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Abstract

Photonic crystals are widely used in photovoltaic applications such as filters, mirrors and se-
lective radiators due to their tunable energy bands and the advantage that photons travel
faster than electrons without interaction. This thesis describes photonic crystal components in
thermophotovoltaic systems that may improve the overall efficiency, with particular focus on
spectral efficiency and the band structures of 2D photonic crystals under the influence of rough

surfaces and complex refractive indices.

Spectral efficiency is crucial for assessing the optical performance of filters. Although 1D pho-
tonic crystals have been extensively studied, there are still many open questions on the inevitable
fabrication defects in practical production. In this work, the spectral efficiency of a wide range
of structures is found to be reduced by the effect of complex refractive index. Studies on the
interface roughness show a similar trend and further illustrate that the structures when modified
by evolution algorithm allow such defects to be compensated in to some extent. In addition,
emissivity studies of 1D photonic crystals have shown that a non-periodic structure can obtain
the same radiation peaks as a periodic structure with more layers, while having a smaller total

thickness and fewer interference peaks.

To explore the photonic band characteristics of 2D photonic crystals, the structures that achieve
the largest bandgaps are obtained by comparing different hole/cylinder shapes in a variety of
lattices. Also, alternative materials and optimizations of the filling fraction are used to derive
the optimal structure with the maximum photonic band utilization rate, providing a theoretical

basis for relevant applications.

In addition, in the study of 2D photonic crystal slabs, it was found that annular holes make it
easier to obtain higher effective refractive indices and relatively small bandgap shifts. We report

the design of an inner radius optimized honeycomb lattice with annular holes, which exhibits a



normalized bandgap width of 3 % 1076 and a utilization rate of less than 0.001%. This helps to

achieve fast band switching of the modulator.
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Chapter 1

Introduction

This chapter outlines the background research of the whole thesis. Thermophotovoltaics have
been a hot topic of research in the energy sector in recent years, and the performance and
efficiency have been progressively improved with related technological breakthroughs. In this
chapter a brief overview of TPV (thermophotovoltaic) systems is given first, including research
in the field. One-dimensional photonic crystal, as a highly promising filter material, will be
addressed separately with regard to the factors affecting effectiveness and the challenges for
industrial development. Finally, two-dimensional photonic crystals (and slabs) will be discussed

in terms of their band structures and applications for its characteristics.

1.1 Overview of TPV system

1.1.1 A brief description of TPV system

Thermophotovoltaics convert high-grade thermal energy into electricity [1-3]. This approach is
considered important in the energy industry due to its environmentally-friendly characteristics
(no pollution, noise and fossil fuels consumption), far better than that of traditional fossil fuel
energy. In 1996, JX Crystals from United States reported a portable small-scale thermophoto-
voltaic power generation system based on GaSb cells, with 90% total energy utilization rate
[4]. Western Washington University has developed a sample of a thermophotovoltaic powered
automobile, equipped with 8 GaSb TPV components and able to reach 100 miles per hour
[5]. The operation process of TPV system can be simply explained through Fig. 1.1. The

high-grade heat source drives the thermal emitter to radiate the infrared photon stream, which



Chapter 1. Introduction 1.1. Overview of TPV system

is then absorbed by the TPV cell to generate electron-hole pairs. When the cell is externally
loaded, the electrons in the conduction bands return to the valence band through the load to
form a loop, therby realizing heat conversion to electricity. |6l 7] The energy conversion efficiency
can be improved by optimization of TPV cell bandgaps, by careful structural design of system
components, and by tailoring the radiation spectrum coming to the PV cells. To recycle the
photons which cannot be used by PV(photovolatic) cells, multi-layer spectral filters are used,
and this thesis considers the limitations coming from imperfections in practical realization of

these filters, and their optimisation.

Photons in
Photons energy gap
Heat
Hot body - Thermal —® Optical filters ™ TPV cell
emitter
Photons beyond
the range

Figure 1.1: Diagram of TPV system.

The design of a spectrally selective filter based on a one-dimensional photonic crystal structure
has been investigated with the aim of improving the performance of thermo-photovoltaic devices
[6, 8]. The application of an optical filter helps to reflect back those wavelengths which lie outside
the most favorable wavelength range, in order to avoid PV cell heating that leads to lower PV
efficiency. Previous research has indicated that the efficiency of a TPV system can be enhanced
by 45%-75% by the incorporation of such filters [9]. For thermal emitters of TPV system, the
best choice to match emission spectrum of GaSb cell is 3D Tungsten photonic crystal [10, 11].
In Natalija Jovanovié’s research, a 2D PhC in single-crystal tungsten which is well-matched to
the PV diode of the whole system is introduced [12]. Compared with 1D PhC, the 2D PhC
absorber has obvious advantages, with wider absorption capacity, high absorption rate, and

wide-angle of absorption |13].

1.1.2 Recent emergence of TPV systems

Thermophotovoltaic(TPV) is a solid-state energy device which has potential applications in
the development and utilization of high-temperature fuel cell waste heat, industrial waste heat,

isotope decay heat and solar energy. [14-16] It has been invented for the first time in the MIT in
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1960s, with calculated output power of 1W in ideal ambient conditions. |17] The related theory
has then been completed and improved by a number of researchers. P. Baldasaro proposed
physical model and analysed the operation of a PV cell and emitter. [18] R. Dziendziel has
calculated maximum efficiency under ideal conditions. [19] M. Zenker gives measurement of
GaSb cell in TPV system applying different emitters as shown in Table. 1 [20]. M. Whale’s
team proved that the radiation density would increase when the distance between the radiation

source and PV cell is smaller, by using micro-scale radiation conversion theory. [21]

Table 1.1: Measurement of TPV systems applying different emitters[20).

Type of emitter System efficiency Power density(W/(cm)?)

Ideal emitter 33% 2.8
Grey body emitter 8.9% 1.1
Selective emitter 14% 1.1

1.2 One-dimensional Photonic crystal

1.2.1 Development of 1-D PhC for TPV applications

The conversion efficiency of a TPV system can be improved by controlling the radiation energy
spectrum accepted by the cell. Thus one research approach worth pursuing is to improve the
performance of optical filters. For example, a structure composed of 1-D photonic crystal and
semiconductor film was presented in 2004 to achieve wide reflection bandgap which reflected
back most of the photons that cannot be accepted by the emitter.|22] Related research on 1-
D PhC filters revealed that it possesses promising spectrum characteristics, especially under
high temperature conditions over 1500K.[23, 24] Based on the features of easy fabrication,
simple structure and excellent filtering performance, F. O’Sullivan’s group has designed an
one-dimensional Si/SiO2 PhC filter and the results of numerical simulation agree well with
the experimental results.[25] [26] However, the reflection peak in the photonic crystal bands
may reflected back some photons which could be converted, especially those located near the
reference wavelength of PV cell. This may cause severe reduction of system spectral efficiency
and output power density. The discussions on influential factors on optical performance will be

given in the next chapter.
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1.2.2 Influential factors on optical performance

Considering the characteristic matrix of the film and the parameters included, the change of
incidence angle will affect the equivalent admittance and the optical thickness of the film. [27]
28] According to Bloch’s theorem, the dispersion relationship of photonic crystal can be found

by using transfer matrix method for wave transmission in periodical structure:

1
cos(K D) = coséicosdy — f[ﬂ + @]sz’mﬁsinég (1.1)
2'ny M

where K is the wave vector of periodical Bloch wave, §; represents the change of light phase in
the dielectric layer and A is the wavelength of incident light. The bandgap width can be derived

by equation (1.2):

Wy . _1,M1 — N2

Aw = sin
4cos6 n1 + no

) (1.2)

where wy is the corresponding central frequency of central radiation wavelength A and @istheincidenceangleo flic

Table 1.2: Bandgap width for different incidence angle.[29]

Clockwise angles 6 0 30 60 75
Normalized bandgap width Aw 4.0735x10'"  4.7036x 10" 8.1496x 10" 1.5739x 10!
Counter clockwise angle —6 0 -30 -60 -75

Table 1.2 gives the bandgap width when the incidence angle varies from 0 to 75°. In this case, the
refractive index of two media are 2.38 and 1.35 respectively and the geometric thickness for one
period is 2000nm. Central radiation wavelength is 1550nm [29]. By reading this table, the fact
can be revealed that the bandgap width is increasing with incidence angle. It is interesting to
point out that, when the incidence angle increases from 0-30°, the increase of width of bandgap
is not that obvious. But from 30-60° and 60-75°, the value almost doubled. Photonic crystal,
as the structure with periodically arrayed different materials, can be significantly influenced by
the change of parameters of the structure. By increasing the number of periods, the oscillation
occurs at the top of the middle transmission band. The number of the oscillation peak equals

n-1. With increase of the number of periods, the transmission peaks on the side of the band
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have increased and their width tuned to be narrower. When the defect layer with complex
refractive index is added in the multilayer structure, the number of periods of real RI layer will

affect the defect mode as well.
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Figure 1.2: Transmittance for different number of periods of defect layers.

The structure of 1D PhC is (AB)n(D)n(AB)n and complex refractive index of defect medium

D can be written as:

where C equals 5.44 pm and n is the real part of the medium index which is 3.0. A\ is the
wavelength of the incident wave. The thicknesses of layers nm for real refractive index and 344
nm for complex index layer respectively. The refractive index of medium A and B are 1.38 and
2.35. When the number of periods of defect medium D remains at 2 and increase the number of
periods N, the defect mode turns to be sharper. If the number of periods continues to increase,
the defect mode would vanish which means there is a limitation for the number of periods. If
the number of periods M is increasing, as shown in Figure 1.2, the number of defect modes is
increasing. A transmittance defect mode with almost 100% of reduction occurs in the band

gap. The bandgap location and width do not change.



Chapter 1. Introduction 1.2. One-dimensional Photonic crystal

Incidence
light
R*,
T+,

4 I
a 9’1/////{////4// 77777777
Multi-layer

film unit T, R,
T

b | ' R%

Figure 1.3: Instruction graph of reflectance on the substrate.

Figure 1.3 shows the reflection of incidence light both on the front side and back side of layers.

The reflectivity can be calculated as:

R=RI+T/R/T, 1+ R, R + (R, R)*+..]
TSRyT, _ R} +R/(T,/T, —RiR;)

R=R}I+ =
1- R, R 1- R, R

(1.4)

where R = %ﬁ“&’if there is no absorption of optical thin film. Similarly, the transmit-

tance of multi-layer AR can be obtained as:

T=T,T +T T, RYR, [ + R, R + (R, R} )* + ...]

T, T

T=—""7"-+-—
1— R, Ry

(1.5)

In Hendradi Hardhienata’s research, the refractive index of medium 1 and 2 are set as 1 and 3
respectively. d; and dy represent the thickness of two layers. By comparing Figure 1.3 (a), (b)
and (c), the width of the bandgap gets larger when the thickness of the medium increases. In

addition, the transmittance peaks move to longer wavelength .
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Figure 1.4: Transmittance for different thicknesses of layers (a) d1=0.4mm,d2=0.6mm; (b)

d1=0.6mm,d2=0.6mm; (c)d1=0.6mm d2:O.8mm.

1.2.3 Challenges in the application of PhC

The refractive indices in the above discussion correspond to the ideal materials. Typically, the

expression for complex RI can be written as n + ik, which consists of refractive index as its real
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part n and its imaginary part k proportional to the absorption coefficient. With consideration
of complex values here, the attenuation characteristic of transmission of light in the medium
can be simulated by the mathematical models and shown in the form of figures. The simulation
is based on multilayer filter TPV systems and the material are Si and Si02, with complex
refractive indices given in the related literature. Here, complex RI is introduced to show both
real and imaginary parts of refractive index in limited periods of 1D PhC. For example, if the
complex refractive index is taken into consideration, the characteristic of transmittance peak in

TE mode for different incidence angles can be shown in Fig. 1.5.
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Figure 1.5: Transmittance characteristic with different incidence angle in TE mode .

This research is based on 1-D quasi-periodic photonic crystal with real medium A and designed
medium B. Medium A is Silicon with real refractive index and medium B is made of complex
refractive index (np = 1.365 — 4.277) material. The number of periods is taken to be 5 and the

incidence angle step is 10°, from 0 to 50°. As the angle of incidence increases, the transmittance
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of each main peak decreases monotonically, and the transmittance of each sub-peak increases
monotonically. The absolute value of transmittance versus incidence angle gets larger when the
relative frequency of the peaks get higher. However, the locations of peaks do not change with

different incidence angles.
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Figure 1.6: Transmittance for different number of periods, with complex index layers.

The condition above regards complex index layer as the defect layer, if it has the same number
of periods as the real index layer, e.g. (AB)N structure, the transmittance would decrease while
the peaks of transmission move towards short wave direction. The transmittance is shown
in Fig. 1.6. With the increase of number of periods, the location of main peaks slightly moved
to the shorter wavelength, while the sub-peaks show obvious movement in the same direction.
Also, the larger the corresponding frequency at main peaks, the larger the absolute value of

period changing. Table 1.3 shows the transmittance values at different major peaks:

10
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Table 1.3: Transmittance for different number of periods.

Number of period 4 5 6 7 8

The first main peak 56.0 46.0 43.3 41.1 38.9
The second main peak 53.3 43.8 40.5 37.8 35.1
The third main peak 51.3 41.1 37.8 36.2 34.0
The fourth main peal 48.7 38.9 36.2 334 31.8

Under the condition that complex refractive index is taken as the defect layer property, the
thickness of real index layers makes almost no difference on the bandgap width. The defect
mode moves in the high frequency direction with increasing thickness. This means that the

change of thickness influences the bandgap central frequency of photonic crystals[34, [35].
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Figure 1.7: Instruction graph of reflectance on the substrate.

Figure 1.7 shows the transmittance characteristics for different layer thickness in the structure
with real index medium A and complex index medium B, periodically arrayed. For each increase
of thickness of two layers, from 0.8 d 49, 0.8 dpg to 1.2 dag, 1.2 dpg, the transmittance of main
peaks decrease by a factor of 2.2%. The changing trend of transmittance of the four main peaks

all follow the rule that all their transmittance reduces with the same reduction.

Frequency o /e
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Another class of defects that may not be avoided in the fabrication process is roughness of the
interface or surfaces of thin films. Various filter designs, based on multilayer stacks, have been
considered in the literature, assuming that the interfaces are perfectly flat. In this work we

account for the effect of interface roughness, which is known to affect the spectral properties of

thin films, as discussed by A. Tikhonravov, et al [36].
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Figure 1.8: Comparison of the transmittance for ideal surface(solid) and large-scale rough-
ness(dashed)|[36].

Figure 1.8 shows the transmittance of ideal 31-layer quarter-wave mirror with and without small-
scale roughness added. The value of rms roughness has been set to 5 nm for each interface. It is
obvious that ideal mirror surfaces give higher average and peak transmittance than with small-

scale interface roughness. For multilayer SiC films on Si substrate, the reflectance spectrum is

shown in Figure 1.9.
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Figure 1.9: Influence of rough interfaces for a SiC layer on Silicon substrate|37].

The reduction can be observed when the interface or surface roughness is considered, comparied
to the ideal SiC-Si structure. The average reflectance is reduced, especially for high frequencies.
If both surface and interface have same amount of roughness, a severe reduction exists.

1.3 Two-dimensional Photonic crystal

1.3.1 Overview of 2-D PhC

For 2-D photonic crystals, the rods can be arrayed as in the structure in Figure 1.10:

13
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Figure 1.10: Schematic diagram of 2-D photonic crystals.

Two dimensional photonic crystal consists of dielectric rods in air or air holes in dielectric sub-
strate, and features periodic structure in a plane perpendicular to the rods axis. The permit-
tivity of this structure is periodic function of the spatial position in the direction perpendicular
to the rods, while in the direction parallel to the column axis the permittivity does not vary
with the spatial position . The increasing interest in controlling thermal radiation using
photonic crystals has high-lightened the need for high-performance thermal emitters.
Most of research on periodic microstructred selective emitter was focused on 2-D tungsten
PhC . Besides, Tantalum has an extremely high melting point (3290K) and small co-
efficient of expansion, which is also a good material in TPV applications. The results indicate
that for wavelengths larger than the cut-off wavelength, the average emissivity of tantalum is
greater than that of tungsten. Selective emitters can be designed to match different TPV
cells by adjusting the size of its structure. Theoretical studies have shown that the spectral
modulation of two-dimensional photonic crystals is mainly influenced by microcavity resonance
(resonant cavity effect), whose cut-off wavelengths can all be calculated from the resonant fre-

quency of the fundamental mode of the resonant cavity, which is twice as deep as the hole

14
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depth.[12, |49-51] For rectangular holes, the calculation of cutoff wavelength Acyzor5 is:

(1.6)

Acutof f =
VO () + (o)’

Here, I, m and n are all integers and the micro cavity size is L, x L, x L.. Similarly, the

formulae for structure with circular holes for TE and TM modes are:

o= et (2) () u

prs = g (B22) s () 09

Here, X denotes the nth root of the first class Bessel function of order m, X’ denotes the
nth root of the derivative of the first class Bessel function of order m, a is the radius of the
cylindrical hole, d is the depth of the cylindrical hole, 1 and € denote the magnetic and electrical

permeability of the material filling the cylindrical hole, respectively.

1.3.2 2-D photonic crystal slab

A two-dimensional photonic crystal repeats infinitely in both directions in the plane and is ho-
mogeneous and extends infinitely in the third direction perpendicular to the plane of the period.
In this case, the photonic bandgap exist in all directions in the periodic plane. The intensity of
the light field in the vertical direction is assumed to be constant. Under this assumption, the
light propagating in the periodic plane can be divided into two polarisation states, the transverse
electric mode (TE) and the transverse magnetic mode (TM). It is important to mention that
the definitions of the electromagnetic field vectors in TE and TM modes in photonic crystals is
quite different from that in classical optical theory. From analytical perspectives, the TE and
TM modes have covered all the electric field and magnetic field in the photonic crystals respec-
tively [52, |53]. The other field components can be easily obtained from one field component
in the same polarization which describes the plane electromagnetic wave. Thus, the numerical
calculation can be simplified to build such ideal two-dimensional photonic crystal model. The

ideal model which does not exist in real life helps to understand possible properties of 2-D PhC.
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Figure 1.11: Two-dimensional photonic slabs:(a) Square lattice with dielectric rods in air,
height=2.0a;(b) Triangular lattice with air holes in dielectric slab, thickness=0.6a [52].

For the slab structure, with its finite height (unlike the conventional two-dimensional materials),
the light is confined in the slab because of the refractive index difference between the slab and
cladding layers on the upper and lower sides [52, 54, 55|, and the dispersion will not be exactly
the same as for the two-dimensional photonic crystal. It is useful to add the dispersion curve,
called light cone (calculated with the average refractive index of the photonic crystal slab), in
the band structure diagrams. It is important to note that the slab structure features symmetry
on the plane z=0 and the k-vectors on x and y planes are observation targets. Thus, the TE
and TM polarizations can be simply replaced by their analogous modes: even and odd modes

respectively [56].

The state-of-art photonic crystal slab has dielectric rods on the substrate which are arrayed

periodically and filled with air. Another approach is etching of holes periodically on the sub-
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strate, which is also the preferable way to achieve slabs due to its easy control of operation
and accuracy [57]. Steven G Johnson’s team first investigated the guided mode of photonic
crystal slab using plane wave method with super cells.[52]. Due to the theoratical limitations,
the leaky mode of PhC slab cannot be calculated. Fan’s research group focused on solving
field distribution of eigenmodes using FDTD [53]. But there is still no direct way to calcu-
late the dispersion relation and field distribution for the leaky mode of a photonic crystal slab
until scattering matrix method was first used to calculate the reflection and transmission of a
photonic crystal slab with a substrate by DM. Whittaker without providing the calculations of
eigenmodes directly|58]. The calculation of eigenmodes of photonic crystal slab in air was then
fulfilled by N Carlson [59] with only guided mode involved and then applied to specific structure
by Tikhodeev [60].

1.3.3 Characteristics of band structures

Photonic crystal bandgaps have the property of scaling independence, which means that if all
the parameters of 2 PhCs are the same except size, they possess the same band structures. The
only difference between them is the wavelength range of bandgaps. Therefore, the normalised
frequency a/2mc is often used in discussing photonic band structures. Assuming that there is

no net charge in the PhC and the current is zero, according to Maxwell equations,

V-D=0
V-B=0
(1.9)
_ _90B
VxE=-%
_ 9D
VxH=%
By initializing lattice constant a, the scale in Eq. (1.9) can be converted to:
E=y
(1.10)
ct — t/
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Here, ' and t' are dimensionless wave vector and time. Then the dielectric function and

magnetic field intensity are concluded as:

e'(r') =e(r)

(1.11)
H'(r')y = H(r)
Based on the Eq. (1.11), H'(r',¢') must satisfy the following condition[61]:
! 1 !/ o w2 o
V'x —V'x H'(r') = = H'(r) (1.12)

8’(7“') 62

Here, V' is used as notation of gradient of r’. If the remaining parameters of the two photonic
crystals are the same except the scales, then their eigenequations can be written in the same
form as the equation for the dimensionless dislocation vector by scale transformation, i.e. the
photonic crystal is scale-free. Therefore, in photonic crystals, normalised frequencies are usually

used when frequencies are involved:

we = wa/2nC (1.13)

It is clear that the photonic crystal bandgap is determined by the lattice constant. Any bandgap
in the specific wavelength range required can be obtained by simply changing the lattice constant
using the normalised frequency. In the following discussions, a/2mc is used as the unit of

frequency.
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Figure 1.12: Photonic band structures of different slab thickness of (a)d=0.3a, (b)d=0.5a. |\

The band structures of photonic crystal slabs with different substrate thickness are shown in
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Fig. 1.12 [62]. The green curves are the light cone and the blue area is the notation of limitation
of light by the Fresnel reflection due to the refractive index difference in the vertical direction.
By increasing the slab thickness, the range of TE-like bandgap remains and moves to the lower
frequency. The most important feature of the energy band diagram of planar photonic crystal
is the light cone. Within the light cone, there is a continuous region containing all possible
frequencies in the background. In a homogeneous background, the light cone is simply the wave

vector divided by the refractive index: k/n.
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Figure 1.13: Band diagram of triangular lattice with (a) elliptical, (b) rectangular, (c¢) hexagonal
air holes and (d) the first Brillouin zone of hexagonal structure. [63].

For a periodic background, the light cone is the lowest energy band of the corresponding two-

dimensional system. Fig. 1.13 shows the band diagram of triangular lattice with different
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shape of holes etched in . From the simulation results, the hexagonal structure gives the
largest TE-like bandgap. The second largest bandgap is observed in elliptical structure, with
approximately half the size of that in hexagonal structure. Rectangular hole is another case for

comparison, and the bandgap is only around a quarter of that in the optimal structure.
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Figure 1.14: Band structures for first 2 photonic bands:(a) for different air-hole radius ranges
from 0.25-0.3a; (b) the minimum bandgap when radius=0.292a [64].

Maximizing the photonic bandgap width is always the priority for researchers to bring it into
various applications. These include e.g. using line defects to form optical waveguides or using
point defects to form optical microcavities . The properties become more meaningful
when the bandgap width of a photonic crystal is increased, so efforts have been made to increase
the bandgap width of photonic crystals. Besides, the bandgap width can be also minimized from
modulating perspective. In terms of operating frequency during modulation, smaller bandgap

width is easier for band switching .

1.4 Research work in this thesis

As mentioned earlier, in terms of improving the overall conversion efficiency of thermopho-
tovoltaic systems, the main research hotspots focused on are how to improve the filtering and
radiation efficiency of the internal components of the system. Therefore, using photonic crystals
as the topic of exploration, the main chapters of this thesis are organised as follows. Chapter
1 focuses on some background knowledge and process development of photonic crystals and
thermophotovoltaic systems involved in this thesis. Starting with the challenges of efficiency
improvement in TPV systems, the application of photonic crystals in TPV components such as

optical filters and thermal emitters is presented, with an emphasis on the problems that may be
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faced in fabrication and the band structures of photonic crystal slabs. Chapter 2 gives the basic
theory and methods for designing and analysing photonic crystals. It covers the mathematical
principles used for modelling, the effects of complex refractive index and interfacial roughness

on spectral efficiency, as well as the optimisation scope and objectives of genetic algorithm.

In Chapter 3 ,the emission performance of non-periodic arrangements of one-dimensional pho-
tonic crystals is analysed. The emissivity peak, central frequency and total layer thickness of
the 4-layer non-periodic structure and the 10-layer periodic structure are investigated using the
transfer matrix method. The optimised non-periodic structure is found to have the same high

emissivity and smaller thickness.

Chapter 4 discusses a variety of materials and structures for 1D photonic crystals, with ref-
erence to relevant studies and self-designed crystal models. On this basis, the effects of the
complex refractive index and the roughness of the interface on the spectral efficiency are stud-
ied separately. It is shown that each of these factors causes a reduction in optical efficiency, and
optimization of the layer thickness using genetic algorithm is necessary to achieve performance

similar to that of the original structure.

Different material choices for two-dimensional photonic crystals are given in Chapter 5. Using
the plane wave expansion method to simulate silicon/air and tungsten/air respectively, it is
concluded that the tungsten structure has a larger photonic band due to its larger dielectric
constant difference. The optimised filling fraction results in a structure with the maximum

bandgap utilisation.

Chapter 6 continues the exploration of the properties and applications of the minimum photonic
bandgap, based on the study of the maximum bandgap in the previous chapter. Using the plane
wave expansion method and the MPB tool, various combinations of lattice types and hole shapes
are calculated and compared. It is shown that the highest effective refractive index change and

the smallest bandgap width can be obtained for annular hole in honeycomb lattice.

Chapter 7 concludes and gives an outlook on the whole research work of the thesis.

1.5 Novelty and highlights

The main innovative points and highlights of this thesis include:
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(1) A 4-layer non-periodic structure with the same high emission efficiency as the self-designed
10-layer 1D photonic crystal structure is given. After optimization, the main emission peak
of the periodic structure remains unchanged and the maximum value of the clutter peak is
promoted, increasing the possibility of improving the utilization in specific frequency range;
the main emission peak of the non-periodic structure is narrower and closer to the emission

performance of the periodic structure without deviating from the central frequency.

(2) The genetic algorithm optimized model has better average spectral efficiency when opti-
mization target is spectral efficiency rather than transmittance. Smaller number of layers can
be a good choice if roughness cannot be avoided. The Si/SiO2 structure has higher spectral
efficiency than that of SiO2/TiO2 for the same type of structure. Structure with optimized
layer widths and interface roughness considered can slightly improve the optical performance

of filters.

(3) The required effective refractive index change coming from a shift in the energy band struc-
ture of a photonic crystal is generated. Comparison made for three lattices with eight hole
shapes for effective refractive index variation leads to the conclusion that honeycomb lattice
with annular holes is the optimal structure. Using Genetic algorithm to optimise the inner
radius of the annular structure, the resulting two-dimensional photonic crystal slab can switch

bands rapidly in a very small frequency range.
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Chapter 2

Methods

This chapter contains the methods used in the study. First, two mathematical methods applied
to form one and two-dimensional photonic crystals are presented, together with the derivation
of the calculation of the spectral efficiency. Then, a theoretical analysis of the defect problems
that may be encountered in the practical production process, such as the complex refractive
index, and the roughness of the interface are given. Finally, the simulation tools and optimisa-
tion algorithms used in this paper are briefly described. The spectral efficiency of the model is
optimised through a series of calculations and parameter adjustments, and the optical perfor-
mance of the optimal structure is found. The theoretical principles and optimisation analysis

of photonic crystals for use in thermophotovoltaic systems are detailed.

2.1 Mathematical principles

2.1.1 Transfer matrix method(TMM)

To develop a photonic crystal model, the Transfer Matrix Method is used to implement it in the
simulation software. Transfer matrix can be derived by applying thin film optical theory, the
admittance of medium can also be calculated. The essence of transfer matrix is that it is the
product of feature matrix of each layer [68||69]. By calculating the admittance of medium, the
reflection and refractive coefficient can be obtained as a result. The sketch of electromagnetic

wave passing through the single layer thin film is shown below:
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Nz

Figure 2.1: Electromagnetic pass through single layer film. The supersripts of + and - means
the different propagation directions. The superscripts of 0, 1 and 2 means the layer state,and
11 and 12 means the interface state.

The figure shows that the electromagnetic wave Ejy turned to Es after passing through the
AR. E; represents the status of electromagnetic wave in the layer. EE, E}, represent the
instantaneous state of the field which just crossed the interface, and Fij, EE are the fields
which are going to pass through the layer. Through the admittance connecting Ey and E5, the
film can be regarded as surface of a media. The equations below can be obtained by applying

boundary conditions to the first media surface ng:

HO = Y(k X Eo) (2.1)

Ey=Ej +E, = Ef, + B}
kx Ey=kx Ef; +kx E; 2.2)
Hy=Hy + Hy = H{; + Hy

Hy =m(k x Ef; + kx7;)

The difference between these two transient states in the propagation through the dielectric media
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lies in the phase factor introduced due to the layer thickness [37, 70]. The phase thickness for
the first interface can be derived as:

Et = Bt efiél 9
12 1 = (51 = INldl Ccos (91) (2.3)

Ep, = Eje d

By combining Eq. (2.2) and (2.3), the matrix of the relation between ng and n; can be found

as Eq. (2.4)
k x &g ei51 e*ial k x B
Hy 7]16Z61 —7716_“51 kx By
Similarly, the relationship of electric field between n; and ny can be obtained as:
+ 1 1
k X E12 _ b ﬁ k X E2 (25)
kx Ep 3 o | | Ho

Thus, the relationship between the electromagnetic field on two sides should be obtained by

multiplying Eq. (2.4) and (2.5):

1 cos 01 Lz)él 1
k x EQ = ! (k X Eg) (26)
Y injsindg; cosdy| |02

So far, the equivalent derivation from film to media surface is accomplished. If the conclusion
is spread to the entire media space, the feature matrix of layer 7 when period number is k will

be obtained as:

i sin O
COS 05 “7’%
My = ’ " (2.7)

in; sin dy;  COS Op;

2mn;d; cos 0
e (2.8)

In Eq. 2.8, 6, indicates the angle of propagation in the layer j for period number of k. The
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modified admittance 7; has following expressions for TE mode:

1n; = njcosb;, /2—2 (2.9)

The structure of designed photonic crystal is shown below:

Figure 2.2: Structure sketch of 1D photonic crystal in this project. In this case, the high
refractive index material is Si(3.9766) and the low index material is SiO2(1.4585).

In Fig. 2.2, medium H and L represent Si and SiOs respectively. The thicknesses of both
layers are set as a quarter of the wavelength for original model and will be modified in later
optimization. For medium A which has complex value included, the refractive index n; should

be replaced by n; = n; + ki. Therefore, the expression for transmittance can be written as:

T 4n0nN+1 (2.10)

|nomi1 + nonn+1 + ma1 + ny1man 2

mi1 Mmi2
where M =

ma1 M22

2.1.2 Spectral efficiency calculation

The spectral efficiency of optical filters is actually the ratio of energy accepted by the cell and
the total energy coming to the filters . In this sub-chapter, the simulation model is

briefly described. The optical filters of multilayer structures with two media are built between
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hot body (in this case, blackbody) and TPV cell (in this case GaSb cell). Since the blackbody is
assumed as the heat source in the thermophotovoltaic system, the refractive index ngp equals

to 1. The radiation power which is accepted by the GaSb cell P,qgiqtion can be expressed as|26):

Prad = Prot — PRef

37 — oo 2 3y — (211)
f 2"BB°J . Tpe (w)dw — [ = Sy —Tep (W) dw
o dme exp(’“TBB) ! wgap T € exp< kTpy ) !

where Tpo(w) is the transmittance from the black body to the cell, and is given by

Ox

Tpo(w) = ; {Tse1E(W,0) + ToTM(W,0)} cos (0) sin (§) d O (2.12)

Similarly, the expression for T¢p(w), which is the transmittance from cell to black body is:
0x
TCB(OU) = / {TCB,TE(W,Q) —i—TCBiTM(w,G)}COS (9) sin (9)d9 (2.13)
0

The power generated by the TPV system equals the photon flux from black body to the cell

minus the part which is reflected back to the black body:

o0 2 2 — 00 2 2 —
Pgen, = €V —Ep- Tpe (w) dw — i 4 ded Tep (w) dw
en (wi 4r2c? exp( ﬁ;B ) -1 wgfa 4w2c2exp<h‘}Pe‘)/) 1 (2. 14)

The system efficiency 7sys can be obtained as Py, divided by P,.qq [26, [73]. To calculate the
spectral efficiency, it is assumed that all the power transmitted to the cell with larger photon
energy than the bandgap of GaSb cell (i.e. 0.7¢V) can be converted to electricity, so the
transmittance of these photons will ideally be 1. All other photons should be reflected back to
the emitter, i.e. the transmittance for them will ideally be 0. The expression for the spectral

efficiency can then be written as:

a kTpp
NSpe = 55— 2 — (2.15)

In numerical calculations the limits of the integrals were approximated, with 0 and infinity

replaced by frequencies corresponding to wavelengths of 6um and 0.5um respectively.
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2.1.3 Plane Wave Expansion method(PWE)

The study of the energy bands of photonic crystals of various specific structures and their
transmission properties is extremely promising and valuable for fundamental research. The
plane-wave expansion method is one of the effective methods to study the energy band structure
of photonic crystals. In this subsection, the eigen equations of electromagnetic waves in photonic
crystals are derived by the plane wave expansion method (PWE), starting from the Maxwell
system of equations [26| [74]. Suppose that in A photonic crystal, no net charge exists and the

current is zero, according to Maxwell’s equations:

V-D=0
V-B=0
(2.16)

0B
VXE:—W

_ 8D
V><H_W

In Eq. (2.16), D is the electric displacement vector, B is the magnetic induction vector, F
and H are the electric and magnetic fields respectively. Assuming that there is only A linear
relation between D and F, ignoring higher order terms, and the medium is non-magnetic, the
equation can be written:

D = epe(r)E

(2.17)
B = ,u,()H

where €p and p( are dielectric constant and permeability respectively, €(r) is relative dielectric
constant, which is the function of space location r. While £ and H are normally complex
functions of time and space, the electric intensity vector and magnetic intensity vector can be

transferred into simple harmonic mode considering monochromatic electromagnetic waves with

the time-harmonic characteristic ¢! at a particular frequency w :

E(r,t) = E(r)e™!

| (2.18)
H(r,t) = H(r)e™!
The following equation can be obtained from Eq. (2.16) and (2.18):
- 0B O(H (r) - e™?t)
wwt - 2= _ T\ )
'V x E(r) = o 1o o (2.19)
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Then the equation below can be derived:
V x E(r) = —iwpoH (r) (2.20)
Similarly, the following equation is given for the magnetic field H:
V x H(r) = —iweoe(r)E(r) (2.21)

Applying Vx to Eq. (2.20) and using Eq. (2.21) there, the equation of electric intensity vector
E(r) can be found:

V x V x E(r) = poeoe (1) W?E(r) (2.22)

2

where w* is its eigenvalue. Since pgeg = C%, the equation can be written as:

L v xvxEm sz() (2.23)
— r)=—=E(r .
e(r) c?

Using a similar procedure for Eq. (2.21) and (2.20), the following relationship between magnetic
field and dielectric constant is:

1 2

VX 5V X H() = %H(r) (2.24)

Now the eigenequations for electric and magnetic field of photonic crystals have been obtained.

Denoting O = ﬁv xVx,0 =V x %VX, the equation can be derived as:

OpE(r) = % E(r) (2.25)
OH(r) = % H(r)

c

Here, O is linear differential operator and H (r) is eigenvector of magnetic field. It is important
to mention that all the linear combinations of solutions to H(r) are solutions to eigenequations.
To solve the eigenequations, the magnetic intensity vector should be expanded as a superposition

of plane waves:

H(r) = @k, \)h(k, e (2.26)
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where e(k, \)) represents the Unit vector in two orthogonal polarization directions of a plane
wave with wave vector k, and e(k, 1), e(k, 2), k make the right-handed helix system (k-e(k, \) =

0), and h(k, \) stands for amplitude in the direction of €(k, A)). Using the notation[56|:

flr) = — (2.27)

If €(r) is periodic function, f(r) must be periodic function as well. so f(r) can be expanded in

k space:
fr) =Y f(G)eCT (2.28)
According to Eq. (2.27) and (2.28),

VX [s(i)v < H (r)} =2GKA [v x f(G)ik x ek, )\)] h(k, A)e kG

+ 2 g ke, e ETDTi(k 1+ G) x f(G)ik x e(k, A) (2.29)
= g~k +G) x f(G)[k x ek, \)]h(k, A)eilk+G)r

Put the equation above in Eq. (2.24) gives:

> —(k+G) x f(G) [k x &k, \)] h(k, \)e'FHET = — (;)2 > ek, Mh(k, \)e™ (2.30)
koA

Gk,

This equation can be multiplied by €(k, A\)e*), and simplified as:

2
S K x £(@) [w Gy x &l — Gy )| RN AR A) = — (C) e, A) - 8K, X)h(K, )

Gh\ o
(2.31)

Considering that e(k’, \)e(k, \') = ey, the equation above can be further simplified as:

1!\ o w2 P
G;Ak x f(G) [(k;’_G)xE(k;'_G,)\) B N)h(kA) = = () A X) (2.32)
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By replacing k' with k& + G’, Eq. (2.32) can be transformed as:

2
S (k+G) % £(G) [k +.G = ) x lh + 6 — G| -2l + @b N) = — () bl 60
G,k

(2.33)

And replacing G’ — G with G”,

~ ARV / / " " =N " ” (w 2 o
C%;Ae(me,m.{(ma)xf(c:—c:) (k+G>><e(k+G,A)Hh(k+G,A)_ (C) h(k + G, )

(2.34)

Then make the replacements according to the following rules: change G’ into G, G” into G', X

into A, A into)\ 75, |76):

é ! / -~ Y, oA w 2
%Ae(k+c,x).{(k+G>xf(G—G) (k+G)xe(k+G,/\)]}h(lz+G,)\)——<C> h(k + G, \)
(2.35)

This expression can be simply regarded as:A - (B x C x D) = (A x B) - (C x D). Therefore,

S+ G N {(k+G) x [(k+G) x ek +G N} = [k + G\ x (k+G)]-[(k+G) x &k + G, \)]
= —[(k+G) x &k + G\ [(k+G) xelk+G'N)
(2.36)

Using the above equation in Eq. (2.35), the equation can be obtained as:

el / i~ AR / PR w2
(%;A[(kJrG)xe(kJrG,)\)]-[(k:+G)><e(k+G,>\)]f(G—G)h(k+G,/\)— (&) hk+Gx
(2.37)

Eq. (2.37) is the eigen equation h(k + G, A). For a given k, the elements of eigen matrix © of
h(k + G, \) are:

O o =k+G) xek+GN\)]-[(k+G) xek+G X)] f(G-G) (2.38)

31



2.2. Fabrication defects Chapter 2. Methods

The structure of the matrix can be shown to be follows as:

k k k k k
O ONcinea Qnaaa Qe 0 Oanmas
k k k k k
®>\27G17>\11G1 9>\21G17)\27G1 @A27G1,>\1,G1 @>\27G1,>\2,G1 o @ALGLAQ,G’N
Ocine  Oncirnma ONaae Olana OX1.61,00.6 (2.30)
®>\27G1,>\17G1 @A27G1,>\2,G1 @)\Q,Gh)\l,Gl 6)\27G1,)\27G1 6)\17G17)\2,GN
k k k k k
@)\27GN7/\17G1 @)\Q»GNy)\27G1 @/\27GN7)\17G1 ®>\27GN7/\2,G1 o @)\27GN7>\27GN

which means, in the photonic crystal which has N primitive cells (the number of reciprocal
lattice vectors is N), for every given k, its eigen matrix possesses 2N x 2N elements and its
eigen value is (%)2 However, the eigenvalue problem described above is an infinitely large
matrix and cannot be solved completely. In order to solve this problem, some approximation is
required, for example taking a sufficient number of inverse lattice vectors to represent the full
analytic solution. If a number N of inverse lattice vectors is taken, the problem is simplified as an
eigenvalue calculation of an N x N matrix which is more appropriate to solve by computer. Once
the eigenvalues and eigenvectors of the matrix have been found, the energy band structure of the

photonic crystal and the corresponding spatial distribution of the eigenfields can be obtained.

2.2 Fabrication defects

2.2.1 Derivation of complex refractive index

One dimensional photonic crystal is a periodic array of layers and the refractive index of the
material changes periodically in one direction[77, [78]. To show the decrement of transmission
electromagnetic waves, complex refractive index is introduced to illustrate the optical perfor-
mance of 1D PhC and some other important parameters. Considering the absorption of light in
the medium, the optical performance can be described via two parameters, i.e. refractive index
n and absorptivity a [79]. If it is assumed that the light transmits in the transparent medium

which has no absorption, the plane wave function along the x direction will be:

E(z,t) = Age’@—ke) (2.40)
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Similarly, the attenuation of light along the transmission length in the absorbing medium is:
I(x) = Ipe™ " (2.41)
The relationship between light intensity and amplitude can be written as:
I(z) = A%(x) (2.42)
Therefore, the following equation can be obtained:
Az) = Age™ 2 (2.43)
Then, the wave in the medium can be written as:
E(m, t) = Agetth—3)z  gmiwt Age*i“’teﬂ;x (2.44)

where k is the complex wave vector k=k+ i5. The relationship between real wave vector and

refractive index is:

2r w w wn

=2t _ X ¥ 2.45
A v < c ( )

n
Therefore,

~  w cx w

k= — —) = —1 2.4
2ntise) =25 (2.46)

where n is the complex refractive index, where the imaginary part reflects the absorption of

medium. The complex refractive index can be simply written as:
B=ntie (2.47)

The imaginary part reflects the absorption of medium. The complex refractive index can be

simply written as:

F=n+ik (2.48)
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where n is the real part of the refractive index of absorbing medium, which depends on the
speed of light through the medium; the imaginary part describes the attenuation of light in the
medium. However, in the simulation of multi-layer structure filters, the symbol in front of the
imaginary part should be negative. This is because the relationship between angular frequency

w and wave factor k is:
k=n— (2.49)

The value of k should be complex in case of complex refractive index. This leads to both real

and imaginary exponential change of the plane wave (z,t)

f(x’ t) — ei(k’szt) — ei((kreal“’kimag)x*ww — efkirnagz . ei(k'r'ealewt) (250)

The expression of plane wave f(z,t) shows the transmission direction from negative to positive.
Since the absorption would happen in the transmission process, the values of x should be mostly
positive because of the decrease of signal, which means the exponential dependence e Fimag®

should be decaying. So the wave vector k;jpqg should be positive.

2.2.2 Effects of interface roughness

To calculate the transmission /reflection coefficient of a multi-layer structure we use the Transfer
Matrix Method [80]. The field components of outgoing and incident electromagnetic waves are
related via the transfer matrix. This is calculated from interface matrices and layer matrices
for the structure [37, 81]. The interface matrix is:
1|1 ry
Ij= : (2.51)
v Tij 1
where r;; and ¢;; are reflection and transmission coefficients of interface ij, respectively, them-

selves derived from Fresnel equations. For TE modes, r;; and ¢;; are:

P qi—4;
i ™ g.xa.
qi+4q; (252)
to. = 20
YT gitg;
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and for TM modes they are:

S n%q;—n2q;

1) T O S2,,.052,.

T Mg (2.53)
2n2n2q; ’ :

PO

YT mgi+nga;

where ¢; is the optical admittance of layer 7:

G = \/ﬁ? — ngsimﬁo, (2.54)

where n; is the refractive index of layer 4, g is the refractive index of air (ny = 1) and ¢y is the
incidence angle |82} 83]. For non-absorbing medium, the transfer matrix through the medium
only changes the phase of the propagating wave, so it can be written as:
e~ iid; 0
L; = , (2.55)
0 et8idi

where &;d; is layer phase thickness, which gives the phase change of electromagnetic wave trans-
mission through layer i. Here, { = 2mwq;/\. With all the interface and layer matrices set, the

total system transfer matrix S can be obtained as:

S11 Sz -
Sa1 Sao

n=1

Finally, the total amplitude reflection and transmission coefficients r and t for light coming from

the left are [33]:

r Eigz — %
E 11
i (2.57)
t = M4l 1
Ef S11

The above expressions are valid for perfectly flat multi-layer structures. In reality, the thin
films cannot be perfectly flat due to limitations of growth techniques. Thus, interface roughness
should be included to achieve a more realistic model. With interface roughness present, for
non-absorbing media:

Tij = —Tji

, (2.58)
tijtji — 1T = 1
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and Eq. 2.51 is written as:

1 —’I“ji

1
Tt ’
YT tiglii — iy

I;; (2.59)
where 7j; and t;; are the complex Fresnel reflection and transmission coefficients at interface ji,
initially calculated from Eq. 2.52 and 2.53, but then modified to include the effects of roughness.
The modified coefficients at the ij-th rough interface, with a random Gaussian distribution of

interface height, with the root mean square denoted as Z, are [37]:

Tij = r%exp[—Q(snma)2]

rji = rherp[~2(snpi10)’] (2.60)

2 2
by = tgjexp[_w]
2 _ 2
| ti= t?imp[_w]

Here, the superscript 0 denotes the reflection or transmission coefficients for an ideal interface,o =

1/A, and s = 27 Z.

2.3 Optimisation solution

2.3.1 Genetic Algorithm(GA)

The interest in Genetic Algorithm applications in searching for the best global value for some
mathematical problems has been increasing [1]. When it comes to some practical issues, like
the research target of this report, physical parameters of photonic crystals, the algorithm is
also known to cope well with the optimization designs or searching for the minimum value
among whole population of data [84-86]. The research group in Toyama University proposed
that Genetic algorithm can be used to tackle optimization with complex variables involved [87].
Since the project involves one material with nonzero imaginary part of its refractive index, it
indicates that the imaginary part of material in the filtered system can be also optimized using

this mathematical algorithm.

However, in accordance with results of the previous research progress, GA optimization of
layer thicknesses makes the stack change from periodic to non-periodic for achieving higher

average transmittance. It is also pointed out that aperiodic design has better thermal emission
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performance than periodic structure and has smaller total layer thickness [8§]. The remaining
issue is to use Genetic algorithm to optimize the width of each thin film in the stack for both

normal and aperiodic arrangement and compare their thermal performance.

This section aims to give the optimization results of Genetic algorithm in calculating width
of each layer among different structures and the best value of refractive index of Silicon. The
research methods included are pattern search algorithm, transfer matrix method and genetic
algorithm. The calculation outcome, shown in the form of tables, figures and screenshots,
reveals that aperiodic structures have better optical performance in transmittance and high

narrowband peak of emissivity.

Two different structures are introduced by following other research groups’ progress. One of
the papers gives an idea of using pattern search algorithm [89] to optimize the structure of
one-dimensional photonic crystals. In this research, three different structures are simulated
using PS algorithm and improvement can be clearly seen. PS method is a direct search method
that explores and moves the current search point according to a fixed pattern and step size
in order to find a feasible descent direction (non-fastest descent direction) |90} [91]. The step
size increases and next iteration starts at this moment if the improvement point is located in

iteration process; otherwise, the step size decreases and searching will continue afterwards.

Compared to PS, Genetic Algorithm has the fast-random global search ability. Genetic algo-
rithm is a search algorithm used to solve optimization in computational mathematics[86, 92].
The evolutionary algorithm was originally developed based on some Biology phenomena which
include genetics, mutations, natural selection and hybridization, etc. In this optimization part,
GA algorithm is applied to calculate the best individuals of layer thickness of 1D photonic

crystal. The process of Genetic Algorithm can be illustrated as follows:

37



2.3. Optimisation solution

Chapter 2. Methods
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Figure 2.3: Flow chart of Genetic algorithm process. The process can be simply splited into:

initialization, decode, calculation of fitness, selection, cross and mutation.

First, target function needed to be established. In this project, the goal function is transmittance

of 1-D PhC. Besides, this is also fitness function in the algorithm. The optimization of layer

thickness is also based on the calculations. Since complex refractive index is considered in the

program, better optical performance means less thickness so there will be less absorption in

transition through the stack. Fitness function is set to determine if each chromosome is better
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than its father generation [93, 94]. In this case, it is a function that uses optical constant
and film thickness as independent variables. Thus, the optimisation of layer thickness can be
transferred to evaluation of calculation results of transmittance. The target function can be

expressed as:

T = En:(Te(A, d) —T(\;,d))? (2.61)
=1

S

where T'(\;, d) is the calculation results of transmittance and T, (), d) can be simply regraded as
1 at reference wavelength. The number of sampling points n is 501 and the range of wavelength
varies from 350 to 2000 nm. This function is designed to calculate the difference between
calculation and original values. More precise results will be obtained if smallest difference can

be seen, which means the optimisation of layer thickness reaches its best value.

Then the limitation of searching population generation quantities should be set. This value
should not be too large, to save calculation time. The population size is set as 90 since the
input variable also includes 90 incidence angles. The next step is to produce initial population.
N binary numbers will be developed in the whole group, which are the individuals of the initial
population. This depends on calculation precision. Considering the running time of the whole
program and the balance between time and precision, the chromosome size is finally set as 20.
The possible range of chromosome size should be 8- 40. By using the following restriction to

determine 20 as the best chromosome size:

219 < (90 — 0) x 10000 < 2% (2.62)

Where 90 and 0 are the upper and lower boundaries of the variable and 10000 means that the
decimal part has 4 digits. After that, the fitness function should be used to calculate the best
individual and next generation is produced. The generation size is set as 200, because it will
achieve smaller progress if the final searching converges|95, 96], and that will be a huge waste

of time.

2.3.2 Layer thickness optimisation

At the initial stage, pattern search algorithm is selected to optimise the layer thickness of 10-

layer structure. The introduction of imaginary part means the loss of light transmission through
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the material. By comparing the two algorithm calculation results in Table 2.1, it is obvious that
the algorithms are likely to set the stack as aperiodic structure to achieve better performance.

This will be the focus of the discussion in the following chapters.

Table 2.1: Thickness optimization of PS and GA.

L H L H L H L H L H
Original/nm  82.276 30.174 82.276 30.174 82.276 30.174 82.276 30.174 82.276 30.174
PS/nm 73 2.8 8.3 30 77.5 27.5 75.8 27.7 81.4 0.4
GA/nm 72.283 2.8288 8.3107 26.968 77.4558 27.5338 75.7936 27.7224 81.4449 0.3772

By comparing the layer thicknesses obtained by different optimisation methods, small difference
can be found. This means that the values are approaching the smallest value to achieve high
transmittance. When the three curves of transmittance are plotted in a single figure (Figure
2.4), main peaks of Genetic algorithm and pattern search method have slightly moved towards
long wavelength direction. However, the average transmittance increases when the main peak

value decreases between the original and modified models.

Transmission with different layer thickness optimised

Original
PS
GA

T(%)

1 | |
400 600 800 1000 1200 1400 1600 1800 2000
Wavelength(nm)

Figure 2.4: Transmittance with different layer thickness optimisation methods. The blue curve
is the original. The green curve is layer thickness optimized using pattern search. The black
curve is layer thickness optimized using genetic algorithm.

To cope with complicated aperiodic curves, GA is a good method to search for the minimum

value. It has different outcome of the fourth layer, 26.968nm, when the result of PS is 30nm.
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This is mainly because pattern search stops when it meets the best value which may not be
the best among the whole group [90, 97, [98]. GA guarantees that each iteration will involve
same chromosome size, in this case, i.e. 90. It uses random selection algorithm to choose
90 chromosomes each time. They may not be the first 90 among the generation so that less
good individuals escape from the filtering. The key point is that not the best 90 individuals
are winners because some individuals may have better mutation afterwards and then turn to
be best individuals in the following iterations [73, 99]. However, due to the consideration of
calculation time and huge amount of data involved, the generation size has to be a number
which is not too large. Sometimes the codes stop searching earlier because of small mutation
rate. The outcome may not be the best in the group. On the other hand, too big rate will cause
unstable errors. In addition, when it comes to the later period of searching, most chromosomes
are very similar, the algorithm will still give low efficiency and local optimum. So, it is also

vital to set the parameters initially.

2.3.3 Searching optimal imaginary part

In the previous work, the refractive index of Si and SiOs are taken according to the paper
[100]. The complex refractive index is 3.9766+0.030209: in accordance with the following figure.
At this moment, the real and imaginary parts of dielectric constant are 15.813 and 0.24026
respectively. The absorption coefficient is 6460.5(cm)~!. Optimization will be done in this
part to make the refractive index more suitable for these applications. For example, by using
Genetic Algorithm, the imaginary part can be optimized to calculate the highest transmittance
in a particular wavelength range. Also, the calculation result can be applied afterwards to test
high emissivity at a specific frequency. Since complex index is involved in multilayer system, a
little change of the imaginary part may result in a significant difference of the final result. If
the refractive index is modified, the length of light transmission will be influenced and leads to
the change of light phase [101]. It is known that absorption coefficient is given by the following

equation:

a = 2mk/\ (2.63)

Only if the absorption through the layers is not too large, which means imaginary part is nonzero,

will the results show positive effect. In this situation, the maximum thickness of layer d,,q, can
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be used to determine the range of alpha « followingtheequationbelow : Here, therestrictionof0.2isareasonable
and dnq.. For example, the maximum layer thickness is 82.276 nm, the range of « can be re-
stricted as no more than 0.00243. By using Eq. (2.63), the maximum value of k can be
calculated as 0.4836. Since the range of k can be determined, it is interesting to use GA to
calculate the best individual in this group for higher transmittance. From Figure 2.5, comparing
to the previous data, the spectral efficiency has increased with the decrease of imaginary part.
This means that the optimization of imaginary part helps to achieve better TPV performance

using GA.
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Figure 2.5: Spectral efficiency vs black body temperature. Blue curve is the original and red
one is the layer thickness modified structure using GA.

For semiconductors, the product of energy gap and refractive index n* is constant. The materials
of multilayer structure in this report are Silicon and 5S¢0, which are also conventional materials
for semiconductors. An idea occurred that if the refractive index is modified, especially the
modification of imaginary part, better optical characteristics may be achieved. However, the
introduction of complex RI means that the research is focused on the light absorption when
transmitting through the layers. Suitable optimization method should be selected to make sure

the imaginary part is reasonable.
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2.4 Conclusion and further expectations

This chapter briefly describes the methods to build 1D and 2D photonic crystals using transfer
matrix and plane wave expansion methods. The fabrication defects of complex refractive index
and interface roughness are also introduced and the simulation methods are included. Genetic
algorithm is the solution to most of the optimizations. It is especially used in optimizing the
layer thickness and the imaginary part of refractive index. The optimization of layer thickness
in this chapter is calculating optimal transmittance and derive the spectral efficiency using
calculated results. This may not be the optimum unless the calculations of optimal spectral
efficiency is also given and compared. The discussions on different optimization targets of the

algorithm will be given in the following sections.
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Chapter 3

1-D aperiodic thermal emitter

This chapter describes the application of one-dimensional photonic crystals in the application of
thermal emitters. Using genetic algorithm to optimise a non-periodic structure and comparing
it separately with a periodic structure before and after optimisation, it is concluded that a
non-periodic 1D photonic crystal emitter can achieve the same high emissivity with a smaller

total thickness of the films as a periodic structure with more layers.

3.1 Overview

Photonic crystals are dielectric materials with alternating refractive indices at periodic inter-
vals. One-dimensional photonic crystals can be used to control the transmission and reflection
properties of thermal radiation in a single direction due to their simple processing and easily
controlled structure. An 1D periodic silver/tungsten emitter is introduced exhibiting excellent
selective emission characteristics [102]. Using transfer matrix method, the 11-layer stack is built
with one layer participating in emission and the remaining acting as filters. The structure shows

enhanced emissivity similar to 3D photonic crystal but is easier to fabricate.

A 7-layer aperiodic structure of Si and Si05 is introduced to achieve high emissivity for narrow-
band thermal emission. The paper gives comparison between 7-layer aperiodic and multilayer
periodic structures. Research results reveal that, to achieve the same emission peak, periodic
stack features several spurious peaks in the emission spectrum[88]. With the increase of number
of layers, the total layer thickness shows a faster growth than in aperiodic structure. From Table

3.1 and the data given in this paper, if the extra emission peaks are eliminated by decreasing

44



Chapter 3. 1-D aperiodic thermal emitter 3.1. Overview

the number of layers, the main peak value reduces as a result, which can be perfectly avoided

by application of aperiodic structure.

Table 3.1: Summary of periodic and aperiodic stacks [88].

No.layers ttotal (Nm) fcenter |5 ’ Adj-afcenter Adj-a | 6|

7b 3.92% 70.3 097 95.5 0.15
15 11.37 70.6  0.93 74.8 0.56
17 12.81 70.3  0.98 73.7 0.65
19 14.26 70.1  0.99 72.9 0.74

* Nearest unwanted adjacent emission peak.

** Proposed aperiodic design.

Although most of the research on improving thermophotovoltaics characteristics is focused on

periodic arrayed stacks, aperiodic arrangement is simulated to see if higher thermal performance

will be obtained. The flowchart of research process can be briefly described in Fig. 3.1:
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According to related research, 4-
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Figure 3.1: Flowchart of research process on emissivity of aperiodic multi-layer emitter.

The research methods involved in the simulation are transfer matrix and Genetic algorithm.
The frequency range is set from 30 to 100 THz. The residual function is 1 — R%, where R is the
reflectivity. Selection of refractive index of Si and Si02 will be discussed both from the related
research and own optimized values. The target of this analysis is emissivity and reflectivity, not

transmittance and spectral efficiency as in the following chapters.
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3.2 Thermal emission of aperiodic structure

3.2.1 Structural characterisation

According to the illustration in former sub-chapter, periodically arrayed stack produces more
useless peaks than aperiodic structure. The progress obtained in Chapter 2, on layer thickness
optimisation, shows that the structures with layer thickness optimised by pattern search and
genetic algorithm are more likely to be aperiodic, as shown in Table 3.2, and their optical

performance is proved to be better than that of the original periodic model.

Table 3.2: layer thickness optimisation for 10-layer photonic crystal structures.

L H L H L H L H L H
Original/nm 82.276 30.174 82.276 30.174 82.276 30.174 82.276 30.174 82.276 30.174
PS/nm 73 2.8 8.3 30 77.5 27.5 75.8 27.7 81.4 0.4
GA/nm 72.283 2.8288 8.3107 26.968 77.4558 27.5338 75.7936 27.7224 81.4449 0.3772

Based on these simulation results, the assumption that better emissivity may be achieved by
non-periodic structure is presented and remains to be proved by calculations and simulations. If
the number of layers is reduced to eliminate the effects of adjacent peaks on emission spectrum,
the maximum value of main peak will decrease with this modification[103, 104]. In the research
cited previously, the stack consists of 7 layers, with SiO- and Silicon alternately arranged. The
corresponding comparison structure is 17-layer periodic stack. Since the number of layers in the
previous work is 10, the aperiodic objective will be selected as approximately 4 or 5. Specific
number of layers will be tested to determine how many layers with aperiodic arrangement can

achieve the same narrow band high-Q as the original periodic structure does.

3.2.2 Computational study

From Figure 3.2 (a) and (b), both periodic and non-periodic arrangements show narrowband
high emissivity at the same frequency, 32.2 THz. Besides, the 10-layer alternating structure has
some more adjacent peaks reaching their maximum emissivity at 37.15, 40.68 and 43.22 THz,
respectively. For aperiodic 4-layer stack, the curve shows only the main emission peak within
the range of 30 to 100 THz. However, the curve grows on the high-frequency side, which means

the adjacent peak of aperiodic structure is located at the frequency larger than 100 THz.
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Figure 3.2: Emissivity versus frequency of (a) 10-layer periodic structure and (b) 4-layer non-
periodic structure.

It is worth noting that in the optimisation, only the thicknesses of each layer are independent
variables and the other parameters remain unchanged. The target is to obtain a non-periodic
structure with the same or even higher emissivity around the same central frequency, or achieve
same high emission peak with smaller total thickness. In accordance with Table 3.3, the same
high-Q emissivity is more likely to be obtained. Without the interference of spurious adjacent

peaks, the emission spectrum can be easier to use.

Table 3.3: Comparison between periodic and aperiodic stacks.

No.layers ttotal (:Ufm) fcenter |5’ Adj'afcenter Adj~a |5|
10(periodic)  5.6225 32.2 0.9996 37.15 0.9827
4(aperiodic) 2.144 32.2 0.9997 100 -

By comparing the two models, the aperiodic stack achieves the same high emissivity with smaller
number of layers, and the total thickness is only 214.3987nm, much smaller than 562.25nm of
periodic arrangement. For the 10-layer periodic structure, the adjacent peaks shift toward the
main emission peak. The Q-factor and emissivity have an extremely small reduction, comparied
to the non-periodic stack (only 0.01%). In addition, the new structure eliminates spurious

emission peaks beside the main peak.
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3.3 Optimization of periodic and non-periodic structure

3.3.1 Periodic structural optimisation

Discussion in Chapter 3.2 is based on the assumption that a 10-layer structure has the same
thickness of high and low refractive index layers. The previous discussion has already given the

optimized results using Genetic Algorithm of each layer thickness, as Table 3.4 shows.

Table 3.4: Thickness optimization of GA and the original.

L H L H L H L H L H
Original/nm  82.276 30.174 82.276 30.174 82.276 30.174 82.276  30.174 82.276  30.174
GA/nm 72.283 2.8288 8.3107 26.968 77.4558 27.5338 75.7936 27.7224 81.4449 0.3772

The optimised film widths are more likely to approach aperiodic design. The total thickness
is 400.7182 nm. As discussed previously, typically, the target function can be simply regarded
as the fitness function if the difference of each evaluation is not too large. A fitness function
can still be established to enhance the selection function among the population. Thus, fitness

function in algorithm can be expressed as:
F ==Y (E(f) - R(f)) (3.1)

where fiin and fpes is 30 and 100 THz respectively and R(fi) is reflectivity for the chosen
frequency. This function can be obtained by Kirchhoff’s law of thermal radiation and Transfer
matrix method[105, |106]. The number of frequency points n is 501. E(f7) is the target function
and has the characteristics as below:
1, f = f c
E(fi) = (32)
0, f#/Je
Here, f. is the specific central frequency. The calculated result will become better if smaller F
is obtained. The optimized variable is the thickness of each alternating dielectric layer ¢. Figure

3.3 shows the emissivity of the periodic structure with and without optimisation.

49



3.3. Optimization of periodic and non-periodic struct@teapter 3. 1-D aperiodic thermal emitter

X:32.2 X: 38.7

Y:0.9997 Y:0.9989 T
irm u - original .y

[ 1 optimised

| X:4425

| Y:0.9767 ]

|

0.9

o
@

o
3

‘ ‘ X: 47.66
Y: 0.6309

o
=)

=
&)

Emissivity

o
'S

o
w

0.1

60 70 80 90 100
Frequency(THz)

30 40

Figure 3.3: Emissivity versus frequency of (a) periodic stack and (b) optimised structure.

Comparing the curves and data given in Figure 3.3, the main peak stays at the centre frequency
of 32.2 THz, and the narrowband width does not change much either. The adjacent peaks
have all increased their maximum value and moved in the high frequency direction. Since the
layer thicknesses are modified, the outcome shows that the second peak has raised its maximum
value from 0.9927 to 0.9989. The distance between main and most adjacent peaks decreases
from 60.61 to 46.15 nm. This makes the spurious adjacent peaks somehow more useful if the

emissivity beyond main peak can be of interest.

3.3.2 Non-periodic structural optimisation

To optimise the Silicon and Si0s layers of non-periodic stack, the number of variables should
be modified to 2 in GA and the other settings can follow its default operation. The optimized
variable are the thickness of each dielectric layer ¢ and number of layers N. The research target
of this step is to narrow the main peak to meet the emission performance of previous periodic
model. From Figure 3.4, it is obvious that the main peak has narrower width after optimisation.
The total thickness has reduced from 3.4437 to 2.144 pum. The maximum values show small
difference, between 0.9997 and 0.9996, the original best value. The optimized curve shows no

rising trend in the specific range, which means its adjacent peak has moved to short wavelength
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Figure 3.4: Emissivity versus frequency of (a) aperiodic stack and (b) optimised structure.

The characteristics of optimised emission spectrum shows a cut-off at around 0.83 pm, with
the peak obtained between 0.83 and 1.01 pm and almost no emission beyond 0.83 pm. For the
original 4-layer structure, the main emission peak occurs at approximately 0.59 pum and reaches

a maximum at 0.93 um.

3.3.3 Comparative studies of the structure characteristics

Finally, the comparison between optimised structures with periodic and non-periodic arrange-
ment is shown in Figure 3.5. The peak values of emissivity are actually the same for both
structures. Non-periodic structure has smaller width of the main peak and periodic structure
has an adjacent peak which is very close to the maximum emissivity. From the data in Table
3.5, the total width of thin films of periodic and non-periodic structures are 4.0072 and 2.144

um respectively.
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Figure 3.5: Emissivity versus frequency of optimised aperiodic and periodic structures.

The absorption of thermal emission energy by both crystal structures is mainly concentrated
around 0.83-1.01 um. Both structures are well suited for use with GaSb cells, since the emission

energies of photons are in the band of less than 1.8 um.

Table 3.5: Comparison between periodic and aperiodic stacks before and after optimisation.

No.layers tiotal(0m)  feenter(THZ)  |€]

10(periodic) 5.6225 32.2 0.9996
10(Optimised) 4.0072 32.2 0.9997
A(periodic) 34437  32.2 0.9997
4(Optimised)  2.144 32.2 0.9997

Table 3.5 shows the different structures of 10-layer original stack, and 10-layer films with op-
timised thicknesses. For non-periodic designs, there will also be original and GA optimised
structures. If these two optimised models are fabricated, aperiodic stack has the advantages of
smaller width and high emission performance. Based on our previous work, when the research
target is the spectral efficiency, Genetic algorithm also shows the trend of changing from pe-
riodic to aperiodic structure of multilayer TPV system, which means non-periodic may have

promising superiority both in emission and spectral performance.
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3.4 Conclusion and further expectations

This chapter focused on improving the emission characteristics of alternately arrayed photonic
crystals. Learning from the related research, aperiodic structure is introduced in this chapter.
Compared to traditional photonic crystals, it uses smaller number of layers and obtains the
same or even higher emissivity at specific frequency. The new structure shows better optical
performance and is worth discussing its advantages and features in thermal emission field. The
standard of determining an optimum is to enlarge the generation size. The result remains

unchanged is the best value if such optimizations have been made.

Based on the previous optimized results, the two models of original stack of 10-layer PhC and
thickness adjusted by GA are brought to comparison, as well as the structures of non-periodic
with and without optimisation. Since the layer number is not too large, the transfer matrix
can be easily modified for each layer. Two variables are the targets to be optimised. The
optimization outcome both reduces the total thickness of the whole stack and maintains their
high emissivity features. Regulated non-periodic thin films show even narrower band width of
the main peak. For the modification of periodic structure, thickness optimised model increases
the maximum value of the second peak closer to the best value on main peak, which may be

considered useful if stronger emission is required for application in a specific frequency range.
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Chapter 4

1-D multilayered filters

This chapter focuses on one-dimensional photonic crystals for applications in optical filters. The
effect of structure on spectral efficiency is compared by simulations of self-designed models with
related studies. Complex refractive index and interfacial roughness are employed separately
to research the optical performance of multilayered system. In addition, the optimal spectral
efficiency under the influence of rough interface is derived using a Genetic algorithm taking

transmittance and spectral efficiency as optimisation objectives respectively.

4.1 Overview

This chapter presents the simulation results and data comparisons on both photonic crystal
characteristics and its influence on TPV cell performance. Although the simulation of multilayer
filters is not new, the simulation will still contain this part to show the specific designed model
of this project. The transmittance and reflectance of the model will be in the first part of
the results and then used in the calculations of average value of energy transfer from the hot
body to the TPV cell. So it is important to give the structure properties initially. Spectral
efficiency is a significant indicator to measure the conversion performance of TPV systems |26,
107]. The role of optical filter applied in the project is to increase the transmittance so that
more energy can be transmitted to the cell [108]. In this chapter, the simulation would be
focused on the layer numbers and different thickness of each layer. The goal of the attempts is
to increase the transmission peaks of the spectrum with other main parameters constant (e.g.

the refractive index of two materials). By comparing different structures of photonic crystals,
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the best performance would be selected to calculate the spectral efficiency for its application
in the TPV system. Besides, this part is not only used to compare the optical performance
of different model properties in this project, but also to put in the comparison with related

research to show the unique characteristics of the designed structure here.

In the second-half, we account for the effect of interface roughness, which is known to affect
the spectral properties of thin films [36]. The reason why the specific design is selected to
be 10-layer multistacks is briefly explained, with further research on how the layer number
affect the optical performance with interface roughness considered. Its influence on the spectral
efficiency of TPV systems, in particular those using multi-layer filters based on Si/SiO2 and
Si02/Ti0O2 are analyzed. Transmittance and spectral efficiency are set to be the optimisation

target separately using the evolution algorithm.

4.2 Effect of complex refractive index on optical efficiency of

thermophotovoltaics with multi-layer filters

4.2.1 Complex RI in two-layer filter

The model considered in this report has two materials. So, the multi-layer model would be
firstly introduced. In this case, the period number is 1 and the transmittance won’t change
much because of the restricted filtering effects. It is important to point out that the complex
refractive index is input so the absorption would be a bit different from the traditional cases.

The simulation results are shown in Figure 4.1.

95



4.2. Effect of complex refractive index on optical efficiency of thermophotovoltaics with
multi-layer filters Chapter 4. 1-D multilayered filters

100

90

80

70

60

T(%)

50

40

30 r 1

D 1 1 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Wavelength(nm)

Figure 4.1: Transmittance on two-layer filter system. n(Si)=3.9766, n(SiO3) = 1.4585.

From Fig. 4.1, the highest value of transmittance in the specific wavelength range can reached
0.9702. A small absorption exists due to the imaginary part of refractive index. This can be
explained by the calculation process of transmittance. The expression for the amplitude
transmittance coefficient 7 is

2/1,0
= 4.1
! no + Y (4.1)

no is the surface admittance of incidence medium and Y is the admittance of medium 1 and
2. In this case, the value of 7 equals to 0.3656-0.6629i and then changes to -0.1240 - 0.5731:
for the other layer. The absolute value of 7 decreased so that the transmittance is reduced as
a result. The spectral efficiency in this case, as Figure 4.2 shows, is 0.1316 for the black body
temperature 1000 K and 0.3800 for 1800 K, respectively.
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Figure 4.2: Spectral efficiency of two-layer filter system. n(Si)=3.9766, n(SiO2) = 1.4585.

4.2.2 Complex RI in multi-layer filter

For multilayer structure, the number of periods should be taken into consideration. This sub-
chapter discusses different structures, described in related literature. Simulated results will be
combined together to see the difference of structure properties. Last but not the least, all the

simulations will be based on the fact that one medium has complex refractive index.

Figure 4.3 shows the transmission spectrum of L/2H (LH)* structure (a 10-layer periodic struc-
ture with first layer half-sized) [26]. The bandgap is between 1800 to 3800 nm and the minimum
value of transmittance is 4.362x10™%. The largest peak reaches 80.51% at 7777 nm. From 2
to 3.5 , the transmittance remains at 0 which means the light could be 100% refelcted back in
this range. The transmission spectrum in the specific range of wavelength shows its good com-
patibility with GaSb cell(1.78 ). Figure 4.4 shows the curves plotted for different wavelengths

and black body temperatures.
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Figure 4.3: Transmittance of L/2H(LH)4 structure. n(Si)=3.9766, n(SiO2) = 1.4585+ 0.30209:.

As demonstrated above, the complex index has affected every loop and changed the size of every
loop iteration. This may results in the large quantity of calculations. However, these curves
can be filtered by the expressions in Chapter 2. For example, some of the data are negative and
some of the data exceeded 1. These can be obvious faults and should be avoided. The range of
spectral efficiency in this case is 0.1908-0.58. This range is a bit smaller than for the two-layer

structure in the former sub-chapter, because of more layers with complex index involved.
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Figure 4.4: Spectral efficiency of L/2H(LH)4 structure.n(Si)=3.9766, n(SiOz) = 1.4585 +
0.30209z.

There are three types of optical filters with the same stack structure but different layer thick-
nesses according to the research of optimized structure designs . For periodic stack, the
thicknesses of high and low index media are 495 and 160 nm, respectively. Modified structure
will have its first and last layers reduced in thickness, and the optimized structure has different

thickness of each layer.
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Figure 4.5: Spectral efficiency of (LH)5 structure. (a) Periodic structure (b) Modified struc-
turefirst and last layer half-sized (c) Optimized structure (optimized based on (b))(d) Stacks
with no filter applied.

It is obvious to point out that the spectral efficiency of the three models has slightly increased
due to the modification of structure. The spectral efficiency for original 10-layer structure is
34.15%-69.12%. Modified structure possesses 35.12%-70.88% and the range for the optimized
stack is from 36.1% to 72.6%. With the filters applied, the efficiency of the TPV system is

improved.

4.2.3 Complex RI in designed 1D PhC filter TPV system

In this section, the designed structure of optical filter is built with 10 layers. Each layer has its

thickness. Since the absorption is included, the thickness will be slightly changed compared to
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the reference optical thickness. Since the complex refractive index has influence on the optical
performance of the filter structure, the factors illustrated before, i.e. complex refractive index,
should be taken into consideration for better performance. To achieve higher transmittance,
the number of periods should not be too large. From various related research reports, the
limitation for the number of layers in typical models is 10 [26, [89) 110-112]. The reason why
10-layer structure is preferable will be included in Chapter 4.3, with figures and explanations.
Based on our previous calculations, the layer thickness should not be too large either, to obtain
higher transmission peak values. The main transmission peaks increase when the imaginary
part is increasing. At this moment, the side peaks decrease. So, it is important to check the

transmission peaks distribution in the specific angular frequency range of the unique structure.

Typically, the layer thickness equals a quarter of free space wavelength divided by the refractive
index [113]. In this case, the reference free space wavelength is 480 nm. The absolute reference
layer thickness (since the refractive index of one medium contains complex number) of two
media should be 30.174 and 82.276 nm respectively. The thickness of each layer is shown in
Table 4.1.

Table 4.1: Thickness of (LH)sstructure.

L H L H L H L H L H
Thickness/nm 73 2.8 83 30 775 275 758 277 814 04

Transmittance curve of this structure is shown in Fig. 4.6. The maximum value at the peak
is 90.29% and the average transmittance is 70.16%. Compared to the structure with thickness
not modified, the peak value is reduced. However, the average value has increased from 58.77%
to 70.16%. As mentioned in the former chapters, the average transmittance is an important
factor in the calculation of spectral efficiency. So, the modified model does have better optical

performance than the original structure.
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Figure 4.6: Transmission spectrum of designed structure with (a) Reference layer thickness (b)
Modified layer thickness.

Comparing the structures in Figure 4.6 (a) and (b), their spectral efficiency has different trend,
as given in Figure 4.7. By modifying the layer thickness, the spectral efficiency range rises
from 18.75-54.62% to 19.85-59.16%. Compared to the two-layer filter model, the efficiency has

increased approximately by 13.9% on the average.

Spectral efficiency VS Blackbody Temperature
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Figure 4.7: Spectral efficiency of designed structure with and without modifications.
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The simulation results are all based on the fact that one medium has complex refractive index.
The imaginary part influences the amplitude transmittance and reflectance coefficient and fi-
nally influence the spectral efficiency. In the process of photonic crystal fabrication, deviation
cannot be completely avoided. The complex refractive index has provided practical meaning

for discussing the transmission characteristics of photonic crystals.

4.3 Effect of interface roughness on spectral efficiency of ther-

mophotovoltaics with multi-layer filters

4.3.1 Simulation of different models in the literature

Since the spectral efficiency is one of the most important parameters to define the optical
performance of TPV system, we consider the effect of interface roughness on spectral efficiency.
The 10-layer filter structure designed in [89] is based on M gF» and Ge layers, with the refractive
indices 1.36 and 4.2, respectively. In the initial periodic structure, with no layer thickness
optimization, the widths of low and high index layers are 0.495 and 0.16um. In this case, M gF5
and Ge array is (LH)®. Although the blackbody temperature range in [89] was from 1200 to
1800 K, it is here expanded to 1000-1800 K for comparison with other structures. Fig. 4.8

shows the spectral efficiency variation when changing the rms height Z.

63



4.3. Effect of interface roughness on spectral efficiency of thermophotovoltaics with multi-layer
filters Chapter 4. 1-D multilayered filters

0.8

—(@z=0
— — (b)Z=0.001

0.7

0.6

Spectral efficiency
o o
£ [6)]

o
w

0.2

0.1

0 | 1 1 | | | |
1000 1100 1200 1300 1400 1500 1600 1700 1800
Temperature/K

Figure 4.8: (LH)s structure of MgFy/Ge with (a) perfectly flat interfaces, Z=0[89] (b)
Z=0.001pm (c) Z=0.003um (d) Z=0.01pm.

Introducing finite Z clearly has a strong influence on the spectral efficiency of this structure.
When Z is 0.001, the efficiency decreases only mildly, from 39.28-77.24% to 38.15- 73.83% in
the temperature range 1000-1800K; however, for Z increasing to 0.01, the efficiency decreases
very much, to just 9.93- 10.49%. Another example is from [26], with L/2H(LH)* structure.
For this, 10-layer structure, Si and Si0Oy are periodically arrayed and the difference from the
previous example is aperiodicity in the initial layers. The effects of roughness are shown in Fig.

4.9.
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Figure 4.9: Spectral efficiency of an L/2H(LH), structure of Si/SiO2 with (a) perfectly flat
interfaces, Z=0 [26], (b) Z=0.001pm (c¢) Z=0.003um (d) Z=0.01pm. n(Si) and n(SiO3) are 3.4
and 1.5, and d(S7)=0.17um, d(Si0O2)=0.39um.

The interface roughness also seriously degrades the spectral efficiency. The spectral density
show a moderate decrease from 11.86- 59.24% to 11.47- 55.86% in the temperature range 1000-
1800K when rms height is 0.001um, and a very significant reduction, to 0.80 — 3.35% if Z is

0.01pm.

4.3.2 Different materials for 10-layer structure

In this example the stack also has 10 layers, and the structure is (LH)s5. SiOgisthematerial forlowrefractiveina
will be high index layers, and the two choices will be compared. Fig. 4.11 gives the performance

of Si/Si04 with different interface roughnesses.
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Figure 4.10: Reflectance of Si/SiOy (LH), structures with (a) n=4 (b) n=8 (¢) n=10.
The refractive indices n(Si) and n(Si0O2) are 3.97 and 1.45, and widths d(S%)=30.18nm,
d(Si02)=82.76nm.

Fig. 4.11 shows the spectral efficiency for a 10 layer, SiO2/Si periodic (LH)s filter structure.
This choice is based on comparison of results shown in Fig. 4.10. The reflectance in the
bandgap region steeply increases to 99% when the number of periods increased from 4 to 8.
The reflectance reaches 100% for 10-layer structure. Therefore, the 10-layer periodic array of
Silicon and Si0; is chosen as the initial model, in which the roughness is introduced. From
Fig. 4.11, for Z=0.001um the spectral efficiency only slightly decreases relative to the case
of perfectly flat layers, from 19- 61% to 18- 55%, but for Z=0.01um the spectral efficiency

dramatically decreases to 1- 4%.

66



4.3. Effect of interface roughness on spectral efficiency of thermophotovoltaics with multi-layer

Chapter 4. 1-D multilayered filters filters
—(a)Z=0
- — (0)Z=0.001
0.6 —-—-(c)2=0.003
o (d)z=0.01
-------- (e)without multilayers P

0.5

©
~

Spectral efficiency
o
w

0.2

0.1

0 4 o | | sobo
1000 1100 1200 1300 1400 1500 1600 1700 1800
Temperature/K

ooooo looooocooo boooooooooobooooooocooe

Figure 4.11: (LH)s structure of Si/SiO2 with (a) Z=0 (b) Z=0.001pm (c) Z=0.003um
(d) Z=0.01pm (e) without multilayer filter. n(Si) and n(SiO2) are 3.97 and 1.45, and
d(Si)=30.18nm, d(Si0O2)=82.76nm.

When the high index material is changed from S7 to TiOs, the spectral efficiency changes from
19- 56% for flat interfaces to 18- 53% for Z =0.001pm, and 1 — 3% for Z = 0.01pm (Fig. 6). If

no spectral filter is used, the efficiency is only 12-40%, as given by line (e) in Fig. 4.12.
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Figure 4.12: (LH )5 structure of SiO2/Ti02 with (a) Z=0 (b) Z=0.001pm (c) Z=0.003um (d)
Z=0.01pm. n(7Ti0z2) is 2.1 and d(Ti02)=>57.14nm.

4.3.3 Optimisation of number of layers and thickness

In the above discussion, different materials and structures of 10-layer stacks were considered. To
obtain a better spectral efficiency, the number of layers and their thicknesses can be optimized
as well. For multilayer structures composed of Si0O9 and TiO,, 10-layers, 8-layers and 6-layers

cases are compared in Fig. 4.13.
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Figure 4.13: (LH)s5 structure of SiO2/Ti0O2 with (a) perfectly flat 10-layers (b) 10-layers,

Z=0.001pm (c) 8-layers, Z=0.001pm. (d) 6-layers, Z=0.001pm.

By comparing the data for spectral efficiency of the three structures, it is interesting to point out

that, in the presence of interface roughness, the 6-layers structure shows higher efficiency than

10-layer and 8-layer ones, which means that, if roughness cannot be avoided, 6-layers would be

the best choice to obtain better performance. Another example includes the optimization of

layer thicknesses of Si/Si0; structure. Genetic algorithm is applied to calculate the best value

of each layer thickness, where the goal function is the transmittance of the same type as in

one-dimensional photonic crystals. A fitness function is set to determine if each chromosome is

better than its father generation [114}|115]. In this case the target function has optical constants

and film thicknesses as independent variables. The target function for nth generation can be

written as:

= o mog -ty
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where T'(\;,d) is the calculated transmittance and 7. can be taken as 1 for photon energies
higher than the PV cell band gap, and 0 otherwise [87, |116]. This function is designed to find
the difference between calculated and target values. The overall, global target is to minimize
T’. A structure optimized in this way does not necessarily yield the global maximum, but it can
be expected that it will identify a design which lies close to the top of the performance range.
Alternatively, the spectral efficiency can be used as the optimization target function (and this

then depends on the black body source temperature).

Table 4.2: Optimized (LH)s Si/SiO2 structures layer thicknesses.  n(high)=3.9766,
n(low)=1.4585.

L H L H L H L H L H
Original/nm  82.276 30.174 82.276 30.174 82.276 30.174 82.276 30.174 82.276 30.174
GA7/nm 72.283 2.8288 8.3107 26.968 77.4558 27.5338 75.7936 27.7224 81.4449 0.3772

GAgsp/nm 70.7242 2.9044 8.3189 26.577 73.8153 25.0146 73.3876 26.8928 72.6942 0.4046

Table 4.2 lists the optimum thicknesses of each layer obtained both by using transmittance
T’ as the target (GAp entries) and by using spectral efficiency at T = 1500K as the target
(GAgg entries). Some of layer thicknesses have been modified significantly by the evolution
algorithm. Fig. 4.14 compares the spectral efficiencies of structures optimized by both the above
methods with the unoptimized structure, throughout the temperature range 1000-1800K. The
optimized structures have higher spectral efficiencies than the original structure in most of the
temperature range considered, both with and without interface roughness included. Use of the
spectral efficiency target results in designs with better performance at low temperatures, but the
transmittance target yields designs which perform better at the higher end of the temperature

range.
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Figure 4.14: The spectral efficiency of (LH)s structure with Si/SiO2 with (a) original 10-layer
periodic structure with Z=0, (b) original 10-layer periodic structure with Z=0.001um, (c) opti-
mized for Transmittance, with Z=0, (d) optimized for Transmittance, with Z=0.001pm, (e) op-
timized for Spectral efficiency, with Z=0, (f) optimized for Spectral efficiency, with Z=0.001pm.

In Figure 4.14, curves (a) and (b) are for periodic structure with original layer thicknesses. The
genetic algorithm is then applied to optimize layer widths, assuming Z=0. The calculated widths
are used in the spectral efficiency calculations to obtain curves (c) and (d). To demonstrate the
influence of roughness on the performance of multilayer filters, the evolution algorithm is then
used to calculate layer thicknesses when the spectral efficiency is taken as the target, as shown
in the third line in Table.2. Curves (e) and (f) are then obtained using these new optimization

results, for Z=0 and Z=0.001 respectively.
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Table 4.3: Spectral efficiency of original, transmittance-optimized and spectral efficiency opti-
mized structures.

Average spectral efficiency  Z=0  Z=0.001

Original 37.80%  34.70%
GAp 39.45% 36.21%
GAgg 39.69% 36.87%

From Fig. 4.14, the difference among various cases is hard to observe. Table 4.3 gives the
comparison. The optimized structures improved by 1.89% and 2.17% in cases of Z=0 and
0.001 , respectively, which points to the fact that layer thickness optimization delivers a higher

spectral efficiency, especially when interfaces are not ideally smooth.

4.4 Conclusion and further expectations

Using the Transfer Matrix method, the effects of complex refractive index and interface rough-
ness on the spectral efficiency of multi-layer structures used as filters in TPV systems are inves-
tigated. Different materials and structures are tested in this respect, both from other published
research or our own designs, based on which the guidelines for tolerable interface roughness in
these structures were given, in the range Z=0.001um to Z=0.003um. Also, if the roughness can-
not be avoided, the structures with smaller number of layers are generally preferable. Besides,
the genetic algorithm can be used to raise the average transmittance considering the refractive
index with imaginary part by approximately 11%. Finally, the optimization of layer thicknesses
with interface roughness accounted for can slightly improve the optical performance of a filter,

but it is still below that with no roughness present.
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Chapter 5

2-D W photonic crystals

The research in this chapter explores different materials and structures of two-dimensional pho-
tonic crystals to provide a theoretical basis for the application of radiators in thermophotovoltaic
systems. Photonic band utilisation ratio is proposed as a criterion for evaluting the optical per-
formance. Optimal structures are derived based on comparison and their fill rates are optimised

using genetic algorithms.

5.1 Overview

For thermal emitters of TPV system, the best choice to match emission spectrum of GaSb cell
is 3D Tungsten photonic crystal [11,|[117]. A 2D PhC in single-crystal tungsten which is well-
matched to the PV diode of the whole system is introduced [12]. Compared with 1D PhC, the 2D
PhC absorber has the obvious advantages, with a wider absorption capacity, a high absorption
rate, and a wide-angle of absorption [118]. In the second-half of this work, the optimizations of
2D Tungsten PhC will be discussed by moderating the shape of air holes and materials filling
in the holes instead of air. In order to ensure the simulation has practical meaning in industrial

use, processing error is considered (e.g. the diameter of holes in the substrate).

73



5.2. Silicon based photonic crystals Chapter 5. 2-D W photonic crystals

5.2 Silicon based photonic crystals

5.2.1 Dielectric rods in air background

The energy gap of GaSb cell is approximately 0.72 eV and its corresponding wavelength is
around 1.7 pum. Since the concept of selective emitters exists, rare-earth oxides were regarded
as the ideal materials . With the development of processing technology and the innovation
of materials and structures, tungsten photonic crystal shows better spectrum emissivity
. This chapter will give bandgap characteristics of 2D photonic crystals of different shapes
of holes in the substrate and different material to be filled in the holes. For the silicon rods in

triangular lattice air background, three different models of shapes are simulated:

Figure 5.1: Schematic diagram of circular (left), square (middle) and hexagonal (right) rods.

In Fig. 5.2, bandgap for both TE and TM mode can be observed at specific frequency range.
Two TE bandgaps and three TM bandgaps are found in Fig. 5.2(a). For square rods in Fig.
5.2(b), there are 3 TM bandgaps and no TE bandgaps. Only one TE bandgap and 3 for TM
mode are found for hexagonal rods. The width of each bandgap found is given in Table. 5.1.

The complete bandgap can be obtained only when the shape of rods is hexagonal.
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Figure 5.2: Photonic bands for structures from Fig. 5.1, (a) circular rods, (b) square rods and
(c) hexagonal rods.

Combining Figure 5.2(a) and Table 5.1, the normalised frequency range of the main TM bandgap
of circular rods is located at 0.2349-0.3415. The width of bandgap is 0.1066 and its central
frequency is 0.2882. For square rods, the main bandgap for TM polarization is only 0.0442 at
0.2483-0.2925. None of the structures mentioned above obtains complete bandgap. However,
for hexagonal rods in air background, the complete bandgap is 0.0017. Here, utilization ratio
is presented to show how large the bandgap width can be. The central frequency w,,;q and the

Aw

utilization ratio calculated as oo are 0.8694 and 0.2% respectively.
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Table 5.1: Bandgap width of TE, TM modes and complete bandgaps for silicon rods.

Mode ‘ Circular holes ‘ Square holes ‘ Hexagonal holes

TE mode 61=0.0018 none 61=0.0017
02=0.0035

TM mode 01=0.01019 01=0.0108 01=0.0456
02=0.119 02=0.0528 02=0.0952
03=0.1066 03=0.0442 03=0.0958

Complete bandgap none none 6=0.0017

Based on the simulation results, the structure with dielectric rods in air achieves larger TM
than TE bandgaps .The superscripts means the number of bandgaps. It is obvious that the
amount of TM bandgaps obtained is more than that of TE bandgaps. Although the model of
hexagonal rods gives the only complete bandgap among the considered structures, the width is

too small to be useful in practical applications.

5.2.2 Air holes in silicon substrate

Similarly, there are further simulations for different shapes of air holes on silicon substrate as
Fig. 5.3 shows. The shapes of holes are circular, square and hexagonal, same geometric options

as in the previous sub-chapter.
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Figure 5.3: Schematic diagram of circular (left), square (middle) and hexagonal (right) holes.

According to the simulation results, only 1 bandgap for TE mode is found from normalised
frequency range of 0.2092 to 0.2751 in Fig. 5.4(a). From Fig. 5.4(b), the bandgap widths of
TE and TM bandgaps are 0.0543 and 0.0059, respectively. The corresponding widths of these
bandgaps in hexagonal structure are 0.0721 and 0.086. Table. 5.2 lists all the data involved

and 2 complete bandgaps are obtained for both square and hexagonal holes in the substrate.
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Figure 5.4: Photonic bands for structures from Fig. 5.3, (a) cirular holes, (b) square holes and
(c) hexagonal holes.

In summary, both square and hexagonal structures give the complete bandgaps. Their widths
are 0.0022 and 0.0037, respectively. The percentage of utilization can be 1.58% for square and
1.82% for hexagonal, at central frequency 0.1389w and 0.2035w correspondingly. The circular

holes, on the other hand, give the bandgap for TE mode only, at 0.2422w.

Table 5.2: Bandgap widths for TE, TM modes and complete bandgaps for air holes.

Mode Circular holes Square holes Hexagonal holes
TE mode 01=0.0659 01=0.0543 01=0.0721

TM mode none 01=0.059 01=0.086
Complete bandgap none 6=0.0022 6=0.0037
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From the simulations of silicon based 2-D triangular lattice PhC, the band structures are re-
searched on how to enlarge the complete bandgaps. Effective methods to approach this tar-
get are modifying the structures and materials [121}, [122]. As the existing structures of two-
dimensional photonic crystals introduced in our previous work are well established, the next
chapter will discuss material substitutions based on cell characteristics in thermophotovoltaic

applications.

5.3 Tungsten based photonic crystals

5.3.1 Hexagonal lattice tungsten photonic crystal

Since GaSb cell is used in the TPV system in the study and the bandgap equivalent wavelength
is 1.78um, the dielectric constant of tungsten should be selected in this range (in this case, over
1.1-1.78um). The value is found as 21.216 at 1.8um, so that most of electromagnetic waves
beyond the specified range can be reflected. This will severely reduce the heat effects of crystal
material, in other words, improve the photoelectric conversion efficiency. The difference between
substrate and holes(rods) is shown below in Figure 5.5 if the material is replaced by tungsten.
Similarly, the simulations will be divided into 2 different lattice types and 3 different shapes of

holes(rods) for each type of lattice.
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Figure 5.5: Photonic band structure of (a) circular, (b) square and (c) honeycomb holes in
hexagonal lattice.

From the Fig. 5.5, each structure has more than one bandgap (the solid or dashed frame in the
figures) for TE and TM modes, and at least one complete bandgap. For convenient and clear
demonstration, only main complete bandgaps will be used for comparison in achieving the best
utilization of band structures. Table 5.3 lists the frequency range of every bandgap and other

parameters necessary to discuss in depth.
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Table 5.3: Band characteristics of air holes in hexagonal lattice tungsten substrate.

Shape of rods Mode Frequency range Aw Central frequency U-ﬁ:'}d
TE mode 0.2333-0.4515

Circular TM mode 0.304-0.3494 0.0454w 0.327w 13.90%
Complete bandgap 0.2333-0.4515
TE mode 0.3012-0.3124

Square TM mode 0.2641-0.3573 0.0112w  0.3068w 3.65%
Complete bandgap 0.3012-0.3124
TE mode 0.268-0.4604

Hexagonal TM mode 0.315-0.3959 0.0809w  0.3555w 22.67%

Complete bandgap 0.315-0.3959

For the structure with circular holes, the TE bandgap is larger than that for TM mode. The
width of complete bandgap Aw is 0.0454w and central frequency wy,;q = 0.0327w. The ratio of
Aw [Wpiq is 13.90%. The bandgap of TE mode is also larger than that of TM for honeycomb
holes. The complete bandgap width is 0.0909w and the utilization ratio of bandgap can be

22.67%, which is the best among all the cases compared.

5.3.2 Rectangular lattice tungsten photonic crystal

Likewise, the simulations of rectangular lattice can be made and plotted in Fig. 5.6:
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Figure 5.6: Photonic band structure of (a) circular, (b) square and (c) honeycomb holes in
rectangular lattice.

Clearly, the complete bandgap can be only obtained for circular holes and produced by the
intersection of TE and TM modes. For circular holes in the substrate, the complete bandgap

width is 0.0376w and the utilization ratio of bandgap is 9.97%.

81



5.3. Tungsten based photonic crystals

Chapter 5. 2-D W photonic crystals

Table 5.4: Band characteristics of air holes in rectangular lattice tungsten substrate.

Shape of rods Mode Frequency range Aw Central frequency WA“_Jd
TE mode 0.3582-0.4606

Circular TM mode 0.3342-0.3958 0.0376w 0.377w 9.97%
Complete bandgap 0.3582-0.3958
TE mode 0.4274-0.4408

Square TM mode 0.1389-0.2206 - - -
Complete bandgap -
TE mode 0.4526-0.4643

Hexagonal TM mode
Complete bandgap

0.3499-0.4151

5.3.3 Maximize the bandgap width using Genetic algorithm

By comparing various structures of 2D tungsten photonic crystals, honeycomb air holes in

hexagonal lattice gives the best utilization ratio of band structures. The above discussions are

all based on the same filling fraction of 0.7. To search for the best band structures, smaller and

larger filling fractions of 0.6 and 0.8 are added to find which can give the largest bandgap width

and utilization ratio.

Table 5.5: Band characteristics of honeycomb holes in hexagonal lattice optimised by Genetic

algorithm.
Filling fraction Frequency range  Aw Central frequency wA"_Jd
0.6 0.2798-0.3115 0.0317w 0.2957w 10.72%
0.7 0.315-0.3959 0.0809w 0.3555w 22.76%
0.8 0.4662-0.5031 0.0369w 0.4847w 7.61%
0.7434 0.3412-0.4641 0.1229w 0.4027w 30.52%
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Figure 5.7: The utilization ratio (grey curve) of bandgap width (blue chart) at corresponding
central frequency (orange chart). The range of filling fraction is from 0.7 to 0.8.

From the above table and Fig. 5.7, the best filling fraction is between 0.6-0.8. The range is set
after inserting different filling fractions. According to previous research, evolution algorithm
can be introduced here to search for the largest bandgap width and its corresponding filling
fraction , . As shown in Table 5.5, the complete bandgap width is 0.0369w at the
normalized frequency range from 0.3412 to 0.4641. The utilization ratio of bandgap has peaked
at 30.52% . Figure 5.8 gives the band structure of the optimal case, with a large complete
bandgap observed. Since the target of this study is to use the band characteristics to obtain
the best efficiency for reflecting back most of electromagnetic waves beyond the range accepted

by GaSb cell, and our own design seems to be the best choice.
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Figure 5.8: Photonic band structure of honeycomb holes in hexagonal lattice. (Filling fraction
at 0.7434.)

5.4 Conclusion and further expectations

To summarise, the structure with silicon rods shows larger bandgaps for TE and TM modes but
less complete bandgaps than that with air holes. For the 2D tungsten photonic crystal, hexag-
onal lattice with honeycomb holes is the best structure to give the largest complete bandgap
width and percentage over central frequency. Genetic algorithm is applied to search for the
filling fraction at the peak. Our own design combination of optical filters and thermal emit-
ters can reach the highest conversion frequency to reflect most of electromagnetic waves with
A > 1.8um and accept those in this range. Since the current progress is focused on maximizing
the bandgap for the largest reflection area in TPV applications, it is also interesting to do
research on minimizing the bandgap, for using these structures in modulators. This will be

discussed in detail in the next chapter.
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Chapter 6

2-D Si/SiO2 photonic crystal slabs

This chapter aims to search for optimal photonic-crystal structures, which will deliver a large
change of the effective refractive index at a target wavelength, based on the band structure
shift of PhC slabs when the refractive index of silicon varies by a small amount by modulating
the free carrier density in it. A small shift of the photonic band structure has a large effect on
light with frequency near the band gap between two photonic bands, provided that during this
band structure shift the band gap crosses this frequency, as discussed in [64} |124]. Calculations
are done for 2D silicon-based photonic crystal slab with air holes, for various lattice types and
shapes of holes, and changes of the effective refractive index between the first and second TM

bands are obtained.

6.1 Overview

The electro-optic modulator is a key functional device in fibre-optic communications and net-
works, as well as in other areas [125]. The increasing demands for capacity of optical inter-
connects have increased the need for high-speed modulators. The conventional silicon-based
modulators perform electro-optic modulation by using the plasma dispersion effect in silicon,
i.e. the change of refractive index with the free-carrier density, by injection, depletion or accu-
mulation. However, owing to the small change of refractive index which can be achieved in real
structures, these modulators require a significant length of the phase-shifter arms, and face a
bottleneck in improving the modulation rate and efficiency, making further improvements hard.

A data rate of 50 Gb/s has been demonstated in a modulator based on free carrier depletion
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[126], and a silicon-based electro-optic modulator with a modulation rate exceeding 64 Gb/s

has been proposed [127].
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Figure 6.1: 2D photonic crystal slab of triangular lattice with circular air holes in silicon sub-
strate(red curves with sharp changes at M and K is the light cone).

The restrictions present in bulk-like modulators can be overcome by tailoring the material and
structure used in the modulator. A research on using phase change material (PCM) has shown
that it also enables a high-performance modulator, with larger bandwidth, larger extinction
ratio and lower operating voltage compared to the state-of-the-art models [128]. Another ap-
proach is based on using the two-dimensional photonic crystal (PhC) slab (made of silicon, and
integrable on silicon platform) for two arms of Mach-Zehnder interferometer, and modulating
the free carrier density in one or both arms |64]. By combining the advantages of MZI and ring
modulators, the required phase shift of the proposed design comes from the change of effective
refractive index of PhCs. The key issue is to find a structure with large effective refractive
index change, in order to obtain significantly different phase accumulation in the two arms of

the system. Mpb tool is used to calculate photonic band structure, like that shown as Fig.
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6.1. In Fig. 6.1, the band structures of 2D triangular photonic crystal slab with circular holes
etched in are given. Similarly, the electric field distributions and amplitude profiles can be also

obtained using this tool.

6.2 Calculations of effective refractive index

In this study we calculate the effective refractive index for light propagating along the boundaries

of irreducible Brillouin zone, obtained from the band structure calculated as described above.

The phase accumulation ¢ is linked to the effective refractive index n.rs as [64]:

27
szneffjd (61)
where d is the propagation length of light, and the relation of wavevector k£ and frequency is

given by Eq. (6.2) [129]:

k= %neff (6.2)

Based on the experimental results of Soref and Bennett [130], the injection of electron and hole

carriers leads to the refractive index change given by the sum of Eq. (6.3) and (6.4):

An, = —8.8 x 1072 x (AN,) (6.3)

Any, = —8.5x 10718 x (AN,)"8 (6.4)

where AN, and AN, are the concentrations of electron and hole carriers in the silicon PhC slab,
injected for purpose of shifting the PhC band structure. By injecting AN, and AN}, both equal
to 4.1x10™® cm™3, the refractive index of silicon changes from 3.47 to 3.48, and this is used in
further calculations (same as in [64]). Concerning the sign of the refractive index, it can be de-
termined from the frequency variation with the k-vector, or using equi-frequency contours|131].
For instance, if k-vector varies along I'-M direction and the corresponding frequency for a par-

ticular band is increasing as well, the sign of refractive index is positive, otherwise it would be
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negative. In this case the group velocity and phase velocity have the same sign. The simula-
tion process can be briefly described by the flow chart in Fig. 6.2. At the frequencies of 0.26 and

0.32(wa/m),dif ferentef fectiveindiceswillbeobtained.Sincethee f fectiveindex forthesecondbandisnegativedt

6.3 Simulations results and discussion

6.3.1 Structures from previous research

In this section the structure proposed by A. Govdeli, et al is simulated using Mpb tool(Mit
photonic bands tool) [56] as shown in Fig. 6.4. The key feature of this, MZI-based modulator
with PhC in its arms, is that it provides positive and negative refractive index in the same
structure in two different photonic bands. For the slab structure, with its finite height (unlike
the conventional two-dimensional materials), the light is confined in the slab because of the
refractive index difference between the slab and cladding layers on the upper and lower sides
, and the dispersion will not be exactly the same as for the two-dimensional photonic
crystal. It is useful to add the dispersion curve, called light cone (calculated with the average
refractive index of the photonic crystal slab), in the band structure diagrams. By adding the

light cone in Fig. 6.4, the available frequency within limits can be visually displayed.

?(

Metal Pads

| (NN
~ N

N-type Doped P-type Doped
Region Region
Intrinsic Region (PhC)

Figure 6.3: Schematic representation of the analysed structure.

It is important to note that the slab structure features symmetry on the plane z=0 and the
k-vectors on x and y planes are observation targets. Thus, the TE and TM polarizations can
be simply replaced by their analogous modes: even and odd modes respectively . For the
TM-like mode the effective refractive index for the first band is 1.66 and the corresponding

value for the second band is -2.038. The total change of refractive index is therefore 3.698 when
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the real refractive index of silicon changes by 0.01, increasing from 3.47 to 3.48 by free carriers
injection (these values, corresponding to realistically achievable injected carriers density, were
taken from [64]). This result is very close to that obtained by phase accumulation (3.886) in
[64], and the small difference comes from different methods of calculation. With the range of
k-vectors used in the calculations, and further for interpolation, the simulation is reasonably
accurate and can be used as a reference data for further comparison with all other structures

considered here.
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Figure 6.4: Photonic band structure of a circular air-hole triangular lattice, with r=0.3a and
h=0.6a (lattice constant a=0.5um) for TM-like polarization (the black curve is light cone).

6.3.2 Triangular lattices

For these structures the calculations were done for 5 types, according to the shapes of holes
(sphere, ellipse, block, cylinder and cone), and each of them was analyzed using the Mpb code.
From the optimization perspective, annular holes are used in all structures, as shown in Table
6.1. Furthermore, triangular holes in case of triangular lattice and honeycomb holes in case of
honeycomb lattice are considered in order to analyze the performance if the holes are of the

same shape as the lattice structure [62]. Matlab is used for calculation of some structures which
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cannot be handled by the Mpb program due to its limited default geometry types and objects.
Since the PWE in Matlab does not allow calculation with finite height in the vertical direction,

the structures with * labels in Table 6.1 and 6.3 denote the conventional 2D photonic crystals,

not slabs.
Table 6.1: Effective index calculations for triangular lattices.
Triangular*Ellipse Block Cylinder  Annular(r; = Sphere Cone
0.15a)**
Neff1 1.169 2.066 1.575 1.66 2.055 1.805 1.828
Neff2 -1.697 -1.197 -1.908 -2.038 -1.772 -2.121 -2.104
Angyy 2.366 3.263 3.483 3.698 3.827 3.926 3.932

Bandgap 6x107* 7x107* 7x107* 7x107* 6x107* 6x107* 6x1074
shift

* label refers to the structure of conventional 2D PhC, not slab.

** label refers to the structure with inner radius optimised by evolution algorithm.

The outer radii of cylinder, annular, sphere and cone holes are all set as 0.3a for convenience
of comparison. For annular type, the inner radius of holes (i.e. the radius of the silicon rods in
the air holes) is 0.15a, which is found by optimization using Genetic algorithm, in the range of
0 to r. Among the structures of this type, the cone structure gives the highest effective index
change, of 3.932, more than other geometries. In contrast, triangular lattice with the same

shape of holes etched in silicon gives the lowest change of refractive index, of 2.366.

With the change of refractive index of silicon from 3.47 to 3.48, the bandgap shifts from the
first band to the second band for all the structures are also given in Table 6.1, and they do not
vary much. The structure with cone holes is here the optimal one. The wavelength range in

which the modulation can be done is 1610-1613 nm.

6.3.3 Square lattices

Another typical lattice type is the square lattice, and its corresponding shape in three-dimensional
space is a block. The length of each side is set to 0.6a for comparison, same as the diameter of
other models. It is worth mentioning that the optimal structure is block holes, and its effective
index change is 3.827. For the annular holes, the range of inner radius is set to be 0-0.3a and

the optimized result provided by the algorithm is 0.1a.

In terms of bandgap shift, the structure with cylinder holes gives the lowest value, while the

block hole structures give 6 x 10™% and are optimal for this lattice type. The wavelength range
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in which the modulation can be done is here 1643-1680nm.

Table 6.2: Effective index calculations for square lattices.

Ellipse Cone Sphere Annular(r; = 0.1a) Cylinder Block

Nef 1 2.361 2.207 2.185 2.196 1.655 2.055
Neffo -0.873 -1.131 -1.258 -1.38 -2.038 -1.772
Aness 3.234 3.338 3.443 3.576 3.693 3.827
Bandgap shift 6 x107* 5x107* 6x107* 5x 1074 3x107* 6x1074

6.3.4 Honeycomb lattices

Honeycomb structure is a variant of the triangular lattice, with two holes per unit cell at specific
positions, as shown in Fig. 6.3 [56, (132} |133]. The specific design of honeycomb lattice with the
same shape of etched holes gives the value of the refractive index change of 3.416, intermediate
among the cases given in Table 6.3. In contrast to previous results, elliptical shape shows a
better performance, with RI change of 3.55, than most of other structures. The only case where
the total index change approaches 4 is for annular holes on the dielectric substrate, delivering
the RI change of 3.952. Effective refractive indices for the first and second band are 2.047 and
-1.905 respectively. The inner radius optimized by the evolution algorithm here is 0.15a, similar

to that found in other cases.
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Figure 6.5: 2D-annular Si photonic crystal with honeycomb lattice. The lattice constant a=0.6
, height h=0.6a, outer radius of the holes r=0.3a.

Table 6.3: Effective index calculations for honeycomb lattices.

Cylinder  Block Honeycomb* Sphere Ellipse Cone Annular(r; =
0.15a)**
Neffl 1.358 1.579 2.129 1.561 2.021 1.669 2.047
Neff2 -1.819 -1.776 -1.287 -1.966 -1.529 -2.02 -1.905
Aneys 3.177 3.355 3.416 3.527 3.55 3.689 3.952

Bandgap 8x107% 7x107%* 6x107* 7x107% 6x107* 4x107* 6x107*
shift

* label refers to the structure of conventional 2D PhC, not slab.

** label refers to the structure with inner radius optimised by evolution algorithm.

In this structure the largest bandgap shift is for cylinder holes, but the refractive index change
is here much smaller than for annular holes, so annular hole structure is optimal for modulators.
Interestingly, for this lattice type, the bandgap shift varies with the annular hole radius, but
according to the refractive index change, the one with inner radius of 0.15a is the best choice.

The wavelength range acceptable for modulation here is 1572-1575nm.

Comparing the results obtained for all the structures considered in this study shows that annular

air hole is the optimal geometry, giving somewhat better results than that in . Annular air
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holes on dielectric substrate can be viewed as the combination of silicon rods in air background
and air holes on silicon substrate [63 |134]. This gives a reduced symmetry of the crystal
structure, and enhanced scattering strength, and this makes it easier to obtain bandgaps than
in other structures. Furthermore, the simulations are performed for TM-like polarization bands,
and the annular mode is more likely to produce bandgaps, due to its special fabrication of
combining both rods and holes [135-137]. The bandgap between the first two bands is located
between 0.257637 and 0.25764 as Fig. 6.4 shows. The frequency difference is just 3 x 107 %w
and the central frequency is 0.2576385 (the number of digits is given just to illustrate the small
width of the bandgap). The ratio of bandgap width and the central frequency of this structure
is 1.164 x 1073%. Since the purpose of this study is to search for promising structures for
the electro-optic modulator, such a small width of the bandgap is very useful for high-speed

modulation.

0.5 T

1st band
——2nd band
0.45 - o

0.35 - a

<)
w
\
|

Normalized frequency
o R
N [6;]
T T
| |

0.15 - a

0.1+ -

0.05 - b

Figure 6.6: Band structures of annular air-hole honeycomb lattice for TM-like polarization,with
r=0.3a and h=0.6a (lattice constant a=0.5um)(the black curve is light cone).
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6.4 Comparison with related research results

6.4.1 Triangular lattice

The lattice constant a in A. Govdeli’s work was set to 0.5 um. The air holes radius and thickness
were 0.3 and 0.6 a, respectively. The effective refractive index difference of 3.73 can be achieved
in the air-hole structure with triangular lattice (1.68 for n; and -2.05 for ng, as shown in Figure
6)[64], while the annular structure with identical structural parameters yields a higher refractive
index difference, of 3.827, and a smaller band gap shift. This demonstrates that using the new

structure can lead to improved modulation performance.

From Fig. 6.7(a), another PhC with triangular air holes lattice is introduced, with thickness
0.57a and radius 0.244a, where the lattice constant a is 0.4561um. The positive and negative
refractive indices are 1.71 and -1.31 at 0.292(wa/27c) and 0.3156(wa/27c), respectively. In Fig.
6.7(b), the structure with circular holes is simulated according to the data given in the paper.
The effective refractive index for the first band is 1.641 and for the second band it is -1.332. The
effective RI change is 2.973, very close to the value (3.02) given in the paper, and the bandgap
shift is 1.8 x 10~3. The calculation is also made for annular-hole structure for comparison, shown
by solid blue lines in Fig. 6.7(b). The outer radius here is 0.244a, and the inner radius is 0.01a.
The effective refractive index for the first band is 1.432, and the negative refractive index for
the second band is -1.736 at 0.3156(wa/27c). The total change of the effective refractive index
is 3.168, a bit larger than for the circular structure. The bandgap shift is 2.1 x 1073, also a bit

larger than in the first case.

6.4.2 Annular structure

From the above discussion the annular hole structures are shown to have larger effective index
difference than other structures. The recent research on negative refraction in annular photonic
crystals (APCs) also points to the potential of annular rods to be used in light modulators
[139]. Fig. 6.8(a) shows the band structures for different values of inner radius, from 0.1 to 0.25
um. The lattice constant a is 1um, and the outer radius is 0.4a. Since the discussion in this
paper does not include APC slabs, it is interesting to model such a structure and compare its

performance.

The photonic bands of circular rods and annular rods structures are shown in Fig. 6.8(b). The
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Figure 6.7: (a) Electric field distribution for light with the normalized frequency 0.292 (wa/27c)
in the PhC, obtained by the FDTD method.[138]; (b) Photonic band structure of the structure
given in [138] (dashed red), and of our designed annular structure (solid blue).
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Figure 6.9: Effective refractive index change (red) and normalized bandgap width
(Aw/wpmiqa)(blue) dependence on the structure parameters, for honeycomb lattice with annular
air holes. 0% means that the inner radius is r=0.15a.

TM-like bandgap for circular rods is 0.03 and its central frequency is 0.2164. The utilization
rate of the bandgap is 13.86%. The effective refractive indices for the first and second bands
are 1.7496 and -1.0366, respectively, so the effective RI change is 2.7862. For annular rods
the bandgap width is 0.0252, located at central frequency of 0.2174. The utilization rate is
11.59%, which is smaller than for circular structure. The positive refractive index for the first
band is 1.8314 and the negative index for the second band is -1.052, so the total change of
effective refractive index is 2.8834, larger than for the other structure. Therefore, the annular
rod structure is better for light modulation applications, since it has a smaller photonic band
gap and a larger effective refractive index change. Together with the above conclusions, this
also shows that the annular structure improves the performance of both air holes or dielectric

rods.

6.4.3 Tolerance to inner radius variations

In this section we consider the effects of the annular photonic crystals’ structural parameters
variation on the structure performance. Fig. 6.9 shows the variation of the normalized band gap
and effective refractive index as the inner radius of air holes varies in the range -50% to +50%

around the optimised value 0.15a. From Fig. 6.9 the effective index change is rather constant
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when the inner annular diameter is in the range of -15% to 5% around the optimal value 0.15a.
As for the normalised bandwidth, it is also relatively stable, between 0.25% and 0.3%. This
indicates that there is not much change in the photonic band structure when the inner diameter
of the air holes is drastically adjusted. For better modulating performance, smaller bandgap
if preferable and the corresponding tolerance range is -20% to 20%. And the minimum value
occurs when the inner radius is 20% smaller. Therefore, the fabrication tolerance limits for
the annular hole diameter can be perceived as -15% to 5% around the optimal value, and the

structure would practically maintain its best performance in this range.

6.5 Conclusions and further expectations

Using the plane-wave expansion method, the effective RI change in two-dimensional Si PhC
slabs, induced by varying the refractive index of silicon, was investigated, for application in
electro-optic modulators. The structures with different lattice types and with different arrange-
ments of holes were considered and compared. The annular air-hole photonic crystal slab gives
the optimal performance in this respect, with the largest index change for both rectangular
and honeycomb lattices, and with a rather high value for triangular lattice. The ring structure
has a little advantage over the typical cylindrical shape in both the air hole and the dielectric
column structures when comparing the pertinent research findings since 2018. The inner radius
of annular holes was optimized using a Genetic algorithm to search for a small bandgap width
which is favorable for high-speed modulation, and the tolerance limits of fabrication defects
were also considered. The final results show that a reasonable range of fabrication errors can

be tolerated without a significant decrease of the performance.
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Conclusions and future perspectives

Throughout the course of this research, the application and study of photonic crystals in the
field of thermophotovoltaics has become increasingly widespread and well researched. Since
the concept of photonic crystals was first introduced in 1987, the spectral control and photonic
band utilisation of TPV systems have been significantly improved. Controlling the emission
spectrum of thermal emitters to give them the desired selective radiation characteristics is an
important way to improve the conversion efficiency of the whole system. Increased attention
is now being drawn to improving the photovoltaic conversion efficiency of thermophotovoltaics,
for example, filters with Mg F5 structures were proposed in 2018, and the optimised structures
demonstrated significant improvements in optical performance and spectral efficiency. In 2019,
an emitter based on a silicon rod-type photonic crystal obtained a high efficiency (11.2%) of 1.65
times the previously reported record (6.8%). A ZrO2/ZrOs-acrogel filter reached a maximum
TPV system efficiency of around 27% in 2021. The limitations of the conversion efficiency of
thermophotovoltaic systems due to the limitations of conventional semiconductor materials are

gradually decreasing.

7.1 Conclusions

In order to improve the conversion efficiency of thermophotovoltaic systems and to circumvent
the problems of defects that may be encountered in practical applications, the research described
in this thesis establishes an understanding of two main areas, the performance improvement

of one-dimensional photonic crystal optical filters and the photonic band optimisation of 2D
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photonic crystals.

This thesis first investigates the non-periodic structure of a 1D photonic crystal thermal emitter
to explore the effect of irregularly arrayed films on emissivity. In the discussion, it is observed
that the aperiodic structure achieves high emissivity with a smaller total film thickness and
fewer interference peaks similar to that of a multi-layer periodic structure. Similar performance
enhancements are seen in studies of filter-related applications. By including the complex refrac-
tive index, this work describes the reduction in spectral efficiency of a 10-layer one-dimensional
Si/S5i09 photonic crystal, providing a systematic approach to the study of inevitable defects in
the deposition process. A structure consisting of alternating defect and dielectric layers contain-
ing a complex refractive index reduces the average spectral efficiency in a specific wavelength

range by up to around 11%.

In addition, the degree of interfacial roughness has been investigated in this study. In a 10-layer
Si/S5i02 1D photonic crystal filter, increasing the roughness by a root mean square height Z
= 0.001 pm per layer decreases the average spectral efficiency by approximately 3.5%. This
reduction surges to 38% as Z increases to 0.01 um. In addition to the problems that may arise
in the multilayer structure described above, this paper also uses genetic algorithm to optimise
the thickness of each film so that the optimised spectral efficiency is closer to that of the original
structure without defects taken into account. In a discussion of photonic crystal filters under
the influence of interface roughness, this thesis also finds that higher optical performance is
obtained by using spectral efficiency as the optimisation target than by using transmittance as
the target. Also, in cases where rough film surfaces cannot be avoided, film systems with fewer

layers are a better choice.

In recent years, 2D photonic crystals have become an efficient option used to control thermal
radiation spectroscopy. The research in this thesis highlights the fact that the two-dimensional
photonic crystals can give a larger photonic forbidden band when optimised in terms of material
and structure, hence the choice of tungsten with a larger dielectric constant and a more suitable
absorption range for GaSb, which is commonly used for thermophotovoltaic cells, instead of
silicon in conventional solar cells. Through comparison and algorithm optimisation, a triangular
lattice honeycomb hole tungsten photonic crystal with a filling rate of 74.34% is found to give

the largest forbidden band width and centre frequency occupation.

Additionally, the possible minimum values are given in the study of the extreme values of the
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photonic band characteristics. For 2D photonic crystal slabs, their finite height in the direction
perpendicular to light propagation makes them somewhat similar to 3D photonic crystals. In
simulations of the 3 lattice types, with 8 hole shapes, the annular hole is more likely to yield
a TM-like bandgap. Comparing the resulting optimal structures, the honeycomb lattice with
annular holes gives the smallest bandgap width and largest effective refractive index of 3% 1076
and 3.952 respectively. This study emphasises that this optimal structure is optimised for fast

band switching with a small bandgap shift by inner radius optimisation.

7.2 Future expectations

The results of this thesis demonstrate that technological breakthroughs are still possible and
necessary in the following areas. Regarding 1D photonic crystal filters, the fabrication methods
can be further optimised and adjusted to avoid complex refractive indices as well as interfacial
roughness as much as possible. Together with the optimisation of the layer thickness, this
research is expected to lead to an increase in the efficiency of thermophotovoltaic systems in
terms of filter performance. Furthermore, the study of non-periodic thermal emitters in this
thesis could consider the inclusion of an impurity layer to further increase the density of states in
the photonic band, which could help to achieve enhanced spontaneous radiation. In particular,
the optimisation of the periodic structure leads to an increase in the maximum value of the
emission peaks beyond the main peak. If these spurious emissions around the central frequency

can be utilised, it will contribute to the overall radiation performance.

Furthermore, based on the photonic band structures of the 2D photonic crystals reported in this
study, microstructural adjustments to the surface can be added to the optimal structure of the
tungsten crystal. This research is now more extensive and in-depth, but calculation methods
for complex structures still need further investigation. In addition, studies of 2D photonic
crystal slabs should consider more hole structures to obtain a larger effective refractive index

and smaller bandgap shift.

The photonic crystal designs discussed in this thesis for applications such as filters and emitters
help to achieve more stable, less fabrication demanding and more efficient components for
thermophotovoltaic systems. Designing components with higher performance and a wider range
of available temperatures to suit the characteristics of different thermal sources is the overall

goal of future research.
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