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ABSTRACT

The broadband suppression in reflection is one of the primary focuses in high efficiency
solar cell research. In this thesis, a moth-eye inspired nanostructure antireflection coating is
fabricated on InAs/GaAs quantum dots solar cell in order to enhance the power conversion
efficiency. The abrupt refractive index transition between air and GaAs surface is replaced by a
tapering zinc oxide nanoneedle on planar tantalum pentoxide coating. The antireflection structure
provides gradual reduction of refractive index away from the solar cell top surface.

The nanostructured antireflection coating is fabricated by utilizing chemical bath
deposition of tapered zinc oxide nanoneedles on planar tantalum pentoxide coating. A sol-gel
method was developed to obtain an air stable tantalum pentoxide solution. The thickness of the
planar tantalum pentoxide coating was optimized to suppress the reflection at a single
wavelength. In addition, hydrothermally grown zinc oxide nanoneedle arrays were optimized by
investigating several growth parameters including pH and growth time to obtain a tapered
dimension. A tapering zinc oxide nanoneedle structure coupled with a high refractive index
tantalum pentoxide layer suppresses the broadband reflectance to less than 1 %.

The combined antireflection structure significantly increased the performance, not only in
reflectance or transmission spectrum, but also in current-voltage characteristic, external quantum
efficiency, and spectral response measurements. A power conversion efficiency enhancement of
30 % was obtained by a single quarter wavelength tantalum pentoxide layer. Adding the tapered
zinc oxide nanoneedles on top of the planar tantalum pentoxide layer, the power conversion
efficiency enhanced by 50 %. Furthermore, a 60 % enhancement in the external quantum

efficiency is obtained for the same wavelength range.
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1. INTRODUCTION

The power density of solar radiation incident on the earth's surface is 1.4 kW/m? but still
scarcely used as stated by the U.S energy information administration (EIA). This coupled with
the ever increasing demand on non-conventional sources of energy in the last few decades led to
a tremendous boost in the research on enhancing solar cell efficiency [1-5]. Amongst different
solar cell materials and structures, InAs quantum dots (QDs) embedded into GaAs p-n junction
solar cells has generated much attention due to predicted theoretical power conversion efficiency
limit on the order of 63% [4,5]. Specifically, InAs quantum dots (QDs) have three dimensional
carrier confinements which increase the absorption of the solar cells below the band gap of the
host GaAs material. Hence, this three dimensional carrier confinement makes InAs QDs suitable

for high efficiency solar cell applications.

Despite the ability to generate high short-circuit current and open circuit voltage,
performance of the InAs QDs solar cell has not reached its theoretical potential, due to high
carrier recombination [5] in the QDs and reflection of more than 35 % of incident light from the
GaAs top surface [6,7]. In order to improve the performance of the solar cell, several attempts
were carried out to reduce the carrier recombination including high density of quantum dots [5],
strain compensation technique,[8,9] and energy fence barriers [10]. However, the increase in the
device performance still remains negligible. On the other hand, antireflection coatings on

InAs/GaAs QDs solar cell can play a major role to significantly improve the device performance.

1.1 Thesis Overview

The motivation behind this thesis was to design and fabricate an antireflection coating to

suppress the surface reflection of the top surface of the solar cell in order to utilize the maximum



incident photon. The novel antireflection structure presented in this thesis played a key role in
suppressing the reflection by gradual reduction of refractive index away from the GaAs surface.
In chapter 1 the basic principle of antireflection coating, current progress and limitation in
nanostructure antireflection coating is discussed. Chapters 2 and 3 discuss the synthesis process
of planar and nanostructured antireflection coating, solar cell fabrication process and the tools
used to characterize them. Chapter 4 analyses the efficiency enhancement of InAs/GaAs
quantum dots solar cells by implementing tapered ZnO nanoneedles on planar tantalum
pentoxide (Ta20Os) coating. Finally, in chapter 5 the project is concluded and the possible future

works are proposed.

1.2 Basics of Antireflection coating

A general approach to reduce the reflection from the surface of the solar cell is to design
step-down refractive index coating structure (such as ng > n, > n, > ng; > n,,,) for broadband
reflection control [11], where ng and n,,, are refractive index of the substrate and the incident
medium respectively. A role of thumb can be expressed as for N layers of antireflection coating

(ARC), for the layer- i refractive index n; can be obtained as [11],

N-+1-i
)

()
N = N NN e (1.1)
So, If nyeqium = air, then refractive index for each layer can be calculated by

)
Dl = N e (1.2)
Multilayer stacks of materials with different refractive indices can used in order to obtain
broadband suppression in reflection. Optimization of multilayer ARC is a difficult challenge

because of the large dimensional space of possible solutions to combine each layer [12]. On the



other hand, conically shaped nanostructure provide graded refractive index properties, which can
be achieved with low effective refractive index at the top and high effective index at the bottom
due to variation of the filling fraction [13]. For example, homogeneous planar coatings reduces
the reflection due to interferences of light reflected at the air-to-coating layer interface and at the
coating layer -substrate interfaces as shown in Figures. 1.1. For simplicity, only one reflection
path is shown which shows multiple reflections occurring in the interface. For the graded
refractive index coating which can be obtained by conically shaped nanostucture shows no

reflection due to the refractive index matched up at the top and bottom interfaces.

Graded refractive index

Homogeneous Planar ) . .
& Antireflection Coating

Antireflection Coating

Low Densed
Medium

High Densed
Medium

Substrate

Figure 1.1 Schematic of the reflection mechanism of a substrate with a homogeneous planar
coating (left) and a graded index refractive index coating (right).

1.3  Moth’s eye inspired nanostructure antireflection coating

In order to suppress the reflection, several antireflection techniques were carried out

including subwavelength structures [14-23], plasmonic surface [24], surface passivation [25],



single quarter wavelength [19], and multilayer coating [26]. Among all these techniques,
subwavelength structures emerged as a successful method due to the characteristics of gradual
variation of the refractive index or so called moth-eye effect [14,15,17,22,23,13]. The moth-eye
effect inspired by the naturally evolved cornea of moth species, which incorporated by nanotip
arrays of protuberant structures [17,23] as shown in Figure 1.2. A moth eye antireflection
surface is one in which the reflection of incident light is reduced by the presence of a regular
array of small protuberances covering the surface. Thus, the surface of the moth-eye’s provides
gradual decrease of refractive index from their cornea to the surrounding medium in order to

suppress the reflection of incident light.

B A A A AR D 2 B

5 A A2 b A A A A A A A A
Moth’s eye Nanostructure :

AR A A A A A AR AGADA

&

Figure 1.2 Detail image of moth’s eye cornea, Inset showing Moth’s eye image of a butterfly
[15,17,23].



1.4 Nanostructured antireflection coating current progress and limitations

Among the antireflective subwavelength structure fabrication methods, the bottom-up
deposition [19-22,26,27] is preferable to its top-down [14,15,17,18,23] counterpart due to
simplicity, lithography-free process and economical point of view [19,20,26,28]. Several
bottom-up antireflection schemes on GaAs solar cell were reported by using SizN4/SiO2/Zn0O
nanorod [19], indium tin oxide nanocolumns [20], ZnO nanoneedle [28], and TiOz/nanoporous
SiO2 [26]. The power conversion efficiency enhancement obtained using these schemes is less
than ~ 35 %. Despite superior antireflection properties of the reported schemes [19,20,26,28], the
coupling of multiple discrete layers by a single deposition process is yet to be achieved. For
example, Yan et al.[26], Yeh et al. [19], and Wu. et al. [28]fabricated multilayer antireflection
coating (ARC) by incorporating either RF sputtering ,oblique angle electron-beam, or chemical
deposition in each layer. On the other hand,Yu. et al. [20] reported indium tin oxide
nanocolumns using high temperature (above 300 °C), usually intolerable in practical solar cell
application. On the other hand, ZnO nanostructure arrays synthesized by hydrothermal method
hold promising potential due to low growth temperature (< 90 °C), high growth rate (> 1000 nm

ht) and lithography-free processes [2,29].

Recently, ZnO nanostructure coupled with a single quarter wavelength coating (reflection
minimized for a single wavelength) including SisN4, and AZO was substantiated by the other
researcher [19,27,28] as broadband ARC for the solar cell. A material with refractive indices on
the order of n ~ 2 [30] such as tantalum pentoxide (Ta20s) can be an alternative for single quarter
wavelength coating. Previous investigations on Ta>Os include corrosion protection coating [31],
electrochromic devices [32], dielectric spacers for metamaterial, and plasmonic coupler

[33,34].An early attempt by electron beam deposition of a single layer Ta>Os coating on silicon
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solar cell was reported with an efficiency enhancement on the order of 23 % [35]. However,
TaxOs antireflection coating using sol-gel method limits due to high instability of the sol particle,
which originates from fast hydrolysis of tantalum precursor [36,37]. Therefore, sol stabilization
is a crucial parameter for the synthesis of Ta2Os antireflection coating. Moreover, ZnO
nanostructure coupled with Ta,Os was not implemented so far, which could provide

antireflection characteristics beyond the aforementioned performances.

2. MATERIALS GROWTH AND DEVICE FABRICATION

2.1 Introduction

This chapter briefly discuss about the sol-gel synthesis of Ta>Os and hydrothermal growth
of ZnO nanoneedle arrays. Then precise control of pH and growth time is discussed to obtain
tapered shape ZnO nanoneedle. The last part of this chapter discussed about the fabrication

procedure of InAs/GaAs Quantum dots solar cells.

2.2 Synthesis of tantalum pentoxide sol-gel method

The sol-gel method of Ta>,Os adapted from Wolf el al.[37] and modified by changing the
solvent, the ratio between the precursor and hydrolysis component to prevent gelation and obtain
a stable Ta>Os solution. The complete sol-gel synthesis process is described in Figure 2.1. The
sol-gel was prepared by dissolving (0.53 mL) tantalum (V) ethoxide (Ta(OC2Hs)s, 99% pure,
Sigma aldrich) in 8 ml methoxy-ethanol 1:50 molar ratio. The precursor in the solvent was
stirred for complete dissolution in the solvent. Diethanolamie (DEA) (sigma Aldrich) (0.78 mL)
was added drop by drop in the precursor solution and stirred for 2 hours to complete the

polymerization reaction. The hydrolysis process was completed by adding DI water (0.23 mL) in



molar ration of 1:10 with the solvent and stirred for half an hour. The molar ration between
tantalum ethoxide, DEA and DI water was kept 1:4:5. The pH value of the final transparent sol-
gel was 7.5 measured by pH meter. The complete reaction was performed under N2 environment
glove box to prevent the pre-hydrolysis process of the tantalum precursor [44]. A 90 nm
thickness Ta,Os single quarter wavelength coating is obtained by spin coating at 6000 rpm and

annealed at 150 °C in air for 20 minute as shown in Figure 2.2.

Tantalum ethoxide (0.53 mL)

l

Dissolve in 2-
Methoxyethanol (8 mL)

Stir for 1 hours

Stir for 2 hours Adding Diethanolamine
DEA (0.78 mL)

Add water for
hydrolysis (0.23 mL)

l Stir for 30 Min.

Transparent
Ta, 05 Sol-gel

Figure 2.1 Sol-gel synthesis process is explained in a step by step flow chart.

£% Sol-gel Deposition
«—Substrate

Pre-heating at|80°C for 5 min .
Formation of Transparent

Planar ARC Layer

=

Annealed at 150°C for 20 Min.

Figure 2.2. Flow-chart of Ta2Os spin-coating thin film deposition method



2.3 Synthesis of Zinc oxide nanoneedle by chemical bath deposition process

The ZnO nanoneedle arrays were grown according to a previously established method
[2]. The ZnO seed layer is synthesized from sol-gel and nanoneedle were grown by
hydrothermal technique as shown in Figure 2.3. The ZnO sol-gel for seed layer were prepared
by mixing 0.3 M zinc acetate dehydrate and 0.3 M ethanolamine in 2-methoxyethanol. The ZnO
seed layer on top of Ta>Os coating is obtained by one spin coating cycle at 4000 rpm. The
growth solution of ZnO nanoneedle was prepared by 0.025 M solution of zinc nitrate
hexahydrate and 0.025 M solution of hexamine in equal volume of DI water. The aqueous bath
solutions pH was controlled by adding diaminopropane which adjusted the pH to 12 in the final

growth solution [44].

ZnO sol-gel Seed Layer ZnO Nanoneedle growth solution

Zinc Acetate (0.65 gm)
vlr Zine Nitrate Hexa-

hydrate (0.1335 gm) Hexamine (0.65gm)

Dissolve in 2- Methoxyethanol | . 5 l
(10 mL) Stir for 2 hours l
le— Adding MEA (0.2 mL) Dissolve in 9 D‘“"t{f in 9 mL
J mL Water ater
Ultrasonication .
4600 C for 1 hour ‘ Add together and stirring
pH control Add
Diaminopropane 0.12 mL
l Zn0
Nanoneedle
Transparent growth solution

Zn0 Sol-gel

Figure 2.3 Solution preparation flow chart of ZnO nanoneedle growth



To grow the nanoneedle arrays, InAs/GaAs QDs solar cell coated with Ta2Os and ZnO seed layer
were placed upside down in the aqueous solution bath at 85 ° C. After the growth period of 3
hour, the solar cell was rinsed thoroughly with DI water, dried under nitrogen and annealed in
ambient atmosphere at 150 ° C. The antireflection structure fabrication procedure is shown in

Figure 2.4.

Spin coated Spin coated
at 6000 rpm at 3000 rpm
N P Zn0O Seed
Pristine Solar cell
Solar cell ——> | coated with | T Layer. .
Ta, 04 Ta,05 layer iﬂ? | deposition
oo ol-ge
Sol-gel g

Solar cell was
Solar cell placed

rinsed thoroughly Growth : :
with DI water, dried | €—— period of 3 |[€&——! upside down 1 the
under nitrogen hour aqueous solution bath
annealed at 150 °C at 85°C

Growth of ZnO

nanoneedle

arrays

Figure 2.4 Bilayer antireflection coating of ZnO nanoneedle/ Ta>Os fabrication process flow
chart

2.3.1  Zinc oxide nanoneedle growth, pH and time control

The pH of the growth solution is adjusted by varying the concentration of
diaminopropane (DAP) in the final growth solution in order to obtain the sharp tips. The absence
of DAP in the growth solution only results in nanorod as shown in Figure 2.5 (a). The
nanoneedle tip strongly depends on the concentration of DAP as shown in Figure 2.5 (b)-(d). At

higher concentration of DAP the nanoneedle shows etched tips. The ZnO nanoneedle arrays



without tip etching is obtained by 120 mM DAP concentration and measured pH of the solution

was ~ 12.

DAP =190mM

: -~
~

£
300nm

£ g
Aan
DAP =120mM

& 400 nm.

Y ot

Figure 2.5 Nanoneedles growth of ZnO for zinc nitrite hexahydrate (25 mM) and HMTA (25
mM) and varying the concentration of diaminopropane (DAP) for a) 0 mM b) 190 mM c) 150
mM and d) 120 mM at 85 °C. [44]

The ZnO nanoneedle tip diameter is controlled by increasing growth time as shown in Figure 2.6
(a) and (b). A seen from the figure, the nanoneedle tip diameter reduced due to the gradual
depletion of the zinc nitrate hexahydrate precursors and also the presence of diaminopropane in

the growth solution [44].
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Growth time ~ 180 Min.

e
[’ 3 = s
%
-

200 nm

Figure 2.6 Zinc oxide nanoneedle growth for diaminopropane (DAP) 120 mM in growth
solution for a) 120 min. b) 180 min. , growth temperature of 85° C. [44]

2.4 Fabrication of InAs/GaAs Quantum dots solar cells

The InAs quantum dot solar cell was grown by using a molecular beam epitaxy
technique. The five periods of 2 ML InAs quantum dots/ 4 ML Alo3Gag7As/ 50nm i-GaAs
inserted as intrinsic region of a GaAs p-i-n solar cell. Beryllium and silicon were used for p-type
and n-type dopant, respectively. The fabrication process of the InAs/GaAs quantum dot solar cell
(SCs) was completed in the class 100 clean room equipped with the facilities for
photolithography, wet etching, photo masking and substrate thinning. The whole fabrication

process can be divided into following major steps:

2.4.1  Sample cleaning

Acetone and methanol solvents are used to remove the organic impurities from the

surface by multiple cleaning steps. The rectangular size samples are first immersed in acetone for

11



3 minutes, rinsed with deionized (DI) water and dried with nitrogen gas. The dried samples are

then immersed in methanol for 3 minutes, rinsed and dried.
2.4.2  Photolithography

In order to form 3 mm X 3 mm mesas, the sample was patterned using positive
photoresist and photo mask. The cleaned samples from previous step are spin coated with AZ®
P4330 positive photoresist. The coated samples are cured at 110 °C for 3 minutes andthen
exposed to UV light under a positive photo mask to from the square pattern. After completion of
square patterning, the sample was developed using AZ® 400K developer and etched using GaAs
etchant to form individual devices with an area of 0.075cm?. The etch profile are characterized
by using a Taylor Hobson optical profiler to measure etch depth. The etched mesas are then
patterned using a second mask to for metal deposition. In order to remove oxide layer from the
GaAs top surface, samples were cleaned with a diluted solution of HCI: H20, rinsed with DI

water and dried with nitrogen.
2.4.3 Metallization and Lift off

The contact metals for both p type and n type GaAs were deposited using Angstrom
Nexdep electron beam evaporator. The p-type back metal contact is formed using Au/Zn/Au
deposition, while n-type front metal contact is formed using AuGe/Ni/Au deposition. The metal
films were deposited under a vacuum of 2x10 Torr at a deposition rate of 0.1nm /second.
During the metal deposition process the E-beam evaporator substrate was kept at 100 °C. After
metallization, lift-off was performed to pattern the metal contact by immersing in acetone and

agitated in an ultrasonic bath to remove the excess.
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3. CHARACTERIZATION TECHNIQUES

3.1 Material Characterization

This chapter briefly discuss about the material characterization techniques used in this
project. The transmission and absorbance spectra were measured using a Cary 500 UV-Vis
spectrophotometer. The layer by layer deposition of antireflection structure was characterized by
using Horiba LabRAM Micro-Raman spectrometer. Scanning electron microscopy (SEM)
imaging was performed using Nova nanolab-250. The refractive index and reflection spectra

were measured by using a J. A. Woolam VASE ellipsometer.

3.1.1 Transmission and absorbance measurements

When light is impinging on a semiconductor surface all photons with energies higher
than the band gap energy are absorbed. Although within the optical bandgap some portion of the
photon reflected depending on the refractive index of the material. The incident photons energy
less than the optical bandgap are transmitted. An Ultraviolet-visible (UV-Vis) spectrophotometer
is a device used to measure the absorbance, and transmittance. In this project a Cary 500 UV-
Vis spectrophotometer was used to measure absorbance spectra of the solution phase Ta>Os and
ZnO nanoneedle arrays. On the other hand, a double side polished semi-insulating GaAs
substrate were used in the transmission spectra measurement. The spectrometer can scan in the
wavelength range of 175 nm — 3300 nm, where photomultiplier tube detector used UV-Vis

region and a PbS detector for the infrared region.
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3.1.2 Raman Spectroscopy

Raman spectroscopy is a commonly used information characterize the structural
properties of a material like chemical composition, orientation, or crystalline quality from the
phonon vibration. In Figure 3.1, the phonon vibration mechanism and inelastic Raman scattering
processes for Stokes and anti-Stokes are illustrated in an energy diagram using the concept of
virtual electronic states. Raman spectroscopy provides information on structural properties like
chemical composition, orientation, or crystalline quality of the sample material. All this
information is gathered by the analysis of the Raman signals with regard to their frequency
position, frequency width, recorded intensity, and line shape in the Raman spectra.In a typical
spectrum, the intensity is plotted versus the so-called Raman shift. The layer by layer deposition
of antireflection structure was characterized by using Horiba LabRAM Micro-Raman

spectrometer.

Virtnal state

hv, hv, + hvy,

1% excited 5 hvg | hy oM

Vibrational

state E,+ hy,

m

Rayleigh Stokes Anti-Stokes
Scattering Scattering Scattering
(elastic)

Raman inelastic

Figure. 3.1 (a) Raman molecular vibration (b) Elastic and inelastic molecular vibration
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3.1.3 Spectroscopic Ellipsometry

Ellipsometry is an optical measurement technigue used to investigate the refractive index,
extinction coefficient, reflection and transmission spectra measurements. It uses elliptically
polarized light that strikes the sample surface and the change in polarization of the reflected light
from the sample is monitored. The characteristics of the polarized light reflected off the sample
surface are dependent on the properties of the sample. The refractive index and reflection
spectra were measured by using a J. A. Woolam VASE ellipsometer. The ellipsometer light

source was adjusted to the sample with incident angles of 15°, 30°, and 60°.

3.1.4 Scanning Electron microscope (SEM)

A scanning electron microscope (SEM) produces images of a sample by scanning it with
a focused beam of electrons. The impinged electrons interact with atoms in the sample and
producing various signals that can be detected as information about the sample's surface
topography and composition. The antireflection structures SEM imaging was performed using
Nova nanolab-250 in immersion mode at 15 kV. Sample cross-sections for SEM were prepared

by focused ion beam (FIB) milling on the same instrument at 30 kV.

3.2 Device Characterization

This chapter discuss about the solar cell characterization techniques used in this project.
A Keithley 4200 semiconductor characterization system was used to measure I-V characteristics

of the solar cells in conjunction of four sun AM 1.5 solar simulator. The spectral response
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measurements were recorded by using a Bruker FS 125HR FTIR spectrometer and the external

quantum efficiency measurements (EQE) were obtained by using Oriel IQE 200 spectrometer.
3.2.1 1V Characteristics measurement

A Keithley 4200 semiconductor characterization system was used to measure I-V
characteristics of the solar cells in conjunction of four sun (400 mW/cm?) AM 1.5 solar

simulator. The voltage sweep is applied across the solar cell under dark and illumination

condition.
J, Current Density
: i
_Area( @)
FE= Area( h
W N
PCE, ’7=J" Ve
P
~ Voc
Voltage (V)
Jsc

Figure 3.2. Model current density-voltage (I-V) characteristics for a solar cell in the dark (blue)
and under illumination (red).
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The photovoltaic performance of a solar cell is characterized with current density-voltage (I-V)
characteristics. An equivalent I-V curve for a solar cell in the dark and under illumination is
shown in Figure 3.2. The product of the short-circuit current density (Jsc), open-circuit voltage
(Voc), and fill factor (FF) is divided by the incident optical power to calculate the power

conversion efficiency,

(3.1)

To maximize efficiency of the solar cells, the short-circuit current density (Jsc), open-circuit

voltage (Voc), and fill factor (FF) need to increased.

3.2.2 Quantum Efficiency

Quantum efficiency defined as the ratio of the number of carriers generated per incident
photon of particular wavelength. Generally, quantum efficiency measurements are divided into
two types, external quantum efficiency (EQE) and internal quantum efficiency (IQE). EQE
measurements include the optical losses like reflection and transmission while calculating the
quantum efficiency of the solar cell. But IQE measurements take only the photons that are
absorbed into consideration while calculating the quantum efficiency. The EQE measurements
were made to characterize the solar cells by using Oriel IQE 200 spectrometer without bias
illumination. An ideal solar cell the quantum efficiency curve is a square with a quantum
efficiency of unity. In case of a practical solar cell the quantum efficiency is reduced to due to
reflection losses, front and back surface recombination. In this work, the external quantum

efficiency measurements (EQE) were obtained
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ne , s(2)

QE(4) = = 3.2)

where, S(4) is the power spectral responsivity. The EQE response drops to zero below the band

gap of the material.
3.2.3 Spectral Response measurement

The spectral response measurement in this project was performed by using a Bruker
125HR Fourier transform infrared (FTIR) spectrometer in conjunction with a Keithley 428
current preamplifier. A FTIR spectrometer is generally used to measure both absorption and
emission spectra. It consists of a a broadband light source and a detector based on the
application and Michelson Interferometer which consists of a beam splitter, one fixed mirror and
another movable mirror. The light reflected from the fixed and movable mirror interfere and this
output of the interferometer is called the interferogram. The output changes with every position
of the movable mirror, which is transformed into spatial coordinate using Fourier transform. A
HeNe laser is used to track the movement of the movable mirror. The solar cells were used as
the detector mounted on a cryostat. The sample chamber pressure was maintained at ~10® Torr
during the measurements. Similar to quantum efficiency, the spectral response curve drops to
zero just below the band gap of the material. The spectral response measurement is performed in

this project to confirm the improvement in the EQE.

4. RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter briefly present the bilayer antireflection structure in conjunction with the

device output. The material characterization by using Raman spectroscopy confirms the presence
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of ZnO nanoneedle and the Ta.Os layer. The UV-Vis absorbance spectra shows the antireflection
structure can effectively transmit the solar spectrum in near ultraviolet, visible and near infrared
region. The optical properties of antireflection structure including reflection spectra, refractive
index, transmission spectra confirms the superior antireflective properties of the bilayer coating.

Finally, the power conversion efficiency, EQE and spectral response enhancement of the

il

\ AuGe/Ni/Au n-type contact

ZnO nanoneedle
arrays

|

Tantalum pentoxide

n— type GaAs cap Layer

5 period of 2 ML InAs QD/
4 ML AlGaAs/ i-GaAs

T

fype GaAs Layer

p- type GaAs Substrate

Au/Zn/Au p-type contact

Figure 4.1. Schematic diagram of a InAs/GaAs QDs solar cell with textured surface of ZnO
nanoneedle grown on planar Ta>Os. [44]

InAs/GaAs quantum dots solar cell due to the nanostructured bilayer antireflection coating is
presented.

4.2 InAs/GaAs QDs solar cell with antireflection structure
The structure of InAs/GaAs QDs solar cell is shown in Figure 4.1. In order to compensate

the reflection from the GaAs top surface, a novel antireflection structure which consists of a
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Ta>Os layer and ZnO nanoneedle arrays is utilized as a bilayer antireflection coating. The
hierarchical surface texturing of Ta.Os layer and ZnO nanoneedle arrays is shown in Figure 4.2
(a). The SEM images reveals the average length of the ZnO nanoneedle to be about 1.2 um and
tapered dimension on a 90 nm thick Ta>Os layer. The pH and growth time were adjusted in order
to obtain the tapered dimension. The ZnO nanoneedle tip diameter is controlled by concentration
of pH and increasing the growth time as shown in experimental section of Figure 2.5 and Figure

2.6. The area density (da) and tip diameter of nanoneedle

(€Y ' 1()0 nanonqﬁ.dl\e Jpzmz
ZnO nanoneedle arrays Qb)\' .5 T\ 71
N’ &R N\ "‘l:f

Figure 4.2. (a) and (b) A representative cross-section and top view of ZnO nanoneedles grown on
top of Ta2Os with scale bar of 1 um. (c) Scanning electron microscopy (SEM) images of ZnO
nanoneedle grown for diaminopropane (DAP) 120 mM in growth solution for 180 min, growth
temperature of 85° C with scale bar of 500 nm resolution. [44]
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arrays estimated of 100 nanoneedles/um? and 5-10 nm are shown in Figure 4(b) and (c),
respectively. A seen from the figure, the nanoneedle tip diameter reduced due to the gradual
depletion of the zinc nitrate hexahydrate precursors and also the presence of diaminopropane in
the growth solution. The SEM images clearly show tapered shape ZnO nanoneedle structure,
which is preferable for solar cell ARC applications compared to a rod like shape due to a graded

refractive index effect [19,22,28].

4.2.1 Antireflection structure characterization

The layer by layer deposition of antireflection structure was characterized by using Raman

spectroscopy. The Raman spectrum of Ta>Os obtained by sol-gel spin coating on a cleaned glass

1200

TayOg coating

ZnO nanoneedle on Tay,0p coating

1000

(o]
o
o
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Intensity(arb. units)

400

200

=
}
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200 400 60 800 1000
Raman shift cm ™)
Figure 4.3. Raman spectra of sol-gel derived Ta>Os film, and hydrothermally grown ZnO
nanoneedles on Ta2Os film measured at room temperature. [44]
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slide and baked at 150 °C in ambient air is shown in Figure 4.3. The observed peaks at lower
wavelength 0f190 cm™, 252 cm™, and 335 cm™are attributed to Ta-O-Ta (skeletal modes)
vibration. The observed peaks at higher wavelength of 510 cm™, 680 cm™, 845 cm™ for the
terminal modes O-Ta-O vibration, since Ta is heavier than O [38]. The Raman spectra confirm
the presence of Ta>Os, which contains different types of Ta-O-Ta bonding in the polyhedral
structure. In contrast, the Raman mode of Ta.Os disappeared after the deposition of ZnO
nanoneedle arrays. The absence of Raman mode of Ta2Oscan be attributed to the higher length of
ZnO nanoneedle arrays compared to thin Ta>Oslayer. The ZnO nanoneedle arrays grown on
TazO0s layer shows four prominent bands at 335, 383, 440, and 583 cm™ are in good agreement

with the wurtzite ZnO structure [39].

The bandgap of the sol-gel grownTa>Os layer and hydrothermally grown ZnO nanoneedles
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Figure 4.4. Absorbance spectra of solution phase Ta>Os and ZnO nanoneedle measured and
compared in wavelength range of 250 — 800nm. [44]
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are measured from the absorption peak observed at 315 nm and 345 nm, respectively, as shown
in Figure 4.4. The absorbance spectra of Ta2Osand ZnO nanoneedle indicate the bandgap of
around 3.95 eV and 3.6 eV, respectively, which are transparent in the solar cell working spectral

region of A > 350 nm [44].

4.2.2 Refractive index measurements

The refractive index of bare GaAs substrate, Ta>Os, and ZnO planar coating measured
between 400— 870nm,are shown in Figure 4.5. The refractive index of GaAs at 650 nm is ~ 3.7
and that of the Ta2Os film is ~ 1.90. The refractive index of planar ZnO coating is ~ 1.7
measured for filling factor (the ratio of the area covered by nanoneedle arrays to the total
substrate) of 1. The surface morphology of ZnO nanoneedle arrays with shrinking effective
volume to top surface gradually changes the refractive index according to the effective medium

theory [27, 40]

Ner = VMono |+ M@= 1) (4.1)

Where f is a filling factor depending on the growth direction, and n,,,, ~ 1.7 is the refractive
index of ZnO layer corresponding to a filling factor of f = 1. The effective refractive index (n.sf)
of ZnO nanoneedle arrays gradually reduced from 1.7 at the bottom to ~ 1.2 at the top of the
nanoneedles with a filling factor of f ~ 0.2. As the filling factor of ZnO nanoneedle decreases
from the bottom to the top, the refractive index smoothly changes toward the air [44]. In other
words, the surface morphology of ZnO nanoneedle coupled with Ta;Os (n ~1.9) can play a key
role in suppressing the reflection by gradual reduction of refractive index away from the GaAs

substrate.
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Figure 4.5. Refractive index spectra of GaAs, Ta>Os layer, and ZnO planar coating compared
over a range from 400 nm to 870 nm. [44]

4.2.3 Reflection and Transmission spectra measurements

While the incident sunlight impinges on the solar cell from different directions during the
day, an omnidirectional ARC is desirable over wide angles of incidence. The omnidirectional
and broadband antireflection characteristics of a single layer and a bilayer coating on GaAs
substrate compared for angles of incidence from 15° to 60° are shown in Figure 4.6. The average
reflectance of the bare GaAs substrate was measured around 35 %. A 90 nm thickness of Ta>Os
layer was chosen, which is around quarter wavelength thickness for a refractive index of 1.9
according to [22] d=A,in/4n4gc,Where Amin ~ 680nm is the wavelength at the minimum

reflection, nyg- and d are the refractive index and thickness, respectively. From the reflection
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spectra, a single layer Ta,Os coating suppresses the reflection to about 3 % for a single

wavelength at the angle of incidence of 15°.

Reflectance (%)

Figure 4.6.
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Reflectance spectra as a function of angle of incidence for GaAs substrate with

pristine, Ta20s, and ZnO nanoneedles surfaces. [44]

The refection minima show blue-shift at large incidence angles since the Ta.Os coating layer

behaves optically thinner than 90 nm. On the other hand, the average reflectance of ZnO

nanoneedle on top of Ta>Os layer is less than 0.6 % over a broad spectral range and shows

insensitivity to the angle of incidence.

The tapered nanoneedles coupled with Ta,Os predominantly suppress the reflection due

to a gradual reduction of refractive index. In other words, the ARC performance strongly

depends on the nanoneedle tip diameter and the presence of the high refractive index layer of
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TaxOs in order to suppress the reflection for broadband spectral range as sown in Figure 4.7. The

weighted average reflectance defined as [41]

1 Amex
Ru=7a7 [RAZ, (4.2)
Where R(2) is the wavelength dependent reflectance, resulting in a Ray of 10 %, 2 %, and 0.5 %
for ZnO nanoneedle only and bilayer coating of ZnO nanoneedle/Ta,Os with non-tapered and
tapered shape respectively. The reflection spectra clearly demonstrate that the hierarchical ZnO

nanoneedle arrays on Ta>Os coating can suppress the undesired reflection for a wide range of

wavelength and angle of incidence [44].
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Figure 4.7. Effect of ZnO nanoneedle growth time on specular reflectance spectra for ZnO

nanoneedle only (green), bilayer coating of ZnO nanoneedle/Ta>0s , where nanoneedle growth
time for 120 minute (blue) and 180 minute (red). [44]
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In order to confirm the anti-reflective properties of the bi-layer coating, the antireflection
structure was coated on undoped GaAs and the transmission was measured using a UV-Vis
spectrophotometer. The transmission spectra were measured in the wavelength region between
800 — 2400 nm and are shown in Figure 4.8. The average transmission of pristine GaAs is around

~53 % in the measured wavelength range. In the same wavelength range the transmission of
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Figure 4.8. Transmission spectra measured for the GaAs substrate with pristine, Ta,Os, and ZnO
nanoneedles surfaces. [44]

GaAs with Ta>Os film is around ~61%. The transmission spectra reached their maximum of 65 %
for the bilayer coating compared to the pristine GaAs substrate of 53 %.The sharp drop around
870 nm is due to the bandedge of the GaAs substrate. The transmission spectra confirm an increase
in photon transmission through the GaAs substrate when ZnO nanoneedles/Ta>Os bilayer coating
is coupled to it [44].
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4.2.4 InAs/GaAs quantum dots solar cell device output

The I-V characteristics of a single layer and a bilayer antireflection coatings on
InAs/GaAs QDs solar cells were measured using a four sun AM 1.5 solar simulator [44]. As seen
in the Figure 4.9, a single layer Ta2Os coating increased the power conversion efficiency (1) on

the order of 30% from 7.10 % to 9.20 %. On the other hand, ZnO nanoneedle coupled with

Ta20s
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Figure 4.9. The I-V characteristics measured for the InAs/GaAs QDs solar cell with pristine,
Ta20s, and ZnO nanoneedles surfaces. [44]

bilayer coating showed 1 enhancement on the order of 50 % from 7.10 % to 10.6 %. No
enhancement was observed in the open circuit voltage (Voc =0.89 V), thus the solar cell n

enhancement was due to the increase in the generated photocurrent, which was evident from the
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short circuit current density (Jsc) enhancement of 55 % from 45.30 mA/cm? to 71.1 mA/cm?.
The fill factor (FF) decreased from 0.70 to 0.68 after the bilayer coating, which indicates the
junction of the solar cell slightly degrade due to the presence of a high pH (~ 12) of ZnO

nanoneedle growth solution.

The EQE measured between 380- 1000 nm is shown in Figure 4.10. The EQE of the

InAs/GaAs QDs solar cell coated with single layer Ta,Os coating showed highest enhancement
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Figure 4.10. The external quantum efficiency measured for the InAs/GaAs QDs solar cell with
pristine, Ta20s, and ZnO nanoneedles surfaces. [44]

on the order of 30 % at 600 -750 nm range, consistent with the reduced reflectance at the same
wavelength range [44]. The ZnO nanoneedle/Ta>Os bilayer coating enhance the average EQE on
the order of 60 % over the measured spectral range. The significant enhancement in the EQE

with a bilayer coating was due to the higher generated photocurrent, originates from the
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suppression of reflectance to less than 1 %. The spectral response measurement shown in Figure
4.11, also confirmed the enhancement of the EQE. The solar cell coated with single layer and
bilayer coating enhanced the average spectral response on the order of 30 % and 50 %,
respectively, in the 400 — 875 nm wavelength range. The rapid decrease in the response below

800 nm is due to the response of the beam splitter in the spectrometer setup.
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Figure 4.11. The external quantum efficiency measured for the InAs/GaAs QDs solar cell with
pristine, Ta20s, and ZnO nanoneedles surfaces. [44]

4.3 Discussions

The power conversion efficiency of the solar cell enhanced for several reasons. First, the
hierarchical surface texturing with high to low refractive index gradient combined with planar

Ta>Os coating and ZnO nanoneedle bilayer ARC, increased optical transmission through the
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device. The specular reflection less than 1 % and the absence of interference fringes in reflection
and transmission spectra confirmed the superior antireflective properties of the bilayer coating.
Second, introduction of Ta2Os with refractive index of 1.9, which is an ideal single layer ARC
for GaAs, is given by [42] \/ngqas X ng;-Third, the tapered shape ZnO nanoneedle leads to a
gradual decrease of the refractive index from ZnO to air through moth-eye effect

[17,19,22,27,40].

Table 1. Device characteristics comparison of GaAs based solar cells with different surface

texturing.

o A An© AEQE 0™

Jsc(Bare) (%] n(Bare) (%] AEQE,, 4, (Bare)

Textured AR layers Ff [%] Reference

Ta,0s/ZnO nanoneedle <1% 52 ~50 ~60  Present work [44]
SisN4/SIO//ZNONRA <3% 16 ~32 ~ 45 Yeh et al.[29!
TiO2/nanoporous Si0z < 3% 34.4 ~35 Yan et al.[?%!
ITO nanocolumn <6 % 18 ~28 ~33 Yu. et al.[29
AZO/ZnO nanoneedle <12 16.7 ~25 ~30 Wu. et al.[?"]

a)Ff = Average refelction ;”AJ;. = Jsc(with ARC) — Jsc(Bare); 9An = n(with ARC) —
n(Bare) ; Y AEQE, 4, = EQEx(With ARC) — EQE,.<(Bare).

The effective refractive index (ner) of the nanoneedle arrays decreases as the area of the
nanostructure is reduced from bottom to tapered shape top surface. The tapered shape is
attributed to the gradual depletion of the zinc nitrate hexahydrate precursors and high pH (~12)
due to the presence of diaminopropane in the growth solution. Fourth, the band edge of both

Ta20s (Eg ~3.95 eV) and ZnO nanoneedle (Eg ~3.6 eV) are less than 350 nm, which can
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effectively transmit the solar spectrum in near ultraviolet, visible and near infrared region. The
overall performance enhancement obtained by using ZnO nanoneedle/ Ta,Os bilayer coating is
better than the performance reported [19,20,26,27] by using different combination of
nanostructured surface texturing schemes on GaAs based solar cells as shown in Table 1. The
significant enhancement compared to other surface texturing approach predominantly originates
from the increased photon transmission by the subwavelength dimension ZnO nanoneedle
geometry and coupling to a single quarter wavelength Ta>Os coating. The increase in photon
transmission leads to a further excitation of electron that increases the generation rate of the

photo-excited charge carriers [44].

S. CONCLUSION AND FUTURE WORK

51 Conclusion

In conclusion, the efficiency enhancement due to a bilayer layer ZnO nanoneedle/ Ta>Os
antireflection coating was investigated on InAs/GaAs QDs solar cells by employing I-V, EQE,
and spectral response measurements. A modified sol-gel synthesis of Ta,Os was developed and
the layer thickness was optimized to minimize the reflection at a single wavelength. By
controlling the pH of the growth solution, tapered ZnO nanoneedle were obtained in order to
provide a graded refractive index effect. The present antireflection structure played a key role in
suppressions the reflection for broadband spectral range. The bilayer coating results in a on the
order of 50 % power conversion efficiency enhancement of the InAs/GaAs QDs solar cell. The
enhancements in the device performance were attributed to the increased photon transmission by
the subwavelength dimension of ZnO nanoneedle structure that was coupled to a single quarter

wavelength Ta,Oscoating layer. The presented bilayer structure and fabrication technique for
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antireflection coating is inexpensive as compared to other techniques such as sputtering, e-beam

evaporation, and thus can be implemented in mass production in the photovoltaic industry.

5.2 Future Work

In this thesis, the efficiency enhancement due a bilayer of ZnO nanoneedle arrays coupled with
tantalum pentoxide is presented on planar surface of InAs/GaAs quantum dots solar cells. The
bilayer surface texturing approach can be replace by an in-situ bottom up tantalum pentoxide
nanowire arrays. Taking advantage of the tantalum pentoxide nanostructure array will also
provide the gradual variation of refractive index in order to suppress the incident photon
reflection. The hydrothermal deposition of tantalum pentoxide is still challenging to grow the
nanostructure arrays [43]. But the precise control of the synthesis condition may led to a
successful antireflection light trapping scheme of tantalum pentoxide nanowire. Also, replacing
the planar GaAs top surface by a microgroove surface with nanostructure ARC also may

improve the solar cell performance.
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