 632 nm and second row

represents the TE and TM modes at 1550 nm.

and lattice constant with temperature are calculated
and used in the input of the program. However, the
bands are not shifting due to the minute changes in
the lattice constant of the PC and the radius of holes.

The eigen frequency purely depends on the lattice
constant of the geometry of the PC. Hence, for
achieving the wavelength filters in the range of
632 nm and 1550 nm the lattice constants are needs to
be evaluated. Here the lattice constants are chosen in
such a way that the eigen wavelength exists around
band 8 of TM mode and shifts with temperature.
These values are found to be 242 nm and 513 nm
for eigen wavelengths of 632 nm and 1550 nm,
respectively. With the implication of these lattice
constants, corresponding eigen wavelengths are
calculated and are plotted against the temperature of
the slab and are shown in the Fig. 5.

The plots clearly states that the eigen wavelength
and the PBG are shifting with the temperature.
Keeping the wavelength of operation at the edge of
the band gap provides efficient wavelength filters.
Here the eigen wavelength is places around band
8 in both the cases for filtering applications. However
the quick heating and cooling of the device makes
this device more efficient and suitable for all
optical applications.

5 Conclusions

A theoretical model for the tuning of the PBG of a
PC slab through thermo-optic effect is proposed and
the variations in the band gap are studied. It is found
that the bands of the proposed system are shifting

with temperature. The variations are expected to be
still higher at higher values of temperature. The
proposed system can have on-chip applications for
switching of signals, all optical devices and switching
applications in communication networks. It can be
used as a wavelength filter and wavelength selector in
optical sources.
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