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Introduction

Electromagnetic wave propagation in dielectrical media is influenced by several prop-
erties of the material, such as the linear and nonlinear susceptibility, the anisotropy,
and the structure. In case of structure dimension is in the range of the wavelength or
even finer (photonic crystals and electromagnetic metamaterials), new light propagation
phenomenon arise, which cannot be observed in bulk crystals. Such phenomena are for
instance the presence of band structure of the light dispersion relation in periodic one-
, two-, and three-dimensional crystals, which is analogous with the band structure for
electrons in solid crystals. [1, 2] Analytical description of the electromagnetic wave prop-
agation, diffraction and scattering is well described, but when the geometry is complex
like in photonic crystals, numerical simulations become indispensable [3].

Photonic crystal based devices have been produced for a long time, such as multi-
layer dielectric mirrors, which are one-dimensional structures. Even though very good
optical properties can be achieved using these multilayer dielectric structures, they have
some drawbacks. Thermally driven motion of the optical elements gives rise to noise in
high-precision interferometers [4], and it turns out that mirrors with multilayer dielec-
tric coating exhibit higher thermal noise than the monolithic ones [5], which are created
from the same material by micromachining in the scale of the wavelength. Not only the
linear susceptibility can be periodically structured but the second order susceptibility as
well: an example to such medium is the Periodically Poled Lithium Niobate (PPLN).
With periodic poling quasi phase matching can be obtained in nonlinear processes [6].
Nonlinear Second Harmonic wave Generation (SHG) has been thoroughly examined in
one dimension both analytically and numerically. Recently, the application of advanced
domain poling techniques enabled the fabrication of two-dimensional (2D) patterns of
the sign of the nonlinear coefficient in certain nonlinear crystals, such as LiNbO3 and
LiTaO3 [7]. This method can be used to achieve quasi phase matching in SHG and hence
amplification of the second harmonic fields in 2D.
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Objectives

The purpose of my Ph.D. thesis is on the one hand, the determination of the geometry
of a special monolithic, T-shaped grating structures by optimization of the structure
dimensions for specific optical properties. The targeted optical devices to be created via
optimization could be a broad band mirror, a band filter, or dichroic short- and longpass
filters. On the other hand, the other main goal is the development of numerical methods for
the simulation of wave propagation in materials with structured second order susceptibility
based on linear methods. The methods should describe SHG in a homogeneous crystal,
SHG in 2D periodically poled crystals, presence of backward SHG, SHG in materials
structured both in the linear and nonlinear susceptibilities, SHG in macroscopic scale.
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Scientific achievements

The major achievements of my Ph.D. research are summarized in the following points:

1. I have determined the structure parameters for a couple of specific optical mirrors
which are obtained from a T-shaped Surface Relief Grating (SRG) via numerical
optimization. First, I have optimized the initial structure to achieve the widest high
reflection plateau in the Near-InfraRed (NIR) range subject to the constraint for
the narrowest widths of the bottom and top layers constituting the T ridges. Sec-
ond, a band-pass filter was examined and its parameters were determined. Finally,
two kinds of dichroic beam splitters were realized: short- and longpass ones. These
mirrors can be applied to steer the propagation of bichromatic laser fields, e.g. with
wavelengths 1310 and 1550 nm, in experiments where the higher thermal noise of
the more traditional multilayer dielectric mirrors is not acceptable. [P1]

2. I have extended the linear Finite Difference Frequency Domain (FDFD) method
to second order nonlinear media, showing that Second Harmonic Generation (SHG)
can also be simulated with the Non-Linear FDFD (NL-FDFD) method. For the case
of 3m symmetry of the underlying crystal lattice (e.g. LiNbO3), the structure of the
nonlinear tensor was shown to allow for a two dimensional simulation. In order to
simulate SHG process in a two-dimensional structure, I introduced two Yee-meshes
for the fundamental and second harmonic fields, respectively. The Maxwell’s equa-
tions for the Fundamental Wave (FW) and Second Harmonic Wave (SHW) were dis-
cretized on the appropriate mesh. I have also worked out the general formulation for
the three-dimensional case with arbitrary symmetry of the dijk tensor. Undepleted
SHG was simulated in a homogeneous nonlinear crystal and the obtained conversion
efficiency was shown to compare remarkably well with the analytical value. A sim-
ilar result was obtained for SHG with pump depletion in a 1D Periodically Poled
Lithium Niobate (PPLN) crystal as well. I also carried out true two-dimensional
simulations to demonstrate the capabilities of the method in higher dimensions.
For real two-dimensional structures of one- or fivefold cylinder arrays with periodic
variation of both the linear and the nonlinear susceptibilities, I have shown that the
reflection spectra, the normalized reflectivity power of SHW and also the Ez field
structure calculated at the resonance frequency, are in good agreement with results
reported in [8] using a semi-analytical method. [P2]

3. I showed how the pseudospectral method can be applied to the FDFD method re-
sulting a new method called Pseudo Spectral Frequency Domain (PSFD) method.
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This new method gives much more accurate approximation of the analytical deriva-
tives compared to the standard FDFD method. In order to show this, the relative
numerical phase velocity values obtained from simulation results were plotted to-
gether with the analytical curve for axial and diagonal directions of the simulational
grid. Next the Non-Linear PSFD (NL-PSFD) method was presented and compared
to NL-FDFD method by simulating a homogeneous nonlinear crystal. For compari-
son I have examined how the numerical coherence length and maximum conversion
efficiency value depend on the sampling density. NL-PSFD method exhibits better
accuracy in general, similar accuracy can be reached in NL-FDFD method by us-
ing 6-8 times finer grid. I have introduced the implementation of oblique incidence
source for PSFD method. The correctness of this procedure is demonstrated by sim-
ulating a tilted nonlinear Quasi Phase Matched (QPM) grating in two ways: first,
QPM grating was tilted and the wave vector of the FW was parallel to x axis of the
simulation domain, second, FW has oblique incidence and QPM grating was parallel
to the x axis of the simulation domain. I have calculated the conversion efficiency
for both cases and compared them with each other and with the analytical solution
as well: all three curves are shown, they overlap very well. The angle between the
Poynting vector of SHW and the grating boundaries is compared for both cases
together with the expected theoretical value, again, the simulation results provide
identical solutions which agrees with the theoretical one. [P3]

4. I have introduced a specific method derived from NL-PSFD method for large volume
simulation when only the second order nonlinearity is structured spatially. In this
method the core matrix is not scaled up to a large sparse matrix (like in the FDFD
and PSFD methods) but kept in the same size as the simulation area, the resulted
matrix equation is Sylvester type, thus we denote the method as NL-PSFD-SYLV,
and the solution is obtained by iterations with the modified conjugate gradient
method. The efficiency of this method in large scale simulation is illustrated by sim-
ulation of a real, two-dimensional nonlinear photonic crystal. Nonlinear interaction
occurs in non-collinear way, via the G01 Fourier component of χ(2)(r). Phase match-
ing criteria is calculated for the selected wavelength (1500 nm), and so the angle
of incidence is determined for FW and the expected angle of generated SHW too.
Direction of propagation of SHW is calculated from the Poynting vector and com-
pared to the analytical results, after 10 µm of propagation, the wavefront takes the
direction of phase matching condition. Conversion efficiency is also calculated from
the Poynting vector, and compared to the analytical solution, where the numerical
solution is in good agreement with the theoretical expectations. [P3]
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