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ABSTRACT

In this thesis, we focus on the theoretical research on photonic crystal applications and from
this original intention we try to promote the applications of PC one step forward. Our research
mainly includes the following four aspects:

(1) To develope the platform for the design and simulation of PCs. PCs are always
constructed by complex multicomponent structure, which makes it difficult to obtain the photonic
band structure or transmission property analytically. Therefore the study of PC is always based on
proper approximation or by numerical simulation. In order to study the functional PCs devices
thoroughly, we must develop a comprehensive numerical platform for the design and simulation.
However, the computation of 3D PCs is very time consuming and requires huge computer
memories, so we have to develop parallel computation with high performance.

(2) To design the functional PC devices. By the way of analogism, optimization and
proposing new idea, we mainly concentrated on the following subjects: to design the PC
wavelength demultiplexers (WDM) by analogy with the conventional waveguide WDM, to
optimize the electric pumped PC laser cavity proposed by Dr.Y.H. Lee’s group, to study the
working principle of new type of PC waveguide cavity and PC switching and to analyze the new
effects when rotating the PC ring cavity.

(3) To study the coupling technique between PC devices with conventional optical devices.
The characteristic dimension of PC devices is comparative to the optical wavelength, which is
much smaller than conventional optical devices. Therefore how to couple efficiently the PC
devices with the traditional optical devices is one of the key technique in the integrated optics.

(4) To analyze the fabrication errors of PCs. Due to the limitation of current technological
level and equipments precision, it is hard to fabricate PCs with perfect periodicity. In most cases
people can only get the PCs with some random deviations from well-structured ones. How this
disorder affects the performance of PC devices is also in the scope of this thesis.

The main results in this thesis are listed as follows.

(1) We developed a two-dimensional (2D) PC simulation software written in Visual C ++
based on finite-difference time-domain (FDTD) method. This software which provides a modem
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graphical user interface can conveniently build all kinds of complex PC structures including
nonlinearity, metal, dot and line defects. With the high-performance cluster consisted by
personal computers, we also developed a parallel three-dimensional (3D) FDTD code written in
Message Passing Interface (MPI) and Fortran. The computation platform is the basis for the
theoretical study on for 2D and 3D PCs. The results are published on Y224 23(5), 522
(2003), HF#4f 35(6), 815(2006), HTF44Rk 33(6), 700(2004) and B (FHAR 27
(12), 20(2003).

(2) We designed two kinds of PC WDMs based on directional coupling and multimode
interference effect through the way of analogizing with conventional waveguide. The two types of
PC WDMs can both isolate wavelength effectively with about 20dB and with bandwidth of about
20nm. The results were published on Physics Letter A 372(14), 2534(2008), Y6222 4% 23
(10), 1237(2003) and YR 30(4), 417(2004) .

(3) We schemed a rectangle waveguide combined by three cylindrical rods with nonlinearity
and a T-type waveguide based on 2D PC. These are proposed by the new light-by-light principle
resulting from that the nonlinear optical effect differs for different positions of standing waves. We
show that such PC waveguides can complete all-optical AND gate operation and all optical switch
which has high speed, low threshold, wide bandwith (of about 50nm) and high contrast between
the OFF and ON state of about 40 dB. The results were published on Optics Express, 14(5),
1783(2006) .

(4) We optimized the electrically driven single-cell photonic crystal laser cavity
demonstrated by Dr. Y. H. Lee’ s research group. The Q factor and Purcell factor of modified
cavity are enhanced by 7 and 6.8 times larger than the original one, respectively. The result was
published on Journal of the Optical Society of America B, 24(1), 37(2007).

(5) We proposed a new principle for PC waveguide cavity based on mode control. In this
new waveguide cavity, a single-mode narrow waveguide which operating only in the Oth order
mode is enabled to confine 1st order mode in the multimode waveguide.

(6) We made tentative research on rotation effect in ring-shaped PC cavity and developed
the FDTD method for simulating the PCs in the non-inertial frame. The result was published on
Hsg2E4R 25(10), 1415(2005) .

(7) We put forward a new approach for high efficient coupling between the PC waveguide
and the conventional dielectric waveguides. It is achieved by introducing a cascade tapered
waveguide, in which the tapered refraction index is formed by increasing radii of air holes step by
step. The study show that the coupling efficiency is usually larger than 80% within the bandgap
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and highest coupling efficiency reaching 95% . The result was publiéhed on Y F54k 37(8),
1517(2008) .

(8) We proposed a novel PC configuration consisting of coupled cavities to collimate the
output from the PC surface and to obtain beaming of the light and enhanced transmission. This
can be explained by uncertainty principle. We showed that such a configuration can demonstrate
beaming of the light in a wide bandwidth of about 100nm and with narrow divergent angle within
—10° to + 10° roughly. The result was published on Applied Physics B 86(2), 327(2007).

(9) We studied and discussed how the random errors, including radius errors and position
errors arising during fabrication affect the fundamental properties of PC cavity and the performance
of PC functional devices. We optimized the microcavity proposed by Y. H. Lee group
qualitatively. We found that the WDM based on multimode interference has better performance on
the fault tolerance. The results were published on Applied Physics B 88(2), 231(2007) and 3t
FFR 24(6), 847(2004) .

In conclusion, the thesis are focused on the theoretical research on applications of photonic
crystals. We start with developing the computation platform for design and simulation. The thesis
is emphasized on proposing and simulating the properties of the new PC functional devices and the
involved coupling system. In addition we study the inevitably random error arising during
fabrication and how it affects the bandgap of PC and the performance of the functional devices.
The results obtained in this thesis are of great importance to develope new PC devices and promote
the applications of PC devices in the near future.

This thesis is supported by the National key project of basic research “Basic research on
photonic and photonic crystal” (973) . This program was completed in 2006.

Key Words: photonic crystal (PC); finite-difference time-domain (FDTD); simulation
platform; wavelength demultiplexer (WDM); light-by-light switching; laser cavity; coupling;

random error
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