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ABSTRACT

ENHANCING PERFORMANCE OF SOLAR CELLS VIA WAVEFRONT
SHAPING

ATILA, SENA
M.S., Department of Micro and Nanotechnology

Supervisor: Assoc. Prof. Dr. Emre Yiice

August 2022, [63|pages

Solar energy has a great potential to provide for our energy demand. However, due to
the broadband nature of the Sun, solar cells encounter efficiency losses. For single-
junction GaAs solar cells, the efficiency is measured as 27.6% at most [1]]. Previously,
the broadband light is experimentally split and concentrated to chosen positions on
the CCD camera as three sub-bands to utilize the full spectrum of the Sun, and a par-
ticular type of diffractive optical element (SpliCon) is obtained [2].

In this thesis, we demonstrate a system with optical elements, a gallium arsenide
(GaAs) solar cell and Si/InGaAs photodetectors for the concentration of the broad-
band light (360 - 2600 nm) to increase the performance of the solar cell and photode-
tectors. After passing through several optical elements, broadband light is spatially
controlled on laterally arranged GaAs solar cell and Si/InGaAs photodetectors via a
spatial light modulator (SLM). By sequentially scanning each pixel of the SLM, we
alter the phase of the incident light, and consequently, we increase the electrical cur-
rent generated by GaAs solar cell. We obtain an excess ~ 6% to ~ 11% short-circuit

current read from GaAs. At the maximum power point, the excess current varies from



~ 10% to ~ 20%, while the power output increases from ~ 6% to ~ 14% for the
different numbers of superpixels. For Si and InGaAs photodetector, we achieve ~ 6%

to ~ 13% and ~ 9% to ~ 16% RMS voltage value, respectively.

Keywords: wavefront shaping, spatial light modulator, diffractive optical element,

solar energy, solar concentration
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0z

DALGAONU SEKILLENDIRME iLE GUNES HUCRELERININ
PERFORMANSINI ARTIRMA

ATILA, SENA

Yiiksek Lisans, Mikro ve Nanoteknoloji Boliimii

Tez Yoneticisi: Doc. Dr. Emre Yiice

Agustos 2022 ,[63] sayfa

Giines enerjisi, enerji ihtiyactmizi kargilamak icin biiyiik bir potansiyele sahiptir. An-
cak Giines’in genis bant yapisi nedeniyle, giines hiicreleri verim kayiplar1 yagamak-
tadir. Tek eklemli GaAs giines hiicresi i¢in Olciilen en yiiksek verim 27.6% olarak
kaydedilmistir [1]. Daha onceki calismalarda, genis bant 151k, Giines’in tam spekt-
rumunu kullanmak amaciyla deneysel olarak ii¢ bant araligina ayrilmis ve konsantre
edilmistir, ve 6zel bir kirinim optik eleman (SpliCon) elde edilmistir [2].

Bu tezde, giines hiicrelerinin ve fotodedektorlerin performansini artirmak icin optik
elemanlarla, GaAs giines hiicresiyle ve Si/InGaAs fotodedektorlerle 15181 odaklamak
icin bir sistem tanitiyoruz. Genig bant 151k bir¢cok optik elemandan gectikten sonra,
bir uzaysal 151k modiilatorii (SLM) araciligiyla yanal olarak yerlestirilmis GaAs gii-
nes pili ve Si/InGaAs fotodetektorleri tizerinde uzaysal olarak kontrol edilir. SLM’in
her bir pikselini sirayla tarayarak gelen 1s181n fazini degistiririz ve sonug olarak GaAs
giines hiicresinin tirettigi akimi artiririz. GaAs giines hiicresinden okunan kisa devre
akimi en az ~ 6% ve en fazla ~ 11% artmigtir. Maksimum gii¢ noktasinda, okunan

akim ~ 10% degerinden ~ 20% degerine kadar artis gostermistir, bu sirada ise farkli
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stiperpiksel sayilari i¢in gii¢ ¢iktis1 ~ 6% degerinden ~ 14% degerine kadar artmugtir.
Si ve InGaAs fotodedektorleri igin, sirasiyla ~ 6% degerinden ~ 13% degerine ve

~ 9% degerinden ~ 16% degerine kadar karekok ortalama voltaj degeri artmigtir.

Anahtar Kelimeler: dalgadnii sekillendirme, uzamsal 151k modiilatorii, kirinimli optik

element, giines enerjisi, giines enerjisi konsantrasyonu
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CHAPTER 1

INTRODUCTION

1.1 Solar Energy

The solar spectrum covers the light emission from gamma waves to radio waves. Nev-
ertheless, the radiation of the sun gives a peak at visible wavelengths. The irradiance
is defined as Joules per second per m? of the illuminated area per nm of the wave-
length. As a result, the unit of irradiance becomes W/m?/nm, and a typical irradiance
of the solar spectrum is plotted with respect to the wavelength as shown in Fig. [[.1]
The figure shows the blackbody radiation of the Sun. The blackbody radiation of
the Sun is not a perfect curve, and has ripples. The ripples in Fig. [[.1] are caused
by absorption of components that exist on the atmosphere of the Earth such as dust
particles, water vapor (H,O) and gas molecules like carbon dioxide (CO,) in the IR
region, and ozone (O3) and oxygen (O;) in the UV region [10, [11} [12].

The Sun radiates a spectrum at approximately 5743 °K for AMO [13]. AM denotes
the phrase "air mass’. The air mass coefficient in the equation |1 1]is described as the
ratio of the path length of the light through the atmosphere at a direct angle to the path
length of the light through the atmosphere at a specific angle (). AMO is the spec-
trum outside of the Earth’s atmosphere, while AM1 and AM1.5 express the spectrum
inside the Earth’s atmosphere with direct illumination and angled (48°) illumination,

respectively.

1
Air Mass (AM) Coefficient = —— (11)
cosq
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Figure 1.1: The solar spectrum from 250 nm to 2500 nm inside the atmosphere of the
Earth. The ripples are caused by the medium of the atmosphere such as dust particles,

water vapor and gas molecules. This figure is taken from [3].

1.1.1 Solar Cells and Utilization of Solar Energy

Single junction solar cells are the most commonly used photovoltaic devices of the
moment. However, single junction solar cells suffer from an efficiency loss due to
non-absorption and thermalization, because the full solar spectrum cannot be utilized
by the cell due to its limited bandgap energy. The theoretical maximum efficiency
that can be reached is ~ 30% for a solar cell with bandgap energy of 1.1 eV [14].
For GaAs solar cell, the measured efficiency of a single solar cell is recorded as
~ 27.6% [1, [15]. Non-absorption happens when a photon with a lower energy level
than the bandgap energy of the material of the solar cell illuminates the cell, while
thermalization occurs when a photon with a higher energy level than bandgap en-
ergy illuminated the solar cell, and the cell loses the excess energy via heat. There
are several approaches to overcome this limit such as multi-junction solar cells with
different bandgap energies [16, [17]], spectral splitting methods with prisms [18]] and
dichroic filters [19, 20], and DOEs to split and concentrate the broadband spectrum
(211 22} 23, 24, 235]].
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Figure 1.2: Full solar spectrum and the spectra of silicon solar cell are shown. This

figure is directly taken from [4]].

Multi-junction solar cells, which are also commonly called cascade/tandem solar
cells, split in half as vertical multi-junction solar cells and lateral multi-junction solar
cells. Vertical multi-junction solar cells involve a series of semiconductor materials
connected from higher bandgap energy to lower bandgap energy from top to bot-
tom, respectively. The fundamental advantage of vertical multi-junction solar cells is
spectral splitting. While higher energy photons are absorbed in the top semiconductor
material, the wasted lower energy photons are absorbed in the bottom semiconductor
material. On the other hand, the main disadvantage of vertical multi-junction solar
cells is the complexity of fabrication, since there is a restricted choice of materials
due to the need for current and lattice matching, resulting in high fabrication costs
[22]. Current matching means that an equal current must flow through the serially
connected cells, while lattice matching means that the morphology of the materials
should be matched [18]. Lateral multi-junction solar cells are basically individual
solar cells that are placed laterally to absorb relevant parts of the full spectrum of

the light with the help of a spectral splitting element. Since the cells are not stacked
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together in lateral multi-junction solar cells, there is no need for current and lattice
matching requirements. Therefore, a wider range of materials with better perfor-
mance as compared to materials used in vertical multi-junction solar cells can be taken
into consideration. Additionally, the complexity of the fabrication steps is eliminated,
and the fabrication cost drops. Lateral multi-junction solar cells should be combined
with a spectral splitting element, otherwise, they do not have a spectral splitting fea-
ture on their own like vertical multi-junction solar cells.

Prisms are one of the elements utilized for spectral splitting purposes with laterally
placed multi-junction solar cells so that there is no need for current and lattice match-
ing requirements, and the cost of the solar cell decreases. More than that, the system
is so plain that the prism can be merged with thin film technologies, where the solar
cell is deposited on the prism [18]]. Furthermore, the light trapping inside the prism is
possible via total internal reflection and with the help of a mirror so that the light is
first guided to the high bandgap solar cell, and then reflected towards the low bandgap
solar cell. With this configuration, spectral splitting is achieved which is similar to
the vertically stacked multi-junction solar cells. However, there is one disadvantage
of this configuration. The high bandgap solar cell delivers more power while the low
bandgap solar cell delivers less power due to suffering from voltage drop because of
poor illumination concentration conditions.

Dichroic filters are another elements that use thin film interference for spectral split-
ting purposes. Unlike prisms, dichroic filters reflect one spectral band, and transmit
the other spectral band to a different position. A basic configuration consists of a
dichroic filter which is positioned at a 45°and two solar cells where one solar cell is
receiving the reflected light while the other solar cell is receiving the transmitted light.
Generally, dichroic filters are placed at a 45°to the incident light, because the trans-
mitted light passes through the filter, and the other part is reflected at a 90°with this
placement. There are some losses involved in dichroic filter such as the reflectance of

the filter decreases the efficiency in the measurements [20].



1.1.1.1 Diffractive Optical Elements (DOEs)

The light is manipulated via refraction, interference, and/or diffraction spatially and
spectrally. Elements of prisms and dichroic mirrors can be included to achieve control
over the light. Prisms control the light by utilizing the refraction characteristic, while
splitting the incoming beam into various spectral bands. However, due to the weight
and area they would require, and the control over the size and position of spectral
bands not being precise, prisms are not preferred widely. Dichroic mirrors control the
light via interference. In a similar manner to prisms, their volume restricts their usage
on a large scale, and they have poor control over the size and position of spectral
bands.

Diffractive optical elements (DOEs) allow concentration and splitting of the light
effectively where the position and size of the spectral band are controlled by the de-
sign parameters of the DOE which we call a SpliCon. They are low-cost, compact
and have straightforward fabrication steps which include fabrication as reflective or
transmission type of DOE. DOEs can be designed with Gerchberg-Saxton [26] and
Yang-Gu algorithms [27]], direct binary search [28]], genetic local search optimization
algorithm [29], rigorous coupled wave analysis [30] and iterative Fourier transform
algorithm [31}132].

DOE:s are also utilized in many areas such as improving the efficiency of solar cells
(16 21} 22 23] 24, 25], beam shaping [33, 34], infrared systems [33], spatial and
spectral control of the light via neural networks [36] and laser systems [37]. Specif-
ically in laser systems, a single layer DOE is more relevant due to the diffraction
efficiency of a single layer DOE being 100% at a single wavelength. When the wave-
length diverges from the design wavelength, the diffraction efficiency of a single layer

DOE drops.






CHAPTER 2

THEORY

2.1 Diffraction of the Light

Diffraction of the light takes effect when the light passes through an aperture or the
light faces an obstacle resulting in the light waves bending around the obstacle. The
intensity of the traveling light can be observed at a distance from the aperture plane
which is called the diffraction pattern caused by destructive and constructive interfer-
ence. The diffraction pattern is not remarkably evident if the aperture is large, which
is the case where refraction dictates the pattern. On the contrary, the light shows a
wave-like pattern when the dimension of the aperture is small which is in the approx-
imate size of the wavelength of the light or smaller sizes.

In the Fig. [2.1] the wave U(x,y) is transferred through an aperture, resulting in a wave
of f(x,y) = U(x,y)p(x,y) where p(x,y) is the aperture function. The aperture function
is 1 inside the aperture and O outside the aperture. The output wave is denoted as
g(x,y) at the observation plane, and the diffraction pattern is I(x,y) = |g(x,y)|2. Calcu-
lation of the diffraction pattern can be approximated by two forms which are Fresnel

approximation and Fraunhofer approximation.

2.1.1 Fresnel Diffraction

The propagating optical wave with a wavelength of \ has a complex amplitude of
U(x,y,0) in the plane z = 0, and complex amplitude of U(x,y,L) in the plane z = L.. The
amplitude at z = 0 plane, which is the aperture plane, is f(x,y), and the amplitude at z

= L, which is the observation plane, is g(x,y). The plane wave is U(X,y,z) = A expl[-
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U(x,y)

y / T :

Aperture Observation
Plane Plane

Figure 2.1: A light wave with an amplitude of U(x,y) passing through an aperture
forms a wave with a complex amplitude of f(x,y). After a distance L in the free space,

a wave with a complex amplitude g(x,y) is observed at the observation plane. The

figure is adapted from [5]].



j(kyx+kyy+k,z)] which becomes a harmonic wave of f(x,y) = A exp[-j2m(v,X+vyy)]
where k, = 27v,, ky = 271, and k, = (K*-k}-k3) = 2m(55 — v» — v,)"/% The wave
at observation plane becomes g(x,y) = A exp[-j(k«x+kyy+k,L)]. The transfer function
of the free space is the equation [21]

_ g(X’Y) 1 2

H(vy, vy) = o) exp(-jk,L) = exp —j27r(ﬁ — 2= v)'’L (21)

When the cut off frequency is much larger than spatial frequencies in the complex am-

plitude of f(x,y), v? + yj < A%, the transfer function can be simplified into the equa-
tion [23|through neglecting the higher terms in the equation 22| where H = exp(-jkL).

In the equation 22| ¢ is the angle with optical axis and 6% = 607 + 02 ~ X* (v + 1/2).

1/2 2 pa
L 1/2 L 6 0
2_ 2 L— 2\1/2 _ o
27T<ﬁ_yx_yy) =2 X(l_e) =2 X(l 2 8 > (22)

H(1y, vy) = Hoexp [jrAL(v; + v/])] (23)

The applicability of Fresnel approximation depends on the largest angle 6, ~ 71,
where r is the largest radial distance in the observation plane. Therefore, the condition
for Fresnel approximation becomes [24]

Np62
4

<1 (24)

Let the Fourier transform of the incident wave at aperture plane be the equation 23]

F(v,,vy) = //OO f(x,y)exp [j27 (vyx + v,y)] dxdy (25)

The wave at the observation plane is given by H(vy, vy)F(vy, 1) as the equation @

g(x,y) = Hp // F(v,, v, )exp [jWAL(yf + ny)] exp [-j2m (X + vyy)| dvydy, (26)

Let h(x,y) = hoexp(—jkxtiyz) be the inverse Fourier transform of the transfer function
of the free space where hy = ﬁexp(-jkL), and f(x’,y’) be the amplitude of a wave that
is sent from the point (x’,y’). As a result, f(x’,y’)h(x-x’,y-y’) becomes the wave cre-

ated at the observation plane which is the equation 27| and by Fresnel approximation
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becomes the equation 28]

e(xy) = hy / / £ y")h(x-X’ y-y)dx’dy’ @7
(e’ . 2 v 2
a(x.y) = hg / / £y )exp [—jw(x X by }dx’dy’ 28)

The complex amplitude of incident wave after aperture is f(x,y) = I'/?p(x,y). There-

fore, the intensity of the diffraction pattern becomes the equation

00 <”)2 )2

2

(29)

I
I(xy) = L)

2.1.2 Fraunhofer Diffraction

In the Fig. only the plane waves coming at the angles 6 and 6y contribute to the
complex amplitude of the wave g(x,y) at the point (x,y), where 0~ and 6y~ . Take

the phase value of the equation [26as the exponential which gives the equation 210}

™

AL

(%) + (y3)) = 57 (0 +¥) + (02 +y?) = 200+yy)) - 210)

Fraunhofer approximation, which is also called far-field approximation, is exerted
for determination of the light propagation in the sufficiently long distances between
the aperture plane and the observation plane, and the aperture radius is small which
ensures the equation 211] [5].
2
Ne =7 <1 (211)
The equation denotes Fresnel number, and r is largest radial distance enclosed by the

aperture, \ is the wavelength of light and L is the distance between aperture plane

i

1= (2?4 y'*) becomes negligible, and

and observation plane. As a result, the factor

the resulting wave is approximated as the equation [212]

2 2 [e.9] s B
2(x,y) = hoexp {-ij ;L y } / / 0y exp {j27rxx ;Lyy } dedy (212)
Let the frequencies be v, = 5y and v, = <}, and the Fourier transform of f(x,y) be

F(v,,v,). Therefore, the wave at observation plane becomes the equation
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x? + y2
AL

X ¥
} F()\_L’ A_L) (213)

g(x,y) = hoexp {-jﬂ
Consider the intensity of incident wave is I which makes U(x,y)=I'/2, and f(x,y)=I"/?p(x,y).
The wave at observation plane is the equation where P(5}.51) = P(v,,1,) is the

Fourier transform of p(x,y), and hy = /\j—Lexp(—jkL).

sxy) =10y ([ poeyesp el +ny)licdy @14)
— 1/?hyP(—, 2 21
gxy) = 1hoP(s 57) (215)
The diffraction pattern at the observation plane becomes the equation 216}
I X y.|?
I(xy) = ‘P x ¥ ’ 216

2.1.2.1 Fraunhofer Diffraction Through a Rectangular Aperture

The intensity of the diffraction pattern through a rectangular aperture is the equation

217, where Dy and Dy are the dimensions of the aperture, L is the distance between

D,Dy
AL

2
aperture plane and observation plane, and Iy = ( ) I is the peak intensity.

Dix . ,D
Ix,y) = IosinCQA—Ij(sch)\—yg 217)

2.1.2.2 Fraunhofer Diffraction Through a Circular Aperture

The intensity of the diffraction pattern through a circular aperture is the equation[218]
where D is the diameter of the aperture, L is the distance between aperture plane and

observation plane, J; is the Bessel function in the order of 1, and Iy = (ﬁf 1 is the

peak intensity.

2], (=P2)”
mm:ml—%%L o= (2 4y (218)

AL
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Aperture
Plane

Observation
Plane

Figure 2.2: Fraunhofer diffraction pattern through a rectangular aperture where Dy
and Dy are the dimensions of the aperture and L is the distance between aperture

plane and observation plane. The figure is adapted from [5]].
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Aperture
Plane

Observation
Plane

Figure 2.3: Fraunhofer diffraction pattern through a circular aperture where D is the
diameter of the aperture, L is the distance between aperture plane and observation

plane, and p, = 1222k The figure is adapted from [3]].

2.1.3 The Fresnel Zone Plate

The Fresnel Zone is a structure with multiple focal lengths and with interbedded rings
which switch between transparency and opacity. If the central zone is transparent, the
plate is called a positive Zone plate, while if the central zone is opaque, it is called
a negative Zone plate as seen in the Fig. 2.4 Contrary to lenses, zone plates use
diffraction to focus the light instead of refraction. The plates are placed in a way that
the light passing through transparent plates constructively interfere at the focal point.
Assume that we have a source at point S placed to a distance of r away from the center
like in Fig. The distance between source and focal point is given as h= \/m .
The condition h-hy < % satisfies constructive interference in the central zone where

hy is the path length from the source to the focal point, and simply is equal to f in

13



Figure 2.4: (a) Positive Zone plate with even number of opaque zones and odd number
of transparent zones and (b) negative Zone plate with odd number of opaque zones

and even number of transparent zones.

the Fig. When the source enter the second zone, the condition becomes % <
h-hy < X\ which gives destructive interference. Therefore, the condition for n'" zone
is found via the equation 219 where n is an integer from 1 to N which denotes the
total number of Zone plates. Constructive interference occurs at an odd number of n,

while destructive interference occurs at an even number of n.

1
(n )A<h—h0<% (219)
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Figure 2.5: A source at the point S is placed in a distance r away from the central
point of the Zone plate. The distance between central point and focal point F is f, and

the optical path between source and focal point is denoted as h. The figure is adapted
from [6].

2.1.4 Diffraction Gratings

When a monochromatic beam with a wavelength of A hits on a diffraction grating,
the light is diffracted towards discrete paths. Each triangle of the grating in Fig. [2.6]
is called a groove, and it can be assumed that each groove behaves like a source of
diffracted light. When a diffraction grating has a specific discrete angle depending on
the spacing of grooves, d, the diffracted light creates constructive interference. In the
Fig. the light with wavelength of A is incident on the grating with an angle «,
and diffracted at angles 3. The sign of angle of the diffracted light depends on the
side of the incident light.
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Grating normal (a)

+ -
Reflected
Incident light
light B
Diffracted a 0 Diffracted

light light

Grating normal (b)

Incident + -
light

Diffracted
light
Figure 2.6: (a) Reflection type of diffractive optical element where the incident light
and the diffracted light are on the same side and (b) transmission type of diffractive
optical element where the incident light and the diffracted light are on the opposite

side. The figure is adapted from [7].

In Fig. [2.6] the sign of angles is decided according to the counterclockwise direction
from the grating normal. Thus, the angles « and 3; are positive while the angles 5_;
and (3, are negative. For both reflective type and transmission type of diffraction grat-

ings, By = —a.
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Grating normal
+

Ray 1 Ray 2

<>
d

Figure 2.7: Diffraction grating with illuminated by two parallel rays denoted as *Ray
I’ and ’Ray 2’. Both rays are in phase at the wavefronts A and B. The figure is
adapted from [[7].

When two parallel lights are incident on a diffraction grating, the path difference
between rays becomes dsina+dsin/ where the angle (3, and sinf as well, is negative
due to the sign convention. Since the parallel rays are in phase at the wavefront of
B, the path difference between them should be equal to the wavelength of the light
or multiple of A\. Remainder angles lead to destructive interference. As a result, we

obtain the grating equation as 220 where m is the diffraction order.

mA\ = d (sina + sinf) (220)

The grating equation of 220]is available for the rays that are perpendicular to grooves.
In the case where rays are incident on grooves by an angle, the equation 221|becomes
valid where ¢ refers to the angle between the path of incident light and the plane

perpendicular to grooves [7]].

mA\ = cos (¢) d (sina + sinf3) (221)

The grating equation results in more than one diffraction angle 5 which means that
diffraction orders occur. The condition of % << 1 results in many diffraction orders.

For instance, for one wavelength, we have positive first diffraction order (m = 1), and
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negative first diffraction order (m = -1). For positive orders, m is larger than 0 and
£ > —a. For negative orders, m is smaller than 0 and 8 < —«. The special case is

the refraction case which makes § = —a.

2.1.5 Diffractive Optical Elements (DOEs) and SpliCon

Diffractive optical elements (DOESs) are a type of diffraction grating utilized in differ-
ent applications through a microstructured surface. The basis application of a DOE
is to manipulate the incident light on it to alter the phase or amplitude of the light.
Via utilization of DOEs, manipulation of light that cannot be achieved by refractive
optics can be succeeded. In addition to that, their compact structure gets the chance
to replace the designs with bulky, complex and expensive systems.

DOEs can be categorized as amplitude modulation and phase modulation. Ampli-
tude elements alter the intensity of incident light by transmitting a certain percentage
while absorbing or reflecting the remaining percentage [8]. Phase elements have a
more complex way of working. They transmit the whole intensity of the incident
light, but apply a periodic phase delay to the incident light by either periodically al-
tering the refractive index of the material or changing the physical thickness of the
material [8]]. For a given discrete wavelength, phase elements are advantageous, be-
cause they can diffract 100% of the incident light to one diffraction order.

Assume that d is the spacing of grooves, T is the thickness of the grooves, n is the
refractive index of the material and A,, is the amplitude of the diffracted light of m™

diffraction order in the equation 222]

_ sin(7d (8- %)) (n-DT

xd (3 — 1) ="\ (222)

Therefore, the diffraction efficiency of the grating at m" diffraction order is found as

m

the equation 223] Diffraction efficiency is defined as the magnitude of a ray that is
diffracted to the desired position relative to the magnitude of the other diffracted rays

[38].

sin (d (3 - 1)) |
) ] (223)



The diffraction efficiency of the first order is found as If 6 = (11 in the equation,

the diffraction efficiency on the first diffraction order becomes 100%.

- {sin (m (Bd — 1))} 2 024

™ (pd—1)

Ao
(n—1)

length of \q which converts equation to equation As a result, the diffraction

The diffraction efficiency can be at its maximum when T = for a design wave-

efficiency is 100% at the design wavelength \g, and shifts to smaller values as the

wavelength deviates from the design wavelength.

(2 - 1>>r 025

The average diffraction efficiency over a specific wavelength interval of \g - A\ is

given by 226]

(226)

This type of DOE is relatively hard to fabricate due to the varying phase profile every
27 phase interval [8]. An easier to fabricate DOE structure is a multi-level phase
structure as in Fig. [2.8] Multi-level phase structure has repeating phase values such

as 2, 4 or 8 discrete phase values.

19



prrargrarargrirdnd

Figure 2.8: A DOE with varying discrete height values can be represented as the

difference between two phase structures. The figure is adapted from [8].

The diffraction efficiency of a multi-level phase structure at any wavelength for any
diffraction order is given in equation where N is the number of discrete phase

levels.

= [BE LRI [C BT
p) AN

The diffraction efficiency is closer to 100% as the number of discrete phase values
increases. If we implement corresponding values for a 16-phase level to the diffrac-
tion efficiency equation, the diffraction efficiency becomes 99% at the first diffraction
order where the remaining part is diffracted into the higher diffraction orders.

The resulting wave after the grating is f(x,y,0) = U(X,y)p(x,y) where p(x,y) is the aper-
ture function which equals 1 inside the aperture, and equals to O outside the aperture.
According to the thin element approximation, the diffraction inside the diffractive ma-
terial is neglected, which means that p(x,y) = 1, and the propagation direction does not
change through the material [39]]. The phase delay caused by the optical path length
difference due to varying thickness through the diffractive material is defined by the
equation where ¢()\) is the phase difference between the incident light passing
through the phase element and incident light passing through no phase element, h and

n(\) are the thickness and the refractive index of the phase element, respectively [40].
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¢(A) = ~h[n(A) =1 (228)

Height (z)

Refractive indices

Figure 2.9: (a) A DOE with seven varying height values, and (b) the surface of the
SLM with seven varying refractive indices. While both DOE and SLM have the same
dimension along the x and y directions, the height value of DOE changes along the z

direction.

In the case of DOE, the refractive index of the phase element is constant while the
thickness of the phase element changes. In the case of SLM, we have a varying refrac-
tive index of the phase element while the thickness of the phase element is constant
as in Fig. [2.9] By the equation[228] the gray value encoded on the surface of the SLM
can be transformed to a physical DOE. A particular type of DOE that spectrally splits
and concentrates the broadband light to sub-bands is called a SpliCon.
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CHAPTER 3

INSTRUMENTATION AND METHODS

3.1 The Experimental Setup

The light source used in the experiment is a stabilized fiber-coupled broadband light
source SLS201L that is working in the range between 360-2600 nm from Thorlabs.
It is a halogen-tungsten bulb light source that has fewer infrared photons as compared
to visible range photons [25]]. The light source can be used with a fiber linked with an
SMA connector or free-space output. The biggest drawback of fiber-coupled output is
the power drop which reduces the intensity afterward. After leaving the light source,
the light passes through an ACL 25416U-A aspheric condenser lens which is suitable
for collimating the light from a light source similar to ours. After passing through
the aspheric condenser lens, the light visits PF10-03-MO1-10 round protected gold
mirror, WP25M-UB mounted wire grid polarizer and another round protected gold
mirror, respectively before reaching the SLM surface. Later on, the light is reflected
from the SLM surface towards a LA1484 - N-BK7 plano-convex lens that has a focal
length of 300 mm. Lastly, the light hits GaAs solar cell which is attached laterally on
a copper slab, a Si photodetector with an area of 13 mm? and an InGaAs photodetec-
tor with an area of 3.14 mm?.

The SLM is connected to the computer where there exists a second virtual screen,
and the pattern is encoded on this virtual screen beside the screen we use. The virtual
screen has the same size as the SLM surface which is 1920 pixels on the long side
and 1080 pixels on the short side. While optimizing an SLM pattern, we optimize
a group of pixels which we call superpixels. There are two reasons for using super-
pixels. In order to optimize all pixels on the SLM surface, which is approximately 2

million pixels, takes 89 days, and the measurement when a single pixel is optimized
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is low as compared to the noise level [2]. In addition to these reasons, as the number

of superpixels changes, the output also changes.

Keithley /
Oscﬂloscope

- I & § P

7.68 15.36

Posmon (mm)
Source

Position (mm)
a|eog Aein

Figure 3.1: The experimental setup to concentrate broadband light on GaAs solar
cell and Si/InGaAs photodetectors. A fiber-coupled broadband light goes through
a condenser lens with a focal length of 160 mm and a polarizer, and two mirrors.
After, the light is reflected to the GaAs and silicon photodetector by a lens with a
focal length of 300 mm through the SLM surface. The measurements are obtained
through Keithley sourcemeter for GaAs solar cell, and collected by an oscilloscope

for photodetectors.

3.1.1 Noise Measurement of the Light Source

The noise measurement for the light source is obtained via a PM100D attached to
an S121C standard photodiode power sensor for three hours. Additionally, the mea-
surements are taken one hour after the light source is turned on. S121C standard
photodiode power sensor is placed 17 cm away from the condenser lens, and the av-
erage power at 671 nm is 2.6 mW. The noise of the light source is 0.3%, which is
a suitable value as compared to the typical optical power drift per hour, 0.01% [41]].

Noise value is calculated according to the equation 31}
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Noise (%) = 100 x Standard Deviation of Measured Power Data 31)
Mean Value of Measured Power Data

We use the light source with a fiber couple. Even though fiber coupling provides
more collimated light, it also decreases the power. The power sensor is positioned
at 3 cm away, and the power measured when there is no fiber coupling is 44.7 mW.
However, the power is 2.85 mW with fiber coupling at the same distance after the
fiber. Additionally, the power changes along the setup due to the losses caused by op-
tical elements such as polarizer and SLM. The power measured before the polarizer
is 0.283 mW, while the power of the light source drops to 75 ¢W after, and it also
decreases to 3.64 W after the SLM.

3.1.2 Spatial Light Modulator (SLM)

A Spatial light modulator (SLM) is a liquid crystal based electrical device where the
wavefront of the light is modulated by controlling the voltage of the liquid crystal
material inside. Phase, polarization state, amplitude and propagation direction, or a
combination of four of them can be modulated.

The internal structure of SLM consists of a liquid crystal layer on top of a silicon
substrate, and an electrode layer on top of a glass substrate. The pixel electrodes in-
side this layer are made of aluminum where the potential difference of electrodes is
controlled separately. Between the silicon substrate and a glass substrate, there exists
a liquid crystal material attached to pixel electrodes aligned parallel to both of the
layers. This pixel-wise structure and liquid crystal materials also lead to an efficiency
loss because of diffraction and scattering of the light, respectively [9].

The potential difference across the liquid crystal material is altered pixel by pixel in-
dependently so that the liquid crystal material inclines to result in a refractive index
difference and an optical path length change in the liquid crystal material. Therefore
the phase of incident light gets modulated. The liquid crystal material is aligned par-
allel to the glass layers when there is no applied voltage.

It is important to have linearly polarized incident light while the polarization direc-

tion of incident light should be parallel to the direction of the liquid crystal material
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Figure 3.2: A schematic representation of layers of the SLM where each LC material

is attached to an electrode. The figure is adapted from [9]].
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without a voltage applied. Otherwise, there is no modulation of the phase of incident
light after it passes through the SLM. There are various applications of SLM cover-
ing optical tweezers [42], beam steering [43]44]], programmable adaptive optics [45]],
polarization modulation [46] and microscopy which need a fast modulation of

wavefront of the incident light.

Linearly
Polarized
Light

No Voltage

.- \\(|=
| =\\~
\\~slI~

Linearly ‘ \ \ ’ .

Polarized
Light

Voltage

Figure 3.3: LC materials aligned parallel to the both substrates without voltage, and
a tilted direction of alignment of LC material with an applied voltage resulting in a

phase modulation, respectively.

3.1.3 Characteristics of the GaAs Solar Cell

Fig. [3.4] shows the structure of the GaAs solar cell. The cell samples are fabricated
via Veeco GEN20 molecular beam epitaxy (MBE) system. The layer of n+ doped

GaAs has 200 nm thickness and a doping concentration of 3 x 10'® cm™3, n+ doped

27



Al 3Gag 7As has a doping concentration of 3 x 10'® cm™3 and 30 nm thickness, n-
doped GaAs has 3200 nm thickness and a doping concentration of 1 x 10*7 cm™3,
p+ GaAs has a doping concentration of 2 x 10'® ¢cm™ and 150 nm thickness, p+

3 and

Aly sGag o As has 45 nm thickness and a doping concentration of 3 x 10'® cm™
p++ GaAs has a doping concentration of 5 x 10'® cm™ and 148 nm thickness.
Under the AM1.5 illumination condition, GaAs solar cell has 980 mV of open circuit
voltage, ~ 31 A/ cm? of short circuit current density, 20.8 W of maximum power,
740 mV of MPP voltage (V,,,) and ~ 28 A/ cm? of MPP current density (Jmp) under
the same illumination condition. The fill factor and the efficiency of the solar cell
are measured as ~ 70% and ~ 9%, respectively. Fig. shows the transmittance

spectrum and the absorbance spectrum of GaAs solar cell.

TilPt/Au
contact
a Ga;nss Pt Aly g8, , A
p+ GaAs
n- GaAs
n+Al 0_3Ga 0JAs
n+ GaAs n- GaAs
substrate
Ni/Ge/Au
contact

Figure 3.4: Fabricated GaAs solar cell via molecular beam epitaxy where the doping

and material types are shown.
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Figure 3.5: Typical IV curve of a solar cell. Solar cell characteristics are denoted on
the graph which are short circuit current, open circuit voltage and maximum power

point (MPP).
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Figure 3.6: (a) Transmittance spectrum and (b) absorbance spectrum of GaAs solar

cell with respect to wavelength in between 300 nm and 1000 nm.
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Figure 3.7: External quantum efficiency of GaAs solar cell with respect to wavelength

in between 440 nm and 1100 nm.

3.2 Sourcemeter Connection

The current measurement for GaAs solar cell is achieved by 2-wire measurement and
4-wire measurement. We use Keithley 2440 sourcemeter for 4-wire measurement to

apply a bias and measure the current through solar cells simultaneously.
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Figure 3.8: The circuit which represents 2-wire measurement.

With a typical ohmmeter, 2-wire measurement seen in Fig. [3.8]is implemented where
the resistance of a subject is measured from a distance. Ohmmeter forces a current
that is called the test current through the circuit, measures the voltage drop and cal-
culates the resistance. However, while forcing the test current to the circuit, it forces
current along both wires and the subject, resulting in a voltage drop on wires too.
While the resistance of wires is small, it contributes to the measurement errors if the
subject is positioned at a distance and wires are long, or the measured subject has a
very low resistance [48]]. In the equation[32] V,, and I refers to the voltage read from
meter and test current, respectively. The resistance of wires is added to the measured

resistance for 2 wire-measurement.

\Y
Measured resistance = Tm = Ryupject + (2 X Ryire) (32)

In order to eliminate the error caused by the resistance of wires, a 4-wire measurement
is performed as seen in Fig. [3.9] There are four connections where two come from
the source which are called force leads, and two come from the voltmeter which are
called sense leads. In this configuration, the test current is forced through force leads,
and causes a voltage drop on those wires. Moreover, the subject is directly attached to
the voltmeter where the wires have a negligible voltage drop. As a result, the voltage
drop on the subject and the voltage that is read on the voltmeter are almost identi-
cal which means that the resistance of wires is eliminated. In the meantime, there are
some drawbacks of 4-wire resistance. It slows down the measurement, and adds more
wires and a number of test points [49]. In the equation @], Vm, Vr and I refers to the
voltage read from meter, the voltage drop on the subject and test current, respectively.
Since V,, and Vg are almost equal, only the resistance of the subject is measured on

voltmeter.
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Figure 3.9: The circuit which represents 4-wire measurement where the resistance of

wires that are attached to the voltmeter are in the order of picoamperes, thus they are

negligible.
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Figure 3.10: Representation of Kelvin probes which are attached to a sourcemeter
connection. "C" represents the wire where the test current is forced, while "P" repre-
sents the potential where the measurement is carried out. The cables of Kelvin probes
are insulated from each other, and may only contact to each other on the terminals of

the subject.
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Kelvin probes are connected to the cables that are out of the Keithley 2440 sourceme-
ter. The cables attached to the terminal of probes are insulated from each other, and
only terminal points of probes contact where they clasp the anode and cathode of the
subject. Consequently, in Fig. the current through "C" which is called the test
current, does not go through "P" where the measurement is carried out. As a result,
the current passes through "P" is negligible, and does not cause a significant voltage

drop on "P" wires.
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Figure 3.11: (a) The schematic representation of Keithley 2440 model. (b) The plat-
form for solar cell measurement including GaAs solar cell that is placed on a copper
plate, and Kelvin probes connected to Keithley 2440 on the left side and contacted to
the terminals of GaAs on the right side. Copper plate where the GaAs solar cell is
attached behaves as negative of the solar cell. The black box shown in (a) is attached
to the copper plate, and the red box shown in (a) is attached to anode of the GaAs

solar cell.
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3.3 The Optimization Algorithm

The algorithm performs iterative scanning of each superpixel on the surface of the
SLM. 8-bit black value at each superpixel on a visual screen is written on the surface
of the SLM by the algorithm which means there is no modulation yet. Subsequently,
the algorithm starts to encode 10 separate phase differences by increasing 11 steps to
each superpixel by starting from the left top edge of the SLM surface via the visual
screen. Each phase difference corresponds to a distinct gray value.

The GaAs solar cell is positioned in the middle of the incoming beam, and the current
value that is read from the cell for a specified bias is obtained via Keithley sourceme-
ter. Similarly, Si/InGaAs photodetectors are positioned in the middle of the incoming
beam, and the RMS values are obtained from an oscilloscope.

According to the measured and recorded current values, the algorithm scans the gray
values, and writes the one gray value giving the highest current measured. This scan-
ning process of one superpixel is called sub iteration which takes 250 ms. After writ-
ing one gray value for one superpixel, the algorithm continues to scan the next right-
hand superpixel. After whole superpixels on the SLM surface are assigned a gray
value, a phase pattern is obtained on the SLM surface, which is called the main iter-
ation. As the number of superpixels increases, the optimization time also increases.
For 2304 superpixels, the optimization time takes 2 hours while for 20736 superpix-

els, it takes 18 hours.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Spectral Splitting and Concentration of the Broadband Light on the CCD

Camera

The broadband light (360 - 2600 nm) is concentrated and split into two sub spectrums
on the CCD camera via SLM. In the setup, there is a CCD camera on the position of
GaAs solar cell or Si/InGaAs photodetector, and the measured value is the intensity
value of red, green and blue channels. The center position for red channel is decided
as (x,y) = (1.3 mm, 1.9 mm), and for blue and green channels as (x,y) = (3.5 mm, 1.9
mm) as seen in Fig. The resulting pattern is a SpliCon which split the broadband
light and concentrates the sub bands into the solicited positions.

The enhancement factor of the image is defined as the equation 1] for each channel
where A, is the area of the target region (m=1, 2, 3, ...), and fT It(Ap, A)dA,, and
fT Li(Anm, A\)dA,, are the intensities of CCD image on the target area after the modula-
tion and before the modulation, respectively [2]. Enhancement factor for red channel
is calculated as 3.7 at the target position, and calculated as 4.6 and 3.6 for green chan-

nel and blue channel at the target position for 20736 superpixels, respectively.

[t T(Am, A)dA,
i Li(Am, A)dA,

n(\) 41)

The splitting ratio which is the ratio of spectral intensity on the target position over
the spectral intensity on both target positions is found via the equation #2][2]. The
splitting ratio is calculated as 45% for the red channel, and calculated as 58% and 64%
for the green channel and the blue channel at the target position for 20736 superpixels,

respectively.
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Figure 4.1: The CCD image (a) before the optimization of the SLM surface, (b) after
the optimization of the SLM surface to concentrate light on the desired positions and
(c) resulting phase pattern on the SLM surface to split and concentrate the broadband
light on desired positions. Red channel is concentrated from (x,y) = (1.11 mm, 1.7
mm) to (x,y) = (1.48 mm, 2.1 mm), and green and blue channels are concentrated

from (x,y) = (3.34 mm, 1.7 mm) to (x,y) = (3.71 mm, 2.1 mm).
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S0 = [ Ti(Am, N)dA,,

TS LA, VdA,, (42)

As the number of superpixels changes, the enhancement factor and splitting ratio
value alternate as well. Fig. .2 shows the different enhancement factors and splitting
ratios for each channel according to the number of superpixels. For the red, green
and blue channels, the enhancement factor rises with an increasing number of super-
pixels. The splitting ratio of the green and blue channels increases with an increasing
number of superpixels. On the other hand, the splitting ratio of the red channel drops

as the number of superpixels increases.
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Figure 4.2: Varying (a) enhancement factors and (b) spectral splitting ratios according
to the different number of superpixels for the red channel, the green channel and the

blue channel.
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4.2 Enhancing Performance of the GaAs Solar Cell via Wavefront Shaping

The concentration of broadband light on GaAs solar cell is achieved on the setup [3.1]
where GaAs solar cell is attached to a Keithley sourcemeter to apply a bias and mea-

sure the corresponding current simultaneously.

4.2.1 Reference and Noise Measurements of GaAs

According to the measurements that are taken under 1 sun (100 mW/cm?), GaAs has
an open circuit voltage of 930 mV. Without illumination, the open circuit voltage of
the dark current of GaAs is 100 mV. Fig. [4.3| shows the dark and photocurrent for 1
sun illumination. Fig. @] shows the same measurement, but the data is converted to

the first quadrant for convenience.

(a) (b)

Current Density (mA/cm 2)
IS
o

-9 ! 40230
0 0.05 01 0 0.45 0.9

Voltage (V)

Figure 4.3: The reference (a) dark current density (b) two photocurrent current density

measurements for GaAs which are taken under 1 sun illumination.
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Figure 4.4: The reference (a) dark current density (b) two photocurrent current density
measurements for GaAs which are taken under 1 sun illumination, converted to the

first quadrant for convenience.
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Figure 4.5: The semi-log IV curve of GaAs where the current measured at reverse

bias is steady. The optimization bias is chosen as -0.2 V where the noise is 0.5%.

Fig. .6 shows the noise measurement data for GaAs is taken for three hours at each
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voltage value from -0.5 V to the open circuit voltage value which is 0.19 V with
steps of 5 mV. The noise is below 1% at reverse bias, thus the optimization voltage
is chosen as -0.2 V where the noise is 0.5%. Additionally, the current measured at
reversed bias region is steady as seen in Fig. 4.5 which means that if the sourcemeter
applies a different voltage than our optimization voltage, the measured current is not

affected drastically by this change. The measurement is taken with the setup in Fig.

Standard deviati f th t d
Noise (%) = 100 x andard deviation of the current measure 43)
Mean value of the current measured

60

30 1

R

-0.5 -0.1 0.2

Noise (%)

Voltage (V)

Figure 4.6: GaAs noise measurement is calculated according to the equation 43| It is

obvious that the noise is below 1% at the most of reverse bias region.

4.2.2 Achieving Excess Current via Concentration on GaAs

Fig. shows the phase patterns which are obtained on the SLM surface for GaAs
solar cell. The solar cell is placed in the middle of the beam and the broadband light

is concentrated on the solar cell. The structure of the solar cell is clearly seen on the
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Number of Superpixels Excess Current with Dark (%) Excess Current without Dark (%)

20736 5.86 5.46
5184 9.67 9
2304 10.78 10
1296 9.30 8.67
829 8.35 7.78

Table 4.1: The calculated excess short circuit current of GaAs solar cell for five dif-

ferent number of superpixels.

phase pattern.

Topiimization — 1
Excess Current (% ) — 100 x optimization photocurrent ( 4 4)
Iphotocurrent - Idark

Toptimization — 1
Excess Current (% ) — 100 x optlmlzaItlon photocurrent ( 45)
photocurrent

Excess current at short-circuit current (at 0 V) for GaAs with dark current is found
via the equation @ as 5.86%, 9.67%, 10.78%, 9.30% and 8.35% for 20736 super-
pixels, 5184 superpixels, 2304 superpixels, 1296 superpixels and 829 superpixels,
respectively. In the equation, Iopimizaion 1S the current measured after the SLM pattern
is reflected on the solar cell, Iypoocurrent 18 the current measured when there is a black
pattern on the SLM and I, is the current when there is no illumination on the solar
cell. Nevertheless, the excess current value decreases to negative values after 155 mV
due to the dark current being larger than the photocurrent. Therefore, via equation 45}
for the calculated excess current, the negative values can be eliminated despite that
the excess current value drops a few. Without dark current, the excess current val-
ues are 5.46%, 9%, 10%, 8.67% and 7.78% for 20736 superpixels, 5184 superpixels,
2304 superpixels, 1296 superpixels and 829 superpixels, respectively. Fig. 4.8 shows
the plot for calculated excess current with and without dark current, respectively. We
also achieve an increase of 5 mV at open circuit voltage for 5184 superpixels, 2304

superpixels, 1296 superpixels and 829 superpixels as seen in the Fig. .10

P timizati - P hot t
Excess Power (%) = 100 x —bm=ion  profocte (46)
Pphotocurrent
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Figure 4.7: SLM phase pattern for GaAs optimized with (a) 829 superpixels (b) 1296
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superpixels (c) 2304 superpixels (d) 5184 superpixels (e) 20736 superpixels. The
shape of GaAs solar cell is clearly observed on the SLM phase pattern.
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Figure 4.8: Excess current (%) values are plotted with (a) the dark current (calculated

via equation PE[) and (b) without the dark current (calculated via equation IZEI)
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Figure 4.9: The current density vs voltage curve of GaAs solar cell which are taken
for the dark current, the photocurrent and current measured for five different number

of superpixels. Rise of the short circuit current and the open circuit voltage is clearly

seen on the graph.
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Number of Superpixels Excess Current with Dark (%) Excess Current without Dark (%)

20736 9.43 6.47
5184 16.8 11.52
2304 20.32 14
1296 15.85 10.86

829 15.19 10.41

Table 4.2: The calculated excess current of GaAs solar cell at the maximum power

point for five different number of superpixels.

In addition to the calculations above, the current density and the power density in-
crease are calculated at the maximum power point (MPP). The maximum power point
is 110 mV for photocurrent, while it rises to 115 mV for a various numbers of super-
pixels. The excess power is calculated according to the equation 46 and found as
6.44%, 11.5%, 14%, 10.8%, 10.4% for 20736 superpixels, 5184 superpixels, 2304
superpixels, 1296 superpixels and 829 superpixels, respectively. In the equation,
Poptimizaion denotes the power measured when SLM phase plate is reflected on the
solar cell, and Pphoocurrent denotes when a black pattern is on the SLM surface. The
excess current at MPP with dark is calculated as 9.43%, 16.8%, 20.32%, 15.85% and
15.19%, and without dark as 6.47%, 11.52%, 14%, 10.86% and 10.41% for 20736
superpixels, 5184 superpixels, 2304 superpixels, 1296 superpixels and 829 superpix-

els, respectively.

Number of Superpixels Excess Power (%)

20736 6.44
5184 11.5
2304 14
1296 10.8

829 10.4

Table 4.3: The calculated excess power of GaAs solar cell at the maximum power

point for five different number of superpixels.
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Figure 4.10: The power density vs voltage curve of GaAs solar cell which are taken
for the photocurrent and current measured with different number of superpixels. The
maximum power point (MPP) shifts to 115 mV from 110 mV for each number of

superpixels, and the power density values also increase.
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We also investigate the excess current change according to the position of the GaAs
solar cell. In the setup, the position of GaAs is changed after the plano-convex lens
with a focal length of 300 mm. Fig. f.TT|shows the excess current change for three
different positions which are 43 cm away from the SLM, 42 cm away from the SLM
and 41 cm away from the SLM. The closer GaAs to the lens, the larger the beam di-
mensions. In consequence, as the beam gets larger, more light is concentrated by the
algorithm on the solar cell, which rises the current measured after the optimization

and the excess current accordingly.

11

7.5+

Excess Current (%)

0 0i2 0.4

Voltage (V)
Figure 4.11: Calculated excess current for different positions. The current for blue
curve is for when GaAs is placed 43 cm after SLM. The current for red curve is for

when GaAs is placed 42 cm after SLM. The current for yellow curve is for when

GaAs is placed 41 cm after SLM.
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Figure 4.12: (a) The reference current for dark current and photocurrent of Si, and (b)

the converted data to the first quadrant for convenience.

4.3 Optimization of Si Solar Cell via Wavefront Shaping

4.3.1 Reference and Noise Measurements of Si

Under 1 sun (100 mW/cm?) illumination, Si has an open circuit voltage of 579 mV.
Without illumination, the open circuit voltage of the dark current is 12 mV. Fig.
shows the dark and photocurrent, while Fig. 4.12] corresponds to the same measure-
ment, but the data is converted to the first quadrant for convenience.

The measurements of short circuit current, fill factor and efficiency are ~ 19 mA / cm?,
73% and 9%, respectively. The maximum power is measured as 24 mW, MPP voltage
as ~ 456 mV and MPP current density as ~ 18 mA/cm?.

Fig. [4.13| shows the noise measurement for Si solar cell that is taken for three hours
at each voltage value from 0 V to the open circuit voltage of 3 mV. The optimization

voltage is chosen as 0 V where the noise is 1.3%. The measurement is taken with the

setup in Fig. [3.1]
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Figure 4.13: Si noise measurement is calculated according to the equation The

noise is below 10% until 2.4 mV bias.
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Figure 4.14: The optimized SLM phase pattern for Si solar cell by using the same
algorithm for optimization of GaAs solar cell. It is evident that there is no concentra-

tion on the solar cell.

The phase pattern optimized for Si solar cell is Fig. .14} By observing the SLM
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pattern, it can be concluded that there is no concentration on Si solar cell. Therefore,
there is no excess current measured from Si which the measurement from Keithley
also proves. We claim that the topography of Si solar cell affects the way of work-
ing of our algorithm. GaAs has a polished surface which boosts signals for the SLM
while Si has a rough surface. Additionally, we have a very low power light source
which is 10 mW. The optical elements on the optical path also reduce the power of
incident light on solar cells to extremely low values that even conventional power
sensor cannot measure. That is why, the power of the light source is not enough to
force Si solar cell to operate. Another reason is that, Si solar cell has a lot of shading

due to bus bars which decrease the intensity of the light solar cell receiving even more.

4.4 Enhancing Performance of the Silicon Photodetector

The concentration of broadband light on Si photodetector is performed on the setup

B.1

4.4.1 Noise Measurement of the Si Photodetector

The noise measurement data for silicon photodetector is taken for three hours. It
is calculated according to the equation and below 1% which is 0.004%. The
measurement is taken with the setup in Fig.

Standard deviation of the RMS
Mean value of the RMS

Noise (%) = 100 x “@n

4.4.2 Achieving Excess Current via Concentration on the Si Photodetector

Fig. shows the phase patterns which are obtained on the SLM surface for silicon
photodetector. The photodetector is placed in the middle of the beam and the broad-
band light is concentrated on it. The structure of the photodetector is clearly seen on

the phase pattern.
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Msoptimization - RMSli ght

R
Excess RMS Value (%) = 100 x
RMSlight - RMSdark

(48)

RMSoptimization - RMSlight

Excess RMS Value (%) = 100 x
RMSiign

(49)

RMS value is measured with an oscilloscope. The excess RMS value with dark cur-
rent is found via the equation 48] as 6.13%, 9.5%, 10.6%, 12.3% and 9.8% for 20736
superpixels, 5184 superpixels, 2304 superpixels, 1296 superpixels and 829 superpix-
els, respectively. In the equation, RMS,pimizaion 18 the RMS value measured when
the SLM pattern is reflected on the silicon photodetector, RMS;;gy is the RMS value
measured when there is no phase pattern on the SLM and RMS, is the current when
there is no illumination on the photodetector. Additionally, via equation 49 the ex-
cess RMS value is calculated without dark current as 6%, 9.2%, 10.3%, 12% and
9.5% for 20736 superpixels, 5184 superpixels, 2304 superpixels, 1296 superpixels
and 829 superpixels, respectively.

Number of Superpixels Excess RMS Value with Dark (%) Excess RMS Value without Dark (%)

20736 6.13 6
5184 9.5 9.2
2304 10.6 10.3
1296 12.3 12
829 9.8 9.5

Table 4.4: The calculated excess RMS value of silicon photodetector for five different

number of superpixels.

4.5 Enhancing Performance of the InGaAs Photodetector

The concentration of broadband light on InGaAs photodetector is performed on the

setup[3.1]
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Figure 4.15: SLM phase pattern for silicon photodetector optimized with (a) 829
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superpixels. The shape of silicon photodetector is clearly observed on the SLM phase

pattern.
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4.5.1 Noise Measurement of the InGaAs Photodetector

The noise measurement data for InGaAs photodetector is taken for three hours. It is
calculated according to the equation 47, and found as 0.009%. The measurement is

taken with the setup in Fig.

4.5.2 Achieving Excess Current via Concentration on the InGaAs Photodetec-

tor

Fig. [A.16] shows the phase patterns which are obtained on the SLM surface for In-
GaAs photodetector. The photodetector is placed in the middle of the beam and the
broadband light is concentrated on it. The structure of the photodetector is selected
on the phase pattern.

RMS value is measured with an oscilloscope. The excess RMS value with dark cur-
rent is found via the equation[zl_g]as 9.8%, 12.63%, 16%, 15.52% and 16% for 20736
superpixels, 5184 superpixels, 2304 superpixels, 1296 superpixels and 829 superpix-
els, respectively. In addition to the calculations, via equation 9] the excess RMS
value is calculated without dark current as 8.72%, 11%, 14%, 13.86% and 14% for
20736 superpixels, 5184 superpixels, 2304 superpixels, 1296 superpixels and 829 su-

perpixels, respectively.

Number of Superpixels Excess RMS Value with Dark (%) Excess RMS Value without Dark (%)

20736 9.8 8.72
5184 12.63 11
2304 16 14
1296 15.52 13.86

829 16 14

Table 4.5: The calculated excess RMS value of InGaAs photodetector for five differ-

ent number of superpixels.
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CHAPTER 5

CONCLUSION

In this study, we create a phase pattern on the surface of SLM in order to increase
the performance of GaAs solar cell and Si/InGaAs photodetectors. The broadband
light source is concentrated on the solar cell and photodiodes. As a result, we obtain
the current, power and RMS voltage values measured from GaAs solar cell and Si/In-
GaAs photodetectors, respectively. We obtain an excess current up to ~ 20% from
GaAs solar cell, an excess RMS voltage value up to ~ 12% from Si photodetector
and an excess RMS voltage value up to ~ 16% from InGaAs photodetector. Open
circuit voltage increase for GaAs solar cell is measured as ~ 5 mV which indicates
that the concentration is achieved successfully on the solar cell.

Instead of conventional calculation and fabrication methods to obtain a DOE, we ex-
perimentally emulate a DOE via the SLM. In this way, the fabrication errors which
cause a difference in the calculated results and experimental results are eliminated.
Additionally, the phase pattern obtained on the surface of the SLM can be trans-
formed into a physical DOE by converting encoded gray values on the SLM to the
corresponding height values. Having an effortless fabrication process and compact
size make the large-scale production to enhance the performance of solar cells attain-
able for the future of harvesting the solar energy. Our method can also be utilized
for enhancing the efficiency of quantum sources and for increasing detection rates by

spatial and spectral control of the excitation or emission signals.
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