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ABSTRACT

BROADBAND SPECTRAL SPLITTING OF LIGHT USING
WAVEFRONT SHAPING

Basay, Yalin
M.Sc, Micro and Nanotechnology
Supervisor: Asst. Prof. Dr. Emre Yiice
Co-Supervisor: Asst. Prof. Dr. Selguk Yerci

August 2018, 55 pages

Splitting of light to different frequencies is an important tool for several photonic
research and applications. One of those applications is increasing the absorption of
light via spectral splitting in solar energy systems. Nowadays, this splitting process is
realized by fixed diffraction gratings. However, these structures can’t adapt to the
environmental changes and their efficiencies differ from season to season. A structure
that can adapt to environmental changes would certainly increase the efficiency of
solar energy systems. When the dimensions of a medium are comparable to
wavelength of light, diffraction plays a major role in wave propagation and it differs
by wavelength. Thus, it is possible to obtain intended phase difference for each
frequency by changing the thickness or refractive index of the medium. As a result,
waves at a specific frequency can be controlled to constructively interfere at a desired
point. Liquid crystal displays, which enable to control refractive indices of each pixels
via modulating the amplitude of the applied electric field can be used to control
diffraction. By this programmable control, the spatial phase of light can be changed
between 0-27 and the phase pattern for spectral splitting can be determined. As a
result, light can be spectrally split using an adaptive medium. In this thesis, we will
use liquid crystal displays to determine a micro structure that can achieve spectral

splitting at different angles of incident light. In accordance with this purpose, spectral



splitting of light will be customized to a region or a building. In addition, we will also
investigate the effectiveness of the spectral splitting and the splitting ratio. Our spectral
splitting patterns promise an increase in solar cell efficiency given that the

effectiveness will be customized to the location where the solar cell will be positioned.

Keywords: Diffraction, Spectral Splitting, Solar Cells
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DALGA ONU SEKILLENDIRMESI ILE GENiS BANT
SPEKTRAL AYRISTIRMA

Basay, Yalin
Yiiksek Lisans, Mikro ve Nanoteknoloji
Tez Yoneticisi : Dr. Ogr. Uyesi Emre Yiice
Ortak Tez Yoneticisi: Dr. Ogr. Uyesi Selcuk Yerci

Agustos 2018, 55 sayfa

Isigin farkli dalga boylarina ayrilmasi fotonik alanindaki bir¢ok uygulamada ve
arastirmada 6nem tasimaktadir. Bu uygulamalardan biri, giines enerjisi sistemleri i¢in
15181n spektral olarak ayristirilip daha verimli bir sekilde sogurulmasidir. Giiniimiizde
bu ayristirma islemi 1zgara benzeri mikro yapilar sayesinde gerceklestirilmektedir.
Ancak bu yapilar ¢evresel faktorlere uyum saglayamadigi icin verimlilikleri
mevsimlere ve ¢evresel degisimlere gore farklilik gostermektedir. Yapilarin ¢evresel
degisimlere uyum saglayabilmesi durumunda giines enerjisi sistemlerinde kayda deger
bir verim artis1 olacaktir. Isigin dalga boyuyla karsilastirilabilecek derecede kiigiik
ortamlarda kirmim her bir dalga boyu ic¢in farklilik gdstermektedir. Buradan yola
c¢ikarak, ortamin kalinliginin veya kirilma indisinin degistirilmesiyle her bir frekansta
istenilen kadar faz kaymasi saglanabilir ve bdylece her bir frekanstaki 15181n yapici
girisime ugradig1 nokta kontrol edilebilir. Siv1 kristal ekranlar, uygulanan elektriksel
alanin genligine bagh olarak her bir pikselin kirilma indisini kontrol etme imkani
sagladigindan kirinim optik uygulamalarinda kullanilabilir. Isik, bu prensibe dayali
calisgan SLM gibi kirinim optik elemanlar1 sayesinde spektral olarak
ayristirilabilmektedir. Bu calismada, sivi kristal ekranlar kullanilarak ol¢iimlerin

yapilmasi, verimliligi arttiran holografik yapiya karar verilmesi ve bdylece giin veya

vii



yil igerisinde verimliligi optimum seviyeye c¢ikaracak holografik yapilarin
belirlenmesi amaclanmaktadir. Bu amag¢ dogrultusunda, uzaysal 151k modiilatorleri
kullanilarak 1s181n spektral ayrismasi programlanabilir olarak yapilacak ve bu
ayrismanin kullanilan frekans araliginda etkinligi ile ayristirma orani incelenecektir.
Bu sayede bolgelere veya binalara optimize edilmis mikro yapilar belirlenebilecek,
genis bantta spektral ayristirma yapilarak giines enerji sistemlerinde verimlilik

artirilabilecektir.

Anahtar Kelimeler: Kirinim, Spektral Ayristirma, Giines Panelleri
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CHAPTER 1

INTRODUCTION

Although the term “energy” was firstly used in its modern sense by Thomas Young in
1807, existence of humankind is dependent on what this term 1. Human beings must
persistently take energy from outside, generally in the form of food, which can be
plants that convert energy of sun light to chemical energy by photosynthesis, or
animals that feed on plants in order to survive and reproduce. Besides this biological
process, extreme ability to manipulate surroundings, which includes potentiality of
switching between energy types, provides an advantageous for human to stay alive.
Learning to control fire, which is transformation of chemical energy stored in biomass
to heat, is a milestone for human life since by this way early humans have been able
to stay alive at low temperatures, improve their protection at nights and prevent
illnesses caused by foods by cooking them 2. However, after agricultural revolution,
people have been obliged to find new energy sources as water and wind power because
of the increment of human population 3. Until the industrial revolution that began in
the mid-18th century, these limited energy sources had been available, however it is
the period of time when they started to be insufficient in consequence of the increase
in energy usage. Finding out the significant amount of energy per unit mass released
from burning fossil fuels, in the first instance coal, solved this problem 3. As a result,
the production and consumption of energy increased drastically, and negative effect
of human activities on nature started to depend on energy production processes, mainly
because of the greenhouse gases emitted during the burning operation. In modern
times, continuously increment of energy demand and given that fossil fuels are
depletable compelled people to focus on environment friendly alternative energy

sources one of the most promising of which is solar energy.



1.1 Solar Energy

All of the energy sources mentioned above are originated from fusion reactions
occurred at sun which releases outcome nuclear energy in the form of electromagnetic
wave. In spite of the tremendous amount of this energy reaching Earth’s surface each
day, unmediated consuming of this energy is limited with heating. Instead of directly
converting solar energy to heat, transforming this energy to electricity provides
opportunity of significant contribution to energy production and possibility to use this
energy in various ways. This transformation process has been possible in last century
correspondingly to developments in modern physics.

In 1839 the photovoltaic effect was first reported by Edmund Bequerel, who
observed an electric current when light was sent towards a silver coated platinum
electrode placed inside electrolyte #. In 1880s, first solar cell was constructed by
Charles Fritts and finally first using of silicon p-n junctions took place in 1950s “.
Since then, costs and efficiencies of solar cells have been increasing year by year. At

Figure 1.1, increase in efficiencies of solar cells since 1975 can be seen °.

The mechanism lying behind conversion of light energy to electric energy is
explained by quantum mechanical phenomena named photoelectric effect. At the
beginning of 20" century, one of the most confusing problem of physics was behavior
of electrons that are spread from a material when it is exposed to light. Main
discrepancy is that kinetic energy of electrons was found to be independent from
intensity of light, but it changed with the frequency of light unlike the expectations of
scientists. This led to the idea of light being made up discrete wave packets instead of
its having a continuous structure and initiated quantum revolution. According to the
quantum theoretical explanation of photoelectric effect, light packets, which were
named photons, can pluck electrons from atoms in the case of photons having more
energy than binding energy of electrons, and the energy difference transforms to
kinetic energy of electrons.

By using semiconductor materials, this activity can produce electric current.

When n-type and p-type semiconductors are combined, a structure named p-n-



junction, which has great importance at modern electronic applications as well as solar
cells, is formed. The uniqueness of this structure arises from distribution of electrons
at interface of two types of semiconductors. Since n-type semiconductors have free
electrons while p-type semiconductors have holes, at interfaces some free electrons
move to p-type region and after the system reaches equilibrium, the charge distribution
shown at Figure 1.2 is observed. This structure is a diode that allows current flow at
only one direction, which means that if the voltage is applied in such a way that
positive terminal is connected to p-type material while negative terminal is to n-type
material (forward bias), current flow is possible, on the other hand for reverse
connection (reverse bias), there will be no current. For photovoltaic devices, light takes
on the task of voltage source. When light is sent to a p-n-junction, the equilibrium at
interface of n-type and p-type materials is destabilized and this leads to the opportunity

of obtaining energy in the event of connecting load to the system.
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n-doped +| - p-doped

Figure 1.2. Charge Distribution at PN-Junction.

The effect of light is to provide energy for more electron to surpass the band
gap. That’s why, relation between photovoltaic material and incoming light can be
expressed as band gap structure of material as a function of wave vector. As shown at
Figure 1.3, when graph of this function is drawn, two types of band gaps are
distinguishable: direct and indirect band gaps. At former one, the momentum of
resulting electron-hole pair becomes zero, while for latter one, there is a finite
momentum and a phonon assistance is required for transition. As a result, absorption
in indirect band gap materials is much weaker than that of in direct band gap

semiconductors. This difference in efficiencies of absorption leads to the opportunity

(a) Energy (b) Energy

""""" BandGap | w:
/\ / ; Phonon

Figure 1.3. Two Types of Band Gaps: (a) Direct (b) Indirect.

of increase in overall solar cell efficiency by manipulating the photovoltaic materials
chemically or metallurgically.

The enhancement of photovoltaic materials’ efficiency is extremely frequency-
dependent. Because frequency of light adds up to same thing with its energy,
efficiency of produced energy from interaction of photons with the electronic structure

of photovoltaic materials relates to frequency of incoming light and its rapport with
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band gap of material. If the band gap is less than energy of photons, no current can be
produced. If the gap energy is larger than that of photons, the amount of electric energy
produced becomes equal to band gap and the excess energy transforms to heat. To sum
up, both being more or less energetic of photons compared to band gap result in going
down to drain of some incoming energy. This is the main limitation on enhancement
of solar energy efficiency since solar light consists of a wide range of electromagnetic
spectrum. This can be seen at Figure 1.4 where the solar irradiance at interface of space
and Earth’s atmosphere (red line: ASTM / E-490), at sea level (black line: ASTM /
G173-03) and measured at imperfect conditions (green line) are shown °. The large
bandwidth of solar light can be clearly seen in Figure 1.4. It is crucial to take advantage

of the wide bandwidth in order to increase efficiency of energy harvesting.

2.001 —— ASTM/ E-490
—— ASTM/ G173-03
—— Measured spectrum
1.50
E
£
3
S 1.00-
S
0.50 +
0.00 1 1 | L
200 700 1200 1700

A (nm)

Figure 1.4. Solar spectra: ASTM E-490 representing AMO (black line), ASTM
G173-03 representing AM1.5 (red line), and a measured spectrum (green line)
showing the differences that can occur in reality. Data from ASTM and University
of Twente, The Netherlands. Courtesy of A. Reinders, University of Twente (
Adapted from ©).



1.2 Spectral Splitting

Several materials can be used inside a solar cell in order to increase energy output
from solar cells. Multi-junction solar cells, are built for this purpose. These solar cells
consist of several layers with materials that have different electronic band structures.
In these solar cell constructions, the highest energy photons are absorbed by the top
layer and subsequent layers absorb lower energy photons. Such applications results in
significant increase of solar cells efficiency from early nineties to today /. However,
there are several disadvantages of this technique: i) The energy losses due to reflection
at interfaces of mechanically stacked devices and ii) the complexity of fabrication via
epitaxial growth process. On the other hand, fabrication of laterally displaced junctions
is simpler and these junctions provide similar efficiency as the vertically stacked
junctions. The drawback of this procedure is that laterally displaced junctions require
the incident white light to be spectrally split. Here, effective spectral splitting is a

challenge for broadband solar light.

In Figure 1.5,
splitting of incoming
light is demonstrated.
The upper structure in
the figure is an optical
element that achieve
spectral splitting while
the bottom structure

DOE represents photovoltaic
material ~ where  the

electric current is

produced. Introducing a
Solar Cell  convenient optical
element is as important
as using appropriate

Figure 1.5. Illustration of Spectral Splitting. photovoltaic materials



for high efficiency. Diffractive optical elements which enable micro or nanoscale

control of light provide better precision on controlling light and have advantageous

over other optical elements as lenses.

Diffractive optical elements (DOEs) have been widely investigated and

employed in several applications in recent years. Many applications in photonics

started to employ DOE which control diffraction of light. Multi-beam processing,

imaging and spectroscopy can be listed as fields that have recently taken the

advantageous of DOF structures ***. Study of Kim et al. merits to be mentioned as an

example of flexibility and opportunity provided by DOEs 8. In this study, which

DOE plane

image plane

» s

b

T
<
N,
A
funwiLmuRRR.
/i
S

Uixysa)

Figure 1.6. Schematic of the optimization
problem geometry.(Adapted from 8).
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Figure 1.7. Target binary images used for the
design example containing 3 letters to be
reconstructed by 3 distinct wavelengths
(Adapted from 8).

demonstrate a design of DOE
that works at Dbroadband
frequencies gives the desired
outputs with high splitting
efficiency. As can be seen in
Figure 1.6, two planes that are
DOE plane and image plane are
aligned in order to produce the
output patterns that are shown
Figure 1.7. Single DOE structure
is designed for this purpose and
its structure becomes as shown
in Figure 1.8-a, each pixels of
which represents height of that
point and these height
differences are the way to
manipulate  incoming light,
which will be explained in detail
in Theory part. In Figure 1.8-b,
the high resolution view of the
profile can be seen. The results

which are similar to Figure 1.7 are also shown at Figure 1.9-a, b and c.
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<
*

2mm

Figure 1.8. Multi-wavelength DOE designed for 3 discrete wavelengths and target
images. (a) DOE’s optimized height profile map. (b) Magnified view of a 13 X 13
pixels region outlined by the white square in (a). (Adapted from ).

C

A =405nm,n =80.12% A=532nm,n =81.58% 5 A=633nm, 1 =77.73%
(@) Logyssen (b) ﬁ (©) \

o A

0 0 ¢
Figure 1.9. Reconstructed image amplitude distributions at (a) A = 405nm, (b)
532nm and (c) 633nm (Adapted from 8).

The method developed for color holography can be adopted to spectral splitting
of sunlight and concentrate to a desired region. The only thing remains is to engineer
diffractive optical element expediently. Since it is more fundamental, splitting light
into colors dates back to relatively early times, beginning of the 1990s. In 1993, a
64x64 array of binary micro-optical structures was used for splitting light into three
colors by Farn et al. *2. In 1996, Dong et al. created a non-binary diffractive phase
element (DPE), which is calculated iteratively 3. As can be seen at Figure 1.10, the
results of this study are quite promising that concentrate three wavelengths at three
distinguishable regions. Here A1, A2, and A3 are 514.5 nm, 590 nm and 632.8 nm
respectively. However, this kind of splitting is not useful for solar applications since
it works at too narrow range of wavelength. On the other hand, at the work of Kim et

al., the process is applicable to almost whole range of sunlight spectrum, from 350 nm
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Figure 1.11. (a) Bright-field image
of a polychromat. (b) Magnified
optical profilograph of a section of
the polychromat. (Adapted from %)

to 1100 nm 14

broadband sunlight is aimed to be split

In the study, this

into two range of wavelengths, one is
between 350-800 while the other is
between 801-1100, and each of them sent
to corresponding regions. The structure is
provided in Figure 1.11 and is used to
obtain outputs that are given in Figure
1.12. In addition, focusing efficiencies for
all wavelengths for two cases are also
1.12-c and d

respectively. The spectrally averaged

shown at Figure
optical efficiency is found to be 70%, which
means that totally 70% of light is collected to
desired regions accordingly to its
wavelength. This study also demonstrates the
effect of spectral splitting on solar cell’s
power efficiency by performing electrical
characterization. The characterization that is
realized for both pair of copper indium
gallium selenide (with band gaps of 1.05 and
1.5 eV) and

(Si/GaAs) cells ends up with decreasing of

silicon/gallium  arsenide

energy produced by low band gap material,
by the
increment at output energy from high band

which, however compensates

gap material. As a result, total output power density increases ~42% for copper indium

gallium selenide cells and ~22% for Si/GaAs cells, with respect to the case of no

spectral splitting performs . Instead

of two, splitting light into three ranges of

frequency yields to even more increase in efficiency. For example, in the study of

Mohammad et al., the increase is stated to be 35.52% °. Note that in this study, gallium

10
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Figure 1.12. Spatial-spectral map at the
polychromat reconstruction plane: (a) simulated and
(b) measured. Optical efficiency of the polychromat

600 800 1000 400

600 800
A (nm)

1000

as a function of wavelength: (c) simulated and (d)
measured. The solid and dashed curves represent
light diverted to the high- and low- band-gap cells,

respectively (Adapted from 4)

indium phosphide (GalnP),
gallium arsenide (GaAs) and
silicon (Si) are used as
photovoltaic materials, so
the increase in efficiency
should be compared to that
of Si/GaAs cells mentioned
before and it can be said to
be 13.52% more than the

previous case.

These

quite promising and paves

results are
the way for even more
for solar
for both

manipulation  of

enhancements
cells. However,
cases

structure that splits light is

restricted to one dimension. Ability of creating structures with two dimensional

control provides much more flexibility, and also more effective splitting. Not only the

structure but also the alignment of photovoltaic cells can be arranged two

dimensionally. For example, dividing a square into four and displacing four different

materials to these sub-squares, or even calculating optimum solar cell localization in

addition to pattern of optical structure becomes possible and provides opportunity of

manipulating the system in many different ways. In next chapter, the theory of spectral

splitting with mathematical formulation is explained and our algorithm for calculating

the optimized DOF is introduced.
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CHAPTER 2

THEORY

The nature of light has been one of the most contradictive issue throughout the history
of science. Its demonstrating both particle and wave characteristics has created
confession among scientists. However, today the problem seems to have been solved
by considering the quantum nature of light, which gives a complete description of both
behaviors. Since we use diffraction for spectrally splitting sun light, we don’t need to
expand on the quantum theory and it is adequate to assume light to be wave, which is
described mathematically as:

1 9%u(r,t)
7?2 t)————=10,
u(rt) v2  Ot?

Eq.2.1

where v is the reduced speed of light waves and u(r, t) the wavefunction that depends
on position r = (x, y, z) and time t. Since the equation is linear, sum up of any two
wavefunctions that are solutions of it, is also a solution. This is a unique property of
waves and known as superposition principle. As a more physical description, this
principle states that the resulting wave amplitude at a point is given by the algebraic
sum of all constituent wave amplitudes at that location. This behavior leads to

interference.

Interference can be observed when two or more waves encounter at a position,
where they superimpose and create distinct pattern. The pattern is composed of high
intensity regions, where the waves constructively interfere, and low intensity regions,
where the waves destructively interfere. By manipulating relative phases of light
beams, several interference patterns can be created and this provides a useful tool for

several photonic applications.

Another wave property of light is diffraction, which is bending and diverging

of light when it encounters tiny obstacles or slits sizes of which are comparable to

13



wavelength of light. This phenomenon is explained with the help of Huygens-Fresnel
Principle, which states that each points on a wavefront can be thought as a source of
spherical wavelet and the interference of these wavelets determines the structure of
wave at any subsequent time. Depending on the distance, Fresnel diffraction for near-
field or Fraunhofer diffraction for far-field is obtained. For deciding whether Fresnel
approximation or Frounhofer approximation should be used, the Fresnel number must

be calculated according to the equation:

F=— Eq.2.2

where a is characteristic size of the aperture, L is the distance between screen and
aperture and A is wavelength of light. If this number is much smaller than 1, it means
that we are in Frounhofer regime. In our study, this condition is fulfilled so we consider

Frounhofer approximation.

For a plane wave sent towards a single slit as can be seen in Figure 2.1, if all
points at permeant part of the structure is assumed to be spherical wave sources, then

effect of each of these sources at a point P can be written as:

) ei(kr—wt)’ Eq23

where dU, is the differential wave amplitude at point P, U, the wave amplitude per
unit width of slit at unit distance away, r the distance between the interval ds and the
point P, k and w the wave parameters which are wavenumber and angular frequency
respectively. The distance r can be expressed as r = 1, + 4, where 1y is the distance
from midpoint of slit to P, and 4 is the path difference which is equal to product of
vertical distance from optical axis, s, and sinus of the angle a. So Eq. 2.3 evolves to:

U,ds

) ei(k(r0+s.sina) - wt) Eq.2.4
1y + S.sina ’

dUpz(
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Figure 2.1. Diffraction from a single slit.

Since s.sina is very small compared to ry, it can be neglected at denominator of
amplitude, however, it should be taken into account at phase because of phase’s being

very sensitive to small changes. After arranging the terms, the equation yields to:

) pilkro — wt) ikssina_ Eq.2.5

Integrating over the slit which is positioned between —a/2 and a/2 gives us:

U, 1

p=

— [e(ikasina)/z _ e—(ikasina)/z]ei(kro—wt)_ Eq_2_6
1y tksina

If Euler’s formula is applied, the equation becomes:

U, = L8510 i, oty Eq.2.7

o, 0

where 8 = (kasina) /2. The intensity of this resultant wave is proportional to square

of wave amplitude and it is in the form of:
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sin’ Eq.2.8
0 62 )
where [, is a constant

term which is related to

the value of (M)z

| "o

_____________ Here, intensity is highest

(c+ta)2 | === =4 at center and lower
(c-a)2 | I _ _ _

l : intensity peaks align

L _l_ ) symmetrically such a

ST _T 1 way that peak intensity

decreases as long as

distance from the center

Figure 2.2. Sheme of double slit diffraction. increases. This result

provides us the opportunity of deriving an equation for intensity pattern of a two
dimensional rectangular aperture with edge sizes of a and b, by adding a term to Eq.
2.8 for extra dimension. This leads to the equation:
sin?@sin® Eq.2.9
~ T ger
where 6 = (kasina)/2 and ¢ = (kbsinf)/2. Here a and S are the angles between

line connecting center of aperture and interested point on screen, and two vertical axis.

For the case of two slits, as can be seen at Figure 2.2, integration of Eq. 2.5
should be made for both slits independently and sum of them should be used for
intensity calculation. The interval of integration limits are from (¢ —a)/2 to (c +
a)/2 for upper slit and from —(c + a)/2 to —(c — a)/2 for lower slit. Sum of the
results for these two interval becomes:

U 1
Up:_L

[e (ik(-c+a)sina)/2 _ e (ik(-c—-a)sina)/2

1y tksina Eqg.2.10

+ e(ik(c+a)sina)/2 _ e(ik(c—a)sina)/z]ei(kro —wt)_
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Applying Euler’s formula to the equation yields to

_ Up 2asinb

i(k1o — wt)
Up = T ) cos(y) ero T @b, Eq.2.11

where 8 = (kasina)/2 and y = (kcsina)/2. Finally, the intensity pattern of this

field becomes:

sin%6 Eq.2.12

1 =4I, 72 cos?y.

As can be seen from Eq. 2.8, 2.9 and 2.12, the intensity pattern depends on the
wavenumber of initial wave, distance between slit and screen, width and
displacements of the slits. For creating a desired pattern at a fixed screen position, the
variables that can be modified are wavenumber of wave and the slit width. A way of
creating desired intensity pattern on the screen is to use more than one slit with

different positions and widths, however variety of possible patterns is limited for this

Input Plane Output Plane
Incoming Light > L -
> T T
//
N //
7 | // p
1
> =d
L1 // rd
> vdi?
|
1 1| V7
- //
.~ -~
X
§O)

Figure 2.3. Alignment of input and output planes which are divided into pixels.

case. On the other hand, directly manipulating light provides much more degree of

freedom.

Instead of single slit, taking advantage of multiple slits makes it possible to
manipulate several diffracted light beams independently, provides necessary degrees
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of freedom for spatial control of light. By changing the phases of beams, the resultant
pattern can be structured. Figure 2.3 shows an alignment at which the output plane
where the pattern will be created is also divided into squares (pixels) because it is
necessary for computationally calculating an input effect on output. All calculations
of our study are based on the relation between input and output pixels. A plane wave
is assumed to be sent to input plane and after its propagation by a distance at x
direction, an intensity pattern is observed at output plane. The change is determined
by considering the phase difference required for each input pixels to obtain desired
intensity distribution at the target plane. To clear up, input plane can be represented
by a matrix each element of which is connected to output plane via the optical path

length at the corresponding position.

By calculating phase delays for each pixel, structure of wave just after the input
plane is obtained, however at output plane the wave will have totally different
structure. Here, each input pixel can be thought as a source of spherical wavelets with
different phases and evolution of intensity pattern with distance can be calculated by
interfering these wavelets. In Figure 2.4, the process of light diffracting at input pixels
and create patterns at output plane is shown. In Figure 2.4 (b), the waves interfere with
each other randomly, while in Figure 2.4 (c), they interfere constructively at center of

the figure. Corresponding phasor representations are also shown next to the figures.

Given the perpendicular distance of two plane, phase of a wavelet diffracted
from a specific input pixel, on a specific output pixel can be calculated. The resultant
value of wave function at an output pixel is sum of the effects of all input pixels on

this output pixel and calculated according to the following equation:
N
Uy = z GoicUss Eq.2.13
k=1

where U,,, is the value of wave function at m™ pixel of output plane, U, the value of
wave function at k™ pixel of input plane, G, the kernel function that fulfil the relation
between k™ pixel of input and m™ pixel of output wave functions, and N the total

number of pixels which is same for input and output planes. Eq. 2.13 indicates that
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the effect of an input pixel on an output pixel is determined by two values; U,, which
contains the information of phase just after the input plane and G, which includes the

information of distance between input and output pixels.

The value of Uy, is determined by the product of amplitude with exponential

form of optical path length, as represented below:

Uik (1) = pyx expli2mhyy(ng — 1) / 1], Eq.2.14

where py;, is the amplitude and hy, the depth value of k™ input pixel; ng is the

refractive index of input material and A is the wavelength of light. Optical path length

(a)

(b)

()

3
>

Y

"

z

Figure 2.4. a) Experiment setup, b) two possible outcomes c) their phasor
representations.
is indicated by the value h,;(ng — 1), which specifies how much phase delay does
light gain due to the distance it propagates inside the high index medium. Since the
more it experiences high index media, the less it propagates through air, total optical
path length becomes subtraction of that would occur if there was air instead of high

index medium, from the optical path length of high index media.

The parameter G,y introduced in Eq. 2.13 has the following form:
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1/2

1
G2yl A) = (W) exp(i2rl/2) X exp(in(y, — y1)*/AD), Eq.2.15
where [ is the distance between input and output planes, y, and y, are the positions of
input and output pixels respectively. This equation is useful for 1-dimensional
geometries, however for 2-dimensional geometries that is shown in Figure 2.3, the
equation evolves to:

G(yz, Yy 22,215, /'L)
1/2

= (Jll) exp(i2ml / 1) Eg.2.16
X exp(in((y; = y1)* + (22 — z1)%) / AD),

where z; and z, are the second position components of input and output pixels

respectively. The phase difference denoted in these equations is result of locations of

input and output pixels at yz-plane. The effect of distance between planes doesn’t

change pixel by pixel since two planes are parallel. So for a specific value of [ and

single wavelength A, G value of two pixels only depends on their position differences

at yz-plane.

To find a complete intensity distribution at output plane, U, should be
calculated for all output pixels and the intensity should be calculated pixel by pixel,

according to the following equation:

2

N
I(yz, Zy, A) = Z G(yz,yl,ZZ,Zl ; l, A) . Ulk(l) . Eq217
k=1

By using equation above for all output pixels, complete intensity pattern at output
plane for a specific optical path length pattern at input plane can be obtained. However,
it is more complicated to find out the optical path length pattern that will result in a
desired intensity pattern at output plane. With the help of iterative algorithms, it is
possible to change input pattern and calculate the output pattern several times. By
comparing the results, the input pattern that gives the output pattern best fit to desired
intensity pattern can be selected. If the purpose is to obtain different intensity patterns
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for different wavelengths of light by using a single input pattern, then for each
wavelength and corresponding intensity pattern the calculations should be made

independently and the best fit for all of wavelengths should be selected.

In Figure 2.5, the algorithm and calculations are shown schematically. Left
side of the figure demonstrates the main algorithm where two calculations for different
patterns are made and the one gives better result is assigned to a variable that will be
used in next iteration. The right panel of the figure, the summary of calculation

process, which is explained in detail above, can be seen.

Since the operation is wavelength dependent, it provides all the tools for
focusing different colors to different regions. By choosing the output pixels to which
specific wavelengths of light will be focused, and comparing intensity changes of these
positions for each frequencies during the process, the input profile corresponding to
highest intensities at desired points is selected. For focusing light to a group of pixels,
the comparison can be made between sum of intensities of pixels in the group, and the

input pattern that gives highest sum is chosen.
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Main Algorithm Calculation of Output

Take refractive index profile as input Take refractive index profile as input
Calculate output

For n® pixel of output (initially n: is

, L equal to one), sum up the effects of
Change refractive index profile <- diffracted light from all pixels on input
* plane by taking into consideration the

path length differences and delays arising
Calculate output

from refractive index of input pixels
Compare it with previous output,
higher intensify at a specified pixel

and assign its refractive index .
profile to that of using in next If 0 > (# of pixels)

iteration

Finish the calculation

Figure 2.5. Scheme of algorithm.
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CHAPTER 3

RESULTS

3.1 Concentrating Light Using Fresnel Zone Plates

A zone plate consists of several radially symmetric rings called zones, which can be

either opaque or transparent (Figure 3.1). First calculation we made is for Fresnel Zone

Figure 3.1. Shematic illustration of Fresnel zone plate.

Plate, which is an optical
element that controls
interference of light, and
generally used for
focusing of light at a given
wavelength. Its  main
working principle is to
collect light in a small
region by selectively
controlling the transmitted
light that pass though
concentrated rings. The
interference pattern at the
target position can be
modified via selectively
blocking or allowing the

transmission through the

rings that are multiples of the wavelength. The thicknesses of zones are adjusted so

that light transmitted by the transparent zones constructively interferes at the desired

focus. For deriving radii of zones (r), distance from center of plate to desired focus (f),

and distance from any source point on the plate to focus (I) should be considered, as

illustrated in Figure 3.1. A basic relation between these variables is given by:
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1=/r2 +f2, Eq.3.1

For constructive interference at the focus position, | must differ by no more than A/2

from f. By generalizing this for all zones, the following formula can be obtained:

(-, m 432
2 2’

where m is the positive integer from 1 to total number of zones. To find radii of zones,
the difference (1 —f) considered to be equal to mA/2 and the following formula is
obtained:

mA
r2, = mi (f + T) Eqg.3.3

This equation indicates radii of all opaque and transparent zones of plate.

The zone plate can also be in a continuous structure. In this case, the opacity

of a pixel can be given by:

1 + cos(akr?) Eq.3.4
2 )
where a is a scaling factor that determines number of pixels, r is the distance from the

center of plate to pixel and k is the wavenumber.

We analyze both binary and continuous zone plates. For binary zones, our
algorithm first calculates all radii and creates a vector from these values. Then for all
specific pixels, it subtracts the vector from the distance of the central pixel of the plate.
Since the elements of radii vector are sorted ascendingly, the index of first negative
element of resultant vector gives the index of smallest radius that comprises the
specific pixel. Moreover, if the index is even, the pixel belongs to transparent region,
otherwise it belongs to opaque region. Note that first element of radii vector is 0.
Ultimately, all pixels that belong to transparent regions are set 1, others are set 0. An
example is shown in Figure 3.2-a where 40 plates are placed inside an area of
0.00475x0.00475 m? square.
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Figure 3.2. a) Binary Fresnel zone plate. b) Continuous zone plate. Both are
comprised of 40 plates inside an area of 0.00475x0.00475 m?.

For continuous zone plate a different algorithm is used. Because the formula
needs to have a constant term inside the cosine for scaling the function in accordance
with the given number of plates, a linear learning method is used. We observe that this
method is effective enough for our purpose. The linear learning algorithm is based on
first creating a random number and assign it as a product “a” inside cosine. Then by
comparing the number of plates to the desired value, the randomly produced number
is increased or decreased. This process is repeated until the desired number of zones
is obtained. If too much trials are made but the desired number of zones can’t be
reached, then we add a small number to the variable and repeat the process until the
target is reached. Lastly, we operate the function using the constant term that we found
in previous step, and construct the plate. As an example of continuous Fresnel zone
plate, a structure with 40 plates can be seen in Figure 3.2-b. We design zone plates
that concentrate light at f = 0.1 m away from the plate. The intensity distribution of
light passing through the zone plate is calculated by taking the Fourier transform of
the designed plate °. The intensity pattern shown in Figure 3.3 with also its magnified

image, is normalized with respect to the incoming light. Cross-section of this
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Figure 3.3. Resultant intensity pattern of zone plates for 40 plates inside an area of
0.00475x0.00475 m?. a) Complete result. b) Magnified result.
normalized intensity distribution is shown in Figure 3.4 for both binary and continuous
plates. The accumulation of intensity at center is clear for both cases, however the
peak at continuous case is 1% higher than that of binary case because of more light

being able to pass through the plate.
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Figure 3.4. Relative intensity versus position for binary and continous zone plates
with 40 plates inside an area of 0.00475x0.00475 m?,
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3.2 Concentration of Light via 1D Diffractive Optical Elements

Instead of blocking some of the incoming light for providing constructive interference
at a desired point, it is more effective to allow all the light passing through with
variations of phase, which also enables manipulating output intensity pattern as
mentioned in the Theory part. Structures used for creating spatial phase variations are
called diffractive optical elements and our calculation is performed for a 1-
dimensional diffractive optical element which is optimized to focus a single frequency.
Figure 3.5 and Figure 3.6 show the optical path length pattern and corresponding
intensity distribution respectively. The intensity distribution is calculated for 400 nm
light sending towards diffractive optical structure with 1 cm length and 10 um depth.
The structure is divided into 1000 pixels with a pixel size of 10 um. Note that distance
from the diffractive optical element to output plane is 40 cm and refractive index of
material is taken to be 1.495. In Figure 3.7, increase in the intensity at desired point
during the running of algorithm is shown. In both Figure 3.6 and Figure 3.7, it is

obvious that 60% of light can be focused to desired point successfully.
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Figure 3.5. Calculated height profile for 1000 pixel, 10 mm length, 10 um
height and refractive index of 1.495.
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Figure 3.6. Calculated intensity distribution for 400 nm focused to 5 mm away
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o e
o o)}
T

o
'S
T

Maximum Relative Intensity
o o
N w

e
—

0 L L L L L
0 100 200 300 400 500 600 700 800 900 1000
Number of Iterations

Figure 3.7. Variation of maximum relative intensity by number of iterations.

Instead of a single point, focusing light to a region yields to more effective

splitting and is more applicable to solar applications given the size of solar cells.

Optimizing height profile to collect light in between 4 and 6 mm results in 86% of

total incoming intensity to be focused to desired region. The distribution of intensity

for this case is shown in Figure 3.8. The DOE element that we design here

simultaneously concentrates two different frequencies to the same region as can be
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seen in Figure 3.8.
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Figure 3.8. Calculated intensity distribution for 400 nm light focused to a region

between 4 mm and 6 mm.

3.3 Spectral Splitting of Light via 1D Diffractive Optical Elements

In this section we aim to spectrally split two different frequencies using a single DOE,
which is calculated to be as in Figure 3.9. Figure 3.10 shows the output of the DOE
that we design for focusing light to two different points at (400 nm and 800 nm). Here
the target points are chosen to be 2 mm for 400 nm and 8 mm for 800 nm. 32% of
incoming light, 22% of which is 400 nm light while 10% is 800 nm light, is focused
to corresponding points. Note that to achieve maximum focusing efficiency, the
algorithm repeated five times. In Figure 3.11, it can be seen that after 3000™ iterations
no change is observed. Given the number of pixel, repetition of the algorithm three
times is adequate to reach maximum efficiency. Using our algorithm, we can focus
light to different positions as shown in Figure 3.12. This time 31% of incoming light
is focused successfully, so for both cases more than 30% of light successfully focused
to desired points. For both 400 nm and 800 nm 3% of light falls outside the target
region. The reason of this is one of two chosen wavelengths being twofold of the other
one. When we run the algorithm for 400 nm and 700 nm, we see that minor peak
disappears, as can be seen in Figure 3.13. To consider worst case, we continue our

calculations with 800 nm. Lastly, if we run the algorithm to collect 400 nm light
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between 0 to 5 mm and 800 nm light between 5 to 10 mm as shown in Figure 3.14, we
achieve 87% of light collected at desired regions. In order to achieve both spectral

splitting and solar concentration, 2-dimensional structures should be optimized.
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Figure 3.9. Calculated height profile for two wavelength, 1000 pixel, 10 mm
length, 10 pm height and refractive index of 1.495.
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focused to 2 mm and 8 mm respectively.
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Figure 3.11. Variation of maximum relative intensity by number of iterations.
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Figure 3.12. Calculated intensity pattern for 400 nm and 800 nm, which are
focused to 1 mm and 4 mm respectively.
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Figure 3.13. Calculated intensity pattern for 400 nm and 700 nm, which are
focused to 2 mm and 8 mm respectively.
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Figure 3.14. Calculated intensity pattern for 400 nm and 800 nm focused to
regions. 400 nm is collected between 0 mm and 5 mm, while 800 nm is collected
between 5 mm and 10 mm.
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3.4 Broadband Spectral Splitting and Concentration of Light via 2D Diffractive
Optical Elements

In section 3.2 and 3.3 we demonstrate concentration of light and spectral splitting via
DOE, respectively. In this section we combine these two functionalities and design
DOE that can achieve solar concentration and spectral splitting simultaneously. For
this reason, we develop an algorithm that can optimize DOE in two dimensions. For
two dimension, the geometry is taken to be 10 mm x 10 mm and the target positions
are chosen to be (2 mm, 8 mm) for 400 nm and (8 mm, 2 mm) for 800 nm. The
resolution for the spectral splitter is 35 x 35 pixels and all other values are same with

one dimensional case. The resultant height profile is shown in Figure 3.15 and its three
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Figure 3.15. Calculated two dimensional height profile with pixel size of 286 pm

and refractive index of 1.495.

dimensional view can be seen in Figure 3.16. Intensity pattern expected to be created
by this profile is shown in Figure 3.17 for 400 nm and Figure 3.18 for 800 nm.
Summation of these two patterns yields to the pattern in Figure 3.19. As can be seen
at these three figures, the separation of two wavelengths is obvious and 32% of total
intensity is accumulated at desired pixels. For 400 nm, intensity of selected pixel
increases from 0.00400% to 21% while for 800 nm it increases from 0.00043% to 11%
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Figure 3.16. 3-Dimensional view of height profile with pixel size of 286 pm and
refractive index of 1.495.

Relative Intensity (%)
20

115

110

Position {mm)

0 2 4 6 8 10
Position (mm)

Figure 3.17. Calculated intensity pattern for 400 nm focused to (2 mm, 8 mm).
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Figure 3.18. Calculated intensity pattern for 800 nm focused to (8 mm, 2 mm).
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Figure 3.19. Total intensity pattern of 400 nm and 800 nm focused to (2 mm, 8

mm) and (8 mm, 2 mm) respectively.

35



Relative Intensity (%)

20

115

110

Paosition (mm)

0 2 4 6 8 10
Position (mm)

Figure 3.20. Total intensity pattern of 400 nm and 800 nm focused to (6 mm, 6

mm) and (4 mm, 4 mm) respectively.

after optimization. We also obtain results for different positions. In Figure 3.20, we
set the target positions to (6 mm, 6 mm) for 400 nm and (4 mm, 4 mm) for 800 nm.
According to result, this time 31% of total intensity (20% for 400 nm and 11% for 800
nm) is focused to desired pixels. In this case also, there is erroneous accumulation of
400 nm light at point (4 mm, 4 mm) because of the same reason mentioned for 1D
geometry. For two dimensional case, also regions can be targeted light to be focused
instead of single points. In Figure 3.21 and Figure 3.22 results of algorithm for two
different position sets are shown. For Figure 3.21, light is aimed to collect inside two
square corners of which are placed at coordinates of (0 mm, 10 mm), (5 mm, 10 mm),
(0 mm, 5 mm), (5 mm, 5 mm) for 400 nm and (5 mm, 5 mm), (10 mm, 5 mm), (5 mm,
0 mm), (10 mm, 0 mm) for 800 nm. For Figure 3.22, the coordinates were set to (0
mm, 5 mm), (5 mm, 5 mm), (0 mm, 0 mm) and (5 mm, 0 mm) for 400 nm and (5 mm,
10 mm), (10 mm, 10 mm), (5 mm, 5 mm) and (10 mm, 5 mm) for 800 nm. In both
cases splitting is achieved with total efficiency of more than 70%. The former results
in 45% of 400 nm and 26% of 800 nm accumulates at desired regions while for latter
case 48% of 400 nm and 25% of 800 nm are focused to desired regions. The efficiency
of focusing can be even higher if the resolution increases. After all, it is clear that
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Figure 3.21. Calculated intensity pattern for 400 nm and 800 nm, which are
focused to regions corners of which are placed at coordinates of (0 mm, 10 mm),
(5 mm, 10 mm), (0 mm, 5 mm), (5 mm, 5 mm) for 400 nm and (5 mm, 5 mm), (10

mm, 5 mm), (5 mm, 0 mm), (10 mm, 0 mm) for 800 nm.

region optimization is much more efficient than point optimization. Besides, it is more

useful for solar applications due to its convenience to fabrication processes that
employ area detectors.
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Figure 3.22. Calculated intensity pattern for 400 nm and 800 nm, which are
focused to regions corners of which are placed at coordinates (0 mm, 5 mm), (5
mm, 5 mm), (0 mm, 0 mm) and (5 mm, 0 mm) for 400 nm and (5 mm, 10 mm),

(20 mm, 10 mm), (5 mm, 5 mm) and (10 mm, 5 mm) for 800 nm.

3.5 Response Change of Height Profile with Angle Variations

A critical constraint for solar cells is change in the angle of incoming solar radiation
throughout the day or year. This fact limits the overall efficiency of spectral splitting
of DOE’s which are optimized for normal incidence. However, it is possible to
optimize the structure by also considering different angles. The only difference is that
while comparing intensities collected to desired regions, this comparison should also
be made for different angles and results are dispatched to “AND” gate. In Figure 3.23,
results for 0° to 0.01° for a height profile optimized for both 0° and 0.004° are shown.
Unsurprisingly, the results are translated versions of each other due to Fourier relation
between angle and position. The total relative intensity of 400 nm light focused
properly is 45% for without angle case, and 30% for 0.004°. For 800 nm light, the
results are 27% and 12%, respectively.
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Here we conclude that structures that are split into two regions vertically are

optimal for solar applications. The light stays inside the designed region (left or right

half) during the day at different angle of incidence. Our results show that optimizing

light to a smaller region inside the designated half is more advantageous since the

concentrated light only shifts in position and the total intensity change stays relatively

constant. In case the optimization is performed so that the light is split and

concentrated to the complete half the change in output intensity as a function of angle

would be more drastic. DOE that are optimized in quasi 2 dimensions will suffer more

from variations in incidence angle. On the other hand, DOE that we design here

enables solar concentration as a result light can be confined inside the targeted area

which will shift in position at different angle of incidence while the output is retained.
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Figure 3.23. Change of intensity pattern with angle. Angles are: a) 0° b) 0.002° ¢)
0.004° d) 0.006° e) 0.008° f) 0.010°.
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CHAPTER 4

CONCLUSION

To conclude with, we examined and analyzed the possible enhancements in spectral
splitting and concentrating of sunlight, which has improving effect on solar cells
efficiency. Previous works achieved remarkable increase in efficiency by splitting
light into different frequencies and sending them to corresponding materials, however,
these studies is limited to one dimensional optimization. Our contribution is to expand
the works to second dimension by theoretical calculations, and even consider the effect
of varied incoming angle. Adding second dimension provides more flexibility for
manipulating light and this leads to rise in splitting efficiency. Calculations for varied
incoming angle are also promising for optimizing the splitting process by considering
possible positions of sun in a whole day. We also come to a conclusion that focusing
light to a smaller region rather than half of the plate for example, results in better

results for varied incoming angle.

All results we obtained are required to be tested experimentally. The
experiments can be conducted by using any structure that provides ability to create
two dimensional optical path length patterns. The variance of elements of pattern may
be realized through both heights of the structure and refractive index of material, that
is to say, electronic devices as spatial light modulators can be utilized as well as
fabricated structures with varied thickness. Usage of electronic devices has some extra
advantages as enabling real time experiments for finding optimum pattern and even
its ability to change pattern after introducing to solar cells. However, they also have
some disadvantages as consuming extra energy, higher losses during the splitting
process and high cost. Regardless, they provide great opportunity of enhancing solar

cells for future of solar energy.
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APPENDIX

Code for 1-Dimension

close all
clear all

tic
position = [2e-3 2e-3; 8e-3 , 8e-3];
sz = 0.01;

px = 10e-6;
M = round(sz/px);

n = 1.495;

u0d = 1;

1 = 400e-3;

h size = 10e-6;
step size = le-6;

step num = h size/step size;
x = 0:sz/(M - 1):sz;
=

lambda 400e-9 700e-9];
U plane = zeros(l, M, size(lambda, 2));
h = ones (M, 1)*step size;
hl = h;
for a = l:size(lambda, 2)
U plane(:, :, a) = uO*exp(li*2*pi.*hl*(n - 1)/lambda(a));
end

h = round(rand (M, 1)*step num)*step size;

hl = h;
h max = h;
for a = l:size(lambda, 2)
U plane(:, :, a) = uO*exp(li*2*pi.*hl*(n - 1)/lambda(a));
end

for d = 1l:size(lambda, 2)
for b = 1:M

U lastl(l, b, d) = 0;
for ¢ = 1:M
G(b, c, d) = (li*lambda(d)*1)" (-

0.5) *exp (1i*2*pi*1l/lambda (d)) *exp (1li*pi* (c*px -
b*px) ~2/ (lambda (d) *1)) ;

U lastl(l, b, d) = U lastl(l, b, d) + G(b, c,
d)*U_plane(l, c, d);
end
end
I1(:, d) = abs(U lastl(:, :, d))."2/sum(abs(U lastl(:, :,
d)).”2);

end
U last max = U lastl;

I max = Il;
mm = zeros(10,2);
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sayi = 0

for z = 1:1
for 1 = 1:M
for j = O:step num
sayi = sayi + 1;
h(i) = step_size*j;
for a = l:size(lambda, 2)
U plane(:, :, a) = ulO*exp(li*2*pi.*h*(n - 1)/lambda(a));
end

for d = 1l:size(lambda, 2)
for b = 1:M

U last(l, b, d) = 0;
for ¢ = 1:M
G(b, ¢, d) = (li*lambda(d)*1)" (-

0.5) *exp (1i*2*pi*1/lambda (d)) *exp (1i*pi* (c*px -
b*px) ~2/ (lambda (d) *1)) ;

U last(l, b, d) = U last(l, b, d) + G(b, c,
d)*U_plane(l, ¢, d);
end
end
I(:, d) = abs(U_last(:, :, d))."2/sum(abs (U _last(:, :, d))."2);
end
sum max = zeros(l, size(lambda, 2));
sum_last = zeros(l, size(lambda, 2), 1);
for y = l:size(lambda, 2)
for g = round(position(y, 1)/px):round(position(y, 2)/px)
sum max(y) = sum max(y) + I max(g, y);
sum last(y) = sum last(y) + I(g, y);
end
end
log = 1;
for y = l:size(lambda, 2)
if sum max(y) < sum last(y) && log == 1
log = 1;
else
log = 0;
end
end
if log ==
U last max = U last;
h max (i) = h(i);
sum max = sum_last;
I max = I;
else
h(i) = h max(i);
end
end
graph(i, z, 1) = sum max(1l);
graph (i, z, 2) = sum max(2);
end
toc
figure
plot(x, I max(:, 1)/sum(sum(I_max)))
hold on

plot(x, I max(:, 2)/sum(sum(I max)), 'red')
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end

figure

plot (reshape (graph(:,:,1) , [i*z 1]1));
hold on

plot (reshape (graph(:,:,2) , [i*z 1]1), 'r'");
toc

Code for 2-Dimension

clear all

tic

position(:, :, 1)
position(:, :, 2)
sz = 0.01;

px = 2.8571e-04;
M = round (sz/px) ;

n = 1.495;

u0 = 1;

1 = 400e-3;

h size = 10e-6;
step size = le-6;

step num = h size/step size;
x = 0:sz/(M - 1):s2;
= [

lambda 400e-9 800e-9];
U plane = zeros(M, M, size(lambda, 2));
U lastl = zeros(M, M, size(lambda, 2));

h = ones (M, M)*step size;
h

1 = h;
for a = l:size(lambda, 2)
U plane(:, :, a) = ul*exp(li*2*pi.*hl*(n - 1)/lambda(a));
end
h = round(rand (M, M)*step num)*step size;
hl = h;
h max = h;
for a = l:size(lambda, 2)
U plane(:, :, a) = ulO*exp(li*2*pi.*hl*(n - 1)/lambda(a));
end

for d = 1l:size(lambda, 2)
for bl = 1:M %b: output plane
for b2 1:M
U lastl(bl, b2, d) = 0;
for ¢l = 1:M %c: input plane
for c2 = 1:M
G = (li*lambda (d) *1) " (-
)

0.5) *exp (1i*2*pi*1l/lambda (d)) *exp (1i*pi* (px*sqgrt ((cl - bl)"2 + (c2

b2)72)) "2/ (lambda (d) *1)) ;

U lastl(bl, b2, d) = U lastl(bl, b2,

c2, d);
end
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end
end
end
I1(:, :, d) = abs(U_lastl(:, :, d))."2;
end

U last max = U _lastl;

I max = Il;

sum i max = sum(sum(sum(I max)));
mm = zeros(l,2);

sayi = 0

for z = 1:1
for i1 = 1:M
for 12 = 1:M
for j = O:step num
sayli = sayi + 1;
h(il, i2) = step size*j;
for a = l:size(lambda, 2)
U plane(:, :, a) = ul*exp(li*2*pi.*h*(n - 1)/lambda(a)):;
end
for d = l:size(lambda, 2)
for bl = 1:M
for b2 = 1:M
U last(bl, b2, d) = 0;
for cl = 1:M
for c2 = 1:M
G = (li*lambda(d)*1)" (-
0.5)*exp (1li*2*pi*1l/lambda (d)) *exp (1i*pi* (px*sgrt((cl - bl)"2 + (c2 -
b2)72))"2/ (lambda (d) *1)) ;

U last(bl, b2, d) = U last(bl, b2, d) + G*U plane(cl,
c2, d);
end
end
end
end
I(:, :, d) = abs(U_ last(:, :, d))."2;
end
sum_i = sum(sum(sum(I)));
sum max = zeros(l, size(lambda, 2));
sum_last = zeros(l, size(lambda, 2), 1);

for y = l:size(lambda, 2)
for gl = round(position(2, 1, y)/px):round(position (2, 2, y)/px)
for g2 = round(position(l, 1, y)/px):round(position(l, 2, y)/px)

sum max(y) = sum max(y) + I max(gl, g2, y)/sum i max;
sum last(y) = sum last(y) + I(gl, g2, y)/sum i;
end

end

end

log = 1;

for y = l:size(lambda, 2)

if sum max(y) < sum_last(y) && log == 1
log = 1;

else
log = 0;

end
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end

if log ==1
U last max = U last;
h max(il, i2) = h(il, 1i2);
sum max = sum_last;
I max = I;
sum i max = sum 1i;
else
h(il, i2) = h max(il, 1i2);
end
end

graph(il, i2, =z,
graph(il, i2, z, 2)
end

end

toc

figure

subplot (1, 2, 1)
imshow (I max(:, :, 1)/sum i max, [])
subplot (1, 2, 2)

imshow (I max(:, :, 2)/sum i max, [])

[y

= sum max (1) ;
sum _max(2);

I total = (I max(:, :, 1) + I max(:, :, 2))/sum i max;
figure

imshow (I total, [])

end

Code for 2-Dimensional Angle Optimization

clear all

tic

sz = 0.01;

px = 2.8571e-04;

M = round(sz/px);

position(:, :, 1) [1 (round (M/2) - 1); 1 (round(M/2) - 1)1;
position(:, :, 2) = [round(M/2) M; round(M/2) M];
n = 1.495;

u0d = 1;

1 = 400e-3;

h size = 10e-6;

step size = le-6;

step num = h size/step size;

X = 6:52/(M - 1):s2z;
= [

lambda 400e-9 800e-9];
U plane = zeros(M, M, size(lambda, 2));
U lastl = zeros(M, M, size(lambda, 2));

alfa derece = 0.05;
alfa = pi*alfa derece/180; h = round(rand(M, M)*step num)*step size;
hl = h;

h max h;
for a = l:size(lambda, 2)

U plane(:, :, a) = uO*exp(li*2*pi.*hl*(n - 1)/lambda(a));
end

for d = l:size(lambda, 2)
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for bl 1:M
for b2 = 1:M
U lastl(bl, b2, d) = 0;
for cl = 1:M
for c2 = 1:M

G = (li*lambda(d)*1) " (-
0.5)*exp (1li*2*pi*1l/lambda (d)) *exp (1i*pi* (px*sgrt((cl - bl)" "2 + (c2 -
b2)72))72/ (lambda (d) *1)) ;
U lastl(bl, b2, d) = U lastl(bl, b2, d) + G*U _plane(cl,
c2, d);
end
end

I1(:, :, d) = abs(U _lastl(:, :, d))."2;
end

for sl =
sl, s2) = h(sl, s2) + (2*sl - 1)*px*tan(alfa)/2;

end

for d = 1l:size(lambda, 2)
U pl(:, :, d) = ul*exp(li*2*pi.*h angle*(n - 1)/lambda(d));
for bl = 1:M
for b2 = 1:M
U last anglel(bl, b2, d) = 0;
for cl = 1:M
for c2 = 1:M
G _anglel = (li*lambda (d)*1)" (-
0.5) *exp (1li*2*pi*1l/lambda (d)) *exp (1li*pi* (px*sqrt((cl - bl)"2 + (c2 -
b2)72)) "2/ (lambda (d) *1)) ;
U last anglel(bl, b2, d) = U last anglel(bl, b2, d) +
G_anglel*U pl(cl, c2, d);
end
end
end
end
I anglel(:, :, d) = abs(U last anglel(:, :, d))."2;
end

sum max = zeros(l, size(lambda, 2), 2);

I max = Il;

sum_ i max = sum(sum(sum(I max)));

normalized = I max/sum_ i max;

sum max(l, 1, 1) = sum(sum(normalized(position(l, 1, 1):position(1,
2, 1), position(2, 1, 1):position(2, 2, 1), 1)));

sum max(l, 2, 1) = sum(sum(normalized(position(l, 1, 2):position(1l,
2, 2), position(2, 1, 2):position(2, 2, 2), 2))):

I max angle = I anglel;

sum_ i max angle = sum(sum(sum(I max angle)));
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normalized angle = I max angle/sum i max angle;
sum max (1, 1, 2) sum (sum(normalized angle(position(1,

( 1
1) :position(l, 2, 1), position(2, 1, 1):position(2, 2, 1), 1)));
sum max(l, 2, 2) = sum(sum(normalized angle(position(l, 1,
2):position(l, 2, 2), position(2, 1, 2):position(2, 2, 2), 2))):
sayi = 0;
for i1 = 1:M
for 12 = 1:M
for j = O:step num
sayl = sayi + 1;
h(il, i2) = step size*j;
for a = l:size(lambda, 2)
U plane(:, :, a) = uO*exp(li*2*pi.*h*(n - 1)/lambda(a));
end

for d = l:size(lambda, 2)
for bl = 1:M
for b2 = 1:M

U last(bl, b2, d) = 0;
for cl = 1:M
for c2 = 1:M

G = (li*lambda(d)*1)" (-
0.5) *exp (li*2*pi*1l/lambda (d)) *exp (li*pi* (px*sqgrt((cl - bl)"2 + (c2 -
b2)"2)) "2/ (lambda (d) *1) ) ;
U last(bl, b2, d) = U last(bl, b2, d) + G*U plane(cl,
cz, d);
end
end
end
end
I(:, :, d) = abs(U_last(:, :, d))."2;
end

for s1 =1
for s2 1:M
h angle
1) *px*tan(alfa)
end
end

:M

(sl, s2) = h _angle(sl, s2) + (2*sl -
/2;

for d = 1l:size(lambda, 2)
Up(:, :, d = ul*exp(li*2*pi.*h angle*(n - 1)/lambda(d));
for bl = 1:M
for b2 = 1:M
U last angle(bl, b2, d) = 0;
for cl = 1:M
for c2 = 1:M
G_angle = (li*lambda(d)*1)" (-
0.5)*exp (1li*2*pi*1l/lambda (d)) *exp (li*pi* (px*sgrt ((cl - bl)"2 + (c2 -
b2)"2))"2/ (lambda (d) *1) ) ;

53



U last angle(bl, b2, d) = U last angle(bl, b2, d) +
G _angle*U p(cl, c2, d);

end
end

end

end

I angle(:, :, d) = abs(U last angle(:, :, d))."2;
end
normalized = I_max/sum_i_max;
sum last(l, 1, 1) = sum(sum(normalized(position(l, 1, 1):position(1l,
2, 1), position(2, 1, 1):position(2, 2, 1), 1)));
sum last(l, 2, 1) = sum(sum(normalized(position(l, 1, 2):position(1,

2, 2), position(2, 1, 2):position(2, 2, 2), 2)));
sum_i max angle = sum(sum(sum(I _angle)));

normalized angle = I angle/sum i max angle;

sum_last(l, 1, 2) = sum(sum(normalized angle(position(l, 1,
1) :position(l, 2, 1), position(2, 1, 1):position(2, 2, 1),
sum_last(l, 2, 2) = sum(sum(normalized angle (position(l, 1,
2):position(l, 2, 2), position(2, 1, 2):position(2, 2, 2), 2)));
save ('angle 2D optimized.mat')

)

Code for Calculating Response of a Height Profile to Different Incoming Angles

clear all
load('angle 2D optimized.mat')

ilk = 0;

son = 0.3;

adim = 0.002;

say = 0;

sum mat = zeros(round((son - ilk)/adim), 2, 2);
degree = ilk:adim:son;

clear U last I max sum mat

for alfa derece = ilk:adim:son

say = say + 1;
alfa = pi*alfa derece/180;
scale fac = 1;

h max angle = imresize(h max, scale fac, 'nearest');
for sl = 1l:M*scale fac
for s2 = 1l:M*scale fac
h max angle(sl, s2) = h max angle(sl, s2) + (2*sl -
1) *px*tan(alfa)/2;
end
end

for = l:size(lambda, 2)

a
Up(:, ¢, a) = ul*exp(li*2*pi.*h max angle*(n - 1)/lambda(a));
end

for d = 1l:size(lambda, 2)
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for bl = 1:M*scale fac
for b2 = 1:M*scale fac

U last(bl, b2, d) = 0;

for cl = 1:M*scale fac
for c2 = 1:M*scale fac
G = (li*lambda(d)*1)" (-

0.5) *exp (1li*2*pi*1l/lambda (d)) *exp (1i*pi* (px*sqgrt((cl - bl)"2 + (c2 -
b2)72))72/ (lambda (d) *1)) ;
U last(bl, b2, d) = U last(bl, b2, d) + G*U p(cl, c2,

d);
end
end

end

end

I max(:, :, d) = abs(U_last(:, :, d))."2;
end
sum_ i max = sum(sum(sum(I max)));
pattern(:, :, say, 1) = I max(:, :, 1)/sum i max;
pattern(:, :, say, 2) = I max(:, :, 2)/sum_i max;
normalized = I max(:, :, :)/sum i max;
sum mat (say, 1, 1) = sum (sum (normalized(l: (round (M/2) - 1),
l:(round(M/2) - 1), 1))):
sum_mat (say, 1, 2) = sum(sum(normalized(round(M/2):M, 1:(round(M/2)

- 1), 1))):

sum _mat (say, 1, 3)

round (M/2) :M, 1)));
sum mat (say, 1, 4)

round (M/2) :M,1)));

= sum(sum (normalized(l: (round (M/2) - 1),

sum (sum (normalized (round (M/2) : M,

sum mat (say, 2, 1) = sum (sum (normalized(1l: (round (M/2) - 1),

1: (round(M/2) - 1), 2)));

sum_mat (say, 2, 2) = sum(sum(normalized(round(M/2):M, 1:(round(M/2)
- 1), 2))):

sum mat (say, 2, 3) = sum (sum (normalized(l: (round (M/2) - 1),
round (M/2) :M, 2)));

sum mat (say, 2, 4)

round (M/2) :M,2)));

end

figure

linel = plot(degree, sum mat(:, 1, 1));

hold on

line2 = plot(degree, sum mat(:, 2, 4), 'r');
hold on

line3 = plot(degree, sum mat(:, 1, 2), 'g');
hold on

line4 = plot(degree, sum mat(:, 2, 2), 'yv');

sum (sum (normalized (round (M/2) : M,
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