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Abstract

The study on photovoltaic is an important topic in the sustainable and clean
energy research field, driven by the deteriorating energy crisis and
environmental pollutions due to fossil fuel shortage and combustion.
Currently, crystalline silicon (c-Si) based solar cell dominates the photovoltaic
market. However, its high material cost has weakened its competitiveness
against fossil fuels. To reduce the material cost, silicon thin film based solar
cell that uses less material is favourable. However, this will result in reduced
optical absorption and consequently lower cell efficiency. To address the
iSsue, nanostructures can be incorporated into the thin film solar cell for light

trapping and to improve the optical absorption.

In this work, we study nanostructured back reflector (BR) for improved light
absorption in hydrogenated amorphous silicon thin film solar cells. The
nanostructured BRs are patterned and fabricated based on polystyrene
sphere (PS) assisted lithography. We adopt “substrate” (n-i-p) structure and
highly reflective Ag layer and optical spacer ZnO layer are deposited on glass
substrate as the BR materials. The hydrogenated amorphous silicon thin films
are grown on top of the BRs by the plasma enhanced chemical vapor

deposition (PECVD) technique.

To improve the patterning capability and develop a well-controlled fabrication
process for the BRs, we study the etching behavior of PS spheres in electron

cyclotron resonance (ECR) oxygen plasma. By tuning the oxygen plasma



condition including plasma input power, etching mode, shielding of the ion flux
with Faraday cage, we successfully isolated the effects of oxygen radical and
of energetic ions on the etching behaviors of PS spheres. The reasons behind
PS spheres melting and shape deformations are identified, and negative
impacts during BR fabrication are avoided. As a result, we developed a well-
controlled oxygen plasma etching process for PS spheres using the ECR
plasma source. After etching, smaller PS sphere sizes are achieved, which
enables us to control the dimensions of the nanostructures formed using the

PS assisted lithography.

After that, we study light trapping in hydrogenated amorphous silicon thin film
solar cells fabricated by the PECVD technique on various nanostructured
BRs. The BRs are patterned using different PS sphere sizes without oxygen
plasma etching step. We have investigated the correlation between the optical
properties of the BRs and the performance of the corresponding fabricated
solar cells. We have also introduced a mixture of two different sizes of PS
spheres patterned BRs, and have obtained solid experimental evidence of
improved light trapping performance of such BRs, as compared with those
patterned using single size polystyrene spheres. Overall, we have achieved
high performing nanostructured amorphous silicon solar cells with an initial
power conversion efficiency of 8.79 %, and over 20 % enhancement of the
short-circuit current compared with the reference flat BR solar cell without the

nanostructures.



Due to the usage of Ag and ZnO material and Ag nanostructures in the BRs
for light scattering and absorption enhancement, parasitic losses are also
inevitably introduced in the device. In this thesis, we also study in detail
through optical modelling, the parasitic losses and light trapping in
hydrogenated amorphous silicon thin film solar cells fabricated by the PECVD
technique on nanostructured BRs. The BRs are patterned using single PS
sphere size with oxygen plasma etching step to reduce and control the
dimension of the PS spheres. By using Oz plasma etching of the PS spheres,
we fabricated hexagonal nanostructured BRs. With the help of rigorous
modeling, we study the parasitic losses in different BRs, in the non-active
layers, and the light enhancement effect in the silicon absorber layer.
Moreover, the simulation results have been compared and verified with
experimental data. We have demonstrated hexagonal nanostructured
amorphous silicon thin film solar cells with a power conversion efficiency of
7.7 % and around 34.7 % enhancement of the short-circuit current density,

compared with flat amorphous silicon thin film solar cell.

In summary, nanostructured silicon thin film solar cells are fabricated,
characterized and simulated. The etching behavior of polystyrene (PS)
spheres under electron cyclotron resonance (ECR) generated oxygen
plasmas are studied. Various nanostructured Ag/ZnO back reflectors (BRS)
patterned by single or double PS sphere sizes are fabricated and their optical
performance are characterized and correlated with the corresponding solar
cell performance. Hexagonal nanostructured Ag/ZnO back reflectors and their

corresponding nanostructured silicon thin film solar cells are simulated and



verified against experimental results. The parasitic losses in the device are

investigated.
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Chapter 1. Introduction

1.1 Background and motivation

Ever since the taking off of industrial revolution from year 1840 onwards,
enormous large quantities of fossil fuels have been used to power the
economy growth and human society advancement. However, as a result of
burning the fossil, large amounts of carbon dioxide are produced and emitted
into the earth’s atmosphere, which is recognised as the root cause of global
warming and leads to disastrous outcomes including climate change and so
on [1]. Moreover, it was predicted that at the current consumption rate, crude
oil reserves might be depleted by the end of 21t century, natural gas and coal
might be depleted by the end of 22" century [2]-[4]. Due to above situations,
the need for a clean and renewable energy source is one of the biggest
problems that mankind is facing. Among all renewable energy sources,
photovoltaic (PV) is widely accepted as the safest, cleanest and most
sustainable energy, as solar radiation power that reaches the earth is so

abundant and the sun will remain fairly stable for 4 billion years [5].

As the second most abundant element on earth, crystalline Silicon (c-Si)
based solar cells, invented in 1954 [6], was industrially commercialized in
large scale in the 1990s. The installation of solar panels in private houses or
public facilities has been significantly boosted in the last 20 years [7]. c-Si

based solar cells have reached its industrial maturity and the PV market, 90 %

13



of which is based on c-Si solar cells, is growing rapidly at an annual rate of

35-40%, with PV installation around 98 GW in 2017 [8].
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Figure 1.1: Solar PV global capacity and annual additions from 2007 to 2017

[9]

Figure 1.1 shows the rapid growth of PV industry for the past decade [9].
Concurrently, the performance of solar cells has also improved over the years.
On 25 August 2017, Kaneka Corporation announced that it had achieved a
conversion efficiency of 26.63% (cell area: 180 cm?) with its heterojunction
back contact (HJ-IBC) solar cells [10], which marked the current world’'s

highest energy conversion efficiency for c-Si based solar cells [11].

Despite all the merits of solar energy and c-Si based solar cells, solar energy
contribution to global electricity production still remains rather low at 1.5% [12].
Its high material and process cost are some of the most critical obstacles that
need to be addressed, to achieve lower PV Module Price per Watt and higher
market share. In terms of material cost, silicon thin film solar cells are
preferred due to their low material usage, contributing to just 2% as compared

14



to 50% of bulk solar cell module cost [13]. Silicon thin film solar cells
fabricated by low temperature plasma enhenced chemical vapor deposition
(PECVD) are one of the best candidates, due to their merits, including lesser
material usage, compatible with roll-to-roll processes on flexible substrates,
robustness in controlling the device shape and material properties, etc. Since
the early 1980s, continuous roll-to-roll manufacturing technology for the
production of a-Si:H solar cells has been developed and commercialized. In
recent years, multi junction a-Si:H solar cells can be manufactured
simultaneously on six coils of 130 um thick, 0.36 m wide, 2.6 km long
stainless-steel substrate at 1 cm/s, leading to a 30 MW per year machine
productivity [14]. Hyet Solar seeks production capacity expansion in India with

a capacity of over 200 MW solar power plant was reported recently as well.

Compared to other thin film solar cell technologies which rely on less
abundant and in some cases toxic materials, such as CdS, silicon thin film
technologies are preferred from the perspective of a sustainable industrial
development and an environmental friendly solar energy conversion process.
There are two forms of thin film silicon solar cells: hydrogenated amorphous
silicon solar cells (a-Si:H) and hydrogenated microcrystalline silicon solar cells
(uc-Si:H). However, as an indirect band gap material, to achieve an efficient
light absorption, silicon solar cells require at least 200 ym in active silicon
thickness. Moreover, due to the short free carrier diffusion length of a-Si:H
and pc-Si:H materials, the thickness of silicon thin film is limited to only a few
hundreds of nanometers for a-Si:H and a few micrometers for pc-Si:H solar

cells. To improve the performance, effective light trapping mechanisms were

15



extensively researched during the last decade [15], [16]. Various
nanostructures applied to silicon thin film solar cells have produced strong
localized light resonance modes and increased optical paths, which
contributed to the improved light absorption hence photocurrent generation
[17], [18]. Depending on the location of the nanostructure with respect to
incident light, the most typical classes of nanostructured solar cells use front
scatterers or back reflectors (BRs) [19]. Aiming at its best performance, a
typical front scatterer utilizes metallic nanostructures, which induce a
plasmonic near field enhancement effect [20]. In contrast, a typical BR utilizes
metallic or metal/dielectric nanostructures, which produce a far field scattering

effect [21].

Polystyrene (PS) sphere assited lithography, which is also known as one of
the colloidal lithography or natural lithography techniques [22], [23], is a
promising cost-effective fabrication tool for producing regular and
homogenous arrays of nanostructures with different sizes [24]. This techinique
is not as precise as standard photolithography techniques, such as deep
Ultra-Violet (UV) or extreme UV lithography [25], [26]. However, it allows one
to fabricate periodic nanostructures, which are regulated up to a few hundreds
of micrometers, with a much lower cost and simpler process steps. PS sphere
assisted lithography can be used for BRs fabrication as demonstrated by

previous studies [27].
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1.2 Objective

In this thesis, silicon thin film solar cells produced by PECVD have been
deposited on nanostructured BRs. The scope of this research work includes
the design, fabrication, simulation, and characterization of silicon thin film
solar cells with various nanostructures. The objectives of this study are

summarized as follows:

Investigate the oxygen plasma etching behavior of PS sphere arrays in an
electron cyclotron resonance (ECR) plasma source. By using different
etching conditions, the roles of oxygen radicals and oxygen ions during
oxygen plasma etching of the PS spheres are isolated. The root causes of
the melting of the PS spheres are studied. Optimized oxygen plasma
etching conditions for an improved PS sphere assisted lithography
patterning capability in ECR plasma is investigated and developed.
Fabricate and characterize optical properties of nanostructured Ag/ZnO
BRs patterned using single size PS sphere arrays and double size PS
sphere arrays. Fabricate and characterize nanostructured silicon thin film
solar cells using different BRs. Investigate the correlation between the BR
patterning features and the corresponding solar cell performance to
achieve best light trapping performance.

Fabricate and characterize optical properties of hexagonal nanostructured
Ag/ZnO BRs with different oxygen plasma etching times. Simulate the

hexagonal nanostructured BR and the corresponding solar cells to
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investigate the parasitic losses in the device. Fabricate and characterize
the optical properties of the hexagonal nanostructured BR solar cell. Verify

and cross compare between simulation and experimental results.

1.3 Major contributions of the thesis

We studied the etching behavior of PS sphere arrays in ECR generated
oxygen plasmas. By using fine-tuned plasma conditions, we found that PS
sphere melting behavior is dominated by energetic ion bombardment and
PS sphere material removal, i.e. etching, is dominated by reactive oxygen
radicals. By using cycling plasma etching mode, we successfully etched
the PS spheres to less than 10% of their initial diameter, while avoiding
melting of the spheres, hence retaining their patterning capability. This
enables many other applications like point contact solar cells, which
require dimensions of less than 100 nm.

We studied the light trapping performance of silicon thin film solar cells
deposited on different nanostructured Ag/ZnO BRs. We found that
nanostructured BRs patterned using mixtures of two PS spheres can
effectively improve the light scattering properties, as compared to single
PS spheres patterned BRs. As a result, silicon thin film solar cells
deposited on 400 and 600 nm PS spheres mixture patterned
nanostructured BRs have achieved an initial power conversion efficiency
of 8.79 % and over 20 % enhancement of the short-circuit current as

compared to the reference flat solar cell.
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We also studied the parasitic losses of the hexagonal nanostructured
Ag/ZnO BRs. By using Bruggeman Effective Medium Approximation, we
found that absorption at rough Ag/ZnO interfaces is the main reason for
optical losses in BRs. By using electromagnetic simulation, we further
identified that ZnO absorption enhanced by the Ag nanostructures
contributes mostly to the parasitic losses of hexagonal BRs. We also
simulated the performance of the solar cells and verified with the
experimental results. A good agreement was found between simulation

and experimental performance.

1.4 Organization of the thesis

This thesis consists of six chapters and is organized as follows:

Chapter 1: Background, motivation, objectives and major contributions of the

thesis are presented.

Chapter 2: The fundamental principles of solar cell operation are presented. A
literature review on commercial silicon solar cells, organic solar cells,

organic/silicon hybrid solar cells and silicon thin film solar cell is presented.

Chapter 3: The etching behavior of PS sphere arrays in oxygen plasmas

generated by ECR source is presented. The effect of the etching power,

etching mode (continuous or cycling), Faraday cage shielding and etching
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gases are studied. The roles of oxygen radicals and ions during PS sphere

etching are isolated and presented.

Chapter 4: The study on light trapping performance in hydrogenated
amorphous silicon thin film solar cells fabricated by PECVD on various PS
sphere assisted lithography patterned nanostructured BRs is presented. The
optical performances of different BRs are correlated with their corresponding

solar cell device performance.

Chapter 5: The study on parasitic losses of hexagonal nanostructured BRs
and the corresponding solar cell devices are presented. Bruggeman effective
medium approximation (BEMA) simulation results, as well as rigorous finite
element method (FEM) based electromagnetic field simulation results are
presented. Comparison and verification between the simulation and
experimental results are carried out. Light resonances modes and light

trapping effects are analyzed and presented.

Chapter 6: A general summary of the work done and recommendations for

future work are presented.
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Chapter 2. Literature Review

This chapter reviews the literature on solar cell fundamentals, recent
developments of different categories of solar cells, nano-structuring
techniques for light trapping, and last but not least, simulation studies for solar
cell light absorption enhancement. The chapter starts by introducing solar cell
operation principle, solar cell electrical model, figures of merit and device
characterization techniques. Subsequently, various categories including
commercial high efficiency mono/multi-crystalline silicon solar cells, organic
solar cells, organic/silicon hybrid solar cells and silicon thin film solar cells are
presented in terms of the state of the art device fabrication processes,
operation physics, and their corresponding strengths and weaknesses. After
that, we present different nano-structuring techniques and the devices
performance improvement resulting from nanostructures incorporated into the
solar cell. Reports on simulation studies and investigation of different light

absorption mechanisms are summarized in the last part of this chapter.

2.1 Fundamental of solar cell

2.1.1 Solar cell operation principle

A photovoltaic device or solar cell is a semiconductor device which generates
electrical energy directly from solar energy by the photovoltaic effect. Figure
2.1 shows a schematic of a solar cell under illumination. When photons are

incident on the semiconductor through the gaps between the top metal
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contact, those with energy greater than the bandgap of the semiconductor will
be absorbed to excite electrons from their chemical bonds, resulting in the
formation of electron-hole pairs. Those excited electrons and holes will be
temporarily mobile and can move freely in the semiconductor’'s conduction
band and valence band respectively. Due to the diffusion induced internal
built-in electric field near the interface of the p-n junction, electron/hole pairs
are separated and move in opposite directions towards the top and bottom

metal electrodes, resulting in electric current [13].

light

]

Figure 2.1: A schematic of a solar cell under illumination [1].

The p-n junction is the most basic cornerstone for photovoltaic effect. As
shown in Fig. 2.2, when n-type and p-type semiconductors are put together,
the Fermi levels in both semiconductors are aligned under no eletric field
applied, resulting in a built-in electric field developed over the depletion
region. Thermal equilibrium is achieved due to the balance between excess
carriers’ diffusion and carriers drift driven by the internal built-in electric field.
When light is incident on the cell, photons with energy greater than the band
gap of the material will excite electrons from the valence band to the

conduction band, leading to the generation of electron-hole pairs. The internal

22



built-in electric field will separate the electrons and holes, resulting in drift in

opposite directions, and hence giving rise to an electric current [28].
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Figure 2.2: Photo-generation of carriers in solar cell resulting in current flow

2].

2.1.2 Solar cell electrical model, figure of merit and characterization

techniques

To model a solar cell electrically, we discuss the current density-voltage (J-V)
characteristic of a solar cell in the dark. Without any light, the characteristic of
a solar cell is similar to a p-n junction, i.e. a diode. Under forward bias, it
experiences an exponential increase in current with voltage, while under
reverse bias, only a small amount of current flows. The J-V characteristics of

the solar cell in the dark can be described by the diode equation:
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J(v) = f[,(e% —1) (2.1)

where J, is the saturation current density, g is the elementary charge, n is the
diode ideality factor, k the Boltzmann constant and T the temperature in
Kelvin.

When the solar cell is exposed to light, the photo-generated current density J;

flows in opposed direction to the forward bias direction, leading to the

illuminated J-V characteristic,
av_
J) = (97 — 1) -, 22)

The power generated at each operating point on the J-V curve can be

calculated as follows,
av_
P(V) = J(V) XV = ( . (enkr - 1) —;L) v 2.3)

To include parasitic resistance for a more realistic solar cell model, a solar cell

equivalent circuit with series and shunt resistances is shown in Fig. 2.3 [29].

series resistance Current
BE—
NN/
Rs A

shunt
I CT) ! resistance Voltage
RSH
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Figure 2.3: Solar cell equivalent circuit with Rs and Rsh [30].

A constant current source component with value J, represents the
photocurrent density generated by light absorption and charge separation at
the p-n junction. Since both series and shunt resistances contributes to the
light conversion efficiency reduction by power dissipation through heat, the J-

V characteristic can be described by a more general formula as follows,

g (V—J(V)ARS) 1) V —J(V)AR,

J) A=A foA(e" T o (2.4)

where A is the solar cell area. The series resistance Rs comes from different
sources: i) resistance from the semiconductor bulk material, ii) resistance
between the semiconductor bulk material and external metal contacts, and iii)
resistance of the metal contact itself. The shunt resistance Rsh typically comes

from the leakage current of the device, including defects or pin holes.

To characterize the effect of series or shunt resistance on the solar cell device
performance, we first characterize the J-V curve of a solar cell and introduce
serval figures of merit. Fig.2.4 shows a schematic of typical J-V curve under
illumination and several figures of merit for a solar cell, which are the short
circuit current density J.-., open circuit voltage V-, fill factor FF and power

conversion efficiency (PCE).
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Figure 2.4: A typical J-V curve of a solar cell under illumination and several
figures of merit.
Short circuit current J..- is the maximum current that can be extracted from the

solar cell when it is short circuited. It is given by,
Jsc=4 f(P (Em(EQE))SE (2.5)

where P(E) is the spectral irradiance of the light source, typically the standard
AM1.5G solar spectrum. n(EQE) is the external quantum efficiency, which is
the ratio of the number of charge carriers collected by the solar cell to the
number of incident photons at a given incident photon energy E. Essentially
Jsc depends on the number of photo-generated carriers that can be collected
by the junction. When there is no current flow through the device, the
corresponding voltage is the open circuit voltage V, .. Based on equation (2.2),

the relationship between J.. and V. can be described as follows,
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.= (’ﬁ + 1) (2.6)

As the illuminated J-V curve is not squarish, the maximum power B, .. that
solar cell generates will always be less than the product of V,. and J;.. The
ratio of B . to V,- % J.- is called the fill factor FF, which describes the

squareness of the J-V curve:

P
VGI‘__ >I(.lr_':.'l‘__ ( )

The most important parameter that characterizes a solar cell is the power
conversion efficiency (PCE), which is defined as the ratio of output electrical

power to input light power.

PCE = Pmrzx — VGC >I<-!Jr_‘-'l." X FF
P.

in in

(2.8)

With reference to the series and shunt resistances and the equivalent circuit
shown in Fig.2.3, at open-circuit voltage point, Rs does not affect the device
performance since there is no current flow under open-circuit condition.
However, near open-circuit voltage point where the current is low, the J-V
curve is strongly affected by Rs. A low Rsh in the device causes power losses

by providing an alternative path for the photocurrent. Such effect directly
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reduces the amount of photocurrent that can be extracted from the device.

Fig.2.5 shows the effect of non-negligible Rs and Rsh respectively.

current current

Increasing Rs Decreasing Rsh

Voltage Voltage

Figure 2.5: The effect of non-negligible Rs and Rsh.

To characterize the J-V curve of a solar cell, a schematic of standard

measurement system or a solar simulator is shown in Fig.2.6 [30].

cooling fan
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Figure 2.6: Schematic of standard solar cell performance measurement setup

with standard illumination and temperature [30].

The input light power Pin is provided by a lamp and an optical filter system that
deliver an air mass 1.5 (AM1.5) spectrum with a power intensity of 0.1 W/cm?2.

The cell is placed on a temperature controlled plate to maintain its
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temperature at 25 °C. The J-V curves are measured by a computer controlled

I-V source with four probes connected to the solar cell sample.

Other than the J-V characteristics, the external quantum efficiency (EQE)
measurement is also a fundamental characterization indicator for solar cells.
The EQE measurement allows one to quantify how good a solar cell can
convert the solar energy to electrical energy as a function of wavelength. It is
defined by the ratio of the number of charge carriers collected by the solar cell
to the number of incident photons at a given wavelength. The EQE is

determined from Eq.(2.8),

['ph (‘A’j

EQE(X) =
QE(A) .

(2.9)

where I, (4) is the photocurrent generated at a wavelength 4, and ¢, ; is

the rate of photon incident on the solar cell at that wavelength. The
measurements are performed in the spectral range of 350 to 1200 nm. Ideally,
if all the photons of a certain wavelength are absorbed and the resulting
charge carriers are successfully generated and collected by the external
circuit, then the EQE at that particular wavelength is 100 %. However, the
EQE will be below 100 % for almost all types of solar cells due to the
presence of optical and electrical losses, for example, parasitic absorption,

bulk recombination losses etc.
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The spectrophotometry measurement is also a commonly used
characterization technique for the optical properties of a solar cell. With the
reflectance and transmittance measured in an integrating sphere, the

absorptance of a device can be calculated by,

Absorptance(i) = 1 — Reflectance(l) — Transmittance (1) (2.10)

Such measurement allows one to quantify how good a solar cell can absorb
light as a function of wavelength. With tungsten-halogen/deuterium light
source and PbS light detector, one can measure the reflectance or
transmittance data with a range of 170 to 3300 nm and a resolution as low as
1 nm. Typically, absorptance data are cross compared with EQE on the same
device. The difference between the absorptance and EQE quantifies the
optical losses such as parasitic absorption by the non-active layers and also

the electrical losses such as recombination.

2.2 Silicon, organic, organic/silicon hybrid and silicon thin film solar

cells

2.2.1 Silicon solar cells

Despite the availability of different materials that are available for photovoltaic
technology, the crystalline silicon based solar cell, mono-crystalline (c-Si) or
multi-crystalline (mc-Si), took up to 93 % of the PV market share in 2016 [31].
This is due to the abundant material availability, compatibility with the current
Si microelectronics industry which provides well established manufacturing
technology expertise. Commercially available crystalline silicon solar cells
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usually have an efficiency around 18%. Fig.2.7 shows a typical
monocrystalline and polycrystalline silicon solar cell, and simplified cross-

section of a commercial monocrystalline Si solar cell [32].

Figure 2.7: A typical monocrystalline and polycrystalline silicon solar cell, and

simplified cross-section of a commercial monocrystalline silicon solar cell [32].

Standard commercial crystalline silicon solar cells are produced using boron
doped p-type silicon wafers, either monocrystalline substrate that is grown by
the Czochralski (CZ) process or polycrystalline substrate that is cut from
polycrystalline ingots grown in quartz crucibles. Using a strong alkaline
solution, the front surface of the wafer is etched into micrometer size pyramid
structures to reduce reflection of incident light. Highly phosphorus doped n+-
type silicon is formed by high temperature furnace (800 to 1000°C) diffusion
process under POCIs gas environment. Using chemical vapour deposition
technique, a thin layer of anti-reflective coating (ARC), typically silicon nitride
(SiNx), is deposited to further reduce the reflection losses. The photo
generated carriers are collected by the back and front contacts formed by
firing of screen-printed aluminum paste and silver paste respectively. The

front silver contact can penetrate through ARC layer during the firing process,
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forming a good electrical contact with the n+ region, and the back surface p+

field (BSF) is formed as well to suppress recombination of minority carriers.

Mono-crystalline silicon solar cells with 26.7 % PCE have been achieved by
Photovoltaic & Thin Film Device Research Laboratories, Kaneka Corporation
[33]. High efficiency Si solar cells can be produced using various approaches
and techniques. Some of the high efficiency Si solar cells include Passivated
Emitter and Rear Locally/Totally diffused solar cells (PERL/PERT) [34],
Heterojunction with Intrinsic Thin layer solar cells (HIT) [35], Interdigitated
Back-Contact (IBC) solar cells [36], Heterojunction Interdigitated Back Contact
(HJ-IBC) solar cells [37] etc.. A typical PERL and PERT solar cells are shown

in Fig.2.8 [38].
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Figure 2.8: A typical PERL (left) and PERT (right) solar cell schematic [38].

32



PERL technology can achieve a very high open-circuit voltage as most of the
cell surface areas are passivated with high quality trichloroethane grown SiOx.
Both front and rear metal contact area are also passivated by heavily doped
layers by diffusion. As a good light trapping structure, the inverted pyramid
front surface also offers additional short-circuit current. To reduce the current
crowding effect, PERT cell structure was introduced. It is done by having an
additional diffusion step of a light boron doped layer along the entire rear

surface of the cell, while other features of PERL cell remain.

A typical structure of an n-type Si HIT solar cell is shown in Fig.2.9. An
intrinsic hydrogenated amorphous silicon (a-Si:H) layer, a doped amorphous-
Si layer and a Transparent Conductive Oxide (TCO) layer are deposited on
both sides of a crystalline-Si substrate. Grid electrodes are also fabricated on

both sides of the cell.

Grid electrode

p-type a-Si c-Si
~0.01 pm d/'\ (CZ, n-type)
i-type a-Si ; !..
~0.01 pm
.
n-type a-Si ’ TCO
~0.01 pm

Figure 2.9: A typical structure of n-type Si HIT solar cell [35].

The HIT solar cell uses high quality and very thin hydrogenated amorphous Si
(a-Si:H) layers to form the heterojunction. In addition, a high quality intrinsic a-

Si:H layer can effectively passivate the surface of the crystalline silicon
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substrate. As a result, this cell can achieve a high open circuit voltage of more

than 0.7V.

Typical structure of an IBC solar cell [36] and a HJ-IBC solar cell [37] are
shown in Fig.2.10 (a) and (b) respectively.
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Figure 2.10: IBC and HJ-IBC solar cells.
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Such IBC designs have higher absorption of light because of the removal of
the front side electrode shading losses. With high quality intrinsic a-Si:H
passivation, a current world record of 26.7% power conversion efficiency was
achieved by Photovoltaic & Thin Film Device Research Laboratories, Kaneka

Corporation using the HJ-IBC design [33].

With the introduction of the above mentioned advanced technologies and
manufacturing processes, the advantages of the n-type monocrystalline
silicon substrates may soon outweigh the currently dominating p-type
monocrystalline silicon substrates in the field of crystalline silicon solar cell
[39]. As predicted by ITRPV 2017, market share of n-type monocrystalline
silicon will increase from 5% in 2014 to around 30% in 2027 [40]. Theoretically,
both n-type and p-type silicon substrates can be used for solar cell fabrication.
Historically, solar cell research was initially started in satellites applications
and development. The superior resistance against cosmic radiation of p-type
silicon promoted the research and development of p-type silicon solar cell
technologies. Other than that, due to the high boiling point of B202, it remains
in liquid form during diffusion process. The uniformity of the diffused boron
concentration was hard to control. Besides, to achieve the same sheet
resistance for a phosphorus doped emitter, boron-doped emitter requires
longer diffusion time at higher temperature. Hence, to have a p+ doped
emitter on n-type silicon substrate was difficult. With the recent developments
of the manufacturing technologies, technical problems mentioned above have
been solved. Without the concern on cosmic radiation on earth, the

advantages of n-type silicon solar cells, including longer minority carrier life
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time, and no light degradation, has revealed more potential for higher
efficiency and better stability than p-type silicon solar cells. Even though
crystalline silicon solar cells have dominated the photovoltaic market for
decades, their high temperature and hence high process cost, has
encouraged researchers to look for alternative photovoltaic devices that are

low cost and yet with good performance.

2.2.2 Organic solar cells

Recently, organic materials have attract great attention for photovoltaic
applications due to their advantages in the manufacturing process, including
solution based, low temperature, low cost, large area etc. [41][42]. Organic
solar cells, also called organic photovoltaic (OPV), have made many
breakthroughs with recent PCE of 11.2+0.3% [11]. Organic solar cell
operation principles are different from those of inorganic solar cell. For organic
materials with long chain of carbon conjugate system, where carbon atoms
are connected with alternating single and double covalent bonds, and the
carbon nuclear surrounding electron p: orbitals delocalized forming a
delocalized bonding 1 orbital with a 11° antibonding orbital. The delocalized
orbital is the highest occupied molecular orbital (HOMO), and the 1" orbital is
the lowest unoccupied molecular orbital (LUMO), which is similar to the
conduction band and valence band respectively for inorganic semiconductor
material. Figure 2.11 illustrates the energy band diagram of a bulk
heterojunction single junction organic solar cell. When incident light shines on

the organic heterojunction, excitons are generated, which are similar to
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electron-hole pairs in inorganic solar cell devices. The generated excitons are

then separated into electrons and holes to generate electric current.
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Figure 2.11: Energy band diagram of a bulk heterojunction single junction

organic solar cell.

Figure 2.12 shows different categories of organic photovoltaic (OPV) based
solar cells on their structures [43]. Figure 2.12 (a) shows a single layer of
organic material sandwiched between two electrodes. Typically material like
indium tin oxide (ITO work function ~4.5 eV [44]) is used for cathode and
lower work function material like Al (~4.28 eV)/Mg (~3.66 eV) is used for
anode. The difference in the work functions will induce a weak internal built-in
electric field. As this kind of OPV suffers from low exciton separation rate and

high recombination loss, its PCE is typically very low.

a) Cathode b) Cathode

Anode Anode

c) Cathode d) Cathode

Anode Anode

Figure 2.12: Different categories of OPV based on their structures [45].
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Figure 2.12 (b) shows a bilayer junction OPV. lIts junction is formed between
two types of organic materials: a donor with higher LUMO and HOMO levels,
and an acceptor with lower LUMO and HOMO levels. The internal built-in
electric field, formed due to the energy level difference between the donor and
acceptor, can separate the excitons more efficiently than the single layer OPV.
However, the exciton separation is effective only at the interface between the
donor and acceptor. For excitons generated far away from the interface, they
will recombine before reaching the junction interface because the diffusion
length is only of the order of 10nm [46]. To overcome this problem, bulk
heterojuction OPV has been developed. Figure 2.12 (c) shows an ideal
morphology of a bulk heterojunction solar cell and Fig.2.12 (d) depicts a
typical morphology of a solution processed device. By using a bulk
heterojuction structure, more excitons can diffuse to the donor/acceptor
interface and be separated, resulting in higher cell performance. To address
the oxygen and moisture diffusion induced degradation problem, the inverted
device structure has been developed [47]. Fig.2.13 (a) and (b) shows the

conventional device structure and inverted device structure respectively.
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Figure 2.13: Bottom illuminated OPVs with (a) conventional device structure

and (b) inverted device structure [48].

The ITO (work function ~4.5 eV [44]) or Fluorine doped ITO (FTO) on glass is
acting as the cathode and the higher work function such as Au (~5.1 eV), or
Cu (~4.65 eV) can act as the top anode. With such design, oxygen or
moisture induced degradation can be effectively mitigated by the thick metal

layer, as Au, or Cu metal films are relatively stable in ambient environment.

Since 2009, the emerging organic-inorganic hybrid perovskite solar cell
performance has progressed rapidly from the initial PCE of 3.8 % to 22.1 % in
just 8 years [11], now rivalling the efficiency of highly efficient solar cells. The
excellent material properties such as strong optical absorption, direct bandgap,
long carrier lifetime and diffusion length and high electron/hole mobility in
crystalline state contribute to the performance boost of perovskite solar cells
[49]-[53]. Future research direction in this field involves i) improving the
stability of the material, ii) removing lead in the active material for an
environmental friendly fabrication process, iii) also scaling up and solving the
technical issue in cell to grid conversion, for example depositing flat, uniform
and fully covered perovskite thin-films by industrial available approaches [54],

[55].

2.2.3 Organic/silicon hybrid solar cells

Despite all the breakthroughs and improvements that organic solar cells have
achieved, there are still many inherent disadvantages that organic solar cells
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possess. Compared with inorganic solar cells, organic solar cells have lower
PCE due to shorter carrier life time and lower carrier mobility. They also suffer
from stability issues due to oxygen and water vapour induced degradation of
organic materials in atmospheric ambient [56]. To combine the advantages of
inorganic solar cells, such as their long carrier life time and high carrier
mobility, and the advantages of organic solar cells, such as their solution
based, low cost, low temperature and large scale manufacturing process, the
idea of hybrid solar cell has emerged. Typical hybrid solar cells consist of
organic donor material, acting as hole transport medium, and an inorganic
acceptor material, acting as electron transport medium.

When choosing the organic materials, it is important to consider those with
appropriate energy band structure and hole transport capability. Traditionally,
poly (3-hexylthiophene-2,5-diyl) (P3HT), PTB7 and PDTTTPD have been
used due to their relatively low band gap (around 1.6 eV) which favours solar
radiation absorption and provides excellent hole mobility, etc.[57]. In recent
years, Poly(3,4-ethylenedioythiophene):Polystyrene sulfonate (PEDOT:PSS)
has been actively researched in the field of both organic solar cells, as well as
hybrid solar cells [58]. PEDOT:PSS is the most successful conducting
polymer in terms of practical applications, owing to its aqueous dispersion,
transparency in visible light range, spontaneous charge transfer with fast
kinetics induced by its superior conductivity and high work function [59], etc..
Figure 2.8 shows the chemical structures of PEDOT and PSS [59]. As for
inorganic material, various types including CdSe, CdS, CdTe, Si, PbS, TiOz>,
ZnO, ZnS, etc can be considered [57]. Among these Si is attractive due to its

appropriate energy band gap for solar light absorption [60], mature
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manufacturing process, abundant material supply, etc. Due to above reasons,
SI/PEDOT:PSS based inorganic/organic solar cells have been actively studied
[61], [62], [71]-[74], [63]-[70] and tremendous progress and break-through
has been made with the highest PCE of 13.9% [72] (front PEDOT:PSS design)
and 20.6% [75] (back PEDOT:PSS design) reported to date. Figure 2.10
shows a typical device structure of the planar SI/PEDOT:PSS heterojunction

hybrid solar cell.
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Figure 2.14: Chemical structures of PEDOT and PSS.

Ag¢gr|d

Ti/Pd/Ag
Figure 2.15: Device structure of a planar SI/PEDOT:PSS heterojunction hybrid

solar cell.

Silicon dioxide (SiOz2) is well known as an excellent passivation material on
bare Si substrates [68], [76]. The termination of dangling Si bondings with

SiO2 can significantly reduce the surface recombination velocity by minimizing
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the defective silicon surface. He et al. reported that well controlled and
optimized naturally formed SiOx layer on n-type silicon substrate acts as a
band bending layer that favours the hole injection towards PEDOT:PSS layer
[77]. Figure 2.16 illustrates the energy band diagrams of the different
SI/PEDOT:PSS with the Si surface terminated with hydrogen and SiO2, where
it can be seen that the latter provides a favourable band bending for hole
collection at the PEDOT:PSS. In fact, not only the thickness but also the
quality of the SiO:2 interfacial layer plays an important role in high efficiency
hybrid solar cells [78]. As the quality of the naturally formed native SiOx layer
is sensitive to the environmental conditions including temperature, humidity,
etc., leading to the variations in surface defect density, hydrophilicity, surface
topography, and oxide thickness and, thus, the discrepancies in the PCE

values of the solar cells [79].
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Figure 2.16: The energy band diagrams of differently terminated silicon

surface in contact with PEDOT:PSS layer [77].

Due to the aqueous dispersion property of PEDOT:PSS, different co-solvants
and surfactants’ effects on the wetting behaviour of PEDOT:PSS solution on
Si substrate have also been studied. Those studies were typically carried out

with different interfacial SiOx conditions, spin caster speed, etc. [68], [80].
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2.2.4 Silicon thin film solar cells

The first hydrogenated amorphous silicon (a-Si:H) film was accidently
deposited by R. Chittick in 1969 [81] when he was experimenting with silane
(SiH4) plasma. Since then W. E. Spear et al. were the first to systematically
study plasma-enhanced chemical vapor deposited (PECVD) a-Si:H films
based on silane plasmas and optional doping gases, e.g. silane mixed with
PHs for n-type films and silane mixed with BzHs for p-type films. In 1977, the
p-i-n type a-Si:H solar cell was introduced by D. Carlson et al. at RCA
laboratories, Princeton, New Jersey, USA [82]. The classical p-n type diode,
similar to crystalline silicon solar cells, was not adopted. This is because,
firstly, the n/p doped layers are highly defective with additional silicon dangling
bonds introduced, which are the main recombination centers in this material,
due to the incorporation of foreign atoms like boron or phosphous. Secondly,
due to the short minority carrier diffusion length (~0.1 pum for undoped and ~1
nm for doped material), as compared to 200 um in crystalline silicon wafers, it
becomes impossible to collect photo-generated carriers by diffusion only.
Hence, drift assisted carriers separation is also introduced by the internal
electric field built by the n and p layers over the intrinsic layer sandwiched in

between, as shown in Fig. 2.17.
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Figure 2.17: Schematic sketch of a typical p-i-n thin-film silicon solar cell.

Only 5 years after the first report, a-Si:H solar cells with efficiencies over 10%
had been obtained in 1982 [83]. However, light-induced degradation effect
(the Staebler-Wronski effect [84]) leads to stabilized efficiency lower than the
initial values of such solar cells. Even though it is reversible upon thermal
treatment at temperature around 100 <€, the complete prevention of light

induced degradation of a-Si:H solar cell has not yet been achieved.

Microcrystalline silicon thin film (uc-Si:H) is a variant of a-Si:H, produced
under higher plasma input power and higher hydrogen dilution ratio
(R=[H2])/[SiH4]) [85]. It is a two-phase material consisting of crystalline grains
and amorphous tissue. Since the first study about the deposition of pc-Si:H
using PECVD as reported by Usui et al in 1979 [86], research activities on this
material including its application on solar cell field grew continuously. In 1996,
an efficiency of 7.7% p-i-n type fully microcrystalline silicon thin film solar cell
reported by J. Meier et al. at Neuchatel University marked the first well

performing pc-Si:H solar cell [87]. Unlike a-Si:H solar cells, these pc-Si:H
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solar cells generally do not suffer from a pronounced Staebler-Wronski effect.
From then onwards, with the aim of developing high efficiency devices, the
focus of development has been shifting from single junction to a-Si:H/pc-Si:H
double/triple junction tandem solar cells. To date, world record efficiency of
14.0% has been achieved by AIST with an a-Si:H/nc-Si:H/pc-Si:H triple
junction structure [88], efficiency of 16.3% has been reported by USSC with a-

Si:H/a-SiGe:H/uc-Si:H triple junction structure [89].

2.3 Nano-structuring techniques

Despite all the advantages of silicon as the light absorbing material in solar
cells, due to its indirect band gap, it has low absorption coefficient. In order to
effectively absorb the solar radiation, the active silicon layer thickness has to
be at least 200 um for a commercial crystalline silicon solar cell. On the other
hand, the use of a thinner active material in a solar cell is advantageous. It not
only saves the material cost, but also offers the added advantage of efficient
charge-carrier transport. To overcome the poor light absorption of the thin
silicon active layer, surface texturing techniques have been actively applied in

solar cell device fabrication.

As the current industrial standard, sodium hydroxide (NaOH) or potassium
hydroxide (KOH) dissolved in water is normally used for both saw damage
removal and surface texturing. Such strong alkaline etching process has
different etch rates for different crystalline orientations. As a result, small

pyramids with a square base are randomly distributed over the wafer surface
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for monocrystalline silicon wafers with a (100) surface orientation. With such
texture, the surface reflectivity can be reduced from 35 % to 12 % [90]. In
recent years, black silicon technology has also been implemented in solar cell
mass production lines [91]. Black silicon refers to silicon surfaces covered by
a layer of nano- or fine micro-structures, which effectively suppresses
reflection, while simultaneously enhancing the scattering and absorption of
light. As a consequence, the silicon wafers appear black, instead of the
slightly blue typical of planar silicon wafers [92]. Black silicon can be
fabricated by various techniques including electrochemical etching [93], metal
assisted chemical etching [94], reactive ion etching [95], [96], etc. Black
silicon technology provides excellent antireflection properties; reduced
material cost from lesser waste silicon material during etching process and
reduced fabrication cost from no additional antireflection coating needed.
However, due to the fine nanostructures produced during wet etching, a larger
number of defects are introduced on the silicon surface. Effective surface
passivation is required for a well performing device [97].

In academia, recent studies on various nanostructures based silicon solar
cells have shown great improvements in terms of light absorption
enhancement [98]-[100]. Typical nanostructures include array of silicon
nanowires (SINWs) [101]-[109], silicon nanoholes (SiNHs) [110]-[112],
silicon nanocones (SINCs) [113], silicon nanoconical frustums [114], silicon
nanotubes [115], silicon inverted nanocones [116], silicon inverted
nanopyramids [117], silicon nanofunnels [118], etc. The reason for absorption
enhancement is due to enhanced scattering of light by the nanostructures,

which extends the optical diffusive path length of light and results in a stronger
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light absorption. High surface recombination rate in nanostructured silicon
solar cell remains a critical issue as this will lead to a lower external quantum
efficiency (EQE) over shorter wavelength range and hence poorer Jsc and

Voc [12], [13].

PS sphere assisted lithography, which is also known as one of the colloidal
lithography or natural lithography techniques [22], [23], is a promising cost-
effective fabrication tool for producing regular and homogenous arrays of
nanostructures with different sizes [121]-[123]. Due to the high manufacturing
cost involved in deep ultraviolet (DUV) and nano-imprint lithography
technologies, in this work we have chosen the cost-effective PS sphere
assisted lithography for the fabrication of the nanostructures. A detailed study

on the application of this technique in our work will be present in chapter 3.

2.4 Solar cell simulation methodologies

By applying Maxwell's equations based on numerical methods, we could
simulate how light interacts with silicon nanostructures. The simulation results
are useful in terms of guiding the nanostructure design by optimizing the
geometry dimensions and also providing physical insight into the absorption
enhancement process. There are different numerical methods, such as finite
element method (FEM) [124]-[130] and finite difference time domain (FDTD)
method [118], [131]-[134], transfer matrix method (TMM) [111], [135], [136],
rigorous coupled-wave analysis (RCWA) method [137]-[139], etc. Different

structures have been simulated previously, including SINW [109], [124], [125],
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[135], [136], [140], SiNH [126], [128], [129], [132], [133], [138]. Typical design
variables include the diameter D of the nanostructures, periodicity P, height
H, film thickness t, filling ratio f or D/P ratio and special dimensions according
to the structure requirement. The reflectance (R) and transmittance (T) of the
nanostructures are calculated by the numerical method chosen, and the
absorption (A) is given by A =1 — R — T. Assuming that each and every
photon absorbed is used to produce one electron hole pair, i.e. the internal
guantum efficiency is 100%, the photo-generated current Isc of the device can

be expressed as:

L f”“’“w (2.10)

sc " E(D)
where Eg is the band gap of silicon, E(A) and A are the photon energy and
wavelength of incident sunlight respectively, A(A) is the absorption spectrum
of the active material and P(A) is the spectral irradiance of standard AM1.5G
solar spectrum. The wavelength range for the integration is from 300 nm to
1100 nm, which covers the main part of the solar spectrum. By calculating the

Isc, the effectiveness of different nanostructures can be compared and the

nanostructures can be optimized.

In this work, FEM is selected as the simulation method to study the optical
properties of nanostructures due to its flexibility to handle any type of
geometry and material inhomogeneity without a need to alter the formulation
or the computer code (geometrical fidelity) [141]. The FEM is implemented
using the software High Frequency Structure Simulator (HFSS) [142]. The
FEM method is a numerical technique for obtaining approximate solutions to

boundary-value problems of mathematical physics [143]. Before solving, the
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structure is divided into many smaller domains called finite elements or
meshes. For those finite elements, triangular elements are used for two
dimensional structures and tetrahedral elements for three dimensional
structures, as shown in Fig. 2.18. After domain discretization, the Maxwell
equations will be set up and solved for each of the elements within the
boundary. In general, the HFSS design flow can be divided into 3 stages: pre-
processing, solution and post-processing. When the solution converges,
results like reflection/transmission coefficient, field distribution etc. can be
extracted from the solution obtained. The HFSS design flow chart is

summarized in Figure 2.19.
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Figure 2.18: Divided finite elements in 2D and 3D structures.
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Figure 2.19: HFSS design flow chart.

50



Chapter 3. Improved Polystyrene Sphere Assisted
Lithography with Matrix Distributed Electron Cyclotron

Resonance Oxygen Plasma

In this chapter, we study the use of a matrix distributed electron cyclotron
resonance (MDECR) oxygen plasma source to etch a monolayer of closely
packed Polystyrene Spheres (PS). We aim at improving the patterning
capability and overcoming the limitations of the existing PS sphere assisted
lithography with a fine-tuned MDECR oxygen plasma source and various
innovative etching conditions. Firstly, we introduce the PS sphere assisted
lithography and its applications, together with a review of previous works on
thin film deposition and reactive ion etching by ECR. Subsequently, the
fabrication process and designed etching conditions will be introduced. After
that, the effects of various etching parameters are discussed in detail. From
the experimental results obtained, we summarize the morphology evolution of
PS spheres under ECR oxygen plasma. Following that the conclusions drawn
regarding the improvements of our innovative PS sphere lithography

methodology and significance of this work will be presented.
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3.1 Introduction and objectives

3.1.1 PS sphere assisted lithography and its applications

PS sphere assited lithography (PSAL), which is also known as one of the
colloidal lithography or natural lithography techniques [22], [23], is a
promising cost-effective fabrication method for producing regular and
homogenous arrays of nanostructures of different sizes [24]. This is not as
precise as standard photolithography techniques, such as deep Ultra-Violet
(UV) or extreme UV lithography [25], [26]. However, it allows one to fabricate
periodic nanostructures, which are regular and up to a few hundreds of

micrometer, at a much lower cost and using simpler process steps.

In general, PSAL is divided into two parts: firstly, formation and transfer of the
PS monolayer or simply mask preparation; secondly, deposition of the
material of interest through the opening of the ordered spheres and
subsequently removal of the spheres. Figure 3.1 shows the overall process

steps [24].
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Figure 3.1: PS assited lithography process [24].

In addition to the mask preparation step, PS sphere size reduction by oxygen
plasma ething is often implemented by researchers for fabrication of different
nanostructures, such as silicon nanoholes first demostrated by C. Haginoya et

al in 1997 [144], as shown in Fig.3.2.
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Figure 3.2: Schematic diagram of the fabrication process with top view (upper)
and cross-sectional view (lower) [144]. (a) Formation of a monolayer of PS
spheres on silicon. (b) PS sphere size reduction by reactive ion etching (RIE)
in a oxygen plasma. (c) Sputter deposition of Pt—Pd. (d) Removal of PS

spheres. (e) Formation of silicon nanohole array by RIE with CF4 plasma.

As we can see, the periodicity of the silicon nanoholes is defined by the initial
PS sphere size before oxygen plasma etching. The diameter of the silicon
nanoholes is defined by the final PS sphere size after oxygen plasma etching.
By combining similar processing steps with other exprimental designs, 1-
Dimensional [145], 2-D [146], [147] even 3-D nanostructures [148] can be
fabricated. The robustness of PSAL in terms of nanostructuring of different

materials has also been demonstrated [149]. As a result, formation of different
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structures, like chemical vapor deposited (CVD) ZnO [150], silicon [151] and
carbon nanotubes [152], dry etching based silicon nanocones [153] and
nanoholes [144], wet etching based silicon nanopillars [154] and nanoholes
[155], inverted silicon nanopyrimid [156], and so on, have been reported.
Different applications like field emitters [157], photonic cystals [158],
enhanced photocatalytic activity [159], antireflection coating [160], self-
cleaned highly hydrophobic surfaces [161], solar cell back point contact
formation [162], mold for nanoimprint lithoraphy [163], etc. are enabled by

PSAL.

However, PSAL has its own limits when small dimensions (less than 100 nm)
are required. On the one hand, with smaller PS sphere size being used, the
patterning periodicity will be difficult to be maintained. This will end up with
smaller periodically packed domains. On the other hand, as a polymer,
polystyrene will tend to be heated and softened after long time exposure to
oxygen plasma. After a even longer oxygen plasma etching time, a rough
surface with tiny frustrations will develop. Melting will result from an excessive
heating due to physical bombardment by energetic ions and chemical
reactions from the oxidation process. These effects will end up with an
irregular shape of PS spheres after oxygen plasma etching [164]. Moreover, if
a PS sphere is melted to certain degree, the patterning capability will be
totally lost. In the later part of this chapter, we will demonstrate some cases
where certain experimental conditions can lead to bad patterning quality. In

our work, we used a modified electron cyclotron resonance (ECR) generated
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oxygen plasma system to solve the above problem, which will be introduce in

the next part.

3.1.2 Electron Cyclotron Resonance Plasma

ECR plasma is a kind of high density plasma with the excitation source in the
microwave range. To obtain a resonant condition for the electrons, one can
achieve it by setting the microwave frequency to be synchronous with the
gyration frequency of the electrons. The gyration frequency of the electron is
defined by the magnetic field intensity [165]. Under the condition of a uniform
and static magnetic field B, due to the Lorentz force, electrons will have a
circular or helical motion along the magnetic field, as shown in Fig.3.3 (a). The

angular frequency wc of electron rotation is given by,
w, = — (3.2)

and a radius rz given by,

mv
L=
c qE

(3.2)
where v is the electron velocity perpendicular to the magnetic field. However,
there won’t be any energy gain of these electrons in circular or helical motion,
even in vacuum under no collisions. However, if we apply a microwave
electric field with an angular frequency w on the magnetic field, as shown in
Fig.3.3 (b), the path of the electron motion will be modified. A resonance
effect would occur if the condition w=w. is satisfied. The electrons will be

accelerated continuously and move in phase with the electric field. Above

effect is commonly described as the ECR effect. For the commonly used 2.45
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GHz microwave excitation, when magnitude of the magnetic field is set at the

875 Gauss, the resonance effect occurs for the electrons [166].

(a) 4B (b) 45
F — 3
v E W
Circular or helical motion Acceleration at resonant conditions

Figure 3.3: (a) The circular or helical motion of an electron in a static and
uniform magnetic field. (b) Continuous ac celeration of the electron in a

superimposed magnetic field and electric field [165].

Under ECR resonant condition, the electrons in the coupling region will be
continuously accelerated. lonization and momentum transfer will occur inside
the plasma due to energy loss during collision between fast electrons and
neutral particles [165]. Since essentially ECR plasmas operate at very low
pressures (lower than 10 mTorr) and the mean free path is long, the electrons
can gain enough kinetic energy at a very short time, high ionization efficiency
and high plasma density can be achieved. Since the middle of 1970s and
early 1980s, ECR plasmas for surface processes were extensively
researched, and they have been applied to various plasma-enhanced
chemical vapour deposition (PECVD) processes, like the deposition of silicon
(and its alloys) [167], [168], carbon coating [169], metal oxides and dielectric
materials [170], as well as passivation coatings [171]. ECR plasma based

etching processes have been developed as well, due to its high plasma
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density and higher ionization efficiency, hence a faster etching rate, shorter
process time and higher through-put. Its etching characteristics of organic
photoresist [172], semiconductor Si [173], GaN [173], dielectric film SiNx [174],

SiC [175], etc. have been widely studied.

In our work, a more recent concept of the ECR plasma source — the matrix
distributed ECR (MDECR), which has been developed by Lacoste et al [176]
in the early 2000s, is used. In the MDECR design, the excitation source is
multiple elementary microwave applicators which arranged in an array form.
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Figure 3.4 (a) Schematic of an elementary plasma excitation unit [177]. (b)

Cross-sectional view of a typical MDECR reactor [178].

As shown in Fig.3.4 (a), there are two main parts in each of the microwave
applicator: a coaxial microwave feedthrough with an azimuthal symmetry
around along its axial direction and a cylindrical permanent magnet at the rod
end [177]. A metallic envelope is used to encapsulate the magnet completely,
and water cooling systems are used to keep the magnet cool. With an
adjustable insertion depth mechanics, they are inserted inside the vacuum

chamber. Strong ECR coupling can occur in the region close to each
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separated magnet or in between two magnets next to each other and
operated at opposite polarities [177]. An example of such design is shown in
Fig.3.4 (b), where in a 5 by 5 array arrangement are configured for the 25
microwave applicators [178]. The substrates are placed at the other side of
the process chamber. With the plasma species diffused from the source
region to the target region, the surface processing can be realized. Several
advantages of the MDECR plasma source over the conventional ECR plasma
sources are summarized as follows: i) fabrication scaling-up can be simply
achieved by inserting additional units due to the simple design of the
elementary microwave applicator; ii) different fabrication conditions, especially
on plasma distribution and sample surface shape, can be achieve due to the
freedom to adjust the insertion depth of the elementary unit into the vacuum;
iii) the absorption of the microwaves by the plasma before reaching the target
ECR region is not likely to occur, since the applicator are shielded with coaxial
feedthrough configuration [166], [178]. Those advantages lead to fast electron
confinement, so that to sustain stable plasma, considerably lower power is
required. In addition, this design can greatly reduce microwave interferences
between different sources, which are achieved by reducing microwaves

propagation towards the adjacent elementary units.
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3.2 Fabrication Process and Conditions

3.2.1 PS sphere monolayer formation

The PS spheres used in this work had nominal diameters of 425+10 nm,
607+15 nm and 784+23 nm, and were obtained as an agueous mono-
dispersive suspension of 5 w.t.% (microParticles GmbH). For simplicity, these
will be referred to as 400 nm, 600 nm and 800 nm spheres. The suspension
was diluted by mixing it with an equal volume of ethanol as a spreading agent
prior to use. We use crystalline silicon (c-Si) wafers (100 orientated) as the
substrate for the preparation of PS monolayers. Prior to use, the substrates
were cleaned with acetone, isopropanol (IPA) and de-ionized (DI) water.To
deposit a compact monolayer of PS spheres on the c-Si substrates, different
approaches were investigated: spin coating [179], dip coating [180], solvent
evaporation [181], etc. In our work, the floating-transfer method was used for
the deposition of a PS sphere monolayer onto the c-Si substrates. It is a
repeatable and well controlled method for large area PS sphere monolayer
(more than 20 cm?) transfer [182], [183]. On top of this method, we further
improve the overall process with the use of diluted Tween-20 surfactant. The

process flow is described in detail below.

A glass petri dish with an inner diameter of 15 cm and height 3 cm was first
cleaned with acetone, IPA and DI water, followed with a UV ozone treatment
for 15 min to achieve a hydrophilic surface. The petri dish was filled to halfway
with DI water prior to adding the PS spheres. A 1 mL volume syringe, capped

with 25 g needle, containing 0.5 mL of the diluted PS sphere suspension was
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then put in contact at the inner sidewall of the petri dish, around 1 cm above
the water surface. With a slow and steady injection of the PS sphere
suspension, due to the spreading effect of ethanol, the solution firstly flowed
down and spread over the inner sidewall of the petri dish, and then further
spread across the water surface. During this process, the PS spheres were
floated and spread on the wafer surface as well. With the capillary force acting
between the hydrophobic PS spheres, a self-assembled, hexagonally closely
packed monolayer of PS spheres was formed. After most of the water surface
was covered by the floating PS sphere film, a few drops of 1 : 200 water
diluted Tween-20 surfactant solution was added to the water surface from the
sidewall of the petri dish. PS sphere film was pushed to the opposite direction
of the petri dish from the place where Tween-20 entered the water surface. A
compact continuous PS sphere monolayer film was finally formed on the
water surface. Such “pushing effect” by the surfactant has been reported with
different species like sodium dodecyl sulfate (SDS) [184]. As a non-ionic
surfactant, Tween-20 offers a stronger pushing effect hence resulting in a
more compact and disturbance resistant PS sphere monolayer film. For a
hydrophilic surface, a 15 min UV ozone treatment was applied to c-Si
substrates as well, prior to film transfer process. During the PS sphere
transfer process, the c-Si substrate was firstly wetted with water and
immersed below the water surface, under the PS spheres monolayer. The
substrates were then lifted upward slowly so that the PS sphere monolayer
was transferred onto the substrate surface. After removing the substrates
from the petri dish and with PS spheres monolayer on top, they were dried in

air for around one hour. Fig.3.5 shows the schematic of the overall process.
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After the PS spheres monolayer deposition on the c-Si substrates, oxygen
plasma etching was carried out using the MDECR process under different

etching conditions.

(f)

Figure 3.5: Schematic of PS spheres monolayer formation on silicon. (a) Petri

dish half filled with DI water. (b) Floating of PS spheres. (c) Packing of the PS
spheres with pushing effect of diluted Tween-20 surfacant. (d) Insertion of the
substrate under the water suface. (e) Substrate lift-up. (f) Drying of the

substrates in air.

3.2.2 Reactive lon Etching by Matrix Distributed Electron Cyclotron
Resonance generated Oxygen Plasma

The etching process was performed using an MDECR reactor. The
microwave discharge, excited at 2.45 GHz, was sustained by a set of sixteen
water-cooled antennas, each terminated by a permanent rare-earth magnet.
To power the microwave antennas, two magnetrons generating up to 2000 W
were used, with each one supplying power to eight antennas [178]. For the
reactive etching plasma, the following conditions were used: 40 sccm of Oz,
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pressure of 2 mTorr, and microwave power set at either 500 W or 1 kW (in
either continuous or cycling mode). For the non-reactive plasma, 40 sccm of
Ar, 2 mTorr pressure and 500 W power were used. The 210 mm diameter
substrate holder is positioned at 100 mm downstream from the end-plane of

the antenna matrix.

Recently, Li et al. studied the etching of polystyrene sphere in oxygen plasma
[185]. They considered that the plasma flow contained ions, electrons, excited
neutrals, radicals, and UV radiation. These highly reactive and energetic
species led to the chain scission of the PS molecules, generating low-
molecular-weight fragments. Early work done by Guruvenket et al. [186]
concluded that an oxygen plasma can react with the polymer surface to
produce a variety of atomic oxygen functional groups, including C-O, C=0, O-
C=0 and COs at the surface. This process gave rise to volatile reaction
products. During the exposure of PS sphere to oxygen plasma, two processes
occur simultaneously. Firstly is the etching of the polymer surface through the
reaction of atomic oxygen with the surface carbon atoms. Secondly is the
physical bombardment by the energetic ions which leads to chain scission.
The low-molecular-weight fragments will be more easily etched by atomic
oxygen. The balance of these two processes depends on the conditions of a

given etching process.

In our work, by controlling the etching power, etching mode (both in
continuous and cycling mode), and using different etching gases (both oxygen

and argon) and with a Faraday cage to shield the ion bombardment, not only

63



we could isolate the role of ions from that of oxygen radicals in the oxygen
plasma, but we also improved the patterning quality of the PS sphere assisted

lithography.
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3.2.3 Patterning Quality Evaluation and PS sphere melting

To validate the patterning quality after PS sphere etching, a 50 nm thin Al
layer is thermally evaporated on top of the substrates. To remove the PS
sphere and to complete the nanostructured Al nanomesh, the substrates were
immersed in toluene solution and a 10 min low power ultrasonic bath was
applied. As a strong organic solvent, toluene would dissolve the PS spheres
and the Al film attached to the PS sphere would be peeled off under ultrasonic
bath. Fig.3.6 shows two cases where the patterning was successful (upper

SEM images) and not successful (lower SEM images).

Figure 3.6: Validation of patterning capability of PS sphere arrays after

oxygen plasma etching. (a) Top view of PS spheres array after etching which
maintained good patterning capablity. (b) Side view of (a). (c) Al nanomesh

after Al film evaporation and PS sphere removal. (d) Top view of PS spheres

array after etching which lost it patterning capablity. (e) Side view of (d). (f) A

failed case in the fabrication of the Al nanomesh.
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From Fig.3.6(d-f), we can see the PS spheres were not removed due to the
perfect coverage of Al on the spheres and substrate. After oxygen plasma,
melting of the PS spheres on the substrates is observed in Fig.3.6(e). To
characterize it, we used the contact angle concept from the wetting of the
liquid on a solid surface. Fig. 3.7 shows two schematics generalized from

Fig.3.6 (b) and (e).

Figure 3.7: PS sphere melting with (a) >90contact angle (b)<90<contact

angle.

Successful PS sphere removal will only occur when the contact angle is
greater than 902 As for the counter case, toluene will not get in contact with
the PS spheres that are encapsulated by the Al film, and hence PS spheres
will not be dissolved in toluene. The melting of the PS spheres is selected as
one of the most important parameters for us to justify the quality of the oxygen
plasma etching conditions. To retain the patterning capability, PS sphere
melting and sticking to the substrate should be avoided for a successful PS

sphere removal.
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3.3 Effect of Etching Conditions

In this section, we present the PS sphere etching behavior under different
plasma conditions. The effects of the etching microwave power, etching mode
(both continuous and cycling mode), using different etching gases (oxygen
and argon) and with a Faraday cage to shield the ion bombardment, are

discussed in detail.

3.3.1 Effect of etching power

In order to study the effect of the microwave input power on PS sphere
etching, 500 W and 1 kW input power were used, while kept 40 sccm of O2
flow rate 2 mTorr of process chamber pressure. Fig. 3.8 (a) and (b) shows top
and cross section SEM images of the 600 nm PS sphere arrays after 3 min of
500 W etching power; and Fig. 3.8 (c) and (d) shows top and cross section

SEM images after 2 min of 1 kW etching power.

a) Continuous5S00W-3min c) Continuous 1kKW-2min
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Figure 3.8: SEM images of 600 nm PS spheres etched in a continuous
plasma. 3 min under 500 W (a) top (b) cross section, and 2 min under 1 kW (c)

top (d) cross section.

After 3 min exposure under 500 W continuous plasma power, from the top
and cross section SEM images as shown in Fig. 3.8(a) and (b), we see that
the PS spheres maintained their shape and did not melt. The etched spheres
end up with a slightly hexagonal shape, and have been etched to around 80%
of their initial diameter. However, after 2 min exposure under 1 kW continuous
plasma power, the PS spheres were completely melted, as shown in Fig.
3.8(c) and (d) that they appear rounded from the top SEM image and
semispherical from cross section SEM image. The PS spheres have been
reduced to 63% of their initial diameter. In both cases, PS spheres are
successfully etched and their periodic arrangements are still retained.
However, if the PS spheres are melted and stick to the substrate, they might
lose the patterning capability, as discussed in Section 3.2.3. In order to avoid
the PS sphere melting and yet attain a reasonable etching rate, alternative

etching methodologies were investigated in this work.

3.3.2 Effect of etching mode

To resolve the plasma heating during etching which leads to the melting of the
PS spheres, a cycling mode was used. In the cycling mode, the overall
plasma etching process was divided into multiple cycles. Each of the etching

cycle will have a 15 sec of plasma turned on phase and a 30 sec of plasma
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turned off phase. The plasma input power applied and the total duration of the
plasma turned on phase were designed to be the same with respect to the
continuous mode. Both 600 nm and 800 nm PS sphere arrays formed on a c-
Si substrate were used for the experiment. The SEM images of the 600 nm
PS sphere array after exposure to the cycled plasma with different etching

powers are shown in Fig.3.9.
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Figure 3.9: SEM images of 600 nm PS spheres etched by cycling plasma. 3
min under 500 W (a) top (b) cross section. 2 min 15 sec under 1 kW, (c) top (d)

Cross section.

From Fig. 3.9(a), we observed that the PS spheres exposed to the 3 min
under 500 W cycling plasma are not strictly round, and have been etched to
77% of their initial diameter. On the other hand, the PS spheres exposed to 2
min 15 sec under 1 kW cycling plasma have maintained a round shape and
have been reduced to 58% of their initial diameter. Surprisingly, the etch rate
of the PS spheres under the cycling plasma is higher for both 500 W and 1

kW power compared to the continuous plasma as shown in Fig.3.8. This
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might due to under the cycling plasma, the exposure time to oxygen radicals
is longer. Comparing between Fig.3.9(d) and Fig.3.8(d), we observed that
even though the PS spheres in Fig.3.9(d) are not completely melted and stick
to the substrate, we do observed a larger area that is in contact with the
substrate. We can conclude that the cycling plasma can mitigate the melting

of the PS spheres.

To better demonstrate the effect of cycling plasma mode, we have carried out
another set of experiments. The 800 nm PS spheres are exposed to oxygen
plasma for 2 min 45 sec under 1 kW plasma power, applying both continuous
and cycling mode. The top and cross section SEM images are shown in

Fig.3.10.

a) Continuous 1kW-2min 45s b) Cyeling 1kW-2min 45s

Figure 3.10: SEM images of 800 nm PS spheres exposed to oxygen plasma
for 2 min 45 sec under 1 kW plasma. (a) continuous plasma, (b) cycling

plasma top (c) cross section.
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We observed that in Fig.3.10(a) the 800 nm PS spheres have melted and
fused together, indicating a serious melting issue for the continuous plasma
condition. In contrast, for the cycling plasma condition, the PS spheres were
separated and maintained their round shape as shown in Fig.3.10(b), and
were etched to 63% of their initial diameter. However, from the cross section
SEM images as shown in Fig.3.10(c), PS spheres were still partially melted to
the substrate and shown a contact area (around 200 nm wide) with the
substrate. In order to better understand and further gain control over PS
sphere melting/softening, the effect of different species, such as ions and
oxygen radicals, in the oxygen plasma during PS sphere etching are next

investigated.

3.3.3 Effect of Faraday cage shielding

In order to study the effect oxygen radicals independent of oxygen ions the
during etching, as well as to better understand the reason behind the PS
sphere melting, a stainless steel metal cage was used to reduce the ion flux
towards the samples. The metal cage has a mesh transparency of 78 % and
each metal wire is separated with a distance of 1 mm. Such etching set up
using Faraday cage was previously studied by Byeong-Ok et al. [187]. In his
work, the etching profile was greatly modified by the usage of the Faraday
cage. To quantify the effect on the ion flux reduction, we firstly characterize

the ion flux in a standard Ar plasma.
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We carried out the measurement of the ion flux for a standard Ar plasma
inside and outside the metal cage using a flat Langmuir probe with an area of
1 cm? [188]. The Ar plasma conditions were kept at 2 mTorr process chamber
pressure and 500 W or 1 kW input plasma power. At 1 kW power, the ion
current density generated by the probe outside the cage was 1.32 mA/cm?,
while inside the cage ion current density dropped to 0.06 mA/cm?2. At 500 W
power, ion current density dropped from 0.6 mA/cm? to 0.03 mA/cm? when
placing the probe from outside the cage to inside. The floating potentials were
+3 V and +8 V for 500 W and 1kW power. From the results, we estimated that
the metal cage can reduce the ion flux by around 95 %. Other than that, the
radical flux is expected to be reduced by less than 20 %, which is deduced

from the 78 % mesh transparency of the Faraday cage.

Subsequently, set of experiments was then carried out by placing PS sphere
arrays inside and outside the metal cage, and exposing them to different
oxygen plasma conditions. Fig.3.11 shows the SEM images of the 400 nm PS
spheres on c-Si samples placed inside and outside the cage (continuous

plasma for 2 min under 1 kW power).
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a) Continuous 1kW-2min-MC ) Continuous 1KW-2min-no MC]

Figure 3.11: SEM images of 400 nm PS spheres etched for 2 min under 1 kW
continuous plasma. Inside the cage (a) top (b) cross section. Outside the cage

(c) top (d) cross section.

We observed from Fig. 3.11 that the PS spheres placed inside the cage are
not melted, but PS spheres placed outside the cage are completely melted.
Furthermore, from the top SEM images shown in Fig 3.11(a) and (c), the PS
spheres placed inside the cage have a hexagonal shape after etching, and
have been etched to 74% of their initial coverage area, while due to complete
melting those on the outside of the cage have a round shape and have been

etched to 24% of their initial coverage area.

We observed that, under the Faraday cage shielding, the etching rate of the
PS spheres is greatly reduced. We repeated same experiment on 600 nm PS
spheres, with a longer etching time. Firstly, we applied a 1 kW plasma power,
continuously for 3 minutes inside the metal cage. The SEM images for the 1

kW experiment are shown in Fig.3.12.
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a) Continuous 1kW-3min- ¢) Continuous 1IKW-3min-
Cage no Cage

Figure 3.12: SEM images of 600 nm PS spheres etched for 3 min under
continuous 1 kW plasma power. Inside the cage (a) top (b) cross section.

Outside the cage (c) top.

From Fig.3.12, we observed that the PS spheres placed outside the cage are
completely etched away, and PS spheres placed inside the cage are etched
and not melted. PS spheres remain spherical and have been etched to 50%
of their initial coverage area. From Fig.3.12(b), we observed that even though
when PS spheres placed inside the cage they are not melted, the contact
area between the PS spheres and substrates seems become larger,

indicating a softening of the spheres during the process.

To further improve and to avoid such softening behavior, we reduced the
etching power to 500 W and repeated the experiment. Other than the 3 min
etching time as we did for the 1 kW etching power, we also tested 5 min
etching time for 500 W under Faraday cage. As the lower plasma power will

result in a slower etching rate, a longer etching time is preferred for an
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observable etching process and hence better comparison. Fig.3.13 shows the
SEM images for 600 nm PS spheres etched for 3 min and 5 min under

continuous 500 W plasma power.
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Figure 3.13: SEM images of 600 nm PS spheres etched under 500 W
continuous plasma. 3 min plasma for sample inside cage (a) top (b) cross
section, and for sample outside cage (c) top (d) cross section. 5 min plasma
for sample inside cage (e) top (f) cross section, and outside cage (g) top (h)

Cross section.
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We observed that for a decreased plasma power from 1 kW, as shown
previously in Fig.3.12, to 500 W and etching time kept constant at 3 min, no
melting is observed regardless of placing the sample inside or outside the
metal cage, shown in Fig.3.13(a), (b), (c) and (d). However, we observed a
decreased the etch rate. From Fig.3.13(a) and (c), we observed that the PS
spheres inside the cage are etching to only 80 % of their original coverage
area (comparing to 50 % reduction of the 1 kW case, as shown in Fig.3.12),
and 65% for the spheres outside the cage. In addition, from the cross section
SEM images, shown in Fig. 3.13(b), (d), and (f), we observe that the etch rate
of the PS spheres in the vertical direction is faster than that in the lateral
direction. This leads to in an oblate spheroidal shape of the PS spheres. We
can observe such shape slightly more clearly outside the metal cage. The
height of the spheres (now oblate spheroid) inside the cage is 482 nm (~80%
of the original 600 nm height), whereas it is 386 nm (~64% of the original 600
nm height) outside the cage. In order to validate if the Faraday cage shielding
can prevent the melting at 500 W plasma power even for a longer etching
time, the plasma etching time was further increased to 5 min. Figure 3.13(e),
(), (9), and (h) show the SEM images. It is seen that the PS spheres placed
inside the cage are not melted and have been reduced to 74 % of the initial
coverage area. On the contrary, PS spheres placed outside the metal cage

have melted and have been reduced to 58 % of the initial diameter.

Based on the SEM images and analysis above, we can draw some

conclusions on the role of oxygen radicals during the etching process. Using a
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metal cage prevents the PS spheres from melting, but at the cost of a reduced
etch rate. We observed that by using the Faraday metal cage shielding, the
vertical and lateral etching rate of the PS spheres are reduced by around
43 % and 49 % respectively. The observation is consistent with the conditions
we applied: by using Faraday cage shielding, the total amount of etching
radicals that will be arrive on the sample is expected to be reduce by 20 %
(78 % transparency of the cage) and 95 % fewer ions would arrive. We can
conclude that the sample etching mainly comes from the oxygen radicals that

arrive on the PS spheres.

Further experiments were carried out with the combination of cycling the
plasma was then combined and the use of metal cage. 400 nm PS spheres
were exposed to continuous or cycling plasma at different power levels: 3 min

under 500 W and 2 min under 1 kW. The SEM images are shown in Fig.3.14.

a) Continuous 1kW-2min-Cage b) Cycling 1kW-2min-Cage
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Figure 3.14: Cross section SEM images of 400 nm PS spheres etched inside

metal cage. For 2 min under 1 kW plasma power, (a) continuous and (b)
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cycling mode, and for 3 min under 500 W plasma power, (c) continuous and

(d) cycling mode.

By comparing Fig.3.14(a) and Fig. 3.14(b), as well as Fig.3.14(c) and
Fig.3.14(d), no significant difference in the etch rates is observed between the
cycling and continuous modes, regardless of the input power. However, from
section 3.3.2, we concluded that etching rate of the PS spheres under the
cycling mode is faster compared to the continuous mode. This difference is
probably due to the large metallic surface area provided by the metal cage
that is place closely with the sample induced an enhanced recombination of
the oxygen radicals. Hence a fast drop of the oxygen radical concentration in
the plasma-off phase will occur, which leads to less difference between the

etching rage of cycling mode and continuous mode.

3.3.4 Effect of etching gas

In order to investigate the role of ions on PS sphere melting during the etching
process, Ar plasma was applied after a moderate oxygen plasma etching
process. Firstly, the PS spheres were slightly etched using oxygen plasma.
Fig.3.15(a) and (b) show the top and cross section SEM images of the PS
spheres after oxygen plasma etching. Secondly, we applied an additional 5
min Ar plasma at 500 W and placed the samples outside the metal cage.

SEM images of the final samples are shown in Fig.3.15(c) and (d).
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Figure 3.15: SEM images of 600 nm PS spheres etched for 5 min under 500
W continuous plasma inside metal cage. (a) top and (b) cross section. SEM
images after additional Ar plasma for 5 min under continuous 500 W plasma

power outside metal cage (c) top (d) cross section.

From Fig.3.15, although the PS spheres are not further etched by the
additional Ar plasma, PS spheres are further melted and have a larger contact
area with the silicon substrate, as shown in Fig.3.15(d). Some of the adjacent
PS spheres have fused together, as shown in Fig.3.15(c). This further proves
that the ions are the main cause for the PS spheres heating, which can

eventually end up with PS softening and even melting.

3.4 Shape Evolution of PS Spheres
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In this section, the shape evolution of PS spheres during oxygen plasma
etching is described in detail. We described different characteristic shapes

that observed from the SEM images.

At the early stage of oxygen etching, a hexagonal shape is observed from the
top view, both inside and outside the Faraday metal cage. This shape is
presumably due to a “shadowing effect” by adjacent PS spheres, i.e. at the
point of the PS spheres which is in contact with another, the arrived oxygen
radical flux is lower, and at the point of the PS spheres which is far from
another, the arrived oxygen radical flux is higher. By plotting the aspect ratio
(ratio of the largest width to smallest width when viewed from top SEM
images), we quantify such evolution for all 600 nm PS spheres as a function
of oxygen plasma etching time, as shown in Fig.3.16, and PS sphere etching
percentage, as shown Fig.3.17. It should be noted that if the PS spheres take
an ellipsoid shape, a large value of aspect ratio will also be present in the
result. We have indicated the different shapes on the figures with highlights.
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Figure 3.16: Aspect ratio between largest and smallest width observed on top
SEM images as a function of oxygen plasma etching time under 500 W

plasma power
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Figure 3.17: Aspect ratio between largest and smallest width observed by top
view SEM images as a function of PS sphere etched area in percentage

under 500 W plasma power.

We observed that for all cases, when a 500 W plasma power is applied
(irrespective of continuous or cycled mode, in the presence or absent of cage),
the hexagonal shape eventually disappears after a long etching time (> 3
minutes). Such observation is consistent with the proposed “shadowing
effect”. After the PS spheres are been etched and to a point that are

sufficiently away from each other, the shadowing effect becomes negligible.

We also carried out two sets of experiments performed on 600 nm and 800
nm PS spheres to investigate the origin of the ellipsoid shape and the

condition minimized such shape. For these two sets of experiments, we use
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500 W oxygen plasma power in cycling mode, with the plasma etching time
up to 5 min 30 sec. The top SEM images for the 600 nm PS spheres are
shown in Fig.3.18 (a) to (d), and for the 800 nm PS spheres are shown in

Fig.3.19 (a) and (b).

Smin 30s

Figure 3.18: Top view SEM images of 600 nm PS spheres etched under
cycling 500 W plasma. For (a) 3 min, (b) 4 min, (c) 5 min, and (d) 5 min 30

SecC.

Figure 3.19: Top view SEM images of 800 nm PS spheres etched for 5 min
15 sec under cycling 500 W plasma. At (a) low magnification and (b) high

magnification.
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From the above figures, we observed both spherical and ellipsoid shapes.
Such ellipsoid shapes have been previously reported [149], [189]. They were
attributed to PS spheres shifting position after toppling over. In Fig.3.19 (b),
we can see that the ellipsoid shapes (marked in red, while spherical shapes
are marked in black) are more likely to appear at the gap between two
domains of periodical arranged PS spheres. This might due to asymmetric
etching of the PS spheres under a denser flux of oxygen radicals between the
gaps of two ordered domains. Such asymmetric flux could disturb the balance
of a standing PS sphere; hence the toppling over of PS spheres are more like

to occur.

To further investigate the toppling of the PS spheres, we repeated the etching
process with the same conditions on 800 nm PS spheres, but for a slightly
shorter etching time (4 min and 5 min 15 sec). Fig.3.20 shows the SEM

images of the etched samples.
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Figure 3.20: SEM images of 800 nm PS spheres etched under cycling 500 W
plasma. For 4 min (a) top (b) cross section, and for 5 min 15 sec (c) top and

(d) cross section.

After 4 min of oxygen plasma, the PS spheres have adopted a hexagonal
shape, as shown in Fig.3.20 (a), and a diamond-like shape with small contact
area with the substrate, as shown in Fig.3.20 (b). From Fig.3.20 (c) and (d),
we observed that some of the PS spheres topple over after an extended
etching time (5 min 15 sec). This toppling of a PS sphere is more likely to
occur under a long plasma etching time as the footprint of the diamond-like
shape becomes very small. The balance of the standing PS spheres will be
disturbed. The electrostatic force between the charged PS spheres and the
grounded silicon substrate will become more significant. As the result,

toppling over of the PS spheres is more likely to happen.

We didn’t expect to observe diamond-like shape of the PS spheres, as shown
in Fig.3.20 (b). Such shape appeared even more distinguishable when the
monolayer of PS spheres array were formed on a c-Si substrate covered with
~120 nm of thermally grown SiO2. A side view SEM image is shown in

Fig.3.21.
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Figure 3.21: Cross section SEM image of 600 nm PS spheres etched for 3

min under cycling 500 W plasma power.

The formation of such diamond-like shape might be explained as follows.
During the plasma turned on phase, the PS spheres have reached their glass
transition temperature, softened and are pulled up towards the plasma due to
electrostatic forces. During the plasma turned off period, due to release of the
heat to the ambient, the temperature of the PS spheres will drop below to the
glass transition temperature and PS spheres solidify again. The reason
behind the electrostatic force acting on the PS spheres might due to, the
negatively charged PS spheres are pulled by the electric field in the plasma
sheath region, or due to repulsion between the PS spheres and the substrate
as both of them have become negatively charged under active plasma. The
cycling plasma mode can effectively prevent the PS spheres to approach their
glass transition temperature, hence softening of the PS spheres are

effectively avoided and such diamond-like shape are formed.

To summarize the effect of different plasma conditions in shaping the PS
spheres during etching, we showed that cycling plasma mode enabled almost
complete etching of the PS spheres without any melting effect, and hence
retained the patterning capability of the sphere array. We therefore
challenged the limits of the smallest size obtainable under such etching
configuration. For applications such as point contact solar cells, where an
extremely small openings are needed [190], it is important to push the limit of

the final PS spheres size to an extreme and yet retain their periodicity and
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patterning capability. A cycling oxygen plasma at 500 W was used for the
etching process. The results of 400, 600 and 800 nm PS spheres etched area

with respect to the etching time are presented in Fig.3.22.
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Figure 3.22: Coverage area of PS spheres of 400, 600 and 800 nm PS

spheres as a function of etching time at cycling 500 W plasma power.

As observed in Fig.3.22, we successfully reduced the covered area of the 400,
600 and 800 nm PS spheres down to 19 %, 4 %, and 9 % of their initial
coverage area, respectively, without any melting. In terms of the value in
diameter, the 425, 607 and 784 nm PS spheres were etched to the diameters
of 185+21 nm 125+17 nm, and 241+13 nm, respectively. The SEM images

of the etched PS spheres are shown in Fig.3.23.
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a) Initial 425nm
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Figure 3.23: SEM images (a), (b) of 400 nm PS spheres etched to 43.6% of
their initial diameter, (c), (d) 600 nm PS spheres to 20%, and (e), (f) 800 nm

PS spheres to 30%.

In Figure 3.23, we observed spherical shapes of the final PS spheres after
etching from the SEM top view images. For the 800 nm PS spheres after
etching, the top surface of the spheres appeared rough, as shown in Fig.3.23
(e) and (f). Such rough surfaces are expected after a long plasma treatment.
This is due to the the etch rates are different for the amorphous and
crystalline phases of polystyrene, as studied in [191]. Even with different
plasma etching conditions and sources proposed by other research groups,
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the PS sphere surface roughness will be present [144], [149], [192]. From the
side view SEM images, the 400 nm PS spheres have adopted a standing
diamond-like shape, and the 600 and 800 nm PS spheres have adopted a

toppled over ellipsoid shape.

3.5 Conclusion

The etching of PS spheres using MDECR oxygen plasma has been
presented in this chapter. The PS spheres are melted and wetted on the
silicon substrate under continuously applied high plasma power of 1 kW. This
effect could be mitigated by reducing the plasma power, using plasma cycling
mode, or by using a Faraday cage for ion shielding. We concluded that the
energetic ion bombardment is the main reason for PS spheres heating and

melting.

A hexagonal shape was observed from top view SEM images at the early
stage of the etching process, regardless of the deployed plasma conditions.
This is due to the “shadowing effect” of oxygen radical diffusion. An oblate
spheroidal shape was also observed from the SEM side view images, which
aroused due to higher vertical etching rate comparing with horizontal etching
rate. We concluded that the oxygen radical is the main reason for PS spheres

etching.

For longer etching time under cycling plasma mode, which can effectively

prevent complete PS melting, a PS sphere toppling effect was observed,
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leading to the regularity of the periodic array of PS spheres being distorted.
By first applying a short duration of the etching process that will partially melt
or soften the PS spheres, followed by a longer duration of the etching process
that will prevent PS spheres from melting, we can effectively avoid toppling of
the PS spheres. As a result, diamond-like shapes of the PS spheres as seen

from the side are more likely to be formed.

Last but not least, we successfully reduced the areal coverage down to
between 4 to 19 % of the initial covered area using 400, 600 and 800 nm PS
spheres by using the optimized etching condition: 500 W plasma power with
cycling mode. This was achieved without losing the patterning capability of
the PS sphere arrays. By pushing the limit of the smallest PS spheres
obtainable, and also with the added controllability of the periodicity of the PS
spheres, various applications using PS spheres patterning can benefit from

our research results, e.g. point contact solar cell.

In terms of route to scale up for a successful integration of nano-structuring
technique into the mass production favored roll-to-roll process, PS sphere
assisted lithography might not be the best choice. However, PS sphere
assisted lithography have the potential to scale-up by applying Langmuir
Blodgett system. But in terms of the roll-to-roll process, nano spray of the PS
solution onto the substrate, formation of the single sphere packed thin

aquatics film, followed by low temperature fast drying could be a solution.
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Chapter 4. Nanostructured Back Reflectors produced using
Polystyrene Assisted Lithography for Enhanced Light

Trapping in Silicon Thin Film Solar Cells

In this chapter, we study light trapping in hydrogenated amorphous silicon thin
film solar cells fabricated by plasma-enhanced chemical vapor deposition on
various nanostructure back reflectors. The back reflectors are patterned using
polystyrene assisted lithography. We aim to improve the light trapping
performance of the solar cell with different nanostructured back reflectors.
Firstly, we will introduce the front scatterer and back reflector concepts in
silicon thin film solar cell. Previous studies on different nanostructured Ag/ZnO
back reflectors for silicon thin film solar cells will be summarized in detail.
Subsequently, fabrication process of our polystyrene sphere patterned back
reflectors will be introduced. After that, the optical properties of single and
double sphere sized patterned back reflectors will be discussed. We will also
present the solar cell performance based on different back reflectors. By
mixing two sizes of different PS spheres during the patterning step, we further
improve the power conversion efficiency (PCE) by introducing more
randomized Ag nanostructures in the BRs. An initial 8.79 % PCE has been
achieved with only ~230 nm of a-Si:H active layer. Lastly, conclusions
regarding the silicon thin film solar cell light trapping improvements with our

polystyrene sphere patterned back reflector will be presented.
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4.1 Introduction and objectives

Photovoltaic devices fabricated by plasma-enhanced chemical vapor
deposition (PECVD) of hydrogenated amorphous silicon thin films at low
temperatures (around 150°C) on various nanostructured back reflector (BR)
substrates will be discussed. There are two forms of silicon thin film solar cells:
hydrogenated amorphous silicon solar cells (a-Si:H) and hydrogenated
microcrystalline silicon solar cells (uc-Si:H). Compared to wafer based
crystalline silicon solar cells, such photovoltaic devices possess advantages
including lesser material usage, compatible with roll to roll processes on
flexible substrates, robustness in controlling the device shape and material
properties, etc. Compared to other thin film solar cell technologies which rely
on the less abundant and in some cases toxic materials, such as CdS, silicon
thin film technologies are preferred from the perspective of a sustainable
industrial development and an environmental friendly solar energy collection

process.

However, due to their short minority carrier diffusion length, the thickness of
silicon thin film is limited to a few hundreds of nanometers for a-Si:H and a
few micrometers for pc-Si:H solar cells. To improve the performance, effective
light trapping mechanisms have been extensively researched during the last
decade [193], [194]. Various nanostructures incorprated into silicon thin film
solar cells have shown great enhancment in light absorption. With
nanostructures being incorporated into the device, extended light travelling
path were introduced into the active layers by additional wave guide mode

and far field scattering due to the nanostructures’ geometrical arrangement
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and material properties, as well as by near field scattering due to localized
surface plasmonic effect of the metallic nanostructures. The combined effect
allows enhanced light absorption, hence improved photocurrent collection.
Traditional nanostructures were created based on naturally grown surface
nanostructures of transparent conductive oxide (TCO) [195], e.g. sputtered
ZnO, or chemically etched TCO surface structures [196], e.g. commercial
ASAHI substrate. Depending on the location of the nanostructure with respect
to incident light, recent literatures in this field of study could be roughly divided

into two categories, front scatterers or back reflectors (BRs) [19].

4.1.1 Front scatterer and back reflector for silicon thin film solar cell

Aiming at its best performance, a typical front scatterer utilizes metallic
nanostructures, which induces a plasmonic near field enhancement effect [20].
A typical back reflector utilizes metallic or metal/dielectric nanostructures,
which produce a far field scattering effect [21]. For front scatteres,
nanostructures or nanoparticles (NPs) are placed at the front side of the solar
cells for the purpose of forward light scattering into the active material below.
Surface nanostructures like silver/gold NPs [197][198], SiO2 nanospheres
[199], TiO2 nanostructures [200], Si nanowires [102], etc. were intensively
researched and the experimental results obtained have proven to be effective
in enhancing light trapping performance. For back reflectors, nanostructures
are placed at the back side of the solar cells for the purpose of backward light
scattering into the active material above [201], [202]. Under the context of Si

thin film solar cell, both metal/dielectric photonic periodic nanostructured BRs
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[193], [203], [212], [204]-[211], as well as metal/dielectric random
nanoparticle or random nanoscale rough surface induced diffusive BRs [21],

[201], [213]-[218] are the two main research directions for the back reflectors.

Among the above two methods, metallic or metallic/dielectric nanostructures
are of intense research interest due to their pronounced plasmonic
enhancement effect [3], [4], [28]-[33]. Such plasmonic enhancement is
achieved through various mechanisms falling under three main categories:
near field enhancement, far-field scattering, and charge carrier or resonant
energy transfer [19]. Due to limited publication and knowledge, the third
category will not be discussed in this work. A near field enhancement of
metallic nanostructures refers to an intensive electromagnetic field generation
at the metallic surface after the incident photon metal interaction. Such effect
is often reffered as localized surface plasmon resonance (LSPR) [197], [207]
generation. However due to their exponentially decayed field intensity, such
enhanced field intensity can only extend several tens of nanometres from the
surface. To utilize the near field enhancement effect, the light absorbers are
usually in direct contact with the metallic nanostructures for maximized
absorption enhancement. Hence most of the publication on near field
enhancement falls under front scatterer structures. On the other hand,
depending on the particle size (typically >50nm) and its geometry, metallic or
metallic/dielectric nanostructures can effectively backward scatter the incident
photon as well [198], [223], [224]. The absorption enhancement of such
method arises from multiple scattering events when photons travel within the

absorber and interact with the nanostructures. The effective light travelling
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path is significantly increased, hence more likely those lower energy photons
will be absorbed. Due to above mechanism, this scattering effect is often
referred to far field effect [225], [226], which falls under the category of back
reflector structures. To utilize the plasmonic enhancement effectively, one
needs to take special care of the parasitic absorption of the nanopatrticles.
The trade-off between maximized scattered photons and minimized optical
losses of the metallic or metallic/dielectric nanoparticles should always be
considered and the nanostructures should be carefully designed to achieve
this. Regardless of which method is being deployed, for a light trapping
mechanism to be effective, certain criteria must be first met. It should be able
to enhance all photon absorption across the entire wavelength range where
the solar cell is active and should be effective at different angle of incidence.
In the perspective of manufacturing capability, it should be compatible with the
existing solar cell fabrication processes, low cost and offer additional

improvements over the existing methods.

4.1.2 Nanostructured Ag/ZnO back reflector

In this work, we study a-Si:H solar cells fabricated by PECVD, incorporating
different semi-periodic nanostructured back reflectors (BRs). The BRs are
fabricated by applying polystyrene (PS) sphere assisted lithography [227] to
pattern Ag nanostructures, followed by sputtered Ag and ZnO:Al as the
reflective layer and optical spacer respectively, hereafter referred as
polystyrene sphere patterned (PSP) BRs. The use of BRs instead of front

scatterers prevents metallic contamination and the cost effective PS sphere
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assisted lithography allows better controllability of the Ag nanostructure
formation. Besides, it also bypasses the high temperature annealing step that
is usually required for the formation of top surface Ag nanostructures starting
from a thin Ag film. Hence it is fully compatible with the low temperature

PECVD fabrication process.
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4.2 Fabrication and characterization of nanostructured Ag/ZnO back

reflectors and back reflector solar cells

4.2.1 PS sphere patterned back reflector

UV Ozone treatment PS sphere deposition 100nm Ag film evaporation PS sphere removal

on cleaned glass on glass

@) 000000000 000000000 ... ... ..
Starting substrates 200nm Ag sputtering Zn0 sputtering

C A A A 4 A A S S S S, S S S S S S

Ag nanostructures on Glass

Flat Glass

2OOAMAALA  AVIAAMANAA

(b) ASAHI Glass

Figure 4.1: (a) Fabrication process for Ag nanostructure on glass.
(b) Fabrication process for back reflectors.

The PS spheres used in this work were an aqueous monodispersed
suspension of 5 w.t. % obtained from microparticles Gmbh with nominal
diameters of 425 + 10 nm, 607 + 15nm and 784 + 23 nm (thereafter referred
to as 400, 600 and 800 nm PS spheres). The solutions were uniformly mixed
with methanol as the spreading agent in 1:1 volume ratio. Prior to the PS
sphere monolayer transfer, Corning glass was cleaned with acetone,
isopropanol and de-ionized (DI) water in ultrasonic bath, followed with a 10
min UV-Ozone treatment to keep the surface hydrophilic. After a monolayer of
PS spheres had transferred on Corning glass using the floating transfer
technique [183], a 100 nm layer of Ag was thermally evaporated on top. For a
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complete PS sphere removal and yet to retain the Ag nanostructures formed
on the glass, a low power ultrasonic bath in toluene was applied for 20 min,
followed with 10 min isopropanol and DI water ultrasonic bath for a complete
removal of any organic solvent residue. The overall fabrication process of Ag

nanostructures is schematically shown in Fig. 4.1 (a).

After the above steps, a set of cleaned Ag nanostructures on glass, flat glass
and ASAHI glass have been sputtered with 200 nm of Ag using an RF (13.56
MHz) magnetron system under the following process conditions at room
temperature: argon flow rate of 41 sccm, RF power of 50 W and process
pressure of 5.7x102 mbar. Without breaking the vacuum, 100 nm of ZnO:Al
was sputtered under the following process conditions at room temperature:
argon flow rate of 30 sccm, RF power of 250W and process pressure of
4.3x10% mbar. The fabrication process carried out on the three substrates is
schematically shown in Fig.4.1 (b). The Ag layer is protected by ZnO during
the sputtering process without breaking the vacuum, i.e. in a single pump
down process. After the Ag/ZnO sputtering process, the substrate was
transferred into the PECVD vacuum chamber for a-Si:H deposition. The ZnO
layer is protected by the top a-Si:H layers without long exposure time in the
ambient environment. ZnO is used as its material properties render it suitable
as an optical spacer with appropriate n and k values, as well as an electrical
spacer with lower contact resistance and good buffer between a-Si:H and the
metallic surface. The flat and ASAHI glass substrates are used in our study as

references for comparison with the performance of the PSP BRs substrates.
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4.2.2 Silicon thin film solar cell

ITO
Silicon thin films

Zn0
Ag Films

Figure 4.2: SEM image and schematic image of the cross section of a solar

cell device.

Amorphous silicon thin films were deposited in a 13.56 MHz radio frequency
(RF) PECVD system [228]. Three plasma chambers sharing the same
vacuum pump were used for separate n-type, intrinsic and p-type a-Si:H
deposition to avoid any cross contamination. Firstly, a 25 nm thick n-type
microcrystalline silicon oxide layer was deposited on the BR [229]. Without
breaking the vacuum, ~230 nm of intrinsic amorphous silicon layer has been
deposited using a SiH4/H2 plasma, followed by a 25 nm thick p-type
amorphous silicon carbide layer. Finally, a 80 nm thick indium tin oxide (ITO)
was deposited to form the top contacts and to define cells with an area of
0.126 cm?. Such photovoltaic device is often referred to n-i-p solar cell [230].
A schematic image of the side view of the device and a corresponding SEM
image acquired using Hitachi S-4700 Scanning Electron Microscope is shown

in Fig.4. 2.
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4.2.3 Characterization techniques

The current density-voltage (J-V) characteristics of the solar cells were
measured under AM1.5G illumination with a commercial solar simulator (Oriel
AAA), calibrated using a crystalline Si reference cell. Total and diffused
reflectance was measured using a Perkin-Elmer Lambda 950 spectrometer

with a 150 mm integrating sphere and an InGaAs detector.
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4.3 Optical characterization of PS sphere patterned back reflectors

In this section, optical measurement results of pure Ag on glass, flat Ag/ZnO
BR and polystyrene sphere patterned (PSP) BRs patterned using single PS
sphere as well as double PS spheres will be discussed first. Following that, J-
V, external quantum efficiency (EQE) and optical absorption (1 — Rota) results
of the solar cells fabricated using different kinds of BRs will be compared and
discussed. In addition, comparison between one of the PSP BR solar cells
and solar cells fabricated using the commercial nanostructured ASAHI BR will

be presented.

b
....' k)

5:0kV 3.5mm x20,0k 0 s ,’ Dk\/égmm x20 Ok‘
. VW i

Figure 4.3: SEM images of 400, 600 and 800 Polystyrene Spheres assisted
Patterned BRs.
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Fig. 4.3 shows the SEM images of 400, 600 and 800 PSP BRs and Fig. 4.4

shows the total and diffused reflectance as well as reflectance HAZE of the

BRs. The reflectance HAZE was calculated as the ratio of diffused reflectance

to total reflectance.

Total Reflectance

Reflectance HAZE

100 A 100
801 80
60 60

200nm Ag on glassg
Flat Ag/ZnO BR
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0. ;
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Diffused Reflectance

Figure 4.4: (a) Total and diffused reflectance and (b) reflectance HAZE results

of 400, 600 and 800PSP BRs.

As one of the most important parameters to characterize the quality of a back

reflector, total

reflectance and diffused reflectance measurements were
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carried out on the BRs prior to the silicon thin film deposition. In general a
good BR should provide low optical/parasitic absorption, i.e. high in total
reflectance and high scattering capability across the entire wavelength range
where the solar cell is active. As expected, a pure 200 nm of Ag film on glass
provides a highly reflective surface from 350 nm to 1100 nm wavelength
range, with minimum absorption at shorter wavelength. From Fig. 4.4(a), we
observe that when 100 nm ZnO were deposited on top of Ag, a strong
absorption appears from 350 nm to 500 nm and a weak absorption also
appears from 800 nm to 1100 nm. For the shorter wavelength case, this is
due to the rough Ag/ZnO interface which introduces localized plasmonic
absorption at the nano-protrusions on the Ag surface [231]. For the longer
wavelength case, this is due to the free carrier absorption in the thick ZnO
layer [232]. For flat Ag/ZnO back reflector, the diffused reflectance
approaches zero, which indicates that there is no light trapping capability
provided by such BR. For the PSP BRs the optical performances were more

complex as presented below.

4.3.1 Single sphere size patterned back reflector

From Fig.4.3 we can clearly see an increasing size of Ag/ZnO nanostructures
when larger PS spheres were used for patterning. In the ideal case, all PS
spheres are closely packed; a larger sphere size will result in a larger sphere
to sphere adjacent opening. Hence, larger Ag nanoparticles will be formed, as
well as larger Ag/ZnO nanostructures after 200 nm Ag and 100 nm ZnO

sputtering. From the total reflectance results in Fig.4.4(a), we observed that
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with an increasing Ag/ZnO nanostructure size, localized BR reflectance
minima red shift from 500-550 nm to 550-610 nm to 600-700 nm ranges. The
observation is consistent with existing literature showing that the localized
plasmonic absorption range of Ag nanoparticles depends on their size, which
affects their light scattering properties as well [21]. By utilizing the Mie theory
formalism, S. Morawiec et al. calculated the normalized scattering and
absorption of a single Ag particle embedded in different media [233]. They
predicted an increasing red shifting and broadening of the plasmonic modes
of the Ag nanoparticles when embedded in glass/air, Air/ZnO and Si/ZnO
effective medium. However, the same theory might not be appropriate to
explain the optical properties of our PSP BRs. In S. Morawiec’s work, they did
not consider the inter-particle interactions on optical properties of the BRs. For
our PSP BRs, with the close to visible wavelength inter-particle distance, as
well as the semi-periodic arrangement of the metal/dielectric nanostructures,
we would expect more light scattering in the system, hence a stronger light

trapping capability of the PSP BR solar cells.

From Fig.4.4(a), we observe similar magnitude of the diffused reflectance but
different optical absorption for three samples. It should be noted that due to
high absorption, not only the total amount of reflected light is reduced, the
amount of light that is been diffusively reflected is reduced as well. In addition,
for a-Si:H solar cells, light trapping performance is more critical at longer
wavelength range of 600 — 800 nm. In the above range, we observed that
even though the 400 PSP BR has the lowest optical absorption, it also

provides the lowest diffused reflectance, hence weakest light scattering. For
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800 PSP BR, even with the highest optical absorption, still it provides the
highest diffused reflectance, hence strongest light scattering. Reflectance
HAZE plotted in Fig.4.4(b) from 600 nm wavelength onwards further magnifies
the above description. We expect for the silicon thin film solar cells fabricated
on 800 PSP BRs will have the best light trapping performance. Hence

outperform solar cells fabricated on 400 PSP BRs and 600 PSP BRs.

4.3.2 Double sphere size patterned back reflector

To further improve our PSP BR substrates for light scattering, mixtures of two
PS spheres sizes were used for patterning. By mixing PS spheres with two
different sizes, we introduce a more random arrangement of Ag
nanostructures. Intuitively, incoming photons would have a higher chance to
be diffusively reflected. During the solution preparation, 400 nm and 600 nm
PS spheres with 60 % : 40 %, 50 % : 50 % and 40 % : 60 % volume ratio
mixtures, 600 nm 800 nm with 70 % : 30 % and 50 % : 50 % volume ratio
mixtures and 400 nm and 800 nm PS spheres with 90 % : 10 % volume ratio
mixtures were prepared and BRs were fabricated. They are referred as 4664,
4655, 4646, 6873, 6855 and 4891 PSP BR respectively. To characterize the
PS assemble quality and morphology, Fig.4.5 shows the SEM images of
different double PS sphere monolayers and 4655 PSP BR. We can see that
homogenous mixtures of PS spheres can be obtained, especially when the
two sizes are close to each other and when the mixture volume ratio is 50 % :

50 %. Any imbalance in volume ratio or sphere size leads to formation of
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small domains of periodic packing of single size PS spheres, for example

6873 and 4891 monolayers.

Oy

10.0kV:6.0mm x5 00k

20KV 4.6mm x5 .00k

Figure 4.5: SEM images of double PS sphere monolayers and 4655 PSP BR

To characterize the impact of volume ratio of the two sphere sizes on the final

BR performance, double sphere PSP BRs reflectance data are plotted in

Fig.4.6.
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Figure 4.6: Diffused and total reflectance results of various double size PSP

BRs.

With referring to Fig.4.4, double PSP BRs do not introduce further reduction in
total reflectance as comparing to single PSP BRs. However, there is a
significant improvement (on average over 10 % for the whole spectrum) of
diffused reflectance for double PSP BRs over single PSP BRs, except for
4891 PSP BRs. The poorer performance of 4891 PSP BR might be due to the

large size difference as well as the volume difference of the PS spheres, and

106



such double sphere mixture patterned BR will have scattering behavior
following that of the 400 PSP BR. Hence it reveals a reduced light scattering
capability similar to the 400 PSP BR as seen in Fig.4.4 (a). For the 400/600
nm mixtures and 600/800 nm mixtures, we observed a consistent enhanced
diffused reflectance from 620 nm wavelength onwards. For 400/600 nm
mixtures with different volume ratios, we see that a balanced 50 % to 50 %
mixture outperforms other cases in the 550 nm to 800 nm wavelength range,
even with only 10 % difference in volume ratio of 60 % to 40 % or 40 % to
60 % cases. With an average 40 % wide band diffused reflectance, this is one
of the best performing BRs based on similar design approaches in existing
literature [234]. A similar behavior can be seen for 6855 and 6873 PSP BRs.
Based on these results we expect that 4655 PSP BRs would provide the best
performance of the thin film solar cells, due to its highest diffused reflectance

enhancement behavior.
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4.4 PS sphere patterned back reflector solar cells performance

In the previous sections we have fabricated and compared the optical
performance of different BRs. In this section, the J-V characteristics, EQE and
optical absorptance (1-Rta) results of a-Si:H thin film solar cells fabricated

using the various BRs are presented, compared and discussed.

4.4.1 Single size PS sphere patterned back reflector solar cells

The J-V characteristics of Flat BR, 400, 600 and 800 PSP BR solar cells are

presented in Fig.4.7, with the corresponding photovoltaic parameters

summarized in Table 4.1.

Jsc Jsc (EQE FF PCE
Device name Voc (EQ

V) (mA/cm?)  integrated) %) (%) Roc(Ohm.cm?)  Rsc(Ohm.cm?)

Flat BR sol
at Ce”so 08 137 10.8 628 7.39 9.6 1412
400 PSP BR 0.87 13.3 12.2 59.6 6.83 7.5 438
solar cell
600 PSP BR
0.87 15.4 13.1 58.6 7.82 6.3 434
solar cell
800 PSP BR
0.86 17.2 13.4 579 8.64 5.3 371
solar cell
4891 PSP BR
0.88 15.5 13.5 60.3 8.22 5.9 598
solar cell
6855 PSP BR
0.87 15.8 13.5 60.7 8.31 6.2 534
solar cell
B
4655 PSP BR 0.88 16.1 13.8 619 8.79 5.7 442
solar cell
B
ASAHIBRsolar 4 0o 159 ; 58.4 818 9.7 560

cell
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Table 4.1: Photovoltaic parameters for various BR solar cells.
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Figure 4.7: J-V, EQE and 1-Rtal Of flat, 400, 600 and 800 PSP BR solar cells.

We observe that for the solar cells incorporating 600 and 800 PSP BR, the
short-circuit current density is significantly enhanced compared to the flat BR
solar cells, while the open-circuit voltage of PSP BR solar cells is slightly

compromised (~3%). This indicates a conformal thin film deposition process
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over the nanostructured BRs and that our BR did not introduce any significant
additional defects, e.g. metallic contamination. From the J-V curves we can
easily identify that the increase in current contributes mostly to the
performance improvement, which indicates an excellent light trapping
enhancement effect. However, the J-V performance of 400 PSP BR solar
cells is not as good as expected. From both the J-V and EQE data we
observe an underestimation of the devices performance when compared with
their 1-Riwta data. This might due to the fact that during the fabrication, the 400
PSP BR was partially peeled off during the ultrasound cleaning, resulting in

defective and low yielding 400 PSP BR solar cells.

From Fig.4.7(b), we observed good agreement between the EQE and 1-Riotal
results. The difference between EQE and 1-Rwtal indicates losses with respect
to the total incident photons. At shorter wavelength (300 to 500 nm), ITO
absorption, p-layer absorption and p-i interface carrier recombination
contribute more significantly to the losses. On the other hand, at longer
wavelength (600 to 800 nm), n-layer absorption, n-i interface -carrier
recombination, and BR substrate absorption contribute more significantly to
the losses. Moreover, due to the defects in the intrinsic a-Si:H layer, bulk
recombination losses will occur over the whole absorption spectrum, which
will also contribute to the difference between EQE and 1-Rita [195]. In Table
4.1, we also calculated the short circuit current density from the integral of the
EQE with respect to the AM1.5 spectrum. We observed a consistent gap
between the Jsc from solar simulator and Jsc from EQE integration. This is

due to the c-Si reference sample used during the solar simulator calibration
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step. Due to the difference in absorption coefficient between c-Si and a-Si:H,
over shooting of the lamp power are expected. On the other hand, under the
strong light intensity from solar simulator, free carrier traps (due to defects)
are likely to be occupied by the large number of generated electron/hole
carriers. While under EQE, low light intensity with black back ground is used.
Unoccupied carrier traps are likely to have higher impact on the carrier

transfer process; hence a lower Jsc value is obtained.

To understand the Jsc improvement, i.e. improved photon absorption of the
device, EQE as well as optical absorption can be used to provide more details
as a function of the incident light wavelength. From the EQE results shown in
Fig.4.7(b), we observe that absorption enhancement over the flat BR solar cell
lies not only from 550 to 800 nm wavelength range, but also from 350 to 550
nm wavelength range. For shorter wavelength, we attribute the enhancement
to Si surface nanostructures, as they can effectively forward scatter light into
the active layer below [235]. From 350 to 550 nm, we observe that the 600
PSP BR solar cell performs the best, both from EQE and 1-Rital results. Given
that the 400 PSP BR nanostructures are relatively small, a smoother 400 PSP
BR solar cells surface will be formed after deposition. Hence the 400 PSP BR
solar cells do not perform as well in the shorter wavelength range. On the
other hand, the 800 PSP BR nanostructures are relatively large, and the Si
nanostructures formed on the surface might be too large for the short

wavelength light interaction.
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For longer wavelengths (550 to 800 nm), light interaction mainly comes from
the overall nanostructures and the BRs. In this range, EQE and 1-Riotai data
show that light trapping performance is the best for the 800 PSP BR solar
cells. The 600 PSP BR solar cells follow the same pattern of 800 PSP BR
solar cells but with lower performance. The 400 PSP BR solar cells performed
well from 580 to 620 nm and from 700 to 750 nm light range, but low
absorption from 620 nm to 700 nm is observed. Overall, the 800 PSP BR
solar cells have the most enhanced short-circuit current i.e. light trapping
performance and our results agree with the prediction that was made based

on the optical study of 800 PSP BRs in the previous section.

For the optical absorption data beyond 800 nm, significant absorption of the
BR solar cells is observed as well. For the flat BR solar cells, an absorption
peak was observed at 960 nm, which is ascribed to Ag/ZnO interface
roughness enhanced plasmonic absorption [236]. For our PSP BR solar cells,
complex behavior in the 1-Rita results arise due to the semi-periodic
arrangement of Ag/ZnO nanostructures. At around 960 nm, we observe more
intense light interactions and multiple plasmonic peaks. The over 30%
averaged enhanced diffused reflectance results confirmed the strong light
scattering capability of our PSP BR solar cells from 800 to 1200 nm range.
This is particularly relevant for pc-Si:H solar cells [215], as this part of light
scattering enhancement can contribute to the light trapping performance as
well. We attribute two reasons to the significantly enhanced light scattering:
on one hand with incorporated Ag/ZnO nanostructures, various plasmonic

resonance modes are excited; on the other hand, the semi-periodic
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nanostructures on BRs can be effectively treated as 3D light gratings with
different diffraction orders. These gratings reflect light in different directions at

off normal angles which extend the light travelling path significantly.
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Figure 4.8: J-V and 1-Riotal results of flat, ASAHI and 800PSP BR solar cells

A comparison between the flat, ASAHI and 800PSP BR solar cells is
presented. The J-V, 1-Riwa results shown in Fig.4.8 and the photovoltaic

parameters are tabulated in Table 4.1. For the ASAHI BR solar cell, the 1-
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Rwtar behavior follows that of flat BR solar cell, but with much higher
absorption, which indicates a much rougher Ag/ZnO interface as compared
with flat BRs [231]. This can be easily understood since ASAHI is a
nanostructured substrate. We observe that our 800 PSP BR solar cell out-
performs the ASAHI BR solar cell from the J-V performance, but the 1-Riotal
result of the cells is similar. The optical losses associated with ASAHI BR
could be the reason that degrades the ASAHI BR solar cell performance.
Referring to table 4.1, we also observe that the fill factor of the double sphere
PSP BR solar cells is better than that of the ASAHI BR solar cell. This also
indicates a smoother surface of our PSP BRs, compared to ASAHI BRs, such
that more a conformal silicon thin film deposition on our PSP BRs favors the

fill factor improvements.

4.4.2 Double size PS sphere patterned back reflector solar cells

Based on the conclusions that we have drawn from the optical results of

double PS sphere BRs, 4891, 6855 and 4655 BRs were used as the

substrates for n-i-p solar cells. Fig.4.9(a) shows the J-V characteristic and

Fig.4.9(b) shows the EQE and 1-Rta results of the solar cells.
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Figure 4.9: J-V, EQE and 1-Rtal 0f 4891, 6855 and 4655 PSP BR solar cells.

Across the different double PSP BR solar cells, 4655 PSP BR solar cells
outperform others consistently on J-V, EQE as well as 1-Rita results.
Comparing with single size PSP BRs, we predicted that double size PSP BRs
will have a more random distribution of Ag nanostructures. This will improve
the diffused reflectance and lead to the enhanced light scattering capability of
our double size PSP BR. This allows us to achieve a high initial PCE of

8.79% (see Table 4.1). The performance comparison between 4655 double
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sphere BR solar cell with 400 and 600 PSP single sphere BR solar cells are

plotted in Fig.4.10.
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Figure 4.10: J-V and 1-Rwta;, EQE results of 400, 600 PSP and 4655 PSP BR

solar cells

We observe that, comparing 4655 PSP BR solar cell with 400/600 PSP BR
solar cells, not only the Jsc and FF are improved from J-V curve from

Fig.4.10(a), but also the EQE and 1-Rica are improved. We notices that from
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the 1-Rioa results, the local minimum at 650 nm for 400 PSP BR solar cell
and 700 nm for 600 PSP BR solar cell are not present in 4655 PSP BR solar
cell. Such behavior shows better light trapping performance of mixture sphere

patterned device over single sphere patterned device.

4.5 Conclusion

In this chapter, we demonstrated a novel design and fabrication process for
light trapping in thin film amorphous silicon solar cells. Both single and double
sphere patterned BRs as well as corresponding solar cell devices were
fabricated and tested. The double sphere patterned BR solar cells are proven
to be more effective in light scattering, which lead to a better light trapping
performance. Without impacting the open-circuit voltage, the PSP BR solar
cells show an improved performance compared to the commercial ASAHI BR
solar cells. Furthermore, this method can be applied on any substrate as long
as their surface is hydrophilic. Moreover, this approach is not limited to a-Si:H
solar cells, but can also be applied to the case of pc-Si:H silicon thin film solar
cells. As a low cost, robust and process compatible approach, this
nanostructured BR approach is an effective candidate for improved light

trapping performance of silicon thin film solar cells.
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Chapter 5. Optical Study and Experimental Realization of
Nanostructured Back Reflectors for Enhanced Light Trapping

with Reduced Parasitic Losses in Silicon Thin Film Solar Cells

In this chapter, we study light trapping as well as parasitic losses in
hydrogenated amorphous silicon thin film solar cells fabricated by plasma-
enhanced chemical vapor deposition on nanostructured back reflectors. The
back reflectors are patterned using polystyrene assisted lithography. By using
O2 plasma etching of the polystyrene spheres, we managed to fabricate
hexagonal nanostructured back reflectors. Firstly, we will introduce various
sources of the parasitic losses in silicon thin film solar cell and previous
studies aimed at reducing those losses. A review of modelling of silicon thin
film solar cells will be summarized. Secondly, the fabrication process of
hexagonal nanostructured back reflectors and the corresponding solar cells
will be introduced. After that, with the help of Bruggeman Effective Medium
Approximation, we will present our simulation study of parasitic losses in flat
Ag/ZnO back reflectors and random nanostructured Ag/ZnO ASAHI back
reflectors. Following that, we will compare the light scattering properties of
random nanostructured Ag/ZnO ASAHI back reflectors with our semi-periodic
hexagonal nanostructured Ag/ZnO back reflectors. With the help of high
frequency electromagnetic field simulator modelling, we will further investigate
the corresponding optical losses in each layer separately. Last but not least,
simulation results of a full device built upon the back reflector will be

presented. Based on the simulation model, we fabricated and characterized
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the silicon thin film solar cells. Experimental results will be presented and

verified with the simulation results as well.

5.1 Introduction and objectives

As we discussed in Chapter 2 and Chapter 4, light trapping in silicon thin film
solar cell are of extreme importance towards achieving high efficiency devices.
Convential light trapping is introduced by growing the silicon thin films on a
rough or textured transparent conductive oxide (TCO) surface [237]. Such
structure allows light to be scattered to the off normal angles at the rough
interface between TCO and silicon. The scattering of light increases the
optical path which leads to a higher absoprtion in the silicon layer. This will
give rise to a higher photogenerated current, hence improved device
performance [238]. This approach has been applied sucessfully in silicon thin
film solar cell in both substrate (n-i-p) and superstrate (p-i-n) configurations

[239].

More recently, nanostructured metal/dielectric back reflector (BR) with high
reflection and strong far field scattering properties has been proposed for the
substrate (n-i-p) configuration for its potential to further increase the short
circuit current of silicon thin film solar cells [193], [215], [233]. However, there
is a trade off between the design of the nanostructured BRs for enhanced light
absorption and minimum parasitic losses which come from surface plasmonic
absorption in the rough metallic/dielectric rough interface layer [240], [241]. To

address and characterize such losses, Bruggeman Effective Medium
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Approximation (BEMA) was previously studied by L. R. Dahal et. al. to study
the parasitic losses due to a flat or “nanoscale roughness” Ag/ZnO and
Al/ZnO interface [236]. Moreover, parasitic losses will be introduced not only
from the BRs, but also from the other layers which do not contribute to
photocurrent generation, e.g. TCO [242] and n/p doped layers [243], [244].
For a systematic study for an optimized overall design, the electromagnetic
simulation was preferred. Not only it is a powerful tool for the interpretation of
the light/nanostructures interactions, but also the absorption enhancement
effect in the active layer or parasitic absorption in the non-active layers can be
systematically studied and different mechanisms of the electric field

enhancement in the system can be readily isolated [245], [246].

In our work, we first systematically study optical losses of flat Ag/ZnO BRs
and random nanostructured Ag/ZnO ASAHI BRs with different ZnO thickness.
With ZnO thickness as the variable, we assess the simulation accuracy of the
proposed BEMA model by experimental results. The origin of the parasitic
losses in random ASAHI nanostructured Ag/ZnO BRs is concluded. Following
that, hexagonal nanostructured Ag/ZnO BRs are fabricated by using
polystyrene assisted lithography [227]. Light scattering properties as well as
optical losses of such BRs are compared with random nanostructured ASAHI
BRs. Using high frequency electromagnetic field simulator (HFSS,
http://lwww.ansys.com/Products/Electronics/ANSYS-HFSS), we further model
and investigate the corresponding optical losses in each layer separately. We
also simulate the performance of solar cells incorporated with the BR.

Different light scattering modes and the parasitic losses in each layer are
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extracted from the simulation results. Photo-generated current is calculated
with respect to the AM1.5 solar spectrum. Based on the optical modelling
results, we fabricated and characterized armorphous silicon thin film solar

cells. The experimental and simulation results are compared and discussed.

121



5.2 Fabrication of hexagonal nanostructured Ag/ZnO back reflectors and

back reflector solar cells

5.2.1 Hexagonal nanostructured Ag/ZnO back reflector

(a) UV Ozone treatment PS sphere deposition 02 Plasma etching for
on cleaned glass on glass reduced sphere size

000000000 occc0c000000
—> — —

100nm Ag film evaporation PS sphere removal IPA and DI water cleaning
Ag nanostructures on Glass 200nm Ag sputtering Zn0 sputtering

A & A A A A A A ettt el el

Figure 5.1: (a) Fabrication process and (b) top view SEM images of
hexagonal back reflectors (pitch = 607 nm) taken after the process steps

shown in Fig.5.1(a).

The PS spheres used in this work were a monodisperse suspension with 5
w.t. % in water, obtained from microparticles Gmbh with nominal diameters of
607 + 15nm. We used methanol as the spreading agent and mixed in 1:1

volume ratio with the pristine PS solution. Prior to the PS sphere monolayer
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transfer, Corning glasses were cleaned with acetone, isopropanol (IPA) and
de-ionized (DI) water in ultrasonic bath, followed with a 10 min UV-Ozone
treatment to keep the surface hydrophilic. We used the floating transfer
technique for PS spheres monolayer deposition on Corning glass. After that,
we used a well-controlled electron cyclotron resonance (ECR) reactive ion
etching (RIE) oxygen plasma etching process for a uniform size reduction of
the PS spheres [227]. For oxygen plasma etching condition, we used 40 sccm
of Oz, pressure of 2 mTorr, 160 sec of etching time at 500 W of plasma power.
After thermal evaporation of 100 nm Ag, the substrates were immersed in
toluene and a 20 min low power ultrasonic bath in toluene was applied for a
complete removal of remaining PS spheres. Another 10 min IPA and DI water
ultrasonic bath was applied for a complete removal of any organic solvent
residue. Finally, we used RF (13.56 MHz) sputtering system to coat a layer of
200 nm Ag onto the substrates at room temperature using RF power of 50 W,
argon flow rate of 41 sccm and process pressure of 5.7x103 mbar. Without
breaking the vacuum in the sputtering system, ZnO with different thickness
was sputtered sequentially at room temperature using RF power of 250 W,
argon flow rate of 30 sccm and process pressure of 4.3x102 mbar. Fig.5.1(b)

shows the top view SEM image of the hexagonal BR fabricated.

5.2.2 Silicon thin film solar cell
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Figure 5.2: (a) Top view SEM image, taken after full device fabrication, and (b)

schematic cross section of a hexagonal back reflector solar cell.

Amorphous silicon thin films were deposited in a 13.56 MHz radio frequency
(RF) PECVD system [247]. Three plasma chambers sharing the same
vacuum pump were used to separate n-type, intrinsic and p-type a-Si:H
deposition to avoid any cross contamination. Firstly, a 25 nm thick n-type
microcrystalline silicon oxide layer was deposited on the BR [248]. Without
breaking the vacuum, ~230 nm of intrinsic amorphous silicon layer has been
deposited using SiH4 plasma, followed by a 25 nm thick p-type amorphous
silicon carbide layer. Lastly, 80 nm thick indium tin oxide (ITO) have been
deposited to form the top contacts and to define a cell with an area of 0.126

cm?. Such photovoltaic device was often referred to n-i-p solar cell [239]. A
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schematic image of the side view of the device and a corresponding SEM
image acquired using Hitachi S-4700 Scanning Electron Microscope is shown
in Fig.5.2. The current density-voltage (J-V) characteristics of the solar cells
were measured under AM1.5G illumination with a commercial solar simulator
(Oriel AAA), calibrated using a crystalline Si reference cell. Total and diffused
reflectance were measured using a Perkin-Elmer Lambda 950 spectrometer
from 350 nm to 1100 nm wavelength range with a 150 mm integrating sphere

and an PbS detector.
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5.3 Optical characterization of flat and ASAHI back reflectors

Before we proceed to study the optical properties of our nanostructured BRs,

reference flat Ag/ZnO on glass substrates were fabricated and its reflectance

was measured. Fig.5.3 shows the reflectance data from sputtered ZnO (0 to

160 nm) on 200 nm sputtered Ag on the glass. Figure 5.4 shows the

reflectance data of ASAHI BR with 0, 50 and 100 nm of ZnO. Figure 5.5 (a)

shows the BEMA simulation model we used. Fig.5.5 (b) and (c) show the

simulated results for various thicknesses of the rough interface layer L2

between ZnO and Ag.

5.3.1 Total reflectance from flat and ASAHI back reflectors
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Figure 5.3: Total reflectance measured on a glass substrate coated with 200

nm Ag and various thicknesses of ZnO (0 — 160 nm).

As expected, a pure 200 nm of Ag film on glass provides a highly reflective
surface from 350 nm to 1100 nm wavelength range, with minimum absorption
at shorter wavelength. In Fig.5.3(a), we observed that when a thin ZnO was
deposited on top of Ag, with increasing thickness from 20 nm to 100 nm, the
local reflectance minimum at 415 ~ 420 nm diminishes. D. Sainju [231]
concluded that the rough Ag/ZnO interface introduces localized plasmonic
absorption at the nano-protrusions on the Ag surface at around 2.9 eV, which
exactly corresponds to local reflectance minimum at 420 nm observed in
Fig.5.3(a). With increasing ZnO thickness, such reflectance minimum
becomes less significant. Previous study has shown that with increasing ZnO
thickness, its refractive index will decrease [249]. It was argued that when an
interference minimum in reflectance matches the plasmon energy of the rough
Ag/ZnO interface, this will lead to a strong coupling of the energy from the

optical field into the plasmon mode [250]. With increased film thickness, not
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only the interference minimum shifts away from 420 nm, but also the
refractive index of the top ZnO layer decreases. The combined two effects
have led to decreased plasmon absorption, hence a weaker local reflectance
minimum at 420 nm is observed. The effect of interference minimum is more
prominent as seen in Fig.5.3(b). When thicker ZnO was deposited on top of
Ag, with increasing thickness from 120 nm to 140 nm to 160 nm, reflectance
minimum shifts correspondingly from 400 nm to 430 nm to 470 nm. By using
the refractive index of 139 nm thick ZnO [249], we can calculate the condition

of destructive interference using:

2 XNzpg X tzpo X cos(7°)
Adestructive = 1

m=3

where nzno is the ZnO refractive index at the targeted wavelength, tzno is the
ZnO thickness, cos(7°) is included in the equation due to the 7 degrees angle
of incident under which the reflectance data was measured. Integers m = 1
and 2 account for the 15t and the 2" destructive interference respectively. At
120 nm ZnO thickness, by using nzno = 2.5 at 400 nm wavelength [249]
(where we presume 400 nm is the 2" destructive inference), the calculated
Aond destructive &t m = 2 is 397 nm. The above calculation matches the
observation of the reflectance minima and such minima will red shift with
increasing ZnO thickness. The 15t destructive interference wavelength Ais
destructive 1S calculated to be 953 nm, by using nzno = 2 (refractive index around
900 nm) and m = 1. This further explains the minor reduced reflectance for the
wavelength range of 800 nm and beyond as seen in Fig.5.3.(b). Other than
the above, the increased free carrier absorption of a thicker ZnO layer will

also play a role in the overall optical performance [251]. From the
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experimental data, to avoid parasitic absorption by the BRs in the longer
wavelength range, 100 nm of ZnO might be more desirable when compared
with thicker ZnO cases. As the thickness of ZnO determines the absorption
behavior of flat Ag/ZnO BRs, special care should be taken on the choice of

ZnO thickness when BRs are nanostructured.
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Figure 5.4: Total reflectance measured on ASAHI substrate coated with 200

nm Ag and with 0, 50 and 100 nm of ZnO.

With the above understanding of flat Ag/ZnO BRs performance in mind, the
reflectance results from ASAHI BRs will be presented. In Fig.5.4, 200 nm of
Ag sputtered on rough ASAHI substrate shows lower reflectance compared
with 200 nm of Ag sputtered on flat glass substrate. This is simply due to
higher plasmonic absorption on a rough Ag surface [252]. With 50 nm of
sputtered ZnO on top, significant absorption is observed for all wavelengths
with local reflectance minimum at around 440 nm. With 100 nm of sputtered
ZnO on top, reflectance further reduces from 600 to 1100 nm wavelength

range but partially recovers from 400 to 600 nm range. Two local minima at
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around 500 and 880 nm are observed. Such large difference in optical
performance between flat BR and ASAHI BR shall be fully understood before
we proceed to study the more complex hexagonal nanostructured Ag/ZnO

BRs.

5.3.2 Bruggeman effective medium approximation simulation

In this section, we use Bruggeman Effective Medium Approximation (BEMA)
method to estimate the optical performance of the rough and random
nanostructured ASAHI Ag/ZnO BRs. BEMA is a fast simulation method for the
macroscopic properties of composite materials, where in our case it will be Ag
and ZnO composition in the BRs. With a 35 nm r.m.s. roughness on ASAHI
substrate surface [253], one would expect less than 35 nm surface roughness
at Ag/ZnO interface with added smoothing effect of the sputtered Ag layer
[254]. To estimate the Ag/ZnO interface roughness and to correlate between
interface roughness and the optical performance, BEMA simulation is used to
study the random nanostructure ASAHI Ag/ZnO BRs. In the simulation, we
used the generalized anisotropic Bruggeman EMA to model the effective
medium layers. This model can be derived from the generalized form of
Maxwell Garnett's EMA using the expression for the polarizability of ellipsoidal

particles,

Eerf — Z £i— Eo
Ep + L{ngf ED:} S + L{E{ - El}}

Where <77 is the effective medium permittivity, ¢ is the permittivity of the host

medium, and & and % are the permittivity and volume fraction of each of the
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M materials. The depolarization factor L' depends upon the shape of the

ellipsoids and the direction of the electric field. In our case, we simplified our

model into a 50% to 50% volume ratio of Ag and ZnO in the form of highly

ablate ellipsoids aligned along the z direction

the permittivity reduced to:

Ly=L,=0,L

e =gy = (1= fleo + fer. e = [(1 — feg* + fe ]

Where 0 and €1 are permittivity of Ag and ZnO respectively and f=
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Figure 5.5: (a) Bruggeman effective medium approximation model applied for

the Ag/ZnO BR study; (b) & (c) Simulated total reflectance of 50 and 100 nm

ZnO (layer 1) with 0 to 30 nm of Ag/ZnO interface (layer 2) thickness.

Fig.5.5(a) shows the BEMA simulation model used. We designed our
simulation model such that the Ag/ZnO interface roughness is modelled as a
thin film layer (L2) composed of 50 % Ag and 50 % ZnO, in between the pure
ZnO layer (L1) and pure 200nm Ag layer (L3). By assuming a uniform Ag
surface roughness and also a conformal coating of the ZnO on top, 50 % to
50 % composition ratio of the two materials and 0 % void can be a good
approximation to model the interface roughness layer. Fig.5.5(b) and
Fig.5.5(c) show the simulated reflectance with 50 and 100 nm of ZnO layer
respectively. The interface roughness, i.e. thickness of L2, changes from 0 to

30 nm with a step of 5 nm.

With 50 nm of ZnO, comparing between the experimental results in Fig.5.5.(a)

and simulation results in Fig.5.5(b), we can see that in terms of the absolute

132



magnitude, the reflectance from ASAHI BRs is close to the case of simulated
25 nm interface roughness. However, in terms of the position of the local
reflectance minima, the reflectance from ASAHI BRs is close to the case of
simulated 10 nm interface roughness. Similarly, under the 100 nm ZnO
condition, simulated 25 nm interface roughness shows closer results in
absolute magnitude, but simulated 10 nm interface roughness shows a closer
result to experiment data in reflectance local minima. The above observations
can be explained by considering that with increasing Ag/ZnO interface layer
thicknesses, the effective overall ZnO thickness will be increased. The red
shift of the reflectance minima is due to the increased ZnO thickness. In order
to design our simulation model to be best fitted to the experimental data, ZnO

layer thickness should be adjusted.

From the simulation results above, we can observe that ZnO thickness (L1)
determines the shape of the reflectance curve, while Ag/ZnO interface
thickness (L2) determines the magnitude of the reflectance value. We
proposed the explanation that the top ZnO (L1) governs the interference
behavior of the incident light. Ag/ZnO interface (L2) on one hand could absorb
light which reduces the overall reflectance, and on the other hand could be
effectively treated as an antireflection layer in between the ZnO and bulk Ag.
Such antireflection effect allows more light to be incident from top ZnO (L1)
into bottom bulk Ag (L3), hence more Ag absorptions which turn out to be
unwanted parasitic BRs absorptions. From Fig.5.5(b & c), with increasing L2
thickness, we observe a uniform reflectance reduction in wavelength range

around 1000 nm to 1100 nm and a saturating reflectance reduction in
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wavelength range around 500 nm. This difference can be explained by the
antireflection effect, which saturates with increasing L2 thickness. The
saturation in absorption loss of the BRs had been observed by J. Springer et
al. [240], while we propose a new possibility to explain such behavior using

BEMA approximation.

Our model predicts that such BR has an interface thickness of 25 nm.
Surprisingly if we compare the simulated 5 nm interface roughness (100 nm
ZnO layer 1) with 100 nm ZnO on 200 nm Ag reflectance data in Fig.5.3, we
can also observe a similar reflectance magnitude and local minima position.
Hence, from the perspective of our simulation results, the nominally flat
Ag/ZnO BR also has a 5 nm Ag/ZnO interface thickness. The ZnO/air surface
roughness has been investigated as well, and no significant changes in the

reflectance behavior are observed.
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5.4 Experiment and simulation results on hexagonal Ag/ZnO

nanostructured back reflectors

In previous sections, we have presented the study on the flat and random
nanostructured ASAHI BRs. Their optical loss mechanisms were investigated
and correlated with the thickness of ZnO layer as well as Ag/ZnO interface
layer. In this section, hexagonal nanostructured BRs are studied. Fig.5.6
shows the top view of the BRs with different O2 plasma etching times (see

Fig.5.1(a) for the process flow).
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Figure 5.6: SEM images of hexagonal Ag/ZnO back reflectors obtained with 0O,

60, 90 and 120 s of Oz plasma treatment of polystyrene spheres.

BEMA is not appropriate to describe the optical behavior of our hexagonal
nanostructured BRs. For such BRs, with a semi-periodic arrangement of the
metal/dielectric nanostructures and close-to-visible wavelength inter-
nanostructure distance, we would expect more plasmonic modes to be
present in the system, hence higher optical losses of the hexagonal
nanostructured BRs compared with random ASAHI BRs. However, a higher
optical loss of the nanostructured BR might not necessarily mean a poorer
substrate for solar cell application. For the nanostructured BRs, light
scattering capability is another figure of merits that might be more crucial for
one to take into consideration. The diffused reflectance is an indirect way to
characterize the scattering capability of the BRs [234]. To further investigate,
not only the total reflectance but also the diffused reflectance data were

collected.
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5.4.1 Total and diffused reflectance of hexagonal Ag/ZnO

nanostructured back reflectors
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Figure 5.7: (a) Total and (b) diffused reflectance of hexagonal Ag/ZnO BRs

and ASAHI BR with 100 nm ZnO.

Fig.5.7 (a) and (b) show the total and diffused reflectance of the hexagonal

nanostructured BRs and ASAHI BR with 100 nm ZnO (see Fig.5.6 for SEM

images). Similar optical performances with different etching time are observed.
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Comparing with ASAHI BR, we observe higher total reflectance as well as
higher diffuse reflectance from ~ 370 nm to ~ 570 nm wavelength range. This
shows that over this range, hexagonal nanostructured BRs not only have a
lower optical loss but also a stronger light scattering capability. However, from
~ 570 nm to ~ 840 nm range, which is more critical for light trapping in silicon
thin film solar cell, the total reflectance of the hexagonal nanostructured BRs
are significantly lower than that of ASAHI BR, especially for the BRs
fabricated using O2 plasma etching. This indicates that, other than Ag/ZnO
interface roughness, additional absorptions are present in the hexagonal
nanostructured BRs. Due to such significant additional absorptions, the
amount of light that is been diffusively reflected is been reduced as well.
Hence, for around 570 nm to 700 nm, the diffuse reflectance of hexagonal
nanostructured BRs are lower than ASAHI BR. Surprisingly for 60 sec
hexagonal nanostructured BR case, from 700 to 900 nm range, a comparable
or even higher diffuse reflectance compared to ASAHI BR are observable
(Fig.5.7(b)), regardless of the observed higher optical losses of the 60 sec
hexagonal nanostructured BR. Furthermore, with the increasing etching time,
we notice a decrease in the diffused reflectance, and a red shift in the total
reflectance. To understand the source of the reduced reflectance at different
local minima and the effect of the etching time for the losses in total
reflectance, HFSS model was designed and the simulation results obtained

are compared with the experiment results.
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5.4.2 Simulated absorption of hexagonal Ag/ZnO nanostructured back

reflectors

D=400 or 595nm

t1=100nm

t2=100nm

200nm

Figure 5.8: Simulated hexagonal nanostructured back reflector, (a) HFSS unit

cell in the simulation model and (b) corresponding cross sectional view.

Fig.5.8(a) and (b) show the unit cell in the simulation model and the
corresponding cross sectional view of the BRs. Due to the periodic boundary
conditions placed onto the six sides of the unit cell, an infinitely large area is
simulated by repeating the unit cells next to each other. Such hexagonal
nanostructure has a fixed periodicity of 600 nm (P), which is the diameter of
the PS spheres we used for the fabrication. The opening of the
nanostructures (D) is set to be either 595 nm or 400 nm. At D = 595 nm, the

opening of the nanostructure is close to the initial diameter of the PS sphere.
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We use such condition to model BR with no etching performed. For 120 sec

etched BR case, the opening diameter is measured from the SEM image and

is approximately 400 nm. Hence D = 400 nm condition is used for to model

the BR with etching time of 120 sec. The ZnO thickness t1 was set at 100 nm,

while the Ag hexagonal nanostructures thickness t2 was set at 100 nm. The

bottom bulk Ag thickness was set at 200 nm.
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Figure 5.9: (a) 0 sec etched BR measured absorption (top) compared with

simulated absorption under 595 nm opening (D=595 nm) simulation condition.
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(b) 120 sec etched BR measured absorption (top) compared with simulated

absorption under 400 nm opening (D=400 nm) simulation condition.

Fig.5.9 shows the comparison of the measured total reflectance of the 0 and
120 sec etched BRs and the corresponding simulated absorption of each
layer. Other than the absorption of ZnO at its optical band gap around 360 nm,
four distinctive absorption peaks (a-d highlighted in yellow) are observed in
both the experimental and simulation results. The peak a in Fig.5.9 is
attributed to the ZnO bulk absorption [251], while peak b is ascribed to the Ag
plasmonic resonance absorption which shifts with the opening size. However
this peak does contribute to overall BR absorption significantly. This may be
due to the fact that in real devices, the semi-periodic nanostructures did not
produce strong plasmonic effect as compared with the periodic simulation
model. Peaks ¢ and d near 500 — 600 nm are mainly ZnO absorption which is
enhanced by the nanostructured Ag below [255]. A consistent red shift of the
experimental results with respect to simulation results is observed. This might
due to the minor difference in ZnO film thickness between experiment device

and the simulation model.

With the help of HFSS simulation, we managed to assign each of the optical
losses in the periodical hexagonal nanostructured Ag/ZnO BR. Other than the
rough Ag/ZnO interface absorption as modelled by BEMA method, ZnO
absorption enhanced by the bottom Ag nanostructure also contributes
significantly to the BR absorption. Surprisingly, Ag plasmonic absorption does

not contribute significantly to overall BR absorption in the experiment results.
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5.5 Experimentsl| and simulation results of hexagonal Ag/ZnO back

reflector solar cells

To investigate the potential parasitic losses from the BRs in solar cell devices
as well as to understand different light scattering modes that appeared due to
such nanostructures, 25 nm n-type amorphous silicon, 230 nm intrinsic
amorphous silicon, 25 nm p-type amorphous silicon as well as 80 nm top ITO
are added on top of the 400 nm opening BR. This model simulates the 120
sec O2 plasma etched BR and its corresponding solar cell. Due to additional
layers added in the model, parasitic losses will be introduced not only by the
BRs, but also from ITO and the carriers recombination in highly n/p doped
layers. Indeed, those layers will also absorb light but will not contribute to

photo-current generation.
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0.00035
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Figure 5.10: (a) HFSS simulation model for hexagonal BR solar cell; (b)

Simulated and measured absorption of the flat Ag/ZnO BR solar cell.

Fig.5.10(a) shows the unit cell and the corresponding cross section of the
simulation model of a hexagonal BR solar cell. The overall absorption and
individual layers’ absorption are simulated. To validate our simulation results,
simulated overall absorption and measured absorption (1 — measured
reflectance) of the flat Ag/ZnO BR solar cell device are plotted in Fig.5.10(b).
We observe similar absorption trend between the simulation and experimental
results. The experimental results are again slightly red shifted, due to
difference in the film thickness (including ITO, ZnO and silicon thin films)
between the actual cells and simulation model. Based on the validation
results above, we conclude that the setting of simulation parameters can
effectively represent the real device conditions. In next section, we will
present the simulation results of hexagonal nanostructured Ag/ZnO BR solar

cells.
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5.5.1 Parasitic losses and absorption enhancement analysis
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Figure 5.11: (a) ITO absorption; (b) p layer absorption; (c) n layer absorption;

(d) Ag/ZnO BR absorption.

To analyze the parasitic losses in the different layers, the absorption
enhancement in the intrinsic silicon layer, and the presence of light scattering
mode, the base line for us to compare is the simulated flat device. Fig.5.11 (a-
d) show the simulated ITO, p-type silicon, n-type silicon, and BR absorption
for both flat and nanostructured solar cells. From the results we can see that
after the solar cells are nanostructured, the absorption in ITO is greatly
enhanced, the p layer absorption is reduced, while the n layer absorption is
reduced from 500 to 650 nm but enhanced from 650 to 720 nm range. For the
Ag and ZnO layers, our results show that for planar BR solar cell, the Ag
almost does not absorb any light and a minimum absorption around 620 nm is
observed for ZnO. For the nanostructured BR solar cell, ZnO absorption is
reduced and red shifted to 690 nm. Two peaks at 700 and 760 nm are
observed for Ag, which will contribute to parasitic absorption as well. These
two peaks are mainly due to plasmonic absorption of the Ag. Unlike the above
results where high absorption is observed for the BRs in air medium, when
silicon active layers are deposited on top, BR parasitic absorption is less

important as compared to the top ITO parasitic absorption.
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Figure 5.12: (a) Simulated intrinsic amorphous silicon absorption; (b) E field
distribution of nanostructured and flat solar cell at 670 nm.
To study the absorption enhancement effect, intrinsic amorphous silicon
absorption is plotted in Fig.5.12(a) for flat and nanostructured cases. We
observe that the absorption in the intrinsic layer for the nanostructured solar
cell is significantly enhanced not only for shorter wavelength range (350 — 520
nm) but also for longer wavelength range (550 — 720 nm). We use Eq (5.2) to
determine the current density Jsc of the solar cell [256], where [(A) is the

spectral irradiance of the standard AM1.5G solar spectrum, A(A) is the
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absorption in the active absorber layer and E(A) is the corresponding photon
energy. By using a band gap of Eg = 1.71 eV band gap of amorphous silicon
and the AM1.5G solar spectrum, we calculated the generated Jsc of 18.3
mA/cm? and 15.0 mA/cm? for a nanostructured and flat solar cell respectively.

B leDDnm ng(al}ﬂ(ﬂ-}
JFEE - 300nm E(“l}

To characterize the light resonance mode for the nanostructured solar cell,
we selected 670 nm where a sharp absorption enhancement peak is
observed in Fig.5.12(a) and we compared the electric field distribution in the
nanostructured and flat solar cell. Fig.5.12(b) shows the electric field
distribution at 670 nm incident wavelength. The light trapping effect of the
nanostructured solar cell can be clearly see as multiple “hot spots” are
induced. The generation of those “hot spots”, i.e. high electric field strength
regions, is due to the localized light resonance modes in the nanostructures.
Strong resonance modes are induced inside the intrinsic layer, resulting in

greatly enhanced absorption.
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5.5.2 Experiment results
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Figure 5.13: (a) J-V and solar cell parameters of different solar cells; (b) EQE

and absorption (1 — Rrotar) Of flat and nanostructured Ag/ZnO BR solar cells.

We fabricated solar cells using conventional 1 um ZnO on glass substrates,

Ag/ZnO flat BR substrates and hexagonal nanostructured Ag/ZnO BR

substrates. The experimental results are compared and analyzed. Fig.5.13(a)

shows the J-V characteristic and a summary of the photovoltaic parameters.
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Fig.5.13(b) shows the EQE and optical absorption data (1 — total reflectance)

of the flat Ag/ZnO BR and hexagonal nanostructured Ag/ZnO BR solar cell.

From Fig.5.13(a), we observe an increasing short-circuit current density of the
three samples. With the incorporation of flat Ag/ZnO BR, 2.0 mA/cm? of
current are gained compared to the transparent ZnO on glass substrate.
Current collection is enhanced by 16.5 %. With the incorporation of
hexagonally nanostructured Ag/ZnO BR, not only the open-circuit voltage is
not compromised and also the short-circuit current is further enhanced by 2.2
mA/cm2. The total Jsc enhancement compared to the reference transparent
flat ZnO substrate is as high as 34.7 %. Notably, for the flat Ag/ZnO BR
substrate we find good agreement between the measured short-circuit current
density and the simulated short-circuit current (6 % difference). However, our
simulation predicted an 18.3 mA/cm? short-circuit current for the hexagonal
nanostructured solar cell, while experimentally we only obtained 16.3 mA/cm?
(10.9 % difference). Such difference is expected, as in our ideal simulation
model, the structure is assumed to be periodic and strong resonances at
specific wavelengths contribute significantly to the collected current. In our
real devices, the resonance modes are broadened due to the semi-periodic
arrangement of the nanostructures. Hence strong light trapping effects are
observable at off resonance wavelength as well. Other than that, electrical
resistivity, defects in the n/i interface, i/p interface, as well as bulk defect in
intrinsic layer are not considered in the simulation model and besides, the
internal quantum efficiency (IQE) is assumed to be 100% in the simulation.

Hence a lower short circuit current in experiments for the hexagonal solar cell
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is expected. Furthermore, the nanostructure solar cells have a larger contact
area compared to the flat solar cells. Hence we would expect more interface

defects, which leads to a larger difference for the nanostructured solar cell.

As for the EQE of the solar cell, we find good agreement with the simulated
intrinsic silicon absorption. From 550 nm wavelength onwards, effective light
trapping in our nanostructured BR solar cells can be observed. Also as we
explained above, neither EQE nor absorption in our hexagonal
nanostructured solar cell shows a strong resonance at specific wavelengths.
Instead, a smooth and continuous light trapping effect from 550 nm to 750 nm
is observed. By definition, the difference between the absorption and EQE is
the parasitic absorption, assuming 100% IQE. With reference to the
systematic parasitic loss analysis study by simulation in above sections, we
identified that most of the parasitic losses at a wavelength range from 350 to

800 nm comes from ITO and the top p layer.
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5.6 Conclusion

In this work, we demonstrated a novel hexagonal nanostructured design and
fabrication process for light trapping in thin film amorphous silicon solar cells.
The hexagonal nanostructured back reflectors and their corresponding solar
cell were modeled by finite element method in simulation and verified with
experimental data. The parasitic loss in the back reflector mainly comes from
rough Ag/ZnO interface plasmonic absorption and enhanced ZnO absorption
by Ag nanostructures. High frequency electromagnetic field simulator was
proven to be an effective tool for modeling our hexagonal nanostructured
back reflectors and solar cells. The simulation results show similar trend with
the experimental data. From simulation, parasitic losses in our nanostructured
solar cells mainly come from p doped layer and ITO top contact layer, and
back reflector parasitic losses become less significant. The experimental and
simulated ideal short-circuit currents are close to each other, with 6.0 % and
10.9 % difference for the flat and nanostructured solar cell respectively. Such
difference is attributed to certain parameters that were not considered in the
simulation, such as electrical resistivity, defects in the bulk and interfaces.
Furthermore, our fabrication approach is not limited to a-Si:H silicon thin film
solar cells, but can also be applied to pc-Si:H or even c-Si:H silicon thin film
solar cells. If the active material were silicon rather than hydrogenated
amorphous silicon, we would expect that a thicker silicon active layer is not
needed for an effective absorption, especially for the red-shifted absorption

spectrum which normally will require a thicker active layer for a decent
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absorption. Such application will further reduce the material cost and we

would expect even lower solar power price.

As a low cost, robust and process compatible method, this nanostructured BR
method is an effective candidate for improved light trapping performance of
silicon thin film solar cells. Our simulation modeling method can be a powerful

tool for any pre-fabrication design and optimization.
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Chapter 6. Conclusion and future works

6.1 Conclusion

In this project, nanostructured silicon thin film solar cells have been fabricated,
characterized and simulated. The etching behavior of polystyrene (PS)
spheres under electron cyclotron resonance (ECR) generated oxygen
plasmas have also been studied. Various nanostructured Ag/ZnO back
reflectors (BRs) patterned by single or double PS sphere sizes have been
fabricated and their optical performance has been characterized and
correlated with the corresponding solar cell performance. Hexagonal
nanostructured Ag/ZnO back reflectors and their corresponding
nanostructured silicon thin film solar cells have been simulated and verified
against experimental results. The parasitic losses in the device have been

investigated.

In chapter three, the etching behavior of polystyrene (PS) spheres under
electron cyclotron resonance (ECR) generated oxygen plasma has been
studied. The PS spheres were melted and wet the silicon substrate under
continuously applied high plasma power. This effect could be mitigated by
reducing the plasma power, using plasma cycling mode, or by using a
Faraday cage for ion shielding. We concluded that the energetic ion
bombardment is the main reason for PS spheres heating and melting. A
hexagonal shape was observed at the early stages of the etching process,

regardless of the plasma conditions used. This is attributed to the shadowing

153



effect on oxygen radical diffusion. An oblate spheroidal shape was also
observed from SEM side view images, presumably due to a higher vertical
etching rate as compared to the side etching rate. We concluded that oxygen
radicals are the main reason for PS spheres etching. By using a cycling
etching mode and a lower plasma power, we successfully reduced the
diameter of the PS spheres to less than 10 % of their original diameter. This
was achieved without losing the patterning capability of the PS sphere arrays.
By pushing the limit of the dimension of etched PS spheres relative to its
original size, along with the added controllability on the periodicity and density
of the PS spheres, various applications such as point contact solar cells can

be realized.

In chapter four, we demonstrated a novel design and fabrication process for
light trapping in amorphous silicon thin film solar cells. Both single and double
sphere patterned BRs as well as corresponding solar cell devices were
fabricated and tested. The double sphere patterned BR solar cells are proven
to be more effective in light scattering, which lead to a better light trapping
performance. As a result, a remarkable 8.79% power conversion efficiency
(PCE) has been obtained for the 400 and 600 nm PS sphere mixture
patterned BR solar cells. Without impacting the open-circuit voltage, the PS
sphere patterned BR solar cells have shown an improved performance

compared to the commercial ASAHI BR solar cells.

In chapter five, the hexagonal nanostructured back reflectors and their

corresponding solar cell were modeled using a finite element method and
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verified with experimental data. The parasitic loss in the back reflector mainly
comes from plasmonic absorption at the rough Ag/ZnO interface and
enhanced ZnO absorption by Ag nanostructures. A high frequency
electromagnetic field simulator was proven to be an effective tool for modeling
our hexagonal nanostructured back reflectors and solar cells. The simulation
results have revealed similar trends as the experimental data. From the
simulation study, it is discovered that the parasitic losses in our
nanostructured solar cells mainly come from the p-type doped layer and ITO
top contact layer, while BR parasitic losses are less significant. The
experimental and simulated short-circuit current density are close to each
other, with 6.0 % and 10.9 % difference for the flat and nanostructured solar
cell respectively. Such difference is attributed to certain parameters that were
not considered in the simulation, such as electrical resistivity, defects in the
bulk and interfaces. Our simulation modeling method can be a powerful tool

for any pre-fabrication design and optimization.

6.2 Recommendation for future research

There are several aspects of the present research work that could be further

investigated.

6.2.1 Fabrication of nanostructured microcrystalline silicon thin film
solar cell

In both chapter four and five, we have fabricated and simulated

nanostructured silicon thin film solar cells based on hydrogenated silicon (a-

155



Si:H) material. However, our fabrication approach is not limited to a-Si:H thin
film solar cells, but can also be applied to microcrystalline silicon (pc-Si:H) thin
film solar cells. It is attractive due to two reasons. Firstly, the band gap of pc-
Si:H is similar to that of crystalline silicon (~1.1 eV) [257], which extends the
absorption spectrum up to 1100 nm. Secondly, uc-Si:H films are more stable
under illumination than a-Si:H, as they suffer from lower light induced
degradation [258]. Key challenges lie in controlling the film quality during the
pe-Si:H film growth, proposing different design for the BRs, as well as
adjusting the PS sphere assisted lithography to achieve best performance for
the pc-Si:H solar cells. Due to the typical device thickness of around 1~2 pm
for pc-Si:H thin film solar cells, a larger inter nanostructure distance on the
BRs is expected for the best light trapping performance. We can consider

using a larger PS sphere (~1 um) for the patterning of nanostructured BRs.

6.2.2 Fabrication of pc-Si:H/a-Si:H tandem silicon thin film solar cell
based on PS sphere assisted lithography and route to scale up

Since pc-Si:H has about the same bandgap as crystalline silicon, which is
~1.12 eV, it can be combined with a-Si:H thin films, creating a layered,
tandem cell. The top cell based on a-Si:H absorbs the visible light and leaves
the infrared part of the spectrum for the bottom pc-Si:H cell. Key challenges
lie in optimizing the fabrication processes and conditions to achieve a good
performing tandem silicon thin film solar cell. In terms of route to scale up for
a successful integration of nano-structuring technique into the mass
production favored roll-to-roll process, PS sphere assisted lithography might

not be the best choice. However, PS sphere assisted lithography have the
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potential to scale-up by applying Langmuir Blodgett system. But in terms of
the roll-to-roll process, nano spray of the PS solution onto the substrate,
formation of the single sphere packed thin aquatics film, followed by low

temperature fast drying could be a solution.

6.2.3 Simulation optimization of the silicon thin film solar cell for the
best performing fabrication parameter

In chapter 5, we presented simulation results of hexagonal nanostructured
silicon thin film solar cells which were found to be consistent with the
experimental results. The device optimization can be carried out, for example,
by varying the device structure, film properties in the simulation etc. The
corresponding experimental processes can be adjusted in accordance to the

simulation parameters to achieve the best light trapping performance.

6.2.4 Nano-structuring technique by top down etching of silicon material

The silicon nano-hole structures based on top down etching can be fabricated
with the help of PS sphere assisted lithography. Such devices can be
achieved by firstly depositing n-type layer and intrinsic absorber layer on the
substrate; secondly depositing protective Al nano-mesh layer using PS
assisted lithography with oxygen plasma etching; thirdly, fluorine based
plasma etching on the samples for nano-hole structures in intrinsic layers; last
but not least, Al layer removal with KOH solution and p doped layer and
transparent conductive oxide (TCO) deposition for the complete device
formation. This is attractive because the nanostructure formation at the

surface is independent of the nanostructure formed at the bottom of the cell.
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Hence, we can have double side nanostructures for stronger light scattering
properties within the active layer. Under the context of a tandem pc-Si:H/a-
Si:H solar cell, the combination of large nanostructures at the bottom (on the
BRs) and small nano-holes at the surface, light trapping performance of
double surface nanostructured device are expected to be better than single

surface nanostructured device.
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