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Abstract

Investigation of renewable energy resources is gaining huge momentum in recent years
due to the limited fossil fuels, and their detriment impact on the environment. Solar energy is
promising to meet the increased energy demand. In order to achieve this goal, solar energy has
to be harvested efficiently at low cost. Therefore, higher efficiency solar cells are the primary
focus of research worldwide. Photovoltaics based on InAs/GaAs intermediate band solar cells
and their device performance enhancements are investigated in this dissertation. The device
enhancement is carried out by surface modification methods. The dissertation work is inspired
by the need of improved efficiency solar cells to meet the new energy demands. In this project,
InAs/GaAs intermediate band solar cell and their device performance enhancement are
investigated. The device enhancement is carried out though implementing surface modification
by using plasmonic effect, anti-reflection coatings and self-cleaning surfaces. Single junction
and quantum dots solar cells performance has been unsatisfying due to several optical losses
especially high surface reflection. Hence, in this project, potential application of plasmonic
effect and significant device performance enhancement implementing anti-reflection coating are
studied experimentally. Significantly, GaAs based photovoltaics solar cells efficiencies were
improved by 40 — 50 %. In addition, self-cleaning surfaces with contact angle above 156° has
been achieved. This self-cleaning surface can ensure proper functionality of the anti-reflection

coatings.
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I. Introduction

The increased demand on energy usage worldwide, with the increased fossil fuels prices
and their negative impact on the environment has inspired many researchers to improve on the
solar energy harvesting methods [1]-[4]. The increased interest on solar energy harvesting has
promoted more intensive research on both the device structure level and on the devices surface
modification [5][6]-[8][9]-[11]. On the device level several structures were investigated and
produced such as single junction solar cells [12], intermediate band solar cells and multi-junction
solar cells [10], [11], [13]-[16]. Between these different structures intermediate band solar cells
implementing quantum dots to the device structure is promising to achieve efficiencies as high as
63 % [16]-[20]. One of the main advantages of using quantum dots solar cells is the ability to
achieve bandgap tuning that ranges between the bandgap of the host material (i.e: Eggaas = 1.42
eV) and the bandgap of the quantum dots material (i.e: Egpas = 1.42 eV) [15], [16], [20]. The
ability to band tune the solar cell structure allows extending the solar cell spectral response
beyond the host materials bandgap, allowing it to absorb lower energy photons, so the solar cell

can reach higher efficiency [1], [21].

On the other hand, being able to grow materials at the nanoscale has introduced new
perspectives to enhance the solar cells capacity to absorb light. For example, by using plasmonic
nanoparticles [22], anti-reflection coating [23]—[25], surface nanotexturing [26], or any other
nanoscale surface modification technique the light reflection is suppressed from around 35 % for
materials such as GaAs and Si to less than 0.5 % [27]-[30]. Coupling metallic nanoparticles to
the solar cell surface can generate surface Plasmon when stimulated by incident light. This
effect is promising to enhance the cell light absorption leading to higher cell efficiency [31]-

[33]. Additionally, The capability to control the abrupt change of the refractive index between

1



air and the solar cell surface by using different materials with refractive indices lies between the
two main values (nguas = 3.6 and n,;, = 1) can allow the reflection to be reduced to minimal
values [7], [23], [24]. With refractive index tuning the solar cell structure will be able to absorb

more photons due to reflection reduction, achieving higher efficiencies.

The focus of this dissertation is to investigate GaAs based photovoltaic devices
enhancement. Two approaches are used; the first approach is to introduce InAs/AlGaAs quantum
structures to the solar cell device that allows photon absorption at the near infrared region. The
second approach is to modify the surface of the solar cell device to achieve low surface

reflection.

In chapter 1, operation principle of photovoltaics, review of quantum dots solar cells,
plasmonic effect, anti-reflection, and hydrophobic surfaces were discussed. Chapter 2 discusses
the solar cells fabrication process and characterizations tools used. Chapter 3 explains the
equipment and tools used throughout the dissertation work. Chapter 4 analyses the
characteristics and the performance of the InAs quantum dots solar cells. Chapter 5 explains the
plasmonic effect on the quantum dots solar cells. In Chapter 6, the anti-reflection coatings effect
on the photovoltaic devices performance. Chapter 7 expresses the anti-reflection/hydrophobic
dual surface coatings. Finally, in chapter 8, the research contribution, conclusion and future

research are presented.

A. Photovoltaics Principle of Operation
Photovoltaic devices are transducers used to convert the solar energy into electricity
through the photovoltaic effect [34], [35]. For this effect to take place two main components

have to present. The first component is a material that can absorb large portion of the light within



the solar spectrum, in which the absorbed light can generate electron-hole pairs inside the
material. The second component is the ability to separate the electron-hole pair before
recombination process takes place [36]. Different materials and processes can combine these
components in order to have solar energy conversion [37]. Several semiconductors are widely
used to absorb the sun light and generate electron-hole pairs while maintaining charge separation
before recombination takes place [31]-[34]. Semiconductors such as Gallium Arnside (GaAs),
Cadmium Telluride (CdTe), organic polymers, and Silicon solar cells including Crystalline
Silicon, Multicrystalline Silicon, Amorphous Silicon and Mono Silicon solar cells are all used in
photovoltaic devices. Generally, there are three classifications of solar cells: homojunction p-n
diode, heterojunction p-n diode, and Schottky barrier solar cells [38]. Both homojunction and
heterojunction solar cells are most used nowadays for solar energy harvesting [39], [40]. In any
type of solar cell, the built in electric field will provide separation between the electrons and
holes, deriving the electrons to the n side and the holes to the p side of the solar cell [36], [41].
The simplest representation of pn junction solar cell is by using the ideal diode model. The ideal
diode model and the IV characteristics of both ideal solar cell and real solar cell are shown in

figure 1.1.

To represent the solar cell current-voltage (I-V) characteristics the ideal diode

representation can be used. The ideal diode current equation is [42]:

Izl{exp[q—]‘;j—l} (1-1)
n
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Figure 1.1. (a) Diode circuit (b) Current-Voltage characteristics of real solar cell compared to
ideal solar cell

where I, is the saturation current, V is the applied voltage, q is the electron charge, k is the
Boltzmann’s constant, T is the absolute temperature, and n is the ideality factor. When the
sunlight shine on the solar cell electron hole pairs will be generated, the generated pairs forms a
current (photocurrent), that is in reverse direction with the dark current, hence the diode equation

can be modified to include the photocurrent (Iy) [41], [42]:

I=1, —I{exp(q—l‘;j—l} (1-2)
n

From the solar cell I-V characteristics, three important parameters can be extracted:

1. The open circuit voltage (V,.): The maximum voltage can be generated at zero current.
2. The short circuit current (I;.): The maximum obtained output current at zero voltage.

3. Maximum output power (P,,): The highest output power can be obtained from the solar

cell under illumination.



For an ideal solar cell, the maximum output power will be equal to 100 %, which will
require the solar cell to operate at the short circuit current, and the open circuit voltage at the
same time [16], [41], [42]. This condition cannot be satisfied in practical solar cells; henceforth
the maximum output power will always be less than 100 %. Additionally, from the solar cell I-V
characteristics curve, more valuable information can be obtained such as the Filling Factor (FF)
and the power conversion efficiency (77 ), which are measure of the solar cell quality and
performance. The values of both the filling factor and the power conversion efficiency can be

written as the following [42]:

V. I

FF = Vm[m (1-3)
P v,I
7= %100% =~ % 100% (1-4)

where P;,, is the solar cell input power, which equals to 135.5 mW/cm? just above the surface of

earth.

Both the filling factor and power conversion efficiency give important information about
the cell. The filling factor is related to the solar cell quality in terms of junction quality and
parasitic resistance. The closer filling factor to unity is the better solar cell. Likewise, the power
conversion efficiency is the ratio between the output power to the input power. The ideal power
conversion efficiency will be 100 %, but a practical solar cell will have less than 100 % value.
Since the solar cell efficiency relies on the sunlight (input power) the solar cell needs to absorb

the maximum amount of photons in its spectral range [43], [44]. Thus, any incident photons



with energy less than the solar cell bandgap will not get absorbed in the cell materials, so it
cannot generate any electron-hole pairs. Moreover, the cell surface will reflect portion of the
incident light, eliminating another part of the sun energy to be wasted without being absorbed via

the cell [12], [45]-[47].

Gallium Arnside and Indium Arsenide Quantum Dots Solar Cells

Gallium Arsenide solar cells gained importance as photovoltaic devices since they can be
grown as thin films, their wide spectral range, high photon absorption, low surface
recombination, low series resistance, higher mobility and longer minority carriers life time and
diffusion lengths [48], [49]. These characteristics made GaAs single junction solar cells to
reserve the world record as the highest single junction solar cell efficiency of about 28 %,
compared to Si solar cells single junction solar cells highest reported efficiency of about 25 %
[38]. Moreover, GaAs has high absorption coefficient making it an excellent choice to be grown
as thin films solar cells, as around 95 % of the incident photons can be absorbed in very thin
layer as low as 3um length [49], [50]. For GaAs the calculated theoretical efficiency can be on

the order of 39 %, yet this efficiency is not achieved [11], [30], [41], [43].

On the other hand, the device structure of GaAs solar can be altered by introducing other
material to it such as InAs. The introduction of InAs to the structure of GaAs allows bandgap
tuning due to the lower bandgap of InAs (~ 0.38 eV) and GaAs bandgap (~ 1.42 eV) [9]. This
can be achieved by growing quantum structures (quantum dots in the in InAs case), allowing
high quantum confinement in these structures, hence the ability to reach higher efficiencies
compared with only p-n junction solar cell [10], [11], [17], [18], [20], [42]. Indium Arsenide

quantum dots solar cells are one type of intermediate band solar cells. These solar cells have the



ability to extend the spectral response of the host semiconductor material bellow the bandgap,
allowing the solar cell to absorb photons with energies bellow the bandgap of the host materials.
Therefore, achieving higher efficiencies. This is possible due to the quantized energy levels that
the quantum dots add to the structure, making it able to absorb lower energy photons [9], [16],

[42].

The theoretical limit of intermediate band solar cells can be as high as 63 % as reported
by A. Marti and A. Luque in their theoretical calculations for this type of solar cells [16], [17].
In spite of the expected high efficiency for intermediate band solar cells, there are several
drawbacks of using them, limiting these solar cells from achieving high efficiency [9]-[11], [14].
The light absorption of quantum dots is very low due to their small size, so several layers with
different sizes have to be grown to enhance the light absorption. Using different layers of
quantum dots can cause high strain between the different grown layers due to the lattice
mismatch between them and the host material, making the InAs quantum dots solar cells fail to

reach the expected high efficiency[14], [15], [19], [20].

Although GaAs single junction and InAs quantum dots solar cells have promising
theoretical efficiencies, they suffer from several losses reducing their capacity to reach high
performance and to be used in mass production, some of these limitations are [7], [12], [30],

[S1]-[53]:

1. Optical losses. The optical losses are one of the most type of loses that affect the solar
cell performance. Some of these losses are: photons reflection from the solar cell surface,
low energy photons that falls below the cell bandgap, radiative recombination, and light

absorption from inactive layers and metal contacts.



2. Lattice Thermal losses. Thermal loses include non-radiative combination of generated
electron hole pairs in defects, junction losses, and relaxation of the electron hole pairs to
their bands before being collected.

3. Electrical loses. Electrical loses include contact loses, front and back surface

recombination, and solar cell internal resistance.

Between the different types of losses; solar cell reflection loses can be considered the
most important one. For example, GaAs solar cell surface can reflect as much as 35 % of the
indicant light due to the high GaAs refractive index (~ 3.6) [30], [52]. Solving the light
reflection problem is under intensive research worldwide in order to lower the reflection to
values below 1 %, which leads to high improvement on the solar cell performance. Some of the
methods used are anti-reflection coatings [12], [45], [47], [54], [55], surface Plasmon [22][56]—

[59], and nanotexturing [26].

B. Plasmonic Effect

Current solar cells materials and technologies still suffer from absorbing the photons at
the materials bandgap leading to lower cell efficiency. This is limiting solar cells from reaching
their optimum performance to meet the new energy demands. Therefore, new techniques and
materials must be developed to help solar cells gain productivity. For this purpose light trapping
though plasmonic effect is gaining more attention [60]. This phenomena was first explained by
Rufus Ritchie in 1959, where it was reported a loss of electron in thin film materials, that was a
hint about Plasmon mods can be produced in a metal surface [61]. A demonstration of surface
collective excitations and the quanta of surface waves was then followed by Powell and Swan in

their work investigating electron energy losses in both Aluminum and Magnesium [62], [63].



For Plasmon, generally it is classified as bulk Plasmon, surface Plasmon and localized surface

Plasmon.

Bulk Plasmon can be explained as collective oscillations of free electrons, where the
electrons are unbound, and they oscillate with respect to applied electromagnetic field. The

frequency of the electrons oscillation are represented as [64], [65]:

2
ne

w, = (1-5)
£,m

where n is the electron density, e is the electron charge and &, is the electric permittivity.

According to Maier, the dielectric function of the free electron gas can be written as [64]:

2

elw)=1-——"— (1-6)
w +iyw

from which the relationship can be written for frequency approaching plasma frequency

(w>>7y)as:

elw)=1-—L (1-7)
From this relationship, for a traveling transverse electromagnetic field the dispersion
relationship can be obtained as in Drude model as:
o’ =w, -K’c’ (1-8)

Taking the case where @= @, then both K ,c¢ are zero. Hence, at the frequency equals

the plasma frequency, the bulk Plasmon will correspond to a collective oscillation along the
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longitudinal direction of the free electrons. With a manner similar to bulk Plasmon, the surface
Plasmon polartion (SPP) can be explained as the electrons oscillations restrained at a metal-
insulator interface. To represent the SPPs with mathematical equation, first assume the z-plan
has no spatial variations, and the y direction is a function of € = £(z), then the wave function can
be written as:

aE(z)
97>

+(k2e-p*)E (1-9)

where k, =— which is the wavenumber of electromagnetic field in vacuum and fis the wave
c

vector in the direction of plasma propagation. By the application of Maxwell’s equation the

wave function can be written as:

M) (2= p2)H . =0

0z (1-10)

from which the propagation wave vector at the interface can be written as

ﬁ=k0,/—g€f2 (1-11)
1 2

where &, 1s the metal permittivity and &, is dielectric permittivity. The frequency of the SPPs

approaches the Plasmon frequency at high values and can be written as:

0, =—2 (1-12)
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On the other hand, the localized surface plasmin (LSP) can occur in metallic
nanoparticles as a non-propagating electron oscillation. In metallic nanoparticles the excitation
wavelength is smaller than regular bulk materials case. Thus the oscillation can be assumed as
harmonic and constant. With this assumption, the quasi-static approximation can be used to
determine the electromagnetic wave. To get the mathematical representation, the plasmonic

nanoparticles can be assumed to have spherical shape with radius a , as shown in figure (1.2).

Eg =

N\ A

£ &(w)

Figure 1.2. Schematic of spherical shape metallic nanoparticle with radius equals a

The dielectric constant of the medium around the nanoparticles will be £, and for the
nanoparticle itself is £,. With a uniform electric field (E, = E &) the nanoparticle can be found

in, the interaction can be found by solving the Laplace equation for electric potential:
V=0 (1-13)
Both in and out potentials of the nanoparticle can have general solutions as [66], [67]:

3
@, (10)=——" [ rcosd (1-14)
£+2e,
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¢our(r’0):_q)EorCOSQ+ m ang Coie
£+2¢, r

(1-15)

where @, and ®_  are the potentials inside and outside the nanoparticles, respectively. With

out
assuming the nanoparticle as an ideal dipole under the quasi-static conditions, the electric fields

can be written as [64]:

Bn= 20 (1-16)
e+2¢, °

Eou = E, + 222 =P (1-17)
dre, €, 1

and polarization (@ ) of the metallic nanoparticles can be written as [64]:

E—-&
a=—L g £ (1-18)
€ E, £+2¢,

o~ m

From these equations it can be noted that when |€ + 2€m| minimum, all of the fields and
the polarization are will be at maximum values. From this, the resonance condition Re[ &(@)] =
2 &, relates to both the internal and the dipolar fields, which has field enhancement at the

resonance, making metallic nanoparticles a best choice for several optoelectronic and optical

applications [64].

C. Anti-Reflection Coating
One of the major optical loses the solar cell device suffers from is the reflection of
incident photons from the device surface [45], [54]. This problem is responsible about lowering

the cell photocurrent generation, leading to lower power conversion efficiency. Different
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techniques are being under study to investigate their effect on lowering the photon reflection.
For example using InAs quantum dots or mutli-junction solar cells can enhance the photon
absorption at different photon energies. While these methods can lead to reasonable power
conversion improvement, they do not offer the best solution for the reflection issues. In order to
better reduce the reflection to values close to zero (achieving destructive interference) a smooth
change of the refractive index between air and the solar cell material refractive index must occur
[27]-[30]. As a result choosing anti-reflection coating (ARC) as the solution for the reflection
problem is the most suitable choice. This can be achieved by coating the cell surface with thin
dielectric materials of suitable refractive index to reach that point of smooth refractive index
change. This method can be implemented by using one single coating in which the material to

be used should have a refractive index value as described in the equation below [68]:
nARC = nGaAsnmhstrate (1_]‘9)
where n,;, the refractive index of air which is equals to one, and ngypsrate 1 the solar cell substrate

refractive index, in this case is the refractive index of GaAs (~ 3.6). A schematic showing the

light reflection of a solar cell surface is shown in figure 1.3.

Reflected light
) ~35%

Incident
light 0

Absorbed
light

Figure 1.3. Schematic showing light reflection from solar cell surface
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Two main parameters are involved in the ARC process. The first parameter is the
selection of the refractive index as mentioned above. Here, to keep in mind that if the ARC
consist of more than one material in different layers, then the top layer should have lower
refractive index than the materials bellow it, this has to be maintained to insure smooth change of
refractive index between n = 1 for air and n = 3.6 as in GaAs substrate [23]. The second
parameter in the ARC design is the thickness of each layer. For GaAs solar cells, the main
spectral range falls between 400 nm to 800 nm. Thus, the total thickness of the ARC layers
should stay equal or less than one forth the wavelength of interest according to the following

equation [68]:

d_/1

= in, (1-20)
Single coating and multi ARC have been used for different solar cells [23], [69]. For
example the blue color found on Si solar cells is related to the SiN ARC layer deposited on Si by
using plasma enhanced chemical vapor deposition [70]. Schematic showing the bilayer ARC
method is shown in figure 1.4. Also, different coatings have been reported to be used on GaAs
such as using ZrO,/Al,0; bilayer and TiO nanocolumns single layer coating[12], [54]. Quite a
few methods are used to deposit ARC on solar cells; some of these methods are sputter
deposition of oxides, chemical vapor deposition, sol-gel, chemical hydrothermal growth and

many other methods. This project focuses on using sol-gel based oxides and hydrothermal

growth of oxide nanostructures.
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Second layer ARC

First layer ARC

\

Solar cell

Figure 1.4. Bilayer anti-refection coating schematic

D. Hydrophobic Surface Modification

Hydrophobic surface or self-cleaning surface is a surface that has water (or liquids)
repellency properties [71], [72]. This kind of surface can be obtained by reducing the surface
tension energy from high surface tension to low surface tension [5], [72], [73]. The result from
this transformation is surface with non-sticking feature. Water resistant surfaces have gained
wide attention between research groups due to large number of applications. For example, this
surface is highly desired in vehicles windshields, in order to repel the water from their surface
and get good vision back as quickly as possible. This type of surface feature is highly desirable
in photovoltaics applications as they can eliminate the need of glass packaging and also to keep
the solar cell panels clean specially in remote places to maintain high light transmission[72],
[74]-[76]. Thus far finding a surface with superhydrophobic characteristics and having excellent

light transmission properties has been a challenge in the photovoltaic field.

There are three cases a water droplet can face when touching a solid surface. The first

case is that the water droplet spreads over the surface and fills all air gaps that can be found on
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the surface, or what is called hydrophilic surface. The second case is that the water droplet
forms a spherical shape that somehow sticks to the surface and does not allow the water droplet
to roll away. This case when the surface is on the limit between hydrophilic and hydrophobic
(Wenzel state) [77]. The third case is when the water droplet forms a sphere that rolls away and
does not stick to the solid surface. This last case is the hydrophobic surface (Cassie-Baxter case)
[77]. A schematic showing interfacial tensions faced by a water droplet on a solid surface is
shown in figure 1.5. The most important parameter that defines these stats is the liquid-solid
contact angle. The higher the contact angle is the more hydrophobic and less hydrophilic

surface. The contact angle was first defined in 1805 by Thomas Young as the following [78]:
Ys¢ = Vst T V16 €080, (1-21)

where ¥,., ¥, and ¥, are the interfacial tension between solid-gas, solid-liquid, and

liquid-gas, respectively. The contact angle measurement 8, is the parameter used to define the

droplet state and can be measured with contact angle goniometer.

67SG_ _ \ ;;S'L

Figure 1.5. Interfacial tension forces a water droplet faces when in contact with a solid surface
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The state transfer between hydrophilic to hydrophobic or change from Wenzel state to
Cassie-Baxter state happens is when a water droplet does not fill the air gaps in a micro-
structured surface [72], [77]. The water droplet in this case has to maintain its shape and can

repel itself from the surface easily.
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IL. Research Methodology

A. Introduction

In this study, Gallium Arsenide based solar cells and their device performance
enhancement by using surface modification are investigated. The solar cell fabrication and the
surface modification materials growth will be discussed. The solar cells wafers growth has been
done using Molecular Beam Epitaxy, and is expressed in section B. The solar cell device
fabrication has been using standard industrial photolithography, and discussed in section C
Chemical growth methods have been followed to grow the surface modification materials and
expressed in section D. Moreover, the characterization tools used in this project are also

discussed in this chapter in section E.
B. Epitaxial Growth of GaAs Wafers and Quantum Dots

Molecular Beam Epitaxy (MBE) is an advanced growth tool that is used in high quality
semiconductors wafers. The ability of the MBE tool to reach ultra-high vacuum (107" torr)
allows particle free environment needed for high quality growth. In general, the sources are
introduced to the chamber through heated effusion cells. When the materials provided get heated
they evaporate into the chamber, and when in contact with the wafer substrate they stick to it
making layers stacked on top of each other. By using MBE a controllable 1-2
monolayers/second can be achieved, so the deposition process and each layer thickness can be
highly controlled. Usually several in-situ characterization tools are integrated with the MBE tool
allowing high quality control during the growth process. In this study, both GaAs p-n junction
reference wafers, and InAs quantum dots in InGaAs quantum well wafers were grown by using

MBE technique implementing Stranski-Krastanov method.
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Three different methods are mainly used in epitaxial growth. These methods are
Stranski-Krastanov (SK), Frank-Van de Merwe (layer mode) and Volmer-Weber methods
(island mode). The SK method is a combination between the other two methods which are
island mode and layer mode, and this method was used to grow the quantum structures used in
this project wafers. In these wafers a wetting layer consisted of 2-3 monolayers of InAs are
grown on GaAs buffer layer. Three dimensional islands were grown over the film in order to
release some of the strain that occur between GaAs and InAs due to lattice mismatch. The
formation of these three dimensional island forms the InAs quantum dots, where each island may
form different size of quantum dots than the other islands. The size and density of the quantum

dots can be controlled by changing the MBE growth conditions.

In this project, the GaAs solar cell structures were grown by using MBE on GaAs (100)
epi-ready wafers. The structures were grown on an n-type substrate doped with [Si] =2 x 10"®
cm™. The p-type side of the GaAs was doped with [Be] =5 x 10'® cm™. A 100 nm n-type
AlpgsGag 1sAs barrier was inserted in the buffer layer, and 100 nm p-type Aly15GagssAs barrier
was inserted in the cap layer. These AlGaAs barriers are introduced as fence barriers to reduce
the charge trapping effect. For the quantum dots in quantum well growth, ten periods of 2ML/35
nm InAs quantum dots/5 nm of InyGa; xAs quantum well/35nm and GaAs as a barrier, where X is
the Indium mole fraction, and was changed between 0 — 25 %. A schematic representing the

general device structure is shown in Figure 2.1
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Figure 2.1. (a) Solar Cell Schematic. (b) Solar Cell device structure.

C. Solar Cells Device Fabrication

The solar cells fabrication is done in class 100 clean room, by using established industrial
standard photolithography procedures. The solar cell fabrication uses a 3 X 3 mm mesa. The

detailed procedure is explained in the following steps:

1. Sample Cleaning: The sample cleaning follows dicing the MBE grown wafers into
smaller parts. Usually each sample can form 6 — 8 devices, with each device formed
from 3 X 3 mm mesa. The cleaning process is done by soaking the samples into Acetone
followed by Methanol then Isopropyl Alcohols for three minutes in each solvent. These

solvents can ensure removal of the organic contamination from the sample surface.
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2. Photolithography. In this step a two mask process is followed. First positive photoresist
AZ® P4330 is spin coated on the sample at 3000 rpm for 60 seconds, and then the
sample is baked at 110 °C to ensure uniform photoresist film. After baking a pattern
from a photomask is transferred to the photoresist using UV light station and developed
using AZ® 400K. The samples then etched using GaAs etchant that contains
H,0,:H3PO4:H,0 with concentration 3:1:100. This chemical etcher gives around 100 nm
per minute rate, so the samples can be immersed for calculated times depending on the
required thickness. After etching the sample is washed with DI water in order to stop the
etchant effect, then cleaned with Acetone to remove the excess photoresist in order to
check the etched thickness by using a Taylor Hobson 3D optical profiler. The second
step is to pattern the formed mesas by using a second mask to transform the metal contact
shapes. Just before coating the sample with photoresist for the second step, the sample is
cleaned with solvents again then immersed in 6 % HCL solution to make sure any surface
oxides are removed before metallization.

3. Metallization. The metal contact for both the n-type and p-type contacts are grown using
Angstrom Nexdep electron beam evaporator. Before deposition the electron beam
chamber is pumped down to 2x107 torr vacuum level. The n-type metal contact is
formed using AuGe/Ni/Au 75/30/100 nm, respectively. The p-type metal contact is
formed using Au/Zn/Au 30/30/100 nm, respectively. Throughout the deposition process
the substrate temperature was held at 100 °C in the e-beam chamber to allow diffusion of
the metals into the device surface to have high quality Ohmic contact. The metals
deposition rate was varied between 1 — 2 Angstroms per second. Then, after the

metallization of the top contact is finished a left off step is performed in order to remove
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the excess materials from the top surface. A schematic showing the fabrication process is

shown in figure 2.2.

30300 o UV light Au/Zn/Au
Photoresist g
? M/ # Sample
AuGe/Ni/Au Lift-off
Metallization
Spin Exposer
coating and

Developing

Figure 2.2. Fabrication Process schematic

D. Plasmonic Nanoparticles Growth

Two different methods were followed to grow the plasmonic nanoparticles. In the first
method colloidal chemical growth was used [79], [80]. The second method was using e-beam

deposition of both Ag and Au.

Plasmonic Nanoparticles Synthesis by Colloidal Growth

1. Silver Nanoparticles Colloidal Growth

To synthesize Ag colloidal nanoparticles Silver Nitrate was used as a precursor. First a
15 mL of 30 mM AgNO; was prepared with Toluene. The solution was set at an ice cold
temperature while stirring at 400 rpm. Meantime, a 0.4 M Sodium Bromide 8 ml solution was
prepared in Toluene also. The addition of NaBH, to the Toluene was very slowly whole at low
temperature and stirring, not to oxidize the Sodium Bromide. Both Solutions were pre mixed for
30 minutes, and then the NaBH,4 was added to the AgNOs; solution slowly while keeping the
same conditions. The total mixture is stirred for two hours, it is mentioned that the solution color

turns to green color. After stirring finished the solution was set to rest to separate the organic
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phase from it. After organic phase separation the solution was washed several times with DI

water.

2. Gold Nanoparticles Colloidal Growth

The synthesis of the Au was carried out in the same manner as the synthesis of Ag
nanoparticles, except that the medium was DI water rather than Toluene. In this process a
0.7074 g of Au (III) chloride was dissolved in 60 ml DI water, and set to stir at room temperature
at 400 rpm. Meanwhile, another solution was prepared in 160 ml Toluene containing 7.374
Tetraoctyl Ammonium Bromide (TOAB), this solution is premixed for 30 minutes at 400 rpm as
well, and cooled down to ice cold temperature. Both solutions were then mixed together and
stirred for another 30 minutes. A third solution contains 0.72 NaBH4 in 50 ml of ice cold DI
water was prepared. The Sodium Bromide solution was then added to the first mixture slowly
and kept stirring at ice cold temperature for 20 minutes. With time the total mixture started to
get red in color, which is where the gold (III) transfers to nanoparticles gold (0). Similar to the
Ag nanoparticles synthesis, the solution was set to rest to separate the organic phase, followed by

washing with DI water several times.

Plasmonic Nanoparticles Growth by E-beam Deposition

Electron beam deposition of metallic nanoparticles was carried out to deposit both Au
and Ag nanoparticles. In this process Angstrom NexDep e-beam was used. This system can
reach deposition rates as low as 0.25 A° per second. The deposited layers had total thicknesses
between 0.5 nm to 2 nm. The deposition was completed at room temperature, after reaching 2 x
107 torr. Since the both the deposition rate and the deposited thicknesses were very low, high

vacuum level was required to have good control over the deposition process. Glass and GaAs
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were used as the deposition substrates. The glass substrate was needed to study the metallic
nanoparticles absorption spectra. While the GaAs substrate was used to study the plasmonic
effect on GaAs transmission. Post annealing is followed for all samples at varied temperatures to
study the effect of annealing on the plasmonic nanoparticles. Further discussion about the results

obtained is in the following chapters.

E. Growth of Anti-Reflection Coatings Compounds

Several methods have been used to synthesize ARC materials. The focus of this project
is on the sol-gel method. The sol-gel approach is preferred over others due to the lower cost,
ease of process, low toxic materials, and the ability to optimize the method to obtain higher
quality sol-gels [27], [29]. In this method, metal alkoxides or inorganic slats are used as
precursors. Condensation and hydrolysis reactions occur on the precursor mixed with a catalyst
inside a solvent medium. For example Zinc Oxide sol gel can be synthesized as follows [81],
[82]: First a 0.5 molar of zinc acetate in 2-methaexethanol is prepared by dissolving 0.010975
gm zinc acetate in 10 mL 2-methaexethanol. The mixture is set to stir at 400 rpm at 65 °C for
one hour (milky white solution is observed). Then Monoethanolamine is added to the solution
maintaining same molarity, while keeping the mixture on same condition for another hour. The
addition of Monoethanolamine is used to stabilize the ZnO solution and to enhance the
solvability of all the Zinc Acetate in the solvent, after this step the solution turns into clear
transparent solution. The solution then transferred to sonication system and kept there at 65 °C
under sonication for 90 minutes. After sonication the solution is aged foe 24 hours before use.
In this project several sol-gels have been prepared and investigated such as ZnO, TiO,, SiO,, and

ZnS. Additionally, MgF, has been investigated but by using ebeam deposition for it.
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Hydrothermal Growth of ZnO Nanostructures

The ability to synthesis oxide based materials in nanoscale has several advantages over
using bulk film coatings. For example ZnO can be grown as nanowires and nanocrystals, TiO,
can be synthesized as nanocolumns and SiO, can be grown as nanoparticles in different sizes.
All of these possibilities give the ability to tune the change in refractive index using only one
type of materials such as using ZnO nanoneedles [83]. Another approach can be done by using
two different types of nanoshapes such as using ZnO or TiO, nanorods and decorating their top
with SiO, nanoparticles. Moreover, the increase of surface roughness by suing these
nanostructures will allow the modified surface to be treated for hydrophobicity compared to only
film coating or no coating situations, by using fatty acids [84], [85]. The results and discussion

of superhydrophobicity are expressed in later sections.

Hydrothermal growth method is used in this study to grow ZnO nanoneedles on top of
the solar cells [86]—[90]. In this method, the solar cell first is coated with a thin layer of ZnO
sol-gel acting as a seed layer to start the growth process. The growth solution is prepaid by
preparing 0.025 molar Zinc Nitrate solution, and 0.025 molar HTMA solution both in DI water.
The two solutions were premixed to dissolve all salts particles in the DI water. Then the two
solutions are mixed together and stirred for 90 minutes. In order to obtain nanoneedles shape the
pH of the mixture is raised up to 10 by using ammonium hydroxide. After the mixing step the
coated solar cells are then immersed in the solution and placed in a closed oven at 90 °C for 3
hours until the growth process is finished. Figure 2.3 shows the flowchart of the hydrothermal

growth process.
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Figure 2.3. (a) Flow chart of ZnO nanorods growth. (b) Change of color of ZnO nanorods
growth solution after growth process completed ‘“Photo by Yahia Makableh”.

F. Hydrophobic Surface Treatment

One of the main challenges solar cells face beside the reflection problem is blocking part
of the incident light to it that could be due to accumulated dust and dirt on top of the solar cell.
In order to maintain clean surface that passes all the incoming light a superhydrophobic surface
has been introduced to the solar cells. Hydrophobicity or self-cleaning is the ability of a surface
to repel water from it. During the water repellency process a high chance of all surface
contaminants to be cleaned is possible. In general there are three cases of water contact angle
relative to the surface that defines weather the surface is hydrophilic, hydrophobic or

superhydrophobic [5], [72], [73].

In this project superhydrophobicity has been achieved by treating the surface of ZnO
nanoneedles with fatty acid called Stearic Acid. This acid has the longest carbon chains among
all other types of acids, and is not toxic as it is obtained from animal’s fat [91]. The fact that this

acid has long carbon chains; it is able to form few monolayers on top of the nanorods. These
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layers have wax like properties, which transfer the surface energy from highly surface tension to
low surface tension. It is important in mind that this method of getting superhydrophobic surface
requires to have high surface roughness first. In the scope of this dissertation the surface

roughness was obtained through the ZnO nanostructures grown on the solar cell surface.

The procedure in which the ZnO nanostructures treated for hydrophobicity is done by
immersing the solar cell with the ZnO nanoneedles on top of it in a 20 mM Stearic Acid solution
in Ethanol. The sample kept in this solution for 24 hours, followed by annealing in closed
furnace at 100 °C for three hours. The sample then left in open air in a dust free environment for
another 24 hours. After the last step the surface has shown superhydrophobic properties by

repelling water droplets directed to it.
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III.  Device and Materials Characterization Techniques

Several characterization techniques were used throughout the course of this project.
These techniques were used to characterize both the device performance and the grown materials

quality and properties.

A. Device Characterization Techniques

Current-Voltage Characteristics

The Current-Voltage (IV) measurements can be considered one of the most important
measurements that can present the device performance. Important factors such as power
conversion efficiency, filling factor, open circuit voltage and short circuit current can be
extracted from this measurement. The IV characteristics of the fabricated solar cells were
obtained by using Keithley SCS 4200 characterizer in conjunction with AM1.5 solar simulator.
This characterization system consists of a source measuring unit that can bias the solar cell and
measure simultaneously. The bias is done through a voltage sweep between two limits that user
can define, and depends on the solar cell bandgap. While sweeping voltage the system is capable
of measuring the solar cell current. The used systems is shown in figure 3.1 (a), and figure 3.1
(b) shows the gold wire bonder that is used to wire the solar cells on device holders. The solar
cells were characterized between -1.2 V — 1.2 V limits, which is higher than the highest value of

open circuit voltage (~ 1V) obtained for the reference solar cell.
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Figure 3.1. (a) Keithley SCS 4200 characterizer and the 1.5M solar simulator. (b)
Gold wire bonder. “Photo by Yahia Makableh”

Spectral Response Characterization

The spectral response of a solar cell can be explained as the response of a solar cell to an
absorbed photon at a certain wavelength and the ability to generate an electron due to photon
absorption. Hence, the spectral response is related to the short circuit current generated with
respect to the input power from the incident photon. Since the solar cell cannot absorb any
photons below its bandgap, the spectral response of any solar cell will drop to zero at that point.
In this project, Bruker 125HR FTIR spectrometer, integrated with a Keithley 428 current
preamplifier was used. This system is capable of measuring absorption and emission spectra.

In general, the system has a Michelson Interferometer, a wide range light sources and a
light detector. The used Interferometer has a beam splitter, with two mirrors one fixed and one
can move. When the movable mirrors change position the output of the system change with it,
which is transferred into a spatial coordinate by using signal Fourier transform. The change in
position of the movable mirror is detected by using a HeNe laser. The light is generated by a
quartz halogen source and a quartz beam splitter with range of the quartz halogen source
between ranges: 5000 cm™ — 25000 cm™. Due to the presence of the beam splitter, no response

can be obtained bellow 500 nm range. A Janis Cryostat was used to hold the solar cells, and the
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system chamber pressure was held at ~10” Torr range. The measurements were performed at

room temperature. The Bruker 125H system is shown in figure 3.2.

Figure 3.2. Bruker 125HR FTIR spectrometer. “Photo by Yahia Makableh”

Quantum Efficiency

The quantum efficiency of a solar cell can explained as the ratio between the number of
generated electrons per the number of incident photons at certain wavelengths. The quantum
efficiency of an ideal solar cell should be 100 %, assuming that any incident photon will be able
to generate one electron. In fact, the ideal case cannot be achieved due to many factors involved
in the light-matter interactions. Some of these factors are low diffusion lengths, and front and
back surface recombination. Furthermore, the quantum efficiency of any solar cell will drop to
zero bellow the bandgap, as there will be no more photons able to generate any electrons after
this point. There are two types of quantum efficiency, external and internal quantum
efficiencies. The difference between both is that external quantum efficiency takes into place
optical losses surface reflection, while internal quantum efficiency is only ratio measure between
incident photons and generated electrons. Throughout this project the focus was on external

quantum efficiency (EQE).
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The system used to record the external quantum efficiency spectra of the solar cells is
Newport IQE 200. The system contains white light sources, passes through 30 Hz frequency
chopper then a monochromator. The system is equipped with a lock-in amplifier that only
allows the detection of signals at 30 Hz, in order to eliminate white light noise from outside
sources. Then a beam splitter split the light into two parts, the first part goes to a reference
detector and the other part goes normal to the solar cell surface. A second detector aligned to the
solar cell direction is used to detect the reflected light from the solar cell. From all these parts the
system can calculate the value of the external quantum efficiency as:

heS(A)

QE(A) =
Aq

(3-1)

where S(A) is the power spectral responsivity (nm/A). The Newport IQE 200 device is shown

in figure 3.3.

Figure 3.3. Newport IQE 200 quantum efficiency system. “Photo by Yahia Makableh”
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B. Materials Characterization Techniques

Ultraviolet-Visible-Near Infrared Spectroscopy

Through the process of growing the different anti-reflection coating compounds, and
applying them to devices two measurements were used. These two measurements are absorption
and transmission spectra. Both were done between 200 — 1600 nm. In the absorption spectra the
focus was on the liquid materials in order to check for any absorption peak that is linked to the
grown material bandgap. This test is very important in order to have first identification of the
material, and second to have a proof that the grown compound is what it should be. For
example, the bandgap of ZnO is around 3.3 eV, which can give an absorption peak around 375
nm. Therefore, if the synthesized ZnO sol-gel did not have an absorption peak at 375 nm, then
the compound did not transformed to ZnO and cannot be used in any further steps. On the other
hand, the transmission spectra were usually obtained for semi-insulating GaAs samples coated
with the anti-reflection coating material. This measurement gives information about the
enhancement in transmission (reflection reduction) after coating the GaAs with any ARC
material. Also, it is used to optimize for the spin coating speed of the ARC on GaAs in order to

get the speed that gives the highest possible transmission.

These two tests were done by using Carry500 UV-Vis-Nir spectrometer. In this system a
wide range light source is used. Light sources generates light that passes through the sample
under investigation, then the light will encounter one of three possibilities: Reflection from the
surface, absorption in the material or transmission through the sample. In Carry500 the incident

light intensity /_, and the transmitted light intensity / are detected by two different detectors,

which can generate absorbance of the sample with respect to the generated light. The absorbance
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A can be defined as the measure of light loss due to light scattering and light absorption when

passes through a medium, and can be explained in the flowing equation:

A=—logT=—loin (3-2)

o

where T is the intensity of the transmitted light. The Carry500 system is shown in figure 3.4.

0

Figure 3.4. Carry500 UV-Vis-Nir spectrometer. ‘“Photo by Yahia Makableh”

Raman spectroscopy

The second type of measurements that was used to identify the material formation and
quality is Raman spectroscopy. LabRam HR from Horiba equipped with 472 nm blue laser was
used in this project. Raman can be explained as the observation of the material atoms vibrational
modes. The atoms vibration is different from material to material, so each material can give
different Raman spectra than other materials. Raman spectra give a fingerprint about each
material; from which the new grown material spectra can be compared with theoretical or
published data for comparison. For the purpose of this project Raman spectra were obtained by

using Micro Raman for the coated samples with ARC materials. Since these ARC layers are less
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than 100 nm in depth, or contains nanostructures, Micro Raman served as a better Raman system
over regular Raman due to the fact the laser beam can be focused in small area that can detect
vibrations from nanostructures. A picture showing the Micro Raman system is presented in

figure 3.5.

Figure 3.5. HORIBA LabRam HR Micro Raman system. “Photo by Yahia Makableh”

Ellipsometry Spectroscopy

Ellipsometry spectroscopy is a measurement can be performed on optical coatings and
thin films to obtain different optical properties of the materials. From this measurement the
refractive index, thickness, surface roughness, and light reflection can be obtained. In this
measurement the dielectric function of the material can be found by using polarized light, which
can be used to obtain the other optical properties mentioned through different mathematical

models for the different materials. In this study a J. A Woolam VASE ellipsometer was used.
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X-ray Diffraction

The fourth materials characterization method used was X-ray diffraction. This method is
usually used as a nondestructive method to give materials signature such as Lattice spacing,
crystal orientation and structure. In X-ray diffraction measurement a high energy X-ray beam
incident to the crystal scatters elastically from the different crystal plans (Thompson scattering).
Therefore, the atoms will vibrate at frequency equals the X-ray frequency. Interference can
occur at the different scattered plans, which can be detected and recorded as shift from the
original incident wave, called diffraction pattern. The measured diffraction patterns can then be
analyzed to give certain materials characteristics such as the crystalline structure. As in Raman,
each different material will give different diffraction pattern that is unique signature for that
specific material crystalline structure. The ARC materials were measured by using Philips PW

3040 X’PERT MRD high resolution XRD machine.

Surface Morphology Microscopy

In order to obtain more information about how the surface of the ARC films looks like,
Scanning Electron Microscope (SEM) and the Atomic Force Microscope (AFM) are used. The
SEM system used is a FEI xT Nova NanoLab 200 and the AFM system is Veeco Dimension
3100. In SEM system a focused ion beam is focused by using an electromagnetic field towards
the surface of the sample under investigation. After the accelerated electrons hit the surface
some of them will be diffused into the material while other interact with the material atomic
electronic structure which them forms secondary electrons that are reflected from the surface.

These reflected secondary electrons then are detected and used to generate images showing the
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sample morphology. The SEM is used to test larger areas than AFM, in a faster manner with

high resolution.

Some nanostructures that can suffer from electrons charging effect on the surface, that
cannot be measured using SEM, are measured with AFM. The AFM is also used in high
resolution nanoscale topography imaging. Not like SEM which uses an electron beam, AFM
uses a probe that can come into contact with the surface to redraw the surface profile. This can
be done with the optical system the AFM equipped machine. Usually the probe is a cantilever
beam that oscillates and can come in contact with the surface. A laser beam is directed towards
the back side of the cantilever beam, and a 4-segmnet position sensitive photodiode is used to
detect the reflection of the laser from the cantilever beam. Different laser reflection will
correspond to different detection areas on the 4-segment photodiode. By using this mechanism

the AFM machine can obtain the surface morphology and display it on a screen.

Both SEM and AFM tools can be used alternatively and depends on the sample under
investigation. Usually SEM requires ultra-high vacuum compared with no vacuum requirements
for AFM. Also SEM can be faster way of measurement and can cover larger areas compared
with AFM, but SEM cannot be used with nonconductive samples that allows electron

accumulation on the surface which leads to no SEM beam stability then losing the image quality.
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IVv. Solar Cell Devices Characteristics

A. Introduction

Intermediate band solar cells have gained giant research attention lately. This is due to
their ability to generate higher short circuit currents, and their extended response beyond the host
material bandgap. The focus in this project is on InAs quantum dots solar cells embedded in
InyGa; xAs quantum wells with GaAs as host materials, where x represents the In mole fraction
and was varied between 0 — 25 %. The presence of the InAs quantum structures allows bandgap
tuning between the GaAs and InAs bandgaps, respectively. Also the spectral response of the

solar cells was extended to the near infrared region.
B. Solar Cells Device Structure

The solar cells structures were grown with MBE method. The host material is GaAs. In
these solar cells, ten periods of InAs quantum dots (each is 2ML) were grown with Snm In,Ga;.
xAs quantum well and 35 nm GaAs barrier, grown on an n-type GaAs substrate, with an n-type
buffer layer on top of it doped with [Si] =5 x 10" cm™. A back surface field layer was
embedded in the buffer layer as a 100 nm thick layer doped with [Si] =1 x 10" cm™. The
quantum dots were doped with [Si] = 2x10"’ cm™. The n-type doping of the quantum dots
enabled the quantum dots to have partially filled intermediate bands, which makes allows the
transition of carriers through the intermediate bands. The quantum structure was grown within
the depletion region of the GaAs pn junction. A p-type layer doped with [Be] =1 x 10" cm™
was used to cap the quantum structure. A window layers was embedded in the cap layer as 40
nm thick layer doped with [Be] =1 x 10" cm™. The purpose of the window layer is to reduce

the surface recombination by passivating the p-type GaAs surface states. Similar to this
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function, the n-type back surface field layer also passivates the junction interconnects to reduce

the back surface recombination,

C. Results and Discussions

Different structures with different In mole fraction (x) were grown. The groan wafers
had In mole fractions as the following: 0 %, 10 %, 15 %, and 25 %. Additionally, a pn junction
GaAs reference cell was also grown in the same manner discussed before, but without having
any quantum structures in the depletion region. Solar cells were fabricated from each wafer
following the procedure discussed in chapter 2. After fabrication each solar cell was then
characterized using IV measurements, external quantum efficiency (EQE), and spectral response

measurements. All device characterizations were done at room temperature.

Current Voltage Measurements

The IV characteristics were obtained for the different solar cells under illumination of 1-3
suns. The IV for all the solar in comparison with pn junction GaAs solar cells are plotted in
Figure 4.2. It has been seen from the IV of the quantum dots solar cells that the short circuit
current was increased compared with the reference cell. This increase in the short circuit current
is attributed to the interband transitions in the quantum dots. Also, the carrier tunneling between
the intermediate band can contribute to the increased short circuit current. This effect is
consistent with other reported results by other published results [92]. On the other side, the open
circuit voltage was dropped in all quantum dots devices, leading to decreased device power
conversion efficiency. The decreased open circuit voltage is expected due to the bandgap of the
solar cell was decreased with increasing the In mole fraction in the different solar cells.

Additionally, the lattice mismatch between the GaAs and InAs can generate charge traps that
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could also affect the open circuit voltage. One of other reasons behind the degradation in the
open circuit voltage is also the recombination that can occur inside the quantum dots as well [1].
All these factors mentioned made the open circuit voltage in the InAs quantum dots solar cells to
have lower power conversion efficiency compared to the reference solar cell. The IV
characteristics of the different InAs quantum dots with comparison to the pn junction cell are

shown in figure 4.1 [1].
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Figure 4.1. Current-voltage characteristics of InAs quantum dots solar cells with comparison to
GaAs reference cell, measured at room temperature. Reprinted with permission from Vasan et al
[21].

External Quantum Efficiency Measurements

The external quantum efficiency is an important measure of the device spectral range,
and also strongly related to the power conversion efficiency. As mentioned before, EQE is a
measure of the ratio between the excited electrons per incident photon. The EQE spectra of the
different solar cells plotted with comparison to the reference cell are shown in figure 4.2 [1].

From the spectra of the different solar cells, it has been noticed that InAs quantum dots solar cell
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has improved spectra below the 700 nm range, and also has extended response beyond the GaAs
cutoff point. This enhancement can be related to the transitions from the bound states to the
continuum levels in the quantum dots. On other side, the response beyond the GaAs cutoff point
is related to the interband transitions in the quantum dots, which is strong evidence of their effect
on the device performance. Beside the main peaks that are seen from the interband transitions,
there are several smaller peaks can be mentioned also. These lower response peaks are due to
the intersubband transitions. Since the response from these transitions are very low they are not

expected to contribute to the photocurrent generation.
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Figure 4.2. (a) External Quantum Efficiency spectra of InAs quantum dots solar cells with
comparison to GaAs reference cell, measured at room temperature [1]. (b) The response from
the InAs quantum dots beyond the GaAs bandgap limit. Reprinted with permission from Vasan
et al

Spectral Response Measurements

To further investigate the effect of introducing the quantum dots on the solar cells,
spectral response measurements can be performed. This measurement has been done using FTIR
Bruker 125H system. The spectral response measurements were also performed at room

temperature and shown in figure 4.3 [1]. The rapid decay in the response bellow 700 nm range is
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due to the beam splitter that is used in the Bruker system. Additionally, the quantum dots

response has a remarkable improvement on the solar cell response bellow the GaAs bandgap.

From the spectra also the intersubband transitions are more clear in this measurement

The results obtained from both the external quantum efficiency and the spectral responses

are both in agreement with each other. Both measurements show the extended response of the

quantum dots solar cell compared with the reference cell. Moreover, both measurements show

the interband transitions from the quantum dots. These transitions are directly related to the

enhanced photocurrent generation mentioned in the IV characteristics of the solar cells. Hence all

three measurements are consistent and validate the ability of the quantum dots to play a major

rule in the solar cells performance.
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Figure 4.3. (a) Spectral response spectra of InAs quantum dots cells compared with GaAs pn
junction reference cell measured at room temperature [1]. (b) The response of the InAs quantum
dots beyond the GaAs limit. Reprinted with permission from Vasan et al
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V. Plasmonic Effect on Solar Cells Performance
A. Introduction

The metal nanoparticles were grown by using chemical colloidal method and e-beam
deposition. The nanoparticles absorption spectra were obtained by using Cary500 spectrometer.
Scanning electron microscopy was used to find the metal nanoparticles size and distribution.
The nanoparticles were then applied to solar cell devices, and their effect on the cells
performance was characterized by IV, EQE and spectral response measurements.

B. Metal Nanoparticles Characteristics

Colloidal Metal Nanoparticles

After the nanoparticles synthesis using colloidal growth method, the absorption spectra
were obtained for both the Ag and Au nanoparticles. The absorption spectra of Ag and Au

nanoparticles are shown in figure 5.1.
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Figure 5.1. Absorption spectra of (a) Silver nanoparticles, and (b) Gold nanoparticles
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From the absorption spectra Ag has an absorption peak (~ 420 nm), and Au has
absorption peak (~ 530 nm). Both peaks are consistent with published results for colloidal Ag
and Au [79], [80]. The stronger percentage absorption seen with Au nanoparticles compared to
the Ag nanoparticles is related to the nanoparticles concentration in Toluene. Since the response
from both types of nanoparticles overlaps the GaAs spectral response, then the plasmonic effect
that can present will change the solar device performance. The nanoparticles were then
deposited on GaAs substrates. For this purpose Poly-L-Lysine (PLL) polymer linkers were used
to attach the nanoparticles to the substrates surfaces [93]. Both the size and distribution of the

deposited nanoparticles were found by using SEM, and shown in figure 5.2.

The average size for both Ag and Au nanoparticles is 10 nm and 20 nm, respectively. It
is clear from the SEM images how the Au nanoparticles have higher concentration on the surface
compared with the Ag nanoparticles, which is consistent with the amplitude of the absorption
spectra as mentioned before. Additionally, the Au nanoparticles show larger sizes than Ag
nanoparticles, this consistent with the absorption peaks for both Au and Ag that confirms Au
should have larger size than Ag nanoparticles. This is clear from the red shift of the Au
nanoparticles absorption compared to Ag nanoparticles absorption. The effect of coupling these

nanoparticles to real devices is discussed in later sections.
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Figure 5.2. Scanning electron microscopy of (a) Silver nanoparticles coupled to GaAs surface,
and (b) Gold nanoparticles coupled to GaAs surface.

Electron Beam Deposited Nanoparticles

Electron beam deposition of metallic nanoparticles has great potential in the plasmonic
effect field. The easier use of e-beam for nanoparticles deposition compared with the cost and
time associated with the colloidal growth may rise the importance of using this tool for advance
research. The formation of metallic nanoparticles by using e-beam deposition can occur by
evaporating the needed materials at a very low rate, high vacuum and small thicknesses. For
example Ag nanoparticles can form on any type of substrate without using any linkers by e-beam
deposition if the thickness deposited was less than 2 nm at rate of 0.25 A°/second. This small
thickness and slow rate promotes the formation of well distributed nanoparticles all over the
substrate surface. In this study, both Au and Ag nanoparticles were deposited by using e-beam
deposition with thicknesses of less 0.5 nm — 1 nm and deposition rate of 0.25 A°/second. Both
glass and GaAs substrates were used in this experiment. The glass substrate was used in order to

evaluate the absorption spectra of the deposited nanoparticles. Also, SEM was used to obtain the
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surface morphology of the deposited nanoparticles were both the size and surface filling can be

known from it.

The absorption spectra of the deposited nanoparticles on glass are shown in figure 5.3.
Both graphs were obtained after depositing 1 nm and 2 nm of the metal nanoparticles. During
the deposition the substrate was held at 100 °C, this allows annealing in vacuum while
deposition, which helps in the nanoparticles formation process. Both spectra reveal how the
deposited thickness plays a role in changing the absorption intensity. The higher deposited
thickness is the higher absorption. On the other hand, there is small red shift in the peak with
higher deposited thickness; this is related to the bigger nanoparticles size which has direct
relationship with the deposited thickness. Moreover, the absorption peaks for both Ag and gold
by using e-beam deposition are consistent with the absorption peaks found for the colloidal

grown nanoparticles.
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Figure 5.3. Absorption spectra of e-beam deposited nanoparticles (a) Silver nanoparticles on
glass, and (b) Gold nanoparticles on glass.
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For further investigate the e-beam deposited nanoparticles, the absorption spectra of Au
nanoparticles were obtained for another set of samples before and after annealing. The annealing
was carried out in tabular furnace, at a temperature of 250 °C under nitrogen flow. Figure 5.4
shows the nanoparticles absorption spectra before and after annealing. The annealing of the
nanoparticles at high temperature has an effect as the absorption intensity decreases after
annealing. The change in the intensity and the peak position can be related to the nanoparticles
size change, as annealing could lead to aggregation, which lowers the quality of the as deposited

nanoparticles.
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Figure 5.4. Absorption spectra of Au nanoparticles deposited using e-beam before and after
annealing at high temperature.

The deposited nanoparticles size and distribution were images with SEM. For this
purpose the substrate used was GaAs to eliminate the charging effect that form on glass surface.
Also this will be the real case when coupling the nanoparticles to the solar cells. The SEM
images are shown in figure 5.5.
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(b)

(d)

Figure 5.5. Scanning electron microscopy images of e-beam deposited nanoparticles on GaAs (a)
Silver nanoparticles at 500 nm scale, (b) Silver nanoparticles at 300 nm scale (c) Gold
nanoparticles at 100 nm scale and (d) gold nanoparticles at 200 nm scale

From the SEM images the nanoparticles have a size range between 7 nm — 20 nm for the
Au nanoparticles, and between 5 nm — 15 nm for the Ag the nanoparticles. Additionally, the
surface coverage for both nanoparticles is high in both types. After the metallic nanoparticles
characterization and deposition process optimization was completed, they were applied to InAs

quantum dots solar cells to see how they affect the device performance.
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C. Plasmonic Nanoparticles Effect on Solar Cells

The grown metal nanoparticles were tested on InAs quantum dots and reference cell
devices. The colloidal nanoparticles were linked to the surface of the cells by using Poly-L-
Lysin. Before linking the nanoparticles to the solar cells a pre-cleaning process was followed.
The cleaning process can be described as follows: First the cells were cleaned with organic
solvents. Acetone, Methanol and Isopropanol were the solvents used. Between each solvent the
cells were washed with DI water and blown dry with nitrogen gas. The cells were immersed in
each solvent for three minutes. Second the solar cells were cleaned with 6 % HCL to remove
any oxide layers from the cells surfaces. After cleaning with HCL the cells were ready for

nanoparticles linking.

The linking process is also divided into two parts, the first part is to attach the PLL
linkers to the solar cell surface. This was completed by immersing the samplesina 1 to 1
PLL:H,O solution. The immersion time was five hours. This time allow the surface to have
enough linkers that can attract the metal nanoparticles to it. After immersion is completed, the
cells were then cleaned with DI water to remove any excess linkers from the surface. Followed
by immersing the cells in the nanoparticles solution. The cell immersion in nanoparticles
solution was optimized to be 30 minutes. The cells were then taken of the nanoparticles
solutions, and rinsed with Ethanol to remove excess formation of nanoparticles on the surface.
Post-annealing was performed in tabular furnace at 200 °C under nitrogen flow. The annealing
can ensure evaporation of any organic solvents or materials from the cells surface, which can

affect the cells performances. Device characterization was then carried out.
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Solar Cells Performance with Colloidal Nanoparticles

In this measurement InAs/InyGa; xAs quantum dots, with X = 10 % Indium were used.
The device characterization after linking the colloidal nanoparticles was carried out by IV, EQE
and spectral response measurements. The measurements were done at room temperature before
and after linking the nanoparticles to them. The IV characteristics for a solar cell linked with Ag
nanoparticles, and a solar cell linked with Au nanoparticles are shown in figure 5.6. It is noticed
that both solar cell has better power conversion efficiency compared with the pristine case. The
cell with Ag nanoparticles had a 17 % improvement after coupling it with Ag nanoparticles. On
the other hand the cell with Au nanoparticles had only 5 % of power conversion efficiency
enhancement. The better enhancement seen with the Ag nanoparticles is related to different
reasons. The first reason it is that Ag has higher electrons density, which makes it a better
material for Plasmonic effect material. Second the Au nanoparticles have more size and more

density on the surface, which could produce a shadow effect on the solar cell.
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Figure 5.6. Current Voltage characteristics of InAs quantum dots solar cells before and after
coupling the cells with (a) Colloidal Ag nanoparticles, (b) Colloidal Au nanoparticles
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Similar enhancement was noticed in both the external quantum efficiency and the spectra
response measurements. The EQE and the spectral response spectra are shown in figure 5.7 for
the device before and after coupling them with metallic nanoparticles. The enhancement due to
Ag nanoparticles was higher than the enhancement seen after using Au nanoparticles with these
InAs quantum dots solar cells. These results are in agreement with the IV characteristics as
mentioned earlier. The response from the quantum dots is visible in both cells, but no significant

enhancement in their response after coupling the solar cells with the metallic nanoparticles.
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Solar Cells Performance with E-beam Deposited Nanoparticles

The size formed with the e-beam deposited nanoparticles was consistent with the
colloidal grown nanoparticles. Despite the same size their density on the surface was much
higher than the colloidal growth nanoparticles. These properties gave noticeable absorption
spectra that were in the same order as the chemically grown nanoparticles as well. To study their
effect on the InAs quantum dots solar cells both Ag and Au nanoparticles were deposited on real
device. The deposited thickness was 1 nm, while keeping the substrate temperature at 100 °C.
High vacuum was maintained at around 5 x 10 torr during the deposition process, and 0.25
A°/second was the evaporation rate. The IV characteristics of both cells used in this experiment
are shown in figure 5.8. The devices did not face any enhancement after depositing the metallic
nanoparticles on them. This is related to high density of the deposited nanoparticles compared
with the colloidal nanoparticles. Other attempts were taken to reduce the nanoparticles density b
depositing less thickness down to 0.5 nm but the same problem remained. Hence no further

investigation was carried out for these devices.
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VI.  Device Performance Enhancement by using Anti-Reflection Coatings
A. Introduction

Several materials have been used as anti-reflection coatings in general. The focus in this
project is on oxide and florid materials where they can be grown either by sol-gel method or by
e-beam deposition. The materials that were synthesized by using sol-gel method are ZnO, TiO,,
SiO,, and ZnS. On the other side, e-beam deposition was used to deposit MgF, on the solar
cells. Beside the process of forming layered films on top of the solar cell, ZnO nanoneedles and
SiO, nanoparticles were used also to investigate their effect on the device performance, and also
to be used in the superhydrophobicity treatment. The grown materials and the deposited layers
were characterized by using UV-Vis-NIR, Raman, and XRD spectroscopies. The optical
properties and reflection spectra were obtained by using Ellipsometry measurements.
B. Materials Deposition, Characterization and Optimization Process

The selection of materials used in this project is due to their low cost, nontoxicity, and
simplicity of growth process compared to other materials. Additionally, these materials have
refractive indices that match the best ARC for GaAs according to equation 1-5. All of ZnO,
TiO; and ZnS have refractive indices (~2), while SiO, and MgF, have refractive indices closer to
(~1.4). Therefore, the first set of high refractive indices materials can be used a single layer
coatings, or as first layer in a two layered ARC. For the sol-gel synthesize compounds spin
coating was used to coat the cells with these materials. Absorption spectra of ZnO sol-gel
measured at room temperature is shown in figure 6.1 (a).

To optimize the process for each material, first the materials were spin coated on semi
insulating GaAs at different speeds, and times. These speeds were ranging between 4000 rpm —

12000 rpm. The times were varied between 30 seconds to 60 seconds. After this process the
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coated samples were then annealed in tabular furnace under vacuum at temperatures below 300
°C. This higher limit temperature was defined by testing pn junction GaAs solar cell and
quantum dots solar cells at different temperatures to know where the pn junction will break and
hence the whole cell device is not functional.

From experimental results the highest safe temperature for these solar cells found to be
300 °C. The ARC annealing process is important in order to take out all the organic compounds
and also to make the film more uniform all over the surface. Also, annealing can improve the
deposited layers quality by making the material more crystalline than amorphous material. After
annealing the coated samples then they were measured with Carry500 to obtain the transmission
spectra between 800 nm -1600 nm. This range is the closest range to the solar cell spectral
response. No transmission spectra can be obtained to GaAs below 800 nm as the bandgap of
GaAs limits transmission bellow this point. The change of GaAs surface color after depositing
ZnO on top of it at different speeds is shown in figure 6.1 (b), where the samples starting from
top right corner are GaAs coated at: 4000 rpm, 6000 rpm, 8000 rpm, 10000 rpm, 12000 rpm, and
pristine GaAs. It is very clear how the color of GaAs changed from dark gray to blue color after
coating with ZnO. The color change is due to the light interference with the ZnO deposited

layers.
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Figure 6.1. (a) Absorption spectra of ZnO measured using Cary500. (b) Surface color change of
semi-insulating GaAs after coating with ZnO at different spin coating speeds. “Photo by Yahia
Makableh”.

Anti-Reflection Coating Transmission Measurements

The transmission spectra of the different ARC materials used in this project were
obtained in order to optimize the spin coating process. The thickness of the spin coated layers
changes with changing the speed, so the transmission spectra can change as well. For each
material different semi insulating samples were spin coated with that material sol-gel at different
speeds. Figure 6.2 shows the transmission spectra of different materials spin coated on GaAs.
From the figure it is clearly visible how the spin speed can change the transmission of GaAs.
Also, it can be noticed how each material can give different spectra compared to other materials
at the same spin coating speed. These differences are related to compounds viscosity, sticking
ability on the surface, and age of the solution; which all change the deposited layer thickness.
Under these conditions different factors play a role in this process such as surface cleaning,
deposition conditions such as temperature and humidity, and time between depositing the
material on GaAs and annealing. To eliminate the effect of these parameters on the process, the
deposition process was done inside class 100 clean room, consistent cleaning procedure and

fixing the time between depositions and annealing. After the optimization process the conditions
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that produced the best transmission spectra were fixed and applied on real devises. As a
comparison the transmission spectra of Si0,, ZnS, ZnO and MgF, were plotted together and
shown in Figure 6.2 (d). It has been noticed that the transmission spectra for the samples coated
are better than the pristine GaAs transmission. The enhancement for the different materials is on
the order of 35 %. The increase in the transmission is direct evidence of the increasing number
of photons passing through the GaAs. In other words the GaAs surface reflection reduced by

about 35 % than the original case without coating.
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Figure 6.2. Transmission spectra of semi-insulating GaAs after coating with (a) Zinc oxides at
different speeds, (b) ZnS at different speeds, (c) TiO, and SiO; bilayer, (d) Transmission of
GaAs coated with different materials comparison.
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Raman and X-ray Diffraction Measurements

Both Raman and X-ray diffraction were performed to confirm the formation of the grown
compounds. Since each material has different Raman and XRD spectra each grown material can
be measured using these two methods. Then the spectra obtained from each test can be
compared to published results. It is important to mention here that at low annealing temperatures
the crystallinity of the materials is not high; hence it is not an easy task to perform these
measurements. Both measurements were performed after coating and annealing the samples.
The Raman results were obtained by using a blue laser with 472 nm wavelength for all the

materials. Both Raman and XRD spectra obtained for ZnO are shown in figure 6.3 [29].
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Figure 6.3. (a) Raman spectra of ZnO coated on GaAs, (b) X-ray diffraction of ZnO coated on
GaAs. Reprinted with permission from Makableh et al

Three main peaks were observed for ZnO from the Raman data, these peaks are at 324,
376 and 430 cm™'. From the XRD spectrum it noticed two peaks at 37.4° and 43.7° which both
are ZnO peaks according to XRD materials library. Both spectra show peaks that are consistent
with published reports [94], [95]. To further investigate the other low refractive index materials;

Raman spectra were obtained for SiO,, and MgF,. The Raman spectra for these materials are
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shown in figure 6.4 (a, b). Some of the other undefined peaks in both spectra might be due to

impurities in the deposited materials.
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Figure 6.4 Raman spectra of (a) Silicon dioxide sol-gel coated on GaAs, (b) Magnesium Fluoride
e-beam deposited on GaAs.

Reflection Measurements

Reflection measurements were performed for ZnO to obtain the reflection of the coated
samples with ZnO compared to pristine GaAs. Also from this test, the refractive index was
obtained in the spectra range of interest for GaAs. Both surface reflectance before and after
coating GaAs with ZnO and the refractive index of ZnO on top of GaAs are shown in figure 6.5.
It is also mentioned that the reflection reduced by 35 % which is consistent with the transmission
results as discussed before. The calculated refractive index of ZnO is around 1.65, which is
closed from published results of 1.9 — 2. The difference in the refractive index of the ZnO layers
used in this project and other reposted results is due to the low annealing temperature used for
these samples. The annealing of these samples was fixed at 150 °C. This temperature does not
completely transfer the ZnO to crystalline structure, but it was enough to have good quality for
ZnO according to the materials characterization performed on ZnO.
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Figure 6.5. (a) Reflectance of GaAs before and after coating with ZnO at 8000 rpm. (b)
Refractive index of ZnO coated on GaAs, compared with ideal refractive index for GaAs anti-
reflection coating [29]. Reprinted with permission from Makableh et al

C. Device Enhancement due to Anti-Reflection Coating Effect

After the materials characterization was completed, several devices were used to
investigate the ARC on them. First the devices were characterized using IV, EQE and spectral
response measurements before coating. Then the devices were characterized using the same
three methods after coating. As a result, the enhancement due to the ARC can be studied. The
conditions to coat the devices with the ARC materials were selected from the previous

measurements. The selection criteria were according to the following:

1. Spin coating speed that gives best transmission and less reflection on semi insulating
GaAs. In general speeds (~ 8000 rpm ) were giving the best results according to this
criteria.

2. Annealing temperature. The best annealing temperature found to be 150 °C from the

experimental results. This temperature was chosen since it does not affect the solar cell
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junction, enough to evaporate the organic compounds from the coated materials and to give
high quality coated layers.

3. Surface morphology. It is very important to have full surface coverage, and to be
contamination free. This was guaranteed by using the synthesis materials within their

expected life time and to use clean room for the deposition process.

Current-Voltage Characteristics

After the best coating conditions by investigating the effect of ARC on both absorption
and reflection on semi insulating GaAs, different solar cells were coated with the ARC materials.
The solar cells were characterized before and after coating with ARC. This type of
characterization can give the enhancement in the power conversion efficiency due to using anti-
reflection coatings on them. The measurements carried out at room temperature. Since the
effective area for each solar cell is known, both power density and current density were used in
the calculation. In the following discussion, the results obtained for solar cells coated with ZnO,

TiO,, ZnS, MgF, and SiO, are presented.

Zinc Oxide was used to coat two different solar cells. The first cell was a pm junction
GaAs reference cell, and the second cell was quantum dots solar cells with 15 % In mole fraction
structure. In order to verify the optimization process that’s was done on semi insulating GaAs is
valid for the solar cells only, different pn junction solar cells were coated with ZnO at different
speeds while maintain annealing temperature at 150 °C. The IV characteristics obtained for the
optimization process on solar cells are shown in figure 6.6 (a) [29], and in figure 6.6 (b) the solar

cell surface color change after coating it with ZnO compared to pristine cell.
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Figure 6.6. (a) The IV characteristics of different solar cells coated with ZnO at different speeds
[29]. (b) Solar cell surface color change before coating top picture, and after coating with ZnO
lower image “Photo by Yahia Makableh”. Reprinted with permission from Makableh e? al

From the optimization process, it is apparent how the spin coating speed plays a major
role in changing the solar cell characteristics. This is due to coating layer thickness on top of the
solar cell, which is in direct relationship to the spin coating speed. It is also mentioned the major
enhancement in the photocurrent generation after coating the solar cells with ZnO. As shown in
the figure the best enhancement is obtained from the device coated with ZnO at 8000 rpm. In
this case the short current density J. changed from 57.4 mA/cm? before coating to 76.8 mA/cm’
after coating. For the power conversion efficiency 77 changed from 9.2 % before coating to
12.25 % after coating. Both the short circuit current density and power conversion efficiency
faced enhancement of 34 % and 35 %, respectively. This enhancement is in the same order
found for both reflection reduction, and GaAs transmission enhancement. Also from the IV

characteristics, there is no significant change in the open circuit voltage (~0.93 V), thus the
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enhancement in the power conversion efficiency is due to more carrier generation after

enhancing the solar cell absorption.

After the optimization process, the ZnO coating was applied on InAs/Ing 15Gag gsAs/GaAs
quantum dots solar cell. Both IV characteristics for the GaAs reference cell coated with ZnO at

8000 and for the quantum dots solar cell coated at 8000 rpm are shown in figure 5.6
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Figure 6.7. Current-Voltage characteristics of ZnO coated on top of (a) Reference GaAs pn

junction solar cell, and (b) InAs quantum dots solar cells [28] [29]. Reprinted with permission
from Makableh et al

In comparison to the reference solar cell which enhanced about 35 % after coating with
Zn0, the quantum dots solar cell enhanced by 41 %. The better enhancement in the quantum
dots solar cells is due to the enhanced response of the quantum dots in the near infra-red region.
The quantum dots enhanced response will be discussed later in sections. The filling factor and
the open circuit voltage did not change in both solar cells, which validate the ability of the ARC

to enhance the photocurrent generation, hence enhancing the power conversion efficiency.

To further investigate the effect of other ARC with high refractive index materials on

GaAs solar cells, TiO,, ZnS were also used. The IV characteristics obtained by coating pn
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junction solar cells with TiO; and ZnS are shown in figure 6.8. Both cells show significant
enhancement after applying the ARC to them. The enhancement in the power conversion
efficiency due to using TiO, ARC is on the order of 49 %, and in ZnS is on the order of 29 %.
The higher enhancement seen in TiO, compared to ZnS is due to the formation of the coated
layer on top of the solar cell. Also, the ZnS has lower refractive index compared to that of TiO,,
which also plays a major rule in the lower enhancement from using ZnS compared to TiO,. The
thicknesses of these materials found to be around 80 nm thick by using Ellipsometry

characterization.
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Figure 6.8. Current-Voltage characteristics of (a) GaAs reference cell coated with TiO,, and (b)
GaAs reference cell coated with ZnS.

After the application of the higher refractive index ARC materials on different solar cells,
lower refractive index materials were used. These two materials are SiO, and MgF, with
refractive index for each around 1.4. Due to lower refractive index both materials supplied
enhancement to the solar cells power conversion efficiency on the order of 22 - 25 %. This is
due to the fact that their refractive index falls below the best ARC refractive index value of 1.92

for GaAs. Therefore, these two materials are better used as a second layer in designing multi-
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layer anti-reflection coatings for these solar cells. The IV characteristics for solar cells before
and after coating them with SiO, and MgF, are shown in figure 6.9. For these lower refractive
index materials the deposited layer has to have higher thickness than higher refractive index
materials. From the optimization process SiO, best speed was found to be 7000 rpm, which gave
a thickness of around 120 nm by using Ellipsometry measurements. The same thickness was
used for MgF,. The MgF, was deposited by using electron bean evaporation of MgF, pellets;

due to the difficulty of synthesize MgF, without using highly toxic gases.
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Figure 6.9. Current-Voltage characteristics of (a) GaAs reference cell coated with SiO,, and (b)
GaAs reference cell coated with MgF,.

External Quantum Efficiency Characterization

External quantum efficiency measurements were performed for all the solar cells before
and after coating them with ARC layers. The measurements were done at room temperature, and
in the spectral region between 400 — 1200 nm. The tests were done at 5 nm resolution, which is
the highest resolution the Oriel IQE200 system can reach. Since the EQE test has direct
relationship with the number of absorbed photons and their ability to generate electrons, then any
increase in the number of absorbed photons supposed to increase the generated electrons, leading
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to enhanced EQE spectra. The spectra of the different cells were significantly enhanced after
using the ARC, so the experimental results in agreement with the expected output. The EQE
spectra acquired from the pn junction solar cell and the quantum dots solar cell coated with ZnO
are shown in figure 6.10. Around 50 % improvement in the EQE spectra was noticed in the solar
cells. On the other hand, the quantum dots response has shown increase as well after coating the
quantum dots solar cell with ZnO. The increased response is a direct measure of the ability of

this ARC to better the performance of the solar cell device.
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Figure 6.10. External Quantum Efficiency spectra of (a) GaAs reference cell coated with ZnO,

and (b) InAs quantum dots solar cell coated with ZnO [28] [29]. Reprinted with permission from
Makableh et al

Similarly, the EQE spectra of pn junction GaAs solar cells coated with TiO,, ZnS, SiO,
and MgF, are shown in figure 6.11. All solar cells coated with ARC have improved in similar

fashion seen in the IV characteristics.
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Figure 6.11. External Quantum Efficiency spectra of GaAs pn junction reference cells coated

with (a) TiO,, (b) ZnS, (c) SiO,, and (d) MgF,

Spectral Response Measurements

The third important type of characterization done to the solar cells is Spectral Response

measurements. The spectral response of all solar cells was obtained before and after coating the

solar cell between the range 400 nm — 1200 nm. The spectra response of both the reference pn

junction cell and the quantum dots cell are shown in figure 6.12. It is noted the significant

enhancement seen in the spectral response spectra after coating the samples with ZnO. In

comparison between both spectra, the largest enhancement seen at 865 nm in both cells that is on

the order of 35 % for the reference cell and 40 % for the quantum dots cell.
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Figure 6.12. Spectra Response spectra of (a) GaAs reference cell coated with ZnO, and (b) InAs
quantum dots solar cell coated with ZnO [28] [29]. Reprinted with permission from Makableh et
al

From all the measurements have been performed for the solar cells before and after
coatings, the device performance has improved in all the solar cells. The IV characteristics the
better response is related to the increased photocurrent generation, while the open circuit voltage
is fixed in all solar cells. Additionally, both the EQE and spectral response have direct
relationship with the photocurrent generated, therefore all the improvement in these solar cells is
only related to the increased photocurrent generated after using the ARC. The increase in the

solar cell performance is then related to the decreased transmission from the solar cell surfaces.
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VII. Hydrophobic Treatment Using Surface Nanotexturing

A. Introduction

Surfaces with self-cleaning properties are very important in several applications such as
coating glass in high buildings to reduce the need of cleaning the glass panels, also in solar cells
where these cells can be placed in remote places. Beside this the large number of applications
that have been found after discovering this feature. Adding this feature through nanotexturing to
solar cells is very interesting especially when this modified surface can act as an anti-reflection
coating. In this project anti-reflection coating/superhydrophobic surface has been the core of the
research. This has been obtained first by growing ZnO nanoneedles on top of the solar cells
using hydrothermal growth, then by treating the nanoneedles with fatty acids. The fatty acid is
capable of reducing the surface tension from high surface tension to low surface tension. The
transfer is done by assembling several layers of carbon chains on the surface. Each layer can be
considered as a monolayer. The carbon monolayers can act as a waxy surface, which is water

repellent surface.

The treatment of ZnO for hydrophobicity is done through using stearic acid. This acid is
the most saturated acid can be found in nature; by containing 18 carbon molecules in its carbon
chain. Stearic acid is nontoxic, cheap and easy to used compared with other methods of
obtaining hydrophobic surfaces. The toxicity of this acid is very low or can be considered
nontoxic as it is obtained from animal’s fat. So this way of surface modification can be
considered environmental friendly, beside its cheap cost that may allow mass production in the
future. In the following discussion both growth of ZnO nanoneedles and treating the

nanoneedles for hydrophobicity will be discussed in details.
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B. Growth of Zinc Oxide Nanoneedles

The growth of the ZnO nanoneedles is done through hydrothermal growth method. First
the solar cell is coated with ZnO seed layer. The seed layer is prepared in the same way as the
7Zn0 sol-gel solution for ARC. The only difference between the sol-gel for ARC and for seed
layer is that the ones used for seed layer has lower molarity (~0.25 M). This molarity can give
much less thicknesses than the one used for anti-reflection coating. Generally, the thickness of
the seed layer is between 5 nm — 20 nm thick layer, compared to 80 nm — 100 nm thick layer for
ARC. The lower thickness is needed in order to minimize surface roughness, and to grow
nanoneedles with diameters around 50 nm. Higher molarity seed layers or higher seed layer
thicknesses can change the alignment of the nanoneedles and their diameter size. The seed layer
is spin coated on top of the solar cell at 4000 rpm. After the cell coated with seed layer, it is
annealed in open air at 175 °C for 30 minutes. Following annealing no further process to the cell

itself is done tell it is immersed in the growth solution at 92 °C for three hours.

The ZnO nanoneedles growth solution is prepared by mixing a 1:1 molar solution of Zinc
Nitrate and hexamethylenetetramine (HMTA). The Molarity chosen here is 0.025 Molar for
both solutions. This is achieved by dissolving 0.148745 gm of Zinc Nitrate Hexahydrate in 10
mL DI water and 0.070093 gm in 10 mL DI water. Both solutions were pre stirred at 400 rpm
for 90 minutes. After pre mixing, the HMTA solution was added slowly to the Zinc Nitrate
solution, then the total mixture is stirred at 400 rpm for 60 minutes. While stirring Ammonium
Hydroxide was added to the mixture to raise the pH to 10. High pH value is needed to etch the

tip of ZnO nanorods to obtain nanoneedles. When the stirring process is finished the mixture
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was filtered by using 0.2 um filters to remove any particles that were generated during the
stirring process. The growth process was completed by immersing the solar cell inside the
solution in a tilted position 32° facing down. After three hours of growth time, the growth
solution is then set to cool down naturally to room temperature. Sample cleaning is followed by
immersing and shacking the cells in fresh DI water between 6-10 times to remove any growth

solution residuals. Post annealing at 175 °C for 60 minutes in open air is the final step.

After growing the ZnO nanoneedles on the solar cells, both Raman spectra and surface
morphology using SEM were obtained. The Raman spectra give information about the ZnO
nanoneedles quality. The spectra were obtained by using blue laser in the range between 330
cm™ and 500 cm™. This range was selected to eliminate the Raman response from GaAs, which
is much stronger than the ZnO response bellow 330 cm™, that if presents makes the ZnO peaks to
be very small. The upper limit was set to eliminate the peaks that could present from oxygen in
oxide structures in general. The Raman spectra obtained from grown ZnO nanoneedles on GaAs
is shown in figure 7.1. In comparison with the Raman spectra of ZnO ARC obtained before, the

Raman for the nanoneedles have excellent match.
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Figure 7.1. Raman spectra of ZnO nanoneedles grown on top of GaAs

After obtaining the Raman spectra for grown nanoneedles and nanorods surface
morphology was obtained for different samples by using scanning electron microscopy. From
the SEM images different information can be gathered about the nanoneedles such as surface
coverage, length and diameter of the nanoneedles. Scanning electron microscopy images were
taken for different samples are shown in figure 7.2. The SEM images show excellent surface
coverage, and highly aligned structures. This can be related to the well-controlled seed layer
deposition, and to the controllability of the growth process. The average length from the

nanoneedles was found to be 1 um, and the average diameter is around 100 nm.
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Figure 7.2. Scanning electron microscope of ZnO nanostructures grown on GaAs.
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C. Surface Treatment for Hydrophobicity Properties

The treatment of the ZnO nanostructures for hydrophobic properties takes place after the
growth is completed and the nanostructures are characterized. This process is done by preparing
20 mL of 10 mM Stearic Acid ethanolic solution by dissolving 0.014224 gm of Stearic Acid to
20 mL of Ethanol. To enhance the solubility of the Stearic Acid in Ethanol, the solution is set in
sonication bath at 45 °C for 30 minutes. Then the solution is cooled down to room temperature.
The solar cells with nanoneedles on top of them are then immersed in the solution for 24 hours.
After 24 hours, the solar cells were then immersed in Ethanol to remove and residuals from the
surface and annealed in furnace at 100 °C for 2.5 hours. The cells were then set in a clean

environment in open air for 12 hours before testing.

Contact angle measurements were taken for the solar cells after the hydrophobic
treatment. It was found that the contact angle of a 10 pL water droplet is around 156°, which is
superhydrophobic [72], [77]. The image showing the contact angle measurements is shown in
figure 7.3. The test was performed in dynamic mode by using 10 uL. water droplet. Dynamic
test was used as the surface was showing superhydrophobicity and did not allow smaller water

droplets to be used in static mode.
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CA left: 156.3°

CA right: 156.3°

Figure 7.3. Contact angle measurement of ZnO nanoneedles treated sample with Steric Acid.

D. Solar Cells Anti-Reflection/Superhydrophobicity Surface

Solar cell surface modification was performed to give it ARC and hydrophobic properties
at the same time. For this purpose ZnO nanoneedles were first grown on an InAs quantum dots
solar cell. The grown nanoneedles were then treated for hydrophobicity by using the same
method discussed in before. All device characterizations were performed before and after the
surface modification. The IV of the treated solar cell is shown in figure 7.4. The red curve
shows the photocurrent of the pristine cell before any treatment. Both the blue and the green
curves show the photocurrents after ZnO nanowires growth and hydrophobicity treatment,
respectively. A significant enhancement in the power conversion efficiency was observed after
modifying the cell surface with nanowires. The enhancement is on the order of 48 %. This

increased performance is related to the increased photocurrent generation due to the anti-
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reflection coating effect. There is no significant increase in the efficiency after hydrophobicity
treatment. Also, the cell performance was not decreased after hydrophobicity treatment, hence
this surface modification show dual functional surface that is serving as an anti-reflection and
self-cleaning surface at the same time. A slight increase in the open circuit voltage (~ 20 mV)
was noticed, this increase could be related to enhanced surface collection and metal contact
quality during the different processes. The filling factor of the cell did not change and the open
circuit voltage was almost the same after the modifications (~ 0.6 V), therefore, the increase in

the power conversion efficiency is due to the increased photocurrent generation.
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Figure 7.4. Current-Voltage characteristics of InAs quantum dots solar cell after surface
modification for anti-reflection coating/hydrophobic surfaces.

The external quantum efficiency spectra were acquired for the cell before and after
surface modification. The EQE spectra are shown in figure 7.5. The EQE spectra were
increased after the surface modification. The highest increase in the spectra was seen at 810 nm

and is on the order of 43 %. The response from the quantum dots can be also be noted at 925
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nm. The quantum dots response also increased after the surface modification. In general the

EQE spectra was improved over the entire GaAs and InAs response.
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Figure 7.5. External quantum efficiency spectra of the InAs solar cell after surface modification.

To have a complete picture about the cell performance spectral response measurement
was also performed. The spectra response spectra before and after solar cell surface
modification are shown in figure 7.6. The spectra were also improved over the entire cell
response. The response from the GaAs was increased on the order of 41 %. On the other side,
the InAs quantum dots response was improved significantly on the order of 34 %. The spectral
response results are in good match with the IV and EQE results. Also the InAs response is in

good match with the EQE results.
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Figure 7.6. Spectral response spectra enhancement after the solar cell surface modification.

The contact angle measurement for the hydrophobic surface was measured and found to
be ~ 153°. Since the contact angle is higher than 150° the surface is considered a
superhydrophobic surface [72], [77]. The image showing the water droplet during the contact
angle measurements is shown in figure 7.7. From all the device characterization, it is noted how
the solar cell device performance increased remarkably after the surface modification.
Moreover, the hydrophobicity treatment did not affect the anti-reflection coating effect.
Henceforth, a dual function surface is achieved in this process. The enhanced performance is

due the ARC affect that led to increased light absorption in the solar cell junction.
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Figure 7.8. Contact angle measurements for a 10 gL water droplet on the solar cell treated
surface.
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VIII. Conclusion and Future Research

A. Conclusion

In conclusion, performance enhancement of GaAs based photovoltaic devices has been
investigated. Three approaches were followed, the first one was to change the design of the
GaAs pn junction by adding InAs/InyGa;_xAs quantum structures and changing the Indium mole
fraction x. The second approach was done coupling Plasmonic nanoparticles to the solar cells.
The third approach was achieved by anti-reflection coating/hydrophobic dual function surface
modification. The performance of the devices was assessed by using Current-Voltage, External
Quantum Efficiency and Spectral Response measurements. The device structure modification
shows extended device response beyond the GaAs bandgap. The extended response is related to
the InAs quantum dots used in the device structure. It was observed that the short circuit current
increased in the quantum dots devices compared with the pn junction reference cell. Despite the
increased short circuit current, the device power conversion efficiency dropped due to reduced
open circuit voltage. This reduction is related to both the reduced bandgap of the cell after using
the InAs structures, and due to the lattice mismatch between the InAs and GaAs.

The evolution of the Plasmonic nanoparticles effect on the solar cells revealed enhanced
response on the order of 15 %, as seen in the cells characteristics. The higher device
performance was seen with the colloidal grown nanoparticles. Also, e-beam deposited
nanoparticles were used to study their effect on the cells. This method did not affect the device
performance as mentioned in the Current-Voltage characteristics.

On the other hand, significant device performance enactment was mentioned after using
anti-reflection coatings. The enhancement is on the order of 40 — 50 % compared with untreated

devices. The anti-reflection materials were synthesized using sol-gel method, and/or deposited
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with e-beam deposition. The anti-reflection coating materials and their effect on GaAs were
characterized using Transmission, absorption, reflection, Raman and XRD microscopy.
Furthermore, superhydrophobicity was achieved though surface treatment with Stearic Acid.
The surface treatment was performed on ZnO nanostructures grown on the devices. The treated
surfaces were characterized using Scanning Electron Microscopy and contact angle
measurements. A contact angle of 153° was achieved on the treated devices. Additionally, an
increased response was observed in the InAs quantum dots after using the anti-reflection coating
surface modification.

B. Future Work

The extended response of the InAs quantum dots beyond the bandgap of GaAs is
promising to achieve higher efficiencies. In order to eliminate the reduced open circuit voltage
other strain compensation layers can be used between the InAs and the GaAs. This can be done
through changing the growth method from MBE to MOCVD. Additionally, other Indium
concentration and quantum dots designs can be used to extend the response more towards the
near infra-red region. In addition to the device structure changes, the surface modifications can
be optimized and further processed to investigate the use of bilayers of two different types of
nanostructures. This can be accomplished by coupling SiO, nanoparticles to ZnO nanorods and
investigate their effect on the device performance. Other surface modification techniques such
as Plasmonic effect through growing nano-antennas on the device surface can be of a choice to

improve the device performance.
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